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Conformationally dependent ionization of the simplest amino acid, glycine, is studied by Penning ionization
electron spectroscopy with velocity-resolved metastable He*(23S) atoms. The observed He I ultraviolet
photoelectron and Penning ionization electron spectra are reproduced by superimposed theoretical spectra,
assuming thermal distributions of conformers. The conformations of amino acids are determined by analyzing
the observed Penning ionization cross sections, peak shifts, and collision energy dependences of partial
ionization cross sections (CEDPICS). The Penning ionization cross sections are governed by collisionally
accessible exterior electron densities. When the amino and carbonyl groups are exposed to He* access, the
nonbonding orbitals of N (nN) and O atoms (nO) give rise to strong bands. The observed negative peak shifts
and negative CEDPICS for the nN and nO orbitals suggest the presence of attractive interactions around their
electron distributions. The most attractive wells are estimated to be ∼400 meV in the direction of the nN

orbitals by ab initio model calculations. A conformer possessing dual hydrogen bonds contributes predominantly
to the spectra.

1. Introduction

Amino acids, which possess NH2 and COOH groups, are
known to be conformationally flexible. The simplest amino acid,
glycine, has three rotational degrees of freedom on C-C, C-N,
and C-O bonds (see Figure 1). It exists in nonzwitterionic states
in the gas phase.1 The flexibility around these single bonds gives
rise to conformational isomers, such as those in Figure 1. The
conformational stability is affected by competitive forces
between attractive hydrogen-bonding and repulsive eclipsed
single-bond interactions. As a result, the potential energy surface
(PES) displays many local minima separated by conformational
barriers. Because the potential energy landscape will ultimately
determine the structures of the proteins, the electronic property
of amino acids is an important subject for study.

There have been extensive experimental studies on glycine.
In particular, structural determinations have been performed by
microwave or millimeter-wave spectroscopy2-8 and electron
diffraction experiments.9 Infrared spectroscopy has been applied
to glycine conformers in rare-gas matrixes10,11 and helium
droplets.12 Theoretical calculations have also been performed
on the simplest amino acid as a benchmark system. Five to eight
conformers have been predicted by ab initio self-consistent-
field (SCF) calculations at the early stage,13,14 and the importance
of electron correlation effects has been realized.15-24 To date, a
number of quantum chemical calculations have been performed
at correlated levels using extended basis sets. These include
Møller-Plesset perturbation theory8,11,15,16,19,23,24 calculations up
to the fourth order (MP4),17 configuration interaction calculations
including single and double excitations (CISD),18 coupled cluster
calculations with single, double, and perturbative triple excita-
tions [CCSD(T)],17,18 and density functional theory (DFT)
calculations.25

The conformational isomers exist in a close energy range on
the order of 1-10 kJ mol-1 (Figure 1),17 and conformational

energy barriers are significantly small, within ∼3 kJ mol-1. Such
a shallow PES leads to conformational dynamics at a finite
temperature7 and plays a fundamental role in real biological
systems. Spatial distributions of the nonbonding orbitals of
heteroatoms are connected with hydrogen bonding, and their
electronic distributions are modulated on the course of large-
amplitude motion. Also, zwitterionic forms and proton-accept-
ing/donating reactions are involved in aqueous media. Quantum
chemical studies on these electronic properties can form
foundations for research on biological functions or drug designs.

Photoionization of glycine has been recorded by He I and
He II ultraviolet photoelectron spectroscopy (UPS) experi-
ments,26-29 and the electronic wave functions have been* E-mail: yy@qpcrkk.chem.tohoku.ac.jp.

Figure 1. Conformational isomers of glycine. Relative electronic
energies ∆U calculated at the B3LYP/aug-cc-pVTZ level of theory are
given. Conformers II and III with the Cs point group correspond to
average structures along torsional modes about the CC bonds because
twisted structures are calculated to be equilibrium structures slightly
below ∆U (see Table 1).
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determined by electron-impact, electron momentum spectros-
copy (EMS) experiments.20,22 The observed bands have been
assigned to Dyson orbitals by performing electron propagator
calculations,24,25 and the momentum profiles have been well
reproduced by the DFT calculations.20,22,25 However, the flexible
conformations make the spectra complicated under thermal
conditions, where the observed UPS and EMS are essentially
convoluted by thermal distributions. Thus, assignments for
ionizations from deep molecular orbitals (MOs) 17-11 have
remained unestablished, and experimental approaches of other
kinds have been desired.

Penning ionization30 is an elementary process that takes place
upon collision between a molecule and a metastable atom.31

The metastable atom A* with an excitation energy exceeding
the lowest ionization energy (IE) of the molecule M leads to
ionization of M along with deexcitation of A*:

This process proceeds in the electron-exchange mechanism as
proposed by Hotop and Niehaus.32 Electron 1 transfer from a
MO φi of M into the inner vacant orbital � of A* and electron
ejection from the outermost orbital �′ of A* to the continua ε

take place simultaneously. Thus, the interaction of particles gives
rise to unique properties. Those include preferential ionization
from exposed functional groups and collision-energy-dependent
ionization dynamics. The cross section depends upon collisional
dynamics in the region where φi extends. The selectivity of the
outermost electron distributions would be enhanced when any
part of the molecule is exposed to or encapsulated from the
He* access. In this sense, the higher structures of flexible
molecules or surface structures of condensed molecules are
expected to display much stronger steric preferences compared
to those of photoionization. Thus, the collisional ionizations of
simple biomolecules are of interest as experimental and theoreti-
cal benchmark systems.

In this paper, we report on collision-energy-resolved Penning
ionization electron spectroscopy (PIES) spectra of glycine as
the first example of amino acids. The conformational depen-
dence of ionization is discussed on local interaction potentials
with He*(23S). Outer-valence Green’s function (OVGF) calcula-
tions and ab initio model potentials between conformers and
He* are calculated extensively with correlation-consistent,
extended basis sets. Band assignments are fully established based
on the experimental PIES and collision energy dependences of
partial ionization cross sections (CEDPICS). This benchmark
system exemplifies the applicability of PIES to thermally
fluctuating, hydrogen-bonded systems. The present approach can
be extended to larger biochemical species including proteins
and hydrogen-bonded clusters. Experimental difficulties from
a low number density can, in principle, be overcome by using
a highly sensitive electron spectrometer.33 Such efforts could
lead to extensive studies of various biomolecules using colli-
sional electron spectroscopy.

2. Experimental Section

2.1. Electron Spectroscopy. A portion of glycine powder
was placed in an aluminum container with 8 mm inner diameter
and 16 mm length, which was attached to the collision cell.
The container was carefully heated to ∼260 °C with a ceramic
heater so that the vaporized samples did not quench a metastable
atom beam too much. The effusive vaporization without high
stagnation pressures is expected to give statistical thermal
distributions at the temperature maintained. That is, collisional
effects such as supersonic cooling and collision-induced con-
formational rearrangements need not be considered here. The
temperature was monitored by a chromel-alumel thermocouple.
The density of the sample molecules was monitored by a
vacuum gauge and a Faraday cup at a terminal position of the
beam. The stability of the sample pressure is crucial for
collision-energy-resolved measurements. The thermal conduc-
tion from the container to the collision cell prevents sample
deposition on the inner wall. The samples were purchased from
a commercial source and used without further purification.

Figure 2. He I UPS spectrum of glycine (260 °C) in comparison with
the theoretical spectra of glycine conformers I-IV. The positions of
the bands are those obtained from OVGF calculations, and partial cross
sections are proportional to the pole strengths. The bands have been
convoluted by Gaussian bandwidths (fwhm ) 0.5 eV).

A* + M f A + Mi
+ + e- (1)

TABLE 1: Relative Energies (kJ mol-1) of Glycine Conformers

B3LYP/aug-cc-pVTZ MP2/aug-cc-pVTZ

conformer ∆U ∆UZPT
a ∆U ∆UZPT

a B3LYP/aug-cc-pVDZd MP2/6-311++G(d,p)e expt

Ip 0.00 0.00 0.00 0.00 0.00 0.00
IIp 2.10 2.95 1.76 3.10 2.46 6.7,f8.4g

IIn 2.07 3.40 1.51 3.43 2.40 2.21
IIIp 6.86 6.97 7.00 7.44 6.66 3.8f

IIIn 6.84b 6.77b 7.00c 7.26c 6.86 6.03
IVn 5.31 5.00 4.86 5.06 5.29
Vn 11.32 11.23 10.69 11.27 9.2

a ZPEs calculated at the B3LYP/aug-cc-pVTZ level are included. b Dihedral angle φ4123 is 2.96°. c Dihedral angle φ4123 is -0.02°. d ∆U in ref
11. e ∆U in ref 24. f Matrix-isolation infrared spectroscopy in Ne.10 g Microwave spectroscopy.8
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The experimental apparatus has been reported previously.34,35

Briefly, electron energy spectra upon collisional ionization were
recorded with a hemispherical electrostatic, deflection-type
analyzer. The electron collection angle was set as 90° to an
incident He*(23S) beam. A metastable He*(23S) beam having
excitation energy 19.82 eV was prepared by direct-current
discharge. He*(21S) components were radiatively quenched by
a water-cooled He discharge lamp, and ionic and excited He
species were removed by an electric deflector. The transmission
efficiency curve for the electron-energy analyzer was calibrated
by comparing the recorded He I UPS of standard samples and
those of Gardner and Samson36 and Kimura et al.37 The
resolution of electron energy was estimated to be ∼70 meV
from full width at half-maxima (fwhm) of the Ar+(2P3/2)
photoionization peak.

2.2. Collision Energy. Collision-energy-resolved measure-
ments were performed under an electron energy resolution of
∼250 meV by applying the cross-correlation time-of-flight
(TOF) technique to the He* atom beam with a mechanical
chopper of the pseudorandom type over a flight length 504
mm.38 The relative velocity Vr gives the collision energy Ec as

where kB is Boltzmann’s constant, m is the mass of the target
molecule, µ is the reduced mass of the colliding system, and T
is the temperature of the sample. The TOF distribution of the
thermal He* beam is determined by counting the secondary
electrons from a stainless steel plate in the collision cell. The
fact that the TOF of the electrons is negligibly short compared
to that of the He* atoms allows us to evaluate the velocity
distribution of He*(VHe*) from the electron signals. Partial
ionization cross sections σ(i)(Ec) are obtained by normalizing
the electron signals from the sample to the distribution as a
function of the collision energy.

3. Calculations

3.1. Quantum Chemical Calculations. Structural parameters
were optimized by ab initio and DFT calculations at the MP2

and B3LYP39,40 levels, respectively. The intramolecular potential
involving long-range interactions of nonbonding orbitals was
evaluated using augmented correlation-consistent, polarized
valence triple-� (aug-cc-pVTZ) (6D, 10F) basis functions.41,42

The adiabatic IEs were obtained from OVGF calculations using
cc-pVTZ functions. These quantum chemical calculations were
performed with the Gaussian 03 program43 on the parallel
computing server (Fujitsu Primequest) at the Research Center
for Computational Science of the National Institutes of Natural
Science or in-house dual Xeon computers.

3.2. Penning Ionization Cross Sections. As mentioned in
section 1, partial ionization cross sections for Penning ionization
are governed by overlap between molecular and atomic orbitals
upon collision due to the electron-transfer mechanism.32 The
amount of orbital overlap can be estimated approximately using
the exterior electron density (EED) model.44,45 The EED is
defined by

TABLE 2: Comparisons of Observed and Calculated IEs (eV), Observed Slopes (m), Assignments, and Exterior Electron
Densities (EEDs) of Glycine Conformer I

IE OVGF

band He Ia He IIb PIESc ∆E/eVd Me MO cc-pVTZf TZVPg P3 6-311G(d,p)i EEDj (%)

1 9.9 10.0 10.2 -0.33 -0.42 16a′ (nN) 9.98(0.91) 10.0 9.9 4.38
2 11.0 11.1 11.1 -0.11 -0.27 15a′ (nO|) 11.29(0.91) 11.4 11.0 2.50*
3 12.1 12.2 12.1 0.0 -0.30 4a′′ (nO⊥) 12.33(0.90) 12.4 12.2 2.93*
4 13.4 13.6 –0.24 3a′′ (πCH2

) 13.58(0.92) 13.6 13.5 2.47
5 14.2 14.4 14.6 -0.4 -0.31 14a′ (σCN) 14.72(0.91) 14.8 14.6 2.38
6 15.0 15.0 (15.3) (-0.3) -0.32 13a′ (nO|) 14.97(0.91) 15.1 14.8 1.74
7 15.5 15.6 (15.6) (-0.1) -0.35 2a′′ (πOCO) 15.62(0.90) 15.8 2.55
8 16.5 16.6 -0.28 12a′ (σCO) 17.03(0.90) 17.7h 1.55
9 16.7 16.9 (17.0) -0.31 11a′ (nO|) 17.38(0.91) 17.2h 1.51

10 17.4 17.6 1a′′ (πNH2
) 17.62(0.91) 17.7 2.84

a He I photoelectron spectroscopy (this work). b He II photoelectron spectroscopy.28 c Nominal values corresponding to the IE are given.
d Peak shifts from the corresponding UPS bands for PIES bands. e Slope parameters obtained from linear regression analyses for collision
energy dependences shown in Figure 4. f This work. Pole strengths are in parentheses. g Reference 25. h The orders of these IEs are reversed
compared to this work. i Reference 24. j EEDs calculated at the SCF/6-311++G(d,p) level of theory. Asterisks indicate those involved in
hydrogen bonding.

Ec )
1
2

µVr
2 (2)

Vr ) �VHe*
2 +

3kBT

m
(3)

Figure 3. PIES spectrum of glycine (260 °C) with He*(23S) in
comparison with theoretical spectra of glycine conformers I-IV. The
positions of bands are those obtained from OVGF calculations, and
partial cross sections are proportional to EEDs. The bands have been
convoluted by Gaussian bandwidths (fwhm ) 0.5 eV).
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where Ω is the area where He* is accessible or simply outside
repulsive surfaces. As a first approximation, we used the van
der Waals (vdW) sphere46 in the definition of Ω. This simple
model allows us to compare the PIES cross sections for different
isomers on the same basis, and collisional dynamics can be
investigated independently. The EEDs were obtained from
numerical integration employing grid points at 0.1 Å intervals
for each SCF MO φi on the basis of 6-311++G(d,p) (6D). The
6-311++G(d,p) basis functions have been reported to give
satisfactory electron momentum profiles.22 The combination of
OVGF and EED calculations have well reproduced PIES of
other molecules.47 The robustness of the EED approximation
is supported by the asymptotic behaviors of MOs around the
vdW surfaces. As a general trend, the logarithms of the EED
values change monotonically, and approximately linearly, in
proportional to the scaling of vdW radii, rvdW. For example,
recalculations using 0.9 and 1.1 times rvdW lead to the linear
EED changes. These tendencies reflect the exponent � for the
spatial tails of MOs. The EEDs distribute exponentially from
each atomic center around the vdW surfaces without showing
irregular change. Therefore, the EED dependences are so
monotonic that the propensities of EED distributions are retained
well upon different definitions of Ω.

3.3. Interaction Potentials with He*. It is extremely time-
consuming to perform ab initio calculations to evaluate the
interaction potential energy between the highly excited He*(23S)
and glycine conformers embedded in the ionization continuum.
We employed a model potential, in which the He*(23S) atom
is replaced by the Li atom. This approximation stems from the
similarity between Li(22S) and He*(23S) in terms of the same
outer valence. The fundamental nature of anisotropic interaction
has been predicted successfully for many molecules.45 Nonethe-
less, the differences in IEs (Li, 5.392 eV; He*, 4.768 eV) and
2s-2p energy gaps (Li, 1.848 eV; He*, 1.114 eV) would result
in smaller electron-accepting and less polarizable character for
the Li atom, respectively. For instance, the attractive well depths
with alkali or rare-gas atoms are different by about 20%.48 Any
such deviation can, in principle, be corrected additively by
adjusting the potential parameters to experimental CEDPICS.45

In this paper, we focus on the nature of conformational
changes in anisotropic interactions for multidimensional accesses
using this simple model. The interaction potential V0 was thus
obtained as

where EMLi, EM, and ELi are the energies of the interacting system
M + Li, isolated molecule M, and isolated Li atom, respectively.
V0(r) in various directions was calculated using the second-order
Møller-Plesset perturbation theory (MP2) with 6-311++G(d,p)
basis sets. The basis set superposition error was corrected by
the full counterpoise method.49 The structures of the molecules
were fixed at the optimized geometries, and flexible motion over
the shallow PES was not taken into account. The resultant V0

potentials are the first examples of the interaction potential of
amino acids with He*.

4. Results and Discussion

4.1. Conformational Isomers. The calculated lowest five
conformers of glycine are depicted in Figure 1 with notations

used by Császár.17 The conformational stability is determined
by a balance between the attractive hydrogen-bonding interaction
and the repulsive bond-bond interaction. The competitive forces
lead to equilibrium structures with slightly staggered conforma-
tions belonging to the C1 point group and eclipsed ones in the
Cs symmetry in a close energy range. These two forms are
denoted by n or p in Figure 1, respectively.

The relative electronic energies ∆U and zero-point-energy
(ZPE)-corrected ones are given in Table 1. The calculated order
of electronic energy ∆U is in line with that of previous
calculations using smaller basis sets aug-cc-pVDZ,11

6-311G(d,p),24 and 6-311++G(d,p)17,50 at the B3LYP or MP2
levels. However, the torsional stabilities between the p and n
forms were found to be fairly basis set dependent. The
differences of ∆U are calculated to be significantly small for
conformers II and III, being 0.03 and 0.02 kJ mol-1, respectively,
at B3LYP/aug-cc-pVTZ. Therefore, vibrational effects from
ZPEs are far greater than the energy differences. It is also noted
that the statistical effects of entropy contribute to the total energy
at finite temperatures.50 The nonelectronic contributions are
likely to play a crucial role in conformational dynamics and
fluctuations because the low-frequency vibrational levels on the
shallow potentials are significantly populated.

The conformational stability of I-IV (we omit p and n
hereafter) relates to the strength of intramolecular hydrogen
bonding. The calculated geometrical parameters show that
hydrogen bonds are formed in I-III along the central bond
(Table S1 in the Supporting Information). Given that the
repulsive bond-bond interactions are similar, the relative
energies ∆U in the order If IIf III suggest stronger hydrogen
bonds at O5(carbonyl) f N3 f O4(hydroxyl). The fact that
III is less stable than IV supports this tendency and is ascribed
to the gauchelike conformation of IV (τ3215 ) -17.4°). The
two types of possible hydrogen bonding at carbonyl and
hydroxyl O atoms make the conformational rotation easy
between I and III, whereas the hydrogen bonds at the N atom
in II do not have such counterparts. Consequently, the isomer-
ization barriers separating I-II and II-III (∼80 kJ mol-1)7 are
significantly greater than that of I-III (∼3 kJ mol-1).7,50

4.2. UPS and Conformational Distribution. Figure 2
presents observed and calculated He I UPS of glycine. The
observed He I UPS is similar to the previously reported He II
UPS.28 The only difference is that the latter contains C2s bands.
The calculated spectra shown at the bottom were synthesized
from the calculated adiabatic IEs and pole strengths from the
OVGF/cc-pVTZ calculations. Gaussian distributions with fwhm
of 0.5 eV were convoluted without any empirical adjustment.
Here, we sum up each spectrum of conformers I-IV with
statistical weights. The statistical ratio is adopted from a
theoretical study50 that includes quantum effects such as ZPE.
The ratio employed was I (71%), II (10%), III (8%), IV (9%),
and V (2%) at 260 °C, respectively.

The summed theoretical UPS spectrum qualitatively agrees
with the transmission-corrected experimental UPS spectrum in
Figure 2. The positions of the higher bands 1-4 are well
reproduced. Discrepancy is seen between separately observed
bands 5 and 6 and overlapped calculated bands 5 and 6. The
disagreement is ascribed to the too closely calculated IEs for
bands 5 and 6 shown in Table 2 because the observed PIES
spectra shown in Figure 3 also display separate bands 5 and 6
in contrast to the calculation. Changing the partitioning ratio,
such as that for II, would not lead to a better agreement with
the observed UPS spectrum. The calculated pole strengths
exceeding 0.9 support the orbital picture for all of the conform-

(EED)i ) ∫Ω
|φi|

2 dτ (5)

V0 ) EMLi - (EM + ELi) (6)
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ers. The unresolved vibrational progressions are possibly due
to by the overlapping of each spectrum. Bands 4-10 are
observed more strongly in the present He I UPS spectrum than
in the previous He II UPS spectrum.28 The calculated weakness
of bands 4-10 of the UPS spectrum in Figure 2 and the PIES
spectrum in Figure 3 implies the presence of an overlapped
background below an electron energy of less than ∼8 eV.
Otherwise, the transmission efficiency of the analyzer is likely
to be responsible for it.

4.3. PIES and Spectral Assignments. Figure 3 shows the
PIES spectrum of glycine, which was recorded under collision
energy 90-300 meV. The final theoretical PIES I + II + III +
IV spectrum was obtained by summing up the spectra of each
conformer. The good agreement with experiment demonstrates
the applicability of the EED model in Figure 3, in which the
prominent band 1 and weak bands 2 and 4 are qualitatively
reproduced. The PIES spectrum is, in general, complementary
to the UPS spectrum. The cross sections for PIES are fairly
dependent upon the MOs to be ionized, as can be seen in Figure
3, whereas those for UPS are fairly similar (see Figure 2). These
propensities give rise to the marked differences for bands 1-3
in the UPS and PIES spectra. Also, the strong PIES intensity
of band 10 shifts the composite PIES bands 8-10 rightward.

The qualitative reproduction of PIES indicates a dominant
role of EEDs. Tables 2 and 3 compile the calculated IEs and

EEDs for conformers I-V, respectively, along with the experi-
mental results of UPS and PIES. In these calculations, the
geometrical parameters were set as those at the MP2/6-
311++G(d,p) level. The largest EED value for band 1 in Table
2 indicates an important role of the nonbonding orbital (nN) of
the N atom. Peak energy shifts ∆E given in Table 2 are
measured with respect to the “nominal” IE E, where E is the
difference between the metastable excitation energy and target
IEs. ∆E reflects the interaction energy between He* and the
target molecule.51 The ∆E values of band 1 (nN) were found to
be significantly negative, -0.33 eV, whereas that of band 3
(nO⊥) is negligible. This tendency suggests the presence of an
attractive interaction in the direction of nN and a less attractive
interaction in the out-of-plane direction. Also, ∆E of band 7
(πOCO) is not as negative as -0.3 eV, in line with the fact that
πOCO extends in the out-of-plane direction. Collisional dynamics
involving these repulsive or attractive interactions will be
discussed in section 4.4.

As annotated in Tables 2 and 3, the present OVGF/cc-pVTZ
calculations give different orders of IEs from the previous
OVGF/TZVP calculations25 in better agreement with the experi-
ment. The deep bands of 8-10 are assigned differently to σCO,
nO|, and πNH2

of conformer I, respectively.25,28 If we assume
that conformer I is dominating the observed spectra, the root
mean squares are estimated to be 0.21 and 0.31 eV for the
present and previous calculations, respectively. Comparisons of
the calculated EEDs between conformers I-V lead to a general
propensity: when the N and O atoms form hydrogen bonds, the
nonbonding nN and nO orbitals distribute inside the molecular
surface. Otherwise, the nonbonding orbitals display much larger
EEDs. For example, the EED of nN orbital in II is exceptionally
small among the hydrogen-bond-related EEDs, which are
asterisked in Tables 2 and 3.

4.4. Collision Energy Dependence. The partial cross section
for Penning ionization to produce Mi

+ depends upon not only
MO φi but also branching ratios. Namely, the trajectories of
He* affect the ionization process and impose additional effects

TABLE 3: Calculated IEs (eV) and EEDs for Glycine
Conformers II-V

OVGF

conformer MO cc-pVTZb TZVPc P3 6-311+G(d,p)e
EEDf

(%)

II (Cs) 16a′ (nO//) 10.16 (0.91) 10.0 3.13
15a′ (nN) 11.57 (0.91) 11.7d 3.34*
4a′′ (nO⊥) 11.60 (0.90) 11.5d 2.76
14a′ (nO|) 13.66 (0.91) 13.9d 1.74
3a′′ (πCH2) 13.88 (0.91) 13.7d 2.62
13a′ (σCO) 15.25 (0.91) 15.4 1.81
2a′′ (πOCO) 15.51 (0.90) 15.8 2.64
12a′ (σCN) 16.66 (0.90) 16.7 1.51
11a′ (nO|) 17.91 (0.90) 18.8d 1.73*
1a′′ (πNH2) 18.33 (0.91) 18.0d 2.68

III (Cs) 16a′ (nN) 9.74 (0.91) 9.7 9.6 3.92
15a′ (nO|) 11.78 (0.91) 12.3d 11.4 3.09
4a′′ (nO⊥) 12.15 (0.90) 11.9d 12.0 2.56
3a′′ (πCH2) 13.76 (0.92) 13.7 13.6 2.84
14a′ (σCN) 14.55 (0.91) 14.6 14.5 2.35
13a′’ (nO|) 14.79 (0.91) 14.9 14.6 1.62
2a′′ (πOCO) 15.59 (0.90) 15.8 2.47
12a′ (σCO) 17.01 (0.90) 17.3 1.38
11a′ (nO|) 17.25 (0.91) 17.8d 1.52*
1a′′ (πΝH2) 17.67 (0.91) 17.6d 2.83

IV (C1) 20a′ (nN) 9.88 (0.91) 4.90
19a′ (nO|) 11.16 (0.91) 2.47
18a′ (nO⊥) 12.29 (0.90) 2.77
17a′ (σCC)a 14.11 (0.92) 2.17
16a′ (πCH2)

a 14.36 (0.91) 1.91
15a′ (πCN)a 14.94 (0.91) 2.30
14a′ (σΝΗ2)

a 15.65 (0.91) 2.02
13a′ (πOCO)a 16.72 (0.90) 3.01
12a′ (nO|) 17.30 (0.91) 1.65
11a′ (σCO)a 17.88 (0.90) 1.61

V (C1) 20a′ (nN) 9.91 (0.91) 4.66
19a′ (nO|) 11.15 (0.91) 2.78
18a′ (nO⊥) 12.24 (0.90) 2.84
17a′ (σCH)a 14.02 (0.92) 2.32
16a′ (nO|) 14.44 (0.91) 1.83
15a′ (σCN)a 14.82 (0.91) 2.46
14a′ (σΝΗ2)

a 16.21 (0.91) 1.87
13a′ (σCH)a 16.70 (0.90) 2.84
12a′ (σCO)a 16.98 (0.90) 1.57
11a′ (nO|) 17.49 (0.91) 1.66

a Approximate descriptions because these conformers possess no
symmetry planes. b Pole strengths are in parentheses. c Reference 25.
d The orders of these bands are reversed. e Reference 24. f EEDs
calculated at SCF/6-311++G(d,p). Asterisks indicate those involved
in hydrogen bonding.

Figure 4. Collision energy dependence of partial ionization cross-
sections for glycine with He*(23S), and corresponding molecular orbitals
of glycine conformers I (71%) which are obtained from self-consistent-
field (SCF) calculations using cc-pVTZ basis sets. Bold lines depict
surfaces at which |φi|2 ) 10-4 Å-3 and thin lines represent van der
Waals surfaces.
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on the EED approximation. The trajectories are determined by
the relative velocity and interaction potentials around the
molecule. Thus, we discuss ionization dynamics with respect
to collision energy dependence and interaction potentials.

Figure 4 shows collision energy (Ec) dependences of partial
ionization cross sections (σi) (CEDPICS) as log σi vs log Ec

plots in arbitrary units. It also visualizes the MOs φi as three-
dimensional contour surfaces. The bold lines depict contour

surfaces at which |φi|2 ) 10-4 Å-1, whereas the thin lines
represent vdW spheres. The CEDPICS are fit by linear regres-
sion analyses, and slopes m are given in Table 2. The collision
energy dependences are explained satisfactorily, assuming
dominant conformer I.

The most inclined CEDPICS is obtained for band 1 with m
) -0.42. It is well-known that the negative slope (m < 0) is
related to an attractive potential well in atom-atom systems.51-53

Figure 5. (Upper) Interaction potential energy curves of V0 as a function of the distance r between a targeted atom and Li(He*) in different
directions of approach of the colliding Li(He*). Legend: (O) averaged direction of the three bonds stemming from the N atom; (4) direction
bisecting the two bonds of the O atom; (3) along the CdO bond; (× and +) perpendicular to the CdO bond; (right-pointing 2, left-pointing 2,
2, 1, b) out-of-plane directions with respect to the plane defined by framework NCCOO. (Lower) Contour maps of the in-plane V0. The energy
spacing of contour lines is set as 100 meV for positive values and 50 meV for negative values.
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If the long-range attractive part of interaction potential V*(r) ∝
r-s plays a dominant role, σ(Ec) is proportional to Ec

-2/s and
the slope m ) -2/s is negative. Therefore, the interaction in
the direction of the nN orbital is attractive, and the long-range
dependence for band 1 is estimated to be s ) 4.8. In this
direction, only the nN orbital shows a significant EED and other
valence orbitals do not. Hence, the extended nN lobe would most
contribute to the electronic interaction with He*, and the
attractive interaction relates to the orbital overlap between the
extended N sp3 lobe and the He* 2s orbital. For a more detailed
understanding, we performed quantum chemical calculations in
various directions.

4.5. Reaction Dynamics on PES. The interaction potential
curves shown in the upper parts of Figure 5 are obtained from
single-point-energy calculations at the MP2(full)/6-311++G(d,p)
level for the various kinds of approaches of the colliding Li(22S).
The distances r is measured from the targeted atom to the Li
atom. On the other hand, the contour maps shown in the lower
parts display two-dimensional anisotropies of interaction energy
in the molecular plane spanned by the NCCOO frame. These
are obtained from the interpolations of single-point energies
calculated at the MP2/6-311++G(d,p) level employing the
frozen-core approximation. In these calculations of the 2D
interaction energy, the grid points are placed at intervals 0.5 Å
in the radial direction from the center of mass and at azimuthal
angle steps 7.5° in the molecular plane. The total number of
grid points was ∼960. The calculated energies are first
interpolated in the radial directions with cubic-spline functions,
and the resultant potential energy curves are connected in the
azimuthal directions with other spline functions. Structural
relaxation from the equilibrium structures was not taken into
account.

Indeed, attractive potential curves are found for all of the
conformers, as shown in Figure 5. Similar depths are obtained
in the directions of nN orbitals and CdO bonds, except when
nN are involved in hydrogen bonding. That is, the potential well
are located around O atoms in conformer II, and access toward
the N atom is shielded by substituent atoms. The present
calculations demonstrate the remarkable attractive interaction
at nonbonding orbital nN. The fact that the directions of nN

orbitals (O) and CdO bonds (3) are similarly attractive unless
shielding effects of the substituents indicates similar tendencies
between Li(He*) and hydrogen-bonding interactions. Most of
the out-of-plane directions indicated with filled legends are
calculated to be repulsive. These analyses qualitatively describe
the entrance channel dynamics of the colliding system He* +
glycine. The collision-induced conformational change upon
collision with light He atoms has been found to be less probable
in the present collision energy range. However, such changes
are likely to be induced by heavier colliding atoms like Ne and
Ar.54

These PESs are connected with the observed PIES intensities,
peak shifts, and CEDPICS. First, the most significant discrep-
ancy found between the experimental and theoretical PIES
intensities for band 2 (πCH2

) can be explained by the deep
attractive potential well around the nN orbital of conformer I.
The reaction probabilities predicted by EEDs are disturbed by
the branching of He* approach toward such attractive regions.
In contrast, the CH2 region where the πCH2

orbital extends
(Figure 4) is repulsive, and the He* access could be deflected
away. Second, the significant negative peak shifts ∆E observed
for bands 1 (nN) and 5 (σCN) in Table 2 are also caused by the
attractive interactions. Collisional ionization around the N atom
and O atoms (Figure 4) are likely to be responsible for these

negative ∆Es. Third, the negative CEDPICS and m values
obviously indicate the presence of attractive interactions. The
most negative dependence of band 1 is explained by the deepest
potential well -422 meV in conformer I. If the repulsive part
of the interaction potential V*(r) governs the collision energy
dependence, the slope m becomes positive.52 Hence, the reaction
dynamics of this type could make the m parameter of band 4
less negative.

5. Conclusions

This paper has demonstrated collision-energy-resolved PIES
on amino acids for the first time. The significantly large EEDs
and attractive interaction with He* have been obtained for
nonbonding nN orbitals. In the most stable conformer of glycine,
the hydrogen bonds involving the H atoms of the NH2 group
make the nN orbital point outward. The extended nN orbital gives
rise to large Penning ionization cross sections, negative peak
shifts, and negative collision energy dependences. The direction
along CdO bonds has also been found to be attractive. These
properties and spatial shielding effects to the orbitals around N
and O atoms can be used as markers for the structures of
hydrogen-bonding networks. The theoretical spectra on the basis
of OVGF and EED calculations have qualitatively reproduced
the observed PIES. The exceptional disagreement found for the
πCH2

band is likely due to reaction branching affected by the
attractive/repulsive interactions.
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