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Understanding glycine conformation through molecular orbitals
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The four most stable Cs conformers of glycine have been investigated using a variety of
quantum-mechanical methods based on Hartree-Fock theory, density-functional theory �B3LYP and
statistical average of orbital potential�, and electron propagation �OVGF� treatments. Information
obtained from these models were analyzed in coordinate and momentum spaces using dual space
analysis to provide insight based on orbitals into the bonding mechanisms of glycine conformers,
which are generated by rotation of C–O�H� �II�, C–C �III�, and C–N �IV� bonds from the global
minimum structure �I�. Wave functions generated from the B3LYP/TZVP model revealed that each
rotation produced a unique set of fingerprint orbitals that correspond to a specific group of outer
valence orbitals, generally of a� symmetry. Orbitals 14a�, 13a�, 12a�, and 11a� are identified as the
fingerprint orbitals for the C–O�H� �II� rotation, whereas fingerprint orbitals for the C–C �III� bond
rotation are located as 16a� �highest occupied molecular orbital �HOMO��, 15a� �next highest
molecular occupied molecular orbital �NHOMO��, 14a�, and 12a� orbitals. Fingerprint orbitals for
IV generated by the combined rotations around the C–C, C–O�H�, and C–N bonds are found as
16a�, 15a�, 14a�, 13a�, and 11a�, as well as in orbitals 2a� and 1a�. Orbital 14a� is identified as the
fingerprint orbital for all three conformational processes, as it is the only orbital in the outer valence
region which is significantly affected by the conformational processes regardless rotation of which
bond. Binding energies, molecular geometries, and other molecular properties such as dipole
moments calculated based on the specified treatments agree well with available experimental
measurements and with previous theoretical calculation. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2133727�
I. INTRODUCTION

Gas-phase properties of molecules, such as amino acids,
are fundamental to the understanding of complex structures,
such as proteins and DNA, since many biological phenom-
ena can be traced to fundamental properties of the molecular
constituents. These properties are crucial for an understand-
ing of intimate details surrounding the electronic charge re-
distributions in the outer valence orbitals during structural
and conformational manipulations.

In addition to their biological significance as building
blocks of peptides and proteins, amino acids are interesting
species from a chemical point of view. For instance, the con-
formational flexibility associated with their backbone and
side chains produces many local minimum structures on the
torsional potential-energy surfaces of amino acids. As energy
barriers associated with these conformational changes are
typically large, these amino acids generally exist as single
conformers. For other molecules, these energy barriers are
quite small and isolation of a specific conformer is difficult.
The conformational variety of amino acids is, however, im-
perative in determining the three-dimensional structure of
proteins and thus controlling their dynamics.1 Both laser
spectroscopy and theoretical methods have made great con-
tributions to elucidating the structures and dynamic of these
biomolecules.2
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Of the naturally occurring amino acids, glycine
�NH2CH2COOH� is the simplest, but commonly serves as a
model system for larger or more complex amino acids or
proteins. It has been the subject of many studies, which in-
clude analysis of protein structure and folding and the role of
interstellar amino acids in important prebiotic events.3 The
recent discovery of interstellar glycine, coupled with the
ability to study the gas-phase properties of amino acids using
electron momentum spectroscopy4 �EMS� and resonant two-
photon ionization �R2PI�,2 has been regarded as the first step
in establishing the crucial link between amino acids in space
and a pivotal role in the prebiotic chemistry of Earth.5,6 Gly-
cine is also a key participant in several reactions, including
the biosynthesis of heme, an important constituent of hemo-
globin and the biosyntheses of serine, purines �constituents
of genetic materials�, and glutathione �a coenzyme�.7

The conformational behavior of glycine has brought
many challenges to the experimental and theoretical investi-
gations. The ability to generate flexible dihedral angles in
protein structures has proven difficult for many methods.4,8

Most theoretical work conducted on glycine has focused on
the location of equilibrium geometries and determination of
the relative energies of the glycine conformers. Theoretical
studies have found as many as eight minimum-energy con-
formers present in the gas phase,9 although a few of these
conformers have been observed experimentally due to their
thermal instability.10 Predictions based on quantum-

mechanical calculations are therefore essential in providing
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details of individual conformers which experimental access
is not yet achieved. Geometry and conformational character-
istics of glycine were shown to be sensitive to the model
used �the method and basis set�.4,8 Electron correlation ef-
fects play a significant role in the relative energies of the
conformers,11 where inclusion of polarization and diffuse
functions in the basis sets were essential for geometry opti-
mizations. This condition reflects in part the presence of sev-
eral pairs of nonbonding electrons and intramolecular hydro-
gen bonding.4 Sophisticated calculations using large basis
sets and Møller-Plesset �MP� perturbation theory,9

configuration-interaction �CI� methods,12 or density-
functional theory �DFT� methods including the Hartree-Fock
�HF� exchange energy3,8 yielded satisfactory agreement for
not only geometries of conformers but also their relative en-
ergies. All calculations are consistent in the prediction that
the Cs conformer �conformer I� depicted in Fig. 1 is the most
populated and stable conformer of glycine.

The conformational processes of glycine in position
space using both ab initio and DFT methods have been stud-
ied by Nguyen et al.8 Subsequent work by Herrerd et al.13

demonstrated that both B3LYP/6-311G** and MP2/6-
311G** models were accurate descriptors of properties, such
as geometrical parameters, conformational energies, and ver-
tical ionization energies, in comparison with available ex-
perimental data, such as photoelectron spectroscopy �PES�.
Five of the lowest energy conformers of glycine, which are
of Cs and C1 symmetries all lie within 6 kcal mol−1 of the
global minimum. Moreover, many conformationally induced
shifts of the vertical ionization energies are described in
terms of electrostatic and phase relationships in the associ-
ated Dyson orbitals,13 but more quantitative information, for
instance, from momentum space, on the Dyson orbitals of
the conformers were not provided. Other experimental and
computational works on glycine by Neville et al.4 using
EMS revealed that the inclusion of electron correlation was
essential to describe long-range outer spatial regions of the
electron density in the frontier orbitals of glycine. These

FIG. 1. Cross section of the torsional potential-energy surface for Cs glycine
conformers calculated using the DFT-B3LYP/TZVP model.
workers focused on the synthesis of the observed orbital
cross sections of glycine conformers in momentum space,4

but provided no further structural information revealing the
conformation processes and orbital fingerprints generated by
rotations of the C–O�H�, C–C, and C–N bonds of glycine.

With the presence of several stable conformers of gly-
cine in the gas phase, a comprehensive understanding of the
electron density distribution in the outer valence space of the
conformers is therefore imperative. The objective of this in-
vestigation is to provide a unique orbital-based perspective
of the electronic environment within those Cs conformers of
glycine in both coordinate and momentum spaces. We con-
centrate on information that could differentiate each of the
four conformers, such as equilibrium geometries and ener-
gies, vertical ionization energies �VIEs�, molecular electro-
static potentials �MEPs�, dipole moments, and orbital mo-
mentum distributions �MDs�, using a technique known as
dual space analysis �DSA�.14 This technique has been instru-
mental in the identification of orbital fingerprints for chemi-
cally interesting conformers, such as n-butane.15,16 In par-
ticular, conformational variations in energies and orbitals are
discussed in relation to rotations about the C–O�H�, C–C,
and C–N bond rotations of glycine, in order to provide a
unique orbital-dependent representation of the bonding
mechanisms within each conformer.

II. METHODS AND COMPUTATIONAL DETAILS

DFT with the hybrid B3LYP/TZVP model was em-
ployed to optimize the ground electronic states �X 1A�� of the
four Cs conformers of glycine presented in Fig. 1 �conform-
ers I, II, III, and IV�. The basis set used for conformation
optimization is the triple zeta valence-polarized �TZVP� ba-
sis set of Godbout et al.17 The B3LYP/TZVP model has been
proven reliable for a number of molecular systems.14–16,18–23

Based on the individual conformer geometries, three parallel
calculations, namely, RHF/TZVP, OVGF/TZVP, and DFT-
SAOP/ATZP were conducted for molecular properties, such
as outer valence VIEs and dipole moments. Here the OVGF/
TZVP model is the outer valence electron propagator
�Green’s function� model.24,25 The DFT-SAOP/ATZP model
is the orbital-dependent statistical average of orbital potential
�SAOP� functional.26–28 The ATZP basis set is a Slater-type
basis set that has recently been tested.29 All electronic struc-
tural calculations including the RHF/TZVP, OVGF/TZVP,
and DFT-SAOP/ATZP models were based on the B3LYP/
TZVP-optimized geometries using computational chemistry
packages such as GAUSSIAN03,30

GAMESS-US03,31 and the Am-
sterdam density-functional �ADF� suite of programs.32

Next, the molecular wave functions obtained from single
point calculations at the B3LYP/TZVP//B3LYP/TZVP level
of theory were mapped directly into momentum space as
orbital MDs, applying the plane-wave impulse approxima-
tion �PWIA�,33 the Born-Oppenheimer approximation, and
independent particle approximation. The electron momentum
spectroscopic orbital cross sections for randomly orientated

33,34
molecules are given by
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� �� d��� j�p��2,

where the Dyson spin orbitals are approximated by Kohn-
Sham orbitals, � j�p�. p is known as the momentum of the
target electron at the instant of ionization, which is a function
of the azimuthal angle � measurable in the EMS
experiment.33 The method is implemented in the AMOLD

codes of Weigold and McCarthy.33 The PWIA is a good ap-
proximation for valence orbitals35 as confirmed by the EMS
measurement for N20 sufficiently high impact energies.36

III. RESULTS AND DISCUSSION

A. Geometric correlation of the glycine Cs
conformers

Of the four conformers of glycine presented in Fig. 1,
conformer I is the most abundant �52.6%�.4 The second most
populated Cs conformer �29.3%� is conformer III, which is
considered to result from rotation about the C–C bond
�180°�. The least populated Cs conformer �II� �0.3%� is ob-
tained by 180° rotation of the C–O�H� bond in conformer I.
Conformer IV involves three such rotations referred to con-
former I: rotation of the C–C, C–O�H�, and C–N bonds. Op-
timized geometric parameters for these four conformers,
based on the B3LYP/TZVP model, are given in Table I.

The geometrical details predicted by the B3LYP/TZVP
model for conformer I agree satisfactorily with both experi-
mental results37 and previous theoretical predictions.4,8,9,13

Bond lengths and angles describing the geometry of the car-
boxylic acid and amine functional groups lie within 0.02 Å
and 5°, respectively, of the experimental values. Relative to

** 13

TABLE I. Comparison of optimized geometrical parameters for the four Cs c
previous theoretical calculations.

Parameter Expt.a

This workb

I II III

C–C/Å 1.526 1.524 1.534 1.52
CvO/Å 1.205 1.204 1.197 1.20
C–O/Å 1.355 1.354 1.360 1.35
C–N/Å 1.467 1.451 1.449 1.45
O–H/Å 0.966 0.969 0.965 0.96
C–H/Å 1.081 1.095 1.097 1.09
N–H/Å 1.001 1.015 1.016 1.01
O–CvO/° ¯ 123.1 120.6 122
OvC– /° 125.1 124.5 124.1 124
O–C–C/° 112.1 111.5 115.3 112
C–C–N/° 112.1 115.5 115.6 119
H–O–C/° 112.3 106.9 110.3 106
H–C–H/° 107.0 105.5 105.4 105
H–N–C/° 113.3 109.6 109.3 110
H–N–H/° 110.3 105.5 105.3 106
H–C–CvO/° ¯ 123.0 122.9 55.
H–N–C–C/° ¯ 57.7 57.4 58.

aBased on Structure I, Ref. 38.
bPresent work using the B3LYP/TZVP model.
cThe B3LYP/6-311G** calculation was not undertaken for conformer IV in
dThe MP�full� /6-311+ +G** model, Ref. 9.
values based on the B3LYP/6-311G model �again for
conformer I�, the present B3LYP/TZVP model produced
geometric parameters with an improved description of al-
most all bond lengths and bond angles �except for the
�HOC angle� of conformer I. Further inspection of the geo-
metrical results obtained using these two models reveals that
the B3LYP/6-311G** model achieved a slightly superior
agreement on nonoxygen related bond lengths and angles
with the available experimental values.37 This might indicate
that the TZVP basis set is able to produce more accurate
results to oxygen than the 6-311G** basis set. The hydrogen
atom in the OH group may form an intramolecular H bond to
the oxygen atom in the CvO group with a H¯O distance
of 2.294 Å according to the B3LYP/TZVP model.

Referring to conformer I, rotation of the C–O�H� bond
�generating conformer II� produces only minor variations to
bond lengths and angles connecting the C and O�H� atoms.
This is highlighted by the underlined values in Table I. In a
similar manner, negligible perturbations to the geometry oc-
cur as a result of rotation about the C–C bond �III�. An ex-
ception is the �CCN angle, which undergoes a noticeable
increase of 3.6° upon such a rotation �underlined in Table I�.
In contrast, generation of conformer IV, which requires a
series of three rotations, forms a weak bond between the
hydrogen atom of the OH group and the nitrogen atom of
NH2 �H¯N distance is 1.908 Å�, as indicated in Fig. 1. The
CvO bond therefore becomes “isolated” and all related
bonds and angles involving the C–C, C–N, C–O, and O–H
bonds, are as a result, distorted to various degrees. An elon-
gation �0.02 Å� of the O–H bond occurs, which can be con-
sidered as the result of inheritance from the C–C and
C–O�H� rotations �III and II, respectively� plus the rotation

mers of glycine using the B3LYP/TZVP method with experimental data and

B3LYP/6-311G**c

IV I II III IVd

1.535 1.525 1.539 1.533 1.533
1.207 1.225 1.219 1.223 1.207
1.343 1.382 1.386 1.389 1.340
1.472 1.474 1.473 1.474 1.466
0.987 0.971 0.967 0.971 0.981
1.092 1.091 1.094 1.092 1.093
1.012 1.013 1.014 1.011 1.012
123.6 123.4 120.6 122.9 ¯

122.6 126.1 124.4 127.6 122.3
113.8 110.5 115.3 110.5 113.9
111.6 113.2 113.2 116.7 111.3
104.9 108.4 110.7 107.8 103.9
106.6 106.4 107.0 106.0 107.4
112.4 109.7 109.4 110.0 112.0
109.4 106.8 106.5 106.8 107.6
57.0 ¯ ¯ ¯ ¯

−110.9 ¯ ¯ ¯ −110.5

13.
onfor

7
4
6
3
9
4
5

.7

.4

.9

.2

.2

.3

.3

.2
8
5

Ref.
of C–N; these changes have all been underlined in Table I.
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B. Stability of the conformers

Table II details the relative energies for each glycine
conformers, generated using the B3LYP/TZVP method. This
table also includes previous DFT �B3LYP/6-311G**� �Ref.
13� and ab initio calculations �MP2/6-311+ +G**� �Ref. 4�
for comparison. It is observed that all the methods presented
in Table II predict the four Cs conformers to lie within
6 kcal mol−1 of each other, with conformer I representing the
global minimum. The relative energies ��E� obtained with
the B3LYP/TZVP model, including zero-point energy �ZPE�
correction �see Table II�, agreed well with values given by
the MP2/6-311G** model. The calculated relative energies
including ZPEs between conformers I with II, III, and IV are
predicted to be 5.27, 1.61, and 0.56 kcal mol−1, respectively,
which are in satisfactory agreement with values of 4.72 �II�,
1.59 �III�, and 0.49 kcal mol−1 �IV� predicted by the
MP2/6-311G** method, and 5.72 and 1.59 kcal mol−1 for
I–II and I–III, respectively, using the B3LYP/6-311G**

model.13 The relative energies of the glycine conformers are
strongly influenced by the interplay of various intramolecular
hydrogen bonding and cis or trans arrangement of the car-
boxylic acid �OH� within these conformers �refer to Fig. 1�.
The energy trend of I� IV� III� II remains consistent with
previous theoretical calculations.4,9,13

TABLE II. Comparison of the molecular properties
TZVP model with other DFT and ab initio MP2 mo

Property Ia

ZPE/kcal mol−1 49.83 �50.67�b 49.6
�EZPE/kcal mol−1 5.2
�Eexpt /kcal mol−1

�R2� / a.u. 425.5136 42

Rotational
constants
Ae /MHz 10 300.5 �10 341.7�g 10 123.
Be /MHz 3 837.2 �3 876.2�g 3 849.
Ce /MHz 2 886.9 �2 912.4�g 2 879.

Dipole moment

�x /D −0.8217 −
�y /D 0.8727 −
� /D 1.1987

�1.2637�h

�1.1988�i

3
�3

Expt./D 1.0–1.4j

aTotal energy of conformer I is −284.534 123 6 Eh u
bMP2�full� /6-311+ +G**, Ref. 9.
cMP2/6-311G**, Ref. 13.
dMP2/6-311+ +G**, Ref. 4.
eInfrared spectroscopy of glycine �140–150 °C� isol
fMicrowave spectroscopy �170–180 °C�, Ref. 44.
gElectron diffraction, Ref. Note that theoretical rotati
while experimental constants are A0, B0, and C0, refe
hSAOP/ATZP model used in present study.
iB3LYP/trun-pVTZ model, Ref. 4.
jSuenram and Lovas �Ref. 44� determined �a of con
kBrown et al. �Ref. 45� found �a of conformer I to b
The �E’s, which were mapped into Fig. 1, highlight the
energy positions on the cross sections of the torsional
potential-energy surface of glycine. In this figure, conformer
II possesses the highest-energy barrier as it barely forms any
in-plane intramolecular H bonding. Though exhibiting the
second lowest energy, conformer IV is only 0.56 kcal mol−1

greater than the global minimum I. The strong intramolecular
interactions between H �in the OH group� and the lone pair
of electrons on the nitrogen atom in the NH2 group �with a
separation of 1.908 Å� contribute to a decreased energy of
this conformer �IV�. The third most stable conformation in
this study is conformer III �Fig. 1�, which also possesses an
in-plane intramolecular H bond. However, unlike the H¯N
bond in IV, the intramolecular H bond in conformer III is
O–H¯OvC. The H¯O distance in III was predicted to be
2.279 Å, which is slightly shorter �0.015 Å� than the H¯O
distance predicted for I �2.294 Å�, indicating a stronger H
bond in conformer III. This stabilization is overshadowed by
the C–C torsional strain present within III, thus serving to
increase the overall conformational energy. In contrast, for-
mation of conformer II breaks the in-plane H bond existing
in conformer I, which produces isolation of the OH group.
The lack of in-plane H bonding in this conformation may be
the main reason why this conformer is located in a position
with higher energy on torsional potential-energy surface

e four Cs conformers of glycine using the B3LYP/

III
C–C

IV
C–O, C–C, C–N

.40�b 49.88 50.06 �50.88�b

2�c 1.61 �1.59�c 0.56 �0.49�d

0.9–1.5e 1.3–1.6e

1.4±0.4f

8 421.0958 413.0627

136.1�b 9935.6 �9975.0�b 10 153.2 �10 175.1�b

85.0�b 3951.1 �3989.2�b 4 047.5 �4 076.3�b

01.4�b 2920.3 �2944.7�b 2 993.2 �3 010.9�b

5 1.8089 −1.1399
6 −0.7267 −5.7457

�
1.9494

�1.9807�h
5.8577

�5.8769�h

�5.6892�i

4.5–4.6k

he present B3LYP/TZVP model.

n an inert gas matrix, Ref. 43.

constants refer to equilibrium Ae, Be, and Ce values,
to zero vibrational energy level.

r I to be 1.0±0.15 D and �b�0, �b	�a.
±0.15 D and �b�0, �b	�a.
of th
dels.

II
C–O

3 �50
7 �4.7

5.956

9 �10
0 �3 8
9 �2 9

2.795
1.404
.1285
.3183

sing t

ated i

onal
rring
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e 1.0
�Fig. 1�. The energetic nature and abundance of conformers
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II and III are explicable via their orbital topologies, which
are discussed in further detail later. The orbitals relating ro-
tations of the C–O�H� �II� and C–C �III� bonds sit in two
differing energy bands, with the former rotation located in
the higher-energy band �13–18 eV�. From an orbital per-
spective therefore, rotation of the C–C bond is energetically
more achievable than rotation of the C–O�H� bond, thus for-
mation of conformer III is energetically more favorable
over II.

The natural abundances of these Cs conformers are in
reverse of their predicted energy order. For example, the
natural abundance of conformer III is predicted to be 29.3%
compared to 9.0% for the lower-energy conformer IV. As
seen in Fig. 1, this result is from the absence of a direct
pathway on the torsional potential-energy surface for the glo-
bal minimum structure I to enter the local minimum structure
IV. Instead, to reach IV conformer I would almost certainly
choose the lower-energy pathway of I→ III→ IV, rather than
follow the higher-energy pathway of I→ II→ IV. Once con-
former I has accumulated sufficient energy ��E
=1.61 kcal mol−1� to climb up to position III, it would drop
into the local minimum well of III. Without sufficient energy,
conformer III would not cross an energy barrier formed by
the strain of rotating the C–O and C–N bonds to reach IV.

C. Conformational impact on molecular
properties

Biomolecular conformers that differ by small energies
can exhibit profound differences in their spatial and aniso-
tropic properties, chemical bonding mechanism, and reactiv-
ity. Features such as electronic spatial extent �R2�, rotational
constants, and dipole moments are all important molecular
properties for protein structure recognition and drug design.
The molecular properties of the four Cs conformers of gly-
cine are presented in Table II. Electronic spatial extent �R2�
links with the size of conformers. The four conformers ex-
amined in this study have similar spatial extent, but conform-
ers with in-plane H bonding �I, III, and IV� possess a size
slightly smaller than species �II� without such bonding. The
similarity in molecular volume yields flexibility of the gly-
cine side chain in proteins. The rotational constants indicate
that all conformers in the table are asymmetric rotors. This
result agrees well with available experiments of I and IV.
Theoretical rotational constants refer to equilibrium Ae, Be,
and Ce whereas experimental rotational constants are vibra-
tionally averaged values of A0, B0, and C0 �
=0�. Correc-
tions used to obtain equilibrium rotational constants from the
observed constants and correspond to the vibrational ground
state are expected to be within several megahertz. However,
the vibrational correction to the rotational constant of con-
former I �Ref. 37� reduced the discrepancies between the
theory and experiment.

In addition to size and three-dimensional similarities
�important in protein docking�, the accuracy of molecular
wave functions is also ensured through consideration of vari-
ous properties presented in different regions of space. These
include energetic properties, such as the total energy �mea-

surement in a small r region near the equilibrium�, dipole
moments �medium r region�, and EMS orbital momentum
distributions �large r region�.4 Dipole moments are the next
key property in the study of these biomolecular structures, as
it provides the degree and direction of electron charge distri-
bution and polarizability within each conformation. The Cs

glycine conformers given in Fig. 1 possess a planar symme-
try �backbone atoms� there is no component of dipole mo-
ment along the z axis perpendicular to the plane. The sub-
stantial changes in dipole moment with respect to the single
bond rotations are detailed in Table I. A large charge redis-
tribution arises mainly when rotation occurs about the
C–O�H� and C–N bonds. This is highlighted in conformers I,
II, and IV, where dipole moments of 1.1987, 3.1285, and
5.8577 D, respectively, were predicted using the B3LYP/
TZVP model. The dipole moments predicted in the present
work agree well with 1.1987 �I�, 3.3183 �II�, 1.9807 �III�,
and 5.8769 D �IV� obtained when using the SAOP/ATZP
model. Dipole moments of I and IV also agreed satisfactorily
with 1.1988 and 5.6892 D calculated by Neville et al.4 using
the B3LYP/trun-pVTZ model. Among these conformers the
dipole moment changes the least with respect to the rotation
of C–C bond: 1.1987 D for conformer I compared to
1.9494 D for conformer III, but the vector components, �x

and �y of III have altered considerably. For example, the �x

of I is −0.8217 D and becomes 1.8089 D in III indicating
significant charge redistribution to accommodate such a ro-
tation. All rotations of the C–C, C–O�H�, and C–N bonds
consequently produce significant electron charge redistribu-
tions �sign and magnitude�, as shown in Table II.

From further analysis of the impact of each conforma-
tional process, Fig. 2 provides information on the MEPs of
the four conformations. The molecular plane of Cs conform-
ers is defined as the backbone containing the CvO,
C–O�H�, C–C, and C–N bonds. The O–H bond of the car-
boxylic acid is also aligned within this plane, while the C–H
and N–H bonds lie on both sides of the molecular plane,
which serves as the reflection plane. The MEPs provided in
Fig. 2 confirm significant electron charge redistribution in
each conformer, as a consequence of the various conforma-
tional processes. In conformers I, II, and IV, the proton of the
hydroxyl group �OH� deposits intensive positive charges
�solid contours� at the interface where the oxygen and nitro-
gen atoms deposit intensive negative charges to form H
bonds in I, III, and IV. This does not occur in II as the
hydrogen atoms in the OH and CH groups are isolated from
negative charges. The hydrogen atoms in the NH2 group of
conformer IV lie without the molecular plane; their impact
on the molecular plane is minor.

D. Conformer-dependent ionization energy spectra

The ground electronic states �X 1A�� of the four Cs gly-
cine conformers are all closed-shell states with 20 doubly
occupied molecular orbitals; 15 are valence molecular orbit-

als, with 11 orbitals of a� symmetry and 4 orbitals of a�
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symmetry. The ten doubly occupied outer valence orbitals
�plus the lowest unoccupied MO �LUMO�� of conformer I
are given by both the B3LYP/TZVP//B3LYP/TZVP and the
SAOP/ATZP//B3LYP/TZVP models as �1a���11a���12a��
��2a���13a���14a���3a���4a���15a���16a���5a��0. �Orbitals
1a� and 11a� in II are swapped, so are orbitals 3a� and 14a�
in IV.�

Table III compares the vertical ionization energies of the
outer valence orbitals in the region of 9–18 eV for the global
minimum structure I, using the RHF/TZVP, OVGF/TZVP,

TABLE III. Outer valence ionization energies �e
and OVGF models, together with available experime
former I.

Orbital SAOP/ATZPa
OVGF/TZV
�pole strength

16a� �HOMO� 10.4 �10.5� 10.0 �0.93�
15a� 11.4 �11.5� 11.4 �0.91�
4a� 12.7 �12.7� 12.4 �0.91�
3a� 13.5 �13.6� 13.6 �0.90�
14a� 14.3 �14.4� 14.8 �0.92�
13a� 15.0 �15.0� 15.1 �0.92�
2a� 15.5 �15.5� 15.8 �0.91�
12a� 16.5 �16.5� 17.7 �0.91�
11a� 16.8 �16.8� 17.2 �0.90�
1a� 17.0 �17.1� 17.7 �0.91�

aValues based on the DFT-SAOP/TZ2P method are g
bP3/6-311G** model, Ref. 13.
cPhotoelectron spectroscopy using He I �584 Å� and
d
He I Photoelectron spectroscopy, Ref. 39.
and SAOP/ATZP models, with other theoretical results using
the P3/6-311G** model13 and available experimental
data.4,38–40 Ionization energies generated by the SAOP/ATZP
and OVGF/TZVP models were generally found to agree well
with the observed experimental spectra in almost the entire
outer valence region. An exception is observed for the high-
est occupied molecular orbital �HOMO, 16a��, where the
SAOP method slightly overestimated the ionization energy
by 0.4 eV, as seen in Table III. The semiempirical P3/6-
311G** model13 also agreed well with experiment but pro-

FIG. 2. Molecular electrostatic poten-
tials �MEPs� of Cs conformers of gly-
cine. The molecular plane is defined as
the backbone connecting all the non-
hydrogen atoms.

f glycine calculated using the RHF, DFT-SAOP,
results and a previous P3/6-311G** model for con-

RHF/TZVP P3/6-311G**b Expt.c

11.3 9.9 10�	10�d

12.8 11.0 11.1�	11.2�d

13.4 12.2 12.1�	12.2�d

14.6 13.5 13.6�	13.5�d

16.0 14.6 14.4�	14.2�d

16.5 14.8 15.0�	15.0�d

17.2 ¯ 15.6
19.0 ¯ 16.6
19.1 ¯ 16.9
19.4 ¯ 17.6

in parentheses.

�304 Å� radiation lines, Ref. 38.
V� o
ntal

P
�

iven

He II
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duced energies of an incomplete set of outer valence orbitals.
The discrepancies in the vertical ionization energy of HOMO
are attributed to orbital relaxation and configuration effects,
as indicated by the pole strengths ��1.0� determined in the
OVGF calculations. The experimental binding �ionization�
energies themselves are averaged values of all possible con-
formers existing under the experimental conditions, rather
than a single conformer. Recent R2PI experiments2 on
L-phenylalanine have demonstrated that the conformer de-
pendency on the binding energy of HOMO could range from
8.80 to 9.15 eV with a variation of approximately 0.35 eV.
With this conformer dependence in the experimental binding
energy spectra, the discrepancies between the present work
and experimental work are therefore small. Furthermore, the
present calculations have shown the domination of con-
former I which “best” represents the experimental observa-
tions. The binding energies in the outer valence shell of I
generated using various models and experiments are given in
Fig. 3 as a benchmark of the calculations.

Deviations from experimentally measured VIEs indicate
the presence of multiple low-lying energy conformations.
Table IV lists the VIEs of the remaining three Cs conformers
using these theoretical models. The SAOP model generates
values for the orbital ionization energies consistent with val-
ues based on previous theoretical calculations. For conform-
ers II and III, the ionization energies of the first three mo-
lecular orbitals predicted by the SAOP/ATZP model differed
from those generated with the P3/6-311G** model13 by
0.5 eV on average. This number decrease in the next three
levels, where the discrepancy is less than 0.2 eV. No experi-
mental binding energy spectrum is currently available for

FIG. 3. A comparison of the binding energy spectrum of glycine �conformer
I� with various models and the photoelectron spectroscopic experimental
data.
these conformers.
E. Outer valence orbital momentum distributions
of the conformers

Properties obtained from coordinate space convey lim-
ited information about the variations of electronic structure
associated with each conformational process.13 Quantum me-
chanics is about energy and wave function.14 Unlike the en-
ergetic properties, direct measurement of wave functions has
been a challenge. The quality of wave functions has been
indirectly assessed through molecular properties.14 Until re-
cently, EMS �Ref. 33� had been the most direct method to
measure molecular wave functions �orbitals�. The observa-
tion of the HOMO in the N2 molecule using intense femto-
second laser pulsed on aligned molecules,41 but luckily EMS
will still dominate the measurement of wave functions until
the new laser technique becomes applicable to larger and
more complex systems such as amino acids and DNA bases.

In the present study, Dyson orbitals of each conformer
have been calculated in coordinate space �r space� as orbital
electron charge densities �CDs� and in momentum space �k
space� as orbital MDs. Here we combine information ob-
tained from both spaces �dual space analysis�14 to provide
insight into the electronic structure of each conformation as a
result of the various conformational changes. Figure 4 re-
ports the three outermost valence orbital MDs of glycine
conformers with the experimental measurement.4 Analogous
to the coexistence of trans- and gauche-1,3-butadiene,42 con-
former signatures in the HOMO and NHOMO seen in Fig. 4
are likely those from other conformers in certain momentum
regions. For example, appearance of conformer III in HOMO
�16a�� is the region of ��5°. Furthermore, agreement of the
simulated orbital MDs with the observed orbital MDs of or-
bital 4a� �Fig. 4� is better than those observed in the HOMO
and NHOMO, if the experimental error bars are taken into
account. This orbital is nearly invariant with respect to the
rotations of the single bonds, which results in less scattered
orbital MD measurements.

Figure 5 details all the symmetry-correlated �see Tables
III and IV� outer valence orbital MDs for conformers I, II,
III, and IV, with the orbital CDs of some representative or-
bitals of the conformer signature orbitals to be discussed in
later sections. According to this figure all outer valence or-
bitals of these conformers experience, to some degree, dis-
tortion in their wave functions as a result of rotations. The
exception is orbitals of a� symmetry as they are related to the
� bonding within each conformation. Any rotational process
that occurs to the Cs conformation of glycine hence affects
the in-plane s bonds rather than the out-of-plane p bonds.
This phenomenon has been noted in the tautomerization pro-
cess of the DNA base adenine.23

The orbitals 4a�, 3a�, 2a�, and 1a�, which are antisym-
metric with respect to reflection in the molecular plane, are
affected little by the conformational changes along the nodal
plane. As a representative, the electron CDs of orbital 4a� of
the conformers are provided in Fig. 5 �4a��. As highlighted
in this figure, orbital 4a� is dominated by contributions from

the CvO p bond formed by the 2pz orbitals of oxygen and
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carbon, as well as the 2pz lone electron pair on the oxygen
atom of the hydroxyl OH group. As both the CvO and
C–O�H� bonds join at a common carbon, rotation by 180°
about the C–O�H� single bond does not change the nature of
this orbital. This orbital �4a�� in conformers I and II remains
unchanged as indicated in their corresponding orbital MDs
�solid line and dashed lines�. In conformer III, some addi-
tional electron charge contribution is donated by the C–H
pair from the CH2 group. This can be considered as the small
deviation in the orbital MD for III relative to the other con-
formers in the low-momentum region �the dotted line�. The
C–C bond orbital MD deviation in III has been compensated
by the subsequent rotations of C–O�H� and C–N bonds in IV.
Consequently, the corresponding orbital MDs of IV exhibit
even smaller deviation in this region �the dash-dot line�. In
the same view, orbital 3a� is a p-like bond formed by the
lone pair of oxygen in CvO, CH2, and NH2. In this orbital
the C–H pairs and N–H pairs serve as if each pair was a p

TABLE IV. Outer valence ionization energies �eV�
DFT-SAOP, and OVGF models.

Conformer Orbital SAOP/ATZPa

II 16a� 10.5 �10.6�
15a� 11.4 �11.5�
4a� 12.6 �12.7�
3a� 13.7 �13.8�
14a� 14.4 �14.5�
13a� 14.8 �14.9�
2a� 15.5 �15.6�
12a� 15.9 �16.0�
1a� 17.2 �17.2�
11a� 17.6 �17.6�

III 16a� 10.2 �10.3�
15a� 11.8 �11.9�
4a� 12.5 �12.6�
3a� 13.6 �13.7�
14a� 14.3 �14.3�
13.a� 14.7 �14.8�
2a� 15.5 �15.5�
12a� 16.5 �16.5�
11a� 16.6 �16.7�
1a� 17.0 �17.1�

IV 16a� 10.6 �10.6�
15a� 11.7 �11.8�
4a� 12.1 �12.2�
14a� 13.6 �13.6�
3a� 13.9 �14.0�
13a� 14.9 �15.0�
2a� 15.5 �15.5�
12a� 16.3 �16.3�
1a� 17.3 �17.3�
11a� 18.0 �18.0�

aValues based on the DFT-SAOP/TZ2P method are g
bP3/6-311G** model, Ref. 13.
cThe marked pairs have energy flips as the orbital
calculations.
orbital and the molecular plane is the nodal plane.
F. Orbital topology and chemical bonding of the Cs
conformers

The low-resolution nature of EMS �1.5 eV� �Ref. 4�
makes it difficult to fully resolve the entire spectrum of bind-
ing of glycine, because the splitting of ionization energies in
outer valence shell is no more than 1.5 eV. High-resolution
He II photoelectron spectroscopy �with resolution �0.3 eV�
�Ref. 40� resolves this spectrum of glycine �see Table III for
the energies�. Only the outermost orbitals of 16a�, 15a�, and
4a� in the region of 9–13 eV were fully resolved in the
PES,40 whereas the remaining seven outer valence orbitals in
the region of 13–18 eV were partly resolved. In order to
understand information pertinent to such a phenomenon, Fig.
6 provides the orbital topology of the four Cs conformers in
the outer valence shell. In particular, the last band in the
figure is a collection of all possible ionization energies of the
Cs conformers deposited. An apparent energy gap �last col-
umn of Fig. 6� exists �	1.5 eV� between the third and fourth
outermost orbitals �4a� and 3a��, which, in turn, contributes

onformers II, III, and IV calculated using the RHF,

GF/TZVP
e strength� RHF/TZVP P3/6-311G**b

.0 �0.91� 11.4 10.0

.4 �0.91� 12.8 10.9

.3 �0.90� 13.3 12.0

.9 �0.92� 15.0 13.8

.7 �0.91� 16.1 14.7

.1 �0.90� 16.6 14.8

.8 �0.90� 17.2 ¯

.7 �0.91� 18.3 ¯

.9 �0.91� 19.2 ¯

.3 �0.90� 20.1 ¯

7 �0.91� 11.1 9.6
.3 �0.90�c 13.2 11.4
.9 �0.91�c 13.3 12.0
.7 �0.92� 14.9 13.6
.6 �0.92� 15.8 14.5
.9 �0.92� 16.3 14.6
.8 �0.90� 17.2 ¯

.3 �0.90� 18.9 ¯

.8 �0.91�c 19.0 ¯

.6 �0.91�c 19.4 ¯

.0 �0.91� 11.4 ¯

.7 �0.90�c 12.6 ¯

.5 �0.91�c 12.9 ¯

.9 �0.92�c 15.2 ¯

.7 �0.91�c 15.3 ¯

.4 �0.91� 16.8 ¯

.8 �0.90� 17.1 ¯

.7 �0.91� 18.3 ¯

.0 �0.90� 19.9 ¯

.8 �0.91� 20.1 ¯

in parentheses.

is based upon the order of the DFT-SAOP/ATZP
for c
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to the separation of the 9–13 and 13–18 eV regions. In the
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outermost region �9–13 eV�, the orbital ionization energy
splitting of orbitals 16a�, 15a�, and 4a� is sufficiently large
enough to fit the resolution of PES, thus allowing for the
detection of energies dominated by conformer I based on
Boltzmann distribution. A consequence of the flexibility of
the glycine backbone is the coexistence of other conformers
with small energy splitting, in particular, conformers III and
IV �and possibly other C1 conformers�. These conformers
would populate and contribute to the binding energy spec-
trum of glycine under the experimental conditions. The last

FIG. 4. A comparison of the experimental orbital momentum cross section
�Ref. 4� with the synthetic orbital momentum distributions of the glycine
conformers �I, II, III, and IV� for the fully resolved outermost orbitals of
HOMO �16a��, NHOMO �15a��, and the third MO �4a��. The EMS experi-
mental data were traced from Figs. 4, 6, and 7 of Ref. 4 as the original
digital data are not accessible.
column of Fig. 6 provides the superposition energy spectrum
of I+II+III+IV conformers. The energy levels in this region
of 13–18 eV form an energy “band” and only very high-
resolution spectrometers might resolve them. Conformer-
dependent binding energy spectra of flexible amino acids
have been reported experimentally using the R2PI
technique.2

The orbital MDs presented in Fig. 5 indicate that in mo-
mentum space, it is possible to detect and differentiate mo-
lecular orbitals which are specific to individual conforma-
tional processes. As mentioned above the orbitals which
show the most significant variation with conformation are
dominated by a� orbitals; such orbitals are considered to be
the fingerprints of rotation around a particular bond. The
orbital fingerprints of a conformer �or rotation of a single
bond with respect to conformer I� are identified when the
individual orbital MDs are paired with the global minimum
I, such that I+II, I+III, and I+IV. For example, rotation
around the C–O�H� bond �II� causes significant changes to
orbitals 14a�, 13a�, 12a�, and 11a�. These orbitals lie within
the molecular plane and are dominated by � bonds. In order
to provide further insight into the orbital-based C–O�H� ro-
tation, the orbital MDs and CDs of 14a� and 12a� for con-
formers I �solid curve� and II �dashed curve� are shown in
the corresponding orbitals �14a� and 12a�� in Fig. 5. As seen
in the figure, orbital 14a� of I exhibits a delocalized coverage
on the H–O–C–C–N backbone with a strong sxpy hybridiza-
tion. Rotation of C–O�H� bond breaks this delocalized
framework into isolated groups of O–CvO, C–C, and
C–N. A significant reduction in the extent of p contribution
to the sxpy hybridization is thus observed in II, resulting in a
more s dominant bond. In contrast, orbital 12a� is dominated
by the lone pair of electrons on the oxygen atom of hydroxyl
group, in addition to the significant contribution made from
the density along the H–O–CvO bond in I. When rotation
occurs, the strong s domination in I is diminished to an sxpy

hybridization in II, which, in turn, forms a more delocalized
framework that is centered along the C–C bond and CH2

group, as seen in the CDs of orbital 12a� in II.
Rotation of the C–C bond of I generates conformer III.

In this case, significant orbital changes occur in the HOMO
�16a��, NHOMO �15a��, 14a�, and 12a� orbitals. The orbit-
als affected by this conformational process are all of a� sym-
metry. The orbital MDs and CDs of the HOMO �16a�� and
orbital 12a� are given in the corresponding orbitals in Fig. 5
to illustrate the changes in the bonding nature between the
two conformations. In both conformers, contribution in the
HOMO is clearly made by the amine NH2 group as well as
C–CH2. The C–N region does not have any noticeable den-
sity deposit and the charge deposited along the C–C bond is
axial symmetric. Participation of the hydrogen atoms there-
fore contributes only to the s component of the sxpy hybrid-
ization framework. Hence, the C–C rotation does not change
the pattern of orbital MDs �16a�, dotted line� but rather re-
duces the contribution from the CH2 group, as seen in the
CDs of orbital 16a� of III. In comparison, orbital 12a� is
dominated by contributions made in the region of
H–O–CvO �I�. Rotation of the C–C bond enhances elec-
tron concentration in this region and reduces the electron

deposit in the C–C and C–NH2 regions �orbital 12a�, III�.
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The strong s deduction �NH2� resulted in the decrease of its
orbital MD, as shown by dotted line in orbital 12a� of Fig. 5.

The combined rotations of the C–C, C–O�H�, and C–N
bonds within the Cs conformation of glycine �to generate IV�
cause significant orbital variations in the HOMO �16a��,
NHOMO �15a��, 14a�, 13a�, and 11a� orbitals, and in the
2a� and 1a� orbitals, while orbitals 4a�, 3a�, and 12a� are
indistinguishable from those given for conformer I �see Fig.
5�. The most pertinent observations within this conformation
are that �1� orbital 14a� is the only orbital significantly af-
fected by the conformational process, regardless of which
bond was rotated, and �2� variations occur in the p-bonding
orbitals 2a� and 1a�. Orbital 14a� represents the culmination
of rotations from conformers II �C–O�H�� and III �C–C�.
That is, this MO is affected by both the C–C and C–O�H�
rotations. As mentioned above, the C–C rotation has its sig-
nature orbitals in the 16a�, 15a� and 14a�, 12a� orbitals �Fig.
5�, while those affected by the C–O�H� bond rotation lie in
orbitals 14a�, 13a�, 12a�, and 11a�. As MO 14a� changes
with respect to both the C–C and C–O�H� rotations, this
orbital is therefore considered as the orbital fingerprint for all
nonhydrogen single bond rotations in glycine. The delocal-
ized bond of orbital 14a� in conformer I is replaced by the
more isolated antibonding nature in conformer II after the
C–O�H� bond rotation. The orbital MDs of I and II are, as a
result, very different. In the same manner, this orbital is dif-
ferent in conformer III as a result of the 180° rotation of the
C–C bond in conformer I. Conformer IV can be considered

FIG. 5. ��a� and �b�� Simulated orbital MDs for all outer valence orbitals o
densities �CDs� of representative orbitals of the conformers.
f glycine conformers I, II, III, and IV, together with the orbital electron charge
as two rotations, i.e., C–O�H� and C–N from conformer III.

FIG. 6. Orbital topologies for the four Cs conformers of glycine in the outer

valence region.
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Rotation of the C–O�H� bond in III insignificantly alters the
distributions of the orbital. In orbital 14a� the C–N bond is
not populated. Therefore, rotation of this bond in conformer
III causes no noticeable changes to the wave functions. The
orbital charge densities of this orbital in conformers III and
IV are therefore similar, which is reflected by their corre-
sponding orbital MDs in Fig. 5.

Further observations of the orbital MDs for IV reveal
that in orbital 12a� the consecutive rotations of C–C then
C–O�H� �or vice versa� cause a cancelation of the effects on
their related orbitals. The changes caused on rotating the
C–O�H� �or C–C� bond are compensated by the rotation of
the C–C �or C–O�H�� bond. As a consequence, orbital 12a�
changed little, as indicated in Fig. 5 �solid line and dash-dot-
dot line�. Another unique characteristic to this conformer is
that the p-bonding orbitals, 2a� and 1a�, are the only orbitals
of a� symmetry that have responded to the single bond rota-
tions. In conformer I orbital 2a� is delocalized, incorporating
two isolated groups: �1� the amine-NH2 group with the N–H
bonds forming a p-like orbital and �2� from the 2pz contri-
butions of the atoms in the OvC–O moiety. The three con-
secutive single bond rotations to form IV �C–O, C–C, and
C–N� do not affect the isolated nature of the NH2 group but
rather connects the C–C bond together with the CH2 group,
which is shown in Fig. 5 �orbital 2a� for I and IV�. As a
result, the 2a� orbital in IV is enhanced so that its MDs
exhibit a larger spectroscopic pole strength �Fig. 5, orbital
2a�, dash-dot-dot line�. In contrast, orbital 1a� in I is a de-
localized p bond that incorporates the H2N–CH2–C frame-
work. When IV is generated this orbital becomes a more
localized p-like bond which spans only over the H2C–NH2

bonding region �Fig. 5, orbital 1a� for IV�, the spectroscopic
pole strength of 1a� is therefore reduced, as indicated in Fig.
5 �MDs, orbital 1a��.

IV. CONCLUSIONS

The four major Cs conformers of glycine have been stud-
ied with the Hartree-Fock theory �HF�, density-functional
theory with the hybrid B3LYP method, the SAOP models,
and the Green’s function theory. Information obtained from
these models were combined with dual space analysis �DSA�
to provide further insight into the bonding mechanisms of
glycine on an orbital base, with respect to rotations of single
bonds: C–O�H�, C–C, and C–N bonds. Binding energies lo-
cated using the SAOP and outer valence Green’s function
�GF� theory agree satisfactorily with available experimental
measurements and previous calculations. The ionization en-
ergies calculated for the Cs conformers rationalize unre-
solved features, the photoelectron spectra, which are masked
by superposition of the conformer-dependent ionization en-
ergies. Similarly, in momentum space, the momentum distri-
butions of orbitals, such as 16a�, 15a�, and 14a� are likely to
be conformer dependent.

Molecular geometries, energies, and dipole moments of
each conformer obtained using the present models agree well
with previous work and available experimental results. Such
agreement indicates that the wave functions are sufficiently

accurate in small r �total energies� and medium r �dipole
moments� regions. Moreover, the extent of agreement with
available experimental orbital cross sections �measured using
EMS� indicates that the present wave functions are also ac-
curate in larger r regions. The validated wave functions are
therefore employed to investigate the conformations of gly-
cine based on orbitals. The Cs conformational processes of
glycine are produced on rotation of the C–C �II�, C–O�H�
�III�, and C–C, C–O�H�, and C–N �IV� single bonds from
conformer I, with each rotation exhibiting fingerprints in a
specific group of outer valence orbitals with a� symmetry.
The antisymmetric p orbitals, i.e., 4a�, 3a�, 2a�, and 1a�
largely remained unchanged during these conformational
variations.

Orbitals 14a�, 13a�, 12a�, and 11a� were identified as
the orbital fingerprints of C–O�H� �II� rotation, while the
orbital fingerprints related to the C–C �III� rotation were
found in the HOMO �16a��, NHOMO �15a��, 14a�, and 12a�
orbitals. The fingerprint orbitals, which result from the com-
bination rotation of C–C, C–O�H�, and C–N �IV�, were to be
found in orbitals 16a�, 15a�, 14a�, 13a�, and 11a� and in
orbitals 2a� and 1a�. Orbital 14a� in IV is considered to be
the combination of corresponding orbitals from conformers
II and III, whereas orbital 12a� corresponds to the “cancela-
tion” of C–O�H� and C–C rotations. The most important or-
bital of the four conformers is orbital 14a�, which represents
a fingerprint orbital of all three rotations as it is the only
orbital in the outer valence region to be significantly affected
by all the conformational processes, regardless of which
bond is rotated.
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