Conformations of amino acids
characterized by theoretical
spectroscopy
Hongbao Li

Doctoral Thesis in Theoretical Chemistry and Biology
School of Biotechnology
Royal Institute of Technology
Stockholm, Sweden 2014

Conformations of amino acids
characterized by theoretical spectroscopy
Thesis for Philosophy Doctor degree
Department of Theoretical Chemistry and Biology
School of Biotechnology
Royal Institute of Technology
Stockholm, Sweden 2014
c Hongbao Li, 2014
⃝
ISBN 978-91-7595-175-1
ISSN 1654-2312
TRITA-BIO Report 2014:11
Printed by Universitetsservice US-AB
Stockholm, Sweden, 2014

献给我的家人
To my family

Abstract
Amino acids are the basic building blocks of proteins. The determination
of their structures plays an important role in correctly describing the functions
of the proteins. This thesis is devoted to theoretical studies on the potential
energy surface of amino acids, in particular the infrared and soft X-ray spectral
ﬁngerprints of their most stable conformers.
The stable structures of amino acids can be explored by diﬀerent methods.
We have used a full space systematic search strategy to determine the potential energy surface of deprotonated arginine and revealed several new conformers.
With that, the calculated thermodynamic parameters are ﬁnally in good agreement with their experimental counterparts. We have also proposed a molecular
fragment based step-by-step strategy to search for the most stable conformers of
large biomolecules. The high eﬃciency and good accuracy of this strategy have
been ﬁrmly illustrated by the modeling of several polypeptides.
Infrared (IR) spectroscopy has become one of the most applied techniques to
characterize the structures of gas-phase amino acids. A direct comparison between
experimental and calculated infrared spectra provides an eﬃcient way to describe
the conformation exchanges of the amino acids. It is found that the conformers
of an amino acid are not always necessary to reach the thermal equilibrium under
certain experimental conditions. The local minima could be responsible for the
appearance of the measured spectra. This important point has been highlighted
by the calculations of deprotonated tyrosine and cysteine, as well as the arginine.
The near-edge X-ray absorption ﬁne structure (NEXAFS) spectra and X-ray
photoelectron spectra (XPS) have also been simulated for neutral, deprotonated
and protonated arginine. The inﬂuences of intra-, and intermolecular hydrogen
bonds on the electronic structure of the arginine have been carefully examined. It
is suggested that the XPS is capable of distinguishing the canonical and zwitterinic
isomers of arginine, and works much better than any other tools available.
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Chapter 1
Introduction
1.1

Importance of amino acids

As building blocks of proteins and intermediates in metabolism, the
20 natural α-amino acids found within proteins have attracted considerable research attention in recent years. The precise amino acid
contents and their sequence in a protein can determine how the protein will fold into a three dimensional structure and even the stability
of the resulting structures [1,2] . The chemical properties of the amino
acids of a speciﬁc protein also play an important role in the biological
activity.
As shown in Figure 1.1, besides the same amine (-NH2 ) and
carboxylic acid (-COOH) functional groups, each α-amino acid has
its unique side chain group R, while with the loss of water molecules
and the formation of peptide bonds, we can get various peptides. A
polypeptides is usually a single linear chain of amino acid residues
while one or more polypeptides that folded into globular or ﬁbrous
form will constitute proteins.
In fact, many interesting phenomena have been found through
our previous studies. For example, it is found that three kinds of hydrogen bond (HB): dihydrogen, blue- and red-shifting HBs can coex1
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α

α

amino acid(2)

amino acid(1)

α

α

dipeptide
Figure 1.1: The formation of a dipeptide by two α-amino acids with diﬀerent side
chain R1 and R2 .

ist in an ultra-small system valine [3] . Arginine is the only amino acid
that its zwitterionic form may exist in gas phase [4] while dipeptide
arginylglycine may be the smallest neutral peptide with a zwitterion
as the global minimum [5] . So to study the structures and properties
of these small molecules will provide us useful information to deeply
understand the structures and functionals of more complicated biological systems.

1.2

Why gas-phase study

Although there are no practical applications for biomolecules in gas
phase, enormous progress has been made in the study of gaseous
amino acids and their derivatives in the past decades. Firstly, by
the study of isolated molecules, the intrinsic molecular properties
can be revealed in the absence of the inﬂuence of biological environment. Details of many fundamental biochemical processes and
interactions are usually hidden behind the macroscopic solvent ef-

1.3 Local stable structures

3

fects or intermolecular interactions with other molecules, so the best
experimental approach is to place them under isolated conditions in
the gas phase.
Secondly, the bimolecular processes can be approached by observing how the intrinsic properties change with sequential addition
of single-solvent molecules or using a polarizable continuum model.
Actually, the gas-phase-optimized geometries are found to be quite
a reasonable alternative to a continuum environment description [6] .
Finally, the gas-phase experiment can provide us better data for
the comparison with theoretical results. The explosive progress in
this ﬁeld has been driven by the simultaneous development in theory and experimental techniques. The main problem in gas-phase
experiments is that the samples are easy to decompose when heated
due to the low vapor pressures and high experimental temperatures,
while challenges for the theoretical study lie in the coexistence of a
great number of isomers close in energy, making it diﬃcult to determine the most stable ones. Moreover, the correlation and dispersion
energy are always something that need to be accurately described
for these systems.

1.3

Local stable structures

Even a small molecule may have several tautomers in its conformational space and this number increases quickly with the molecular
size. According to Boltzmann theory, only a few local stable structures with low electronic energies on the potential energy surface
(PES) may dominate the conformational distribution and are responsible for the properties measured experimentally. Thus the ﬁrst
thing that needs to be theoretically studied is the determination of

4

1 Introduction

the low-energy local structures, especially the global minimum, as
well as their populations at the experimental condition.
There are two categories of conformational search method, named
as the stochastic search method and the systematic search method.
The stochastic search method, such as the Monte Carlo (MC), the
genetic algorithm and the simulated annealing, is generally good for
treating large complexes like polypeptides and small proteins. But
due to the random samplings in the generation of the trial structures, one never knows for sure that the global minimum has been
found.
For small molecules, the PES can be fully explored by the systematic search method through considering all possible combinations
of the internal rotational degrees of freedom. However, with the expansion of the molecular size and the increase of the atom numbers,
such calculations become more and more expensive and new eﬀective
algorithms always need to be developed.

1.4

Gas-phase spectroscopy

The chemical and electronic structures are the basic properties of
biomolecules. However, one cannot see them directly and can only
detect them indirectly from their responses to the external optical,
electronic and magnetic ﬁelds. Gas-phase spectroscopy, as a highly sensitive tool, has been wildly used for such investigations. The
ﬁrst high resolution electronic spectra of amino acids isolated in the
molecular beam were acquired by Levy and coworkers [7,8] . As shown
in Figure 1.2, six diﬀerent conformations were identiﬁed from the resonantly enhanced two-photon ionization spectrum of jet-cooled tryptophan with the help of theoretical calculations. However, the use of
electronic spectroscopy is limited to molecules that contain aromatic

1.4 Gas-phase spectroscopy
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chromatophores. Only three aromatic amino acids: phenylalanine,
tyrosine and tryptophan have been measured by this technique [9–14] .

Figure 1.2: The schematic illustration of amino acid tryptophan and a portion of
the resonantly enhanced two-photon ionization spectrum of tryptophan at diﬀerent laser
[8]
power densities. Reproduced with permission from J. Chem. Phys. ref. .
c 1986 American Institute of Physics.
Copyright ⃝

The combination of laser ablation and microwave Fourier transform spectroscopy in sonic jets [15] has been demonstrated to be a
valid tool to probe all amino acids in gas phase in the past few
years. And the structure behavior of a series of nonaromatic amino
acids, like alanine [16] , valine [17] , isoleucine [18] , leucine [19] , proline [20]
and serine [21] have been determined by this approach.
In recent years, IR absorption spectroscopy has become the most
employed identiﬁer for gas-phase molecules. The peak position of the
spectrum and the intensity of the resonance have close relationship
with the chemical structures, which make it useful in characterizing
the structures and functional groups of given species. The physical
principle is that the dipole moment of the molecule will change when

6

1 Introduction

it absorbs photons with special frequencies that match the transition
energy of the bonds or groups that vibrate.

Figure 1.3: Infrared absorption spectra of three tryptophan conformers. The experimental spectra are shown in black while the theoretical spectra are shown in color, together with geometries of these conformers. Reproduced with permission from Phys.
[22]
c 2003 The American Physical Society.
Rev. Lett. ref.
. Copyright ⃝

With the development of instruments, this technique can be used
to resolve structural problems that have been under debate for many
years [23,24] . The ﬁrst IR spectra of diﬀerent conformational isomers
of gas-phase tryptophan in the ﬁngerprint region of 330-1500 cm−1
were measured by Bakker et al. [22] in 2003. As shown in Figure 1.3,
the theoretical IR spectra of three low-energy conformers A, D and
E (from Levy et al.’s results [8] , see Figure 1.2) are found to match
with the experiments very well. This certainly motivates the use of
this tool for future structural identiﬁcation of such molecules.
In this thesis, we have calculated IR spectra of some species

1.4 Gas-phase spectroscopy
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whose structures have long been under debate. One of them is to
provide proper assignments for the experimental IR spectra of deprotonated tyrosine and cysteine. Another is to examine the role of
the dimerization of arginine on the structure transformation among
its conformers and the ﬁnal appearance of the IR spectra.

Figure 1.4: Schematic decomposition of the diﬀerent contributions to aqueous glycine
N1s shifts relative to gas phase, obtained from density functional theory calculations.
The left shows the initial and N1s ionized ﬁnal state for the neutral molecule in gas
phase while the corresponding levels for the ionic forms in vacuum are given in the
center. The initial and ﬁnal state energies of the solvated forms are given on the right.
[25]
Reproduced with permission from J. Am. Chem. Soc. ref.
. Copyright
c 2011 American Chemical Society.
⃝

Recently, X-ray techniques have also been applied to probe the
electronic structures of biomolecules. Under the radiation of X-ray
photons, the inner-shell electrons of the molecules can be excited to
unoccupied orbitals or even to the continuum. These processes result
in two spectroscopes: the near-edge x-ray absorption ﬁne structure
(NEXAFS) spectroscopy and the x-ray photoelectron spectroscopy

8
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(XPS). Both of them have been extensively employed in the characterization of materials in general.
The biomolecules often contain low-Z elements, like carbon, nitrogen and oxygen atoms. Their inner-shell electrons are normally in
the soft X-ray energy region. The soft X-ray spectroscopies are capable of distinguishing the structure changes of biomolecules in solid,
liquid and gas phases. In other words, the eﬀects of weak intra- and
inter-molecular hydrogen bonds and the diﬀerent charge distributions of the environments on the chemical and electronic structure
of amino acids can be measured in these X-ray spectra. For example,
Ottosson et al. [25] studied the local electronic structures of glycine
in neutral, basic and acidic aqueous solution by measuring its XPS.
Figure 1.4 gives us the energy changes in the initial state and N1sionized ﬁnal state energies of the ionized glycine in gas phase (left),
in vacuum (middle) and in aqueous solution (right). It is clearly
demonstrated that the diﬀerent contributions of structural modiﬁcations due to protonation/deprotonation and solvent polarization
screening to the total chemical shift can be identiﬁed.
We have also calculated the NEXAFS of arginine in the solid
phase based on a truncated cluster model and the results are found
to be in good agreement with the experiments.

1.5

Outline of our works

This thesis is dedicated to the ﬁrst-principles studies of amino acids in gas phase, including the structure exploration as well as the
modeling of infrared and soft X-ray spectroscopies. It is organized
as follows. The basic quantum chemical theory is given in Chapter
2. Next, the various conformational search strategies, especially the
fragment based step-by-step strategy, are discussed in Chapter 3. In

1.5 Outline of our works
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Chapter 4, we introduce the theory and computational methods for
modeling the IR spectra, where a short summary of our own related
works is also provided. The theory and computational methods for
modeling soft X-ray spectra are presented in Chapter 5, together
with our own results for arginine in gas and solid phases. Finally, a collection of the results from the included papers are given in
Chapter 6.

Chapter 2
Quantum Chemical Theory
The applications of quantum mechanics to molecular problems gave
birth to a new branch of chemistry: the quantum chemistry. In 1927,
Heitler and London successfully explained the formation of chemical
bond between two neutral hydrogen atoms, which marked the beginning of the quantum chemistry [26] . Kohn and Pople were awarded
the Nobel Prize in Chemistry in 1998 for their great contributions
to the development of quantum chemical theory [27] . In this chapter,
the ab initio method and density functional theory are brieﬂy introduced and special attention is paid to the methods that are related
to the works included in this thesis.

2.1
2.1.1

Ab initio Method
Hartree-Fock Method

From the quantum mechanics, the nonrelativistic Schrödinger equation of a multi-electron molecule can be written as
Ĥtot Ψ(r, R) = EΨ(r, R)

(2.1)

where Ĥtot is the total Hamiltonian operator; E is the total energy
of the molecule; Ψ is the wave function; r and R are the electronic
and nuclear coordinates.
10
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Without considering interactions such as the orbital-spin and
spin-spin couplings, the Hamiltonian operator can be expressed as
Ĥtot = T̂e + V̂ee + T̂N + V̂N N + V̂eN

(2.2)

Here e and N are the electrons and nuclei. T and V indicate the
kinetic and the potential energy, respectively.
In practice, Eq. 2.1 can be simpliﬁed by introducing the BornOppenheimer (BO) approximation [28] . The physical principle is that
a nucleus is much heavier (more than 1800 times) than an electron,
so at every moment the electron can be assumed to move fast in the
potential ﬁeld created by the space-ﬁxed nuclei while the nucleus
moves slowly in the uniform electronic ﬁeld. In this case, the wave
function Ψ can be written as
Ψ(r, R) = ΨN (R)Ψe (r, R)

(2.3)

where ΨN (R) is the nuclear wave function and Ψe (r, R) is the electronic wave function with the ﬁxed coordinates of nuclei R.
Based on this approximation, the kinetic energy of the nuclei T̂N
can be neglected and the repulsion energy V̂NN can be treated as a
constant. The Schrödinger equation is simpliﬁed as
Ĥe Ψe (r, R) = Ee (R)Ψe (r, R)

(2.4)

where Ĥe is the electronic Hamiltonian operator and Ee is the electronic energy. It depends on the motion of the nuclei and can be
calculated for every ﬁxed nuclear coordinate. The relationship between Ee (R) and R is the so-called potential energy surface (PES).
We will discuss more about the PES in Chapter 3, including the
diﬃculties in determining the minima and various algorithms that
have been developed up to now.
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The motions of electrons and nuclei have been divided by the BO
approximation, but it is still a multi-electron problem. Then the single electron approximation was proposed by Hartree [29] in 1928
and it assumed that an electron is only inﬂuenced by the averaged
electronic ﬁeld generated by other electrons. The Schrödinger equation thus becomes an one electron equation. Another problem is a
proper presentation of the electronic wave function. Considering the
electrons are fermions and should obey the Pauli exclusion principle,
the Slater determinant [30] was used which can be written as
ψ1 (q1 ) ψ2 (q1 ) · · · ψN (q1 )
1 ψ1 (q2 ) ψ2 (q2 ) · · · ψN (q2 )
Ψ(q1 , q2 , . . . , qN ) = √
..
..
..
...
.
.
.
N!
ψ1 (qN ) ψ2 (qN ) · · · ψN (qN )

(2.5)

where ψi (qi ) is the one-electron wave function, and Eq. 2.4 can be
presented in the Hartree-Fock (HF) form
F̂i ψi (qi ) = Ei ψi (qi )

(2.6)

Here F̂i is the Fock operator and can be given as
N
∑
F̂i = ĥi +
(Jˆj − K̂j )

(2.7)

j=1

In this equation, ĥi is a one electronic operator of the ith electron,
which runs in the nuclear potential ﬁeld. So it contains the kinetic
energy and the electron-nucleus attraction energy. Jˆj and K̂j are
coulomb and exchange operators, which were used to describe the
repulsion energy and exchange energy between electrons.
Due to the attraction energy in the Hamiltonian operator, an
iterative procedure called the self-consistent ﬁeld (SCF) method is
wildly used to get the solution of this equation. In practice, the
main problem lies on the proper construction of the initial guess
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wave function. It was solved in 1951 by Roothann and Hall [31,32] by
introducing the one-electron wave function as a linear combination
of the atomic orbitals.
2.1.2

Perturbation Method

The HF method is the backbone of the ab initio method, however, because of its simple physical pictures, the correlation energy
between the electrons was totally neglected [33] . In this case, the calculated energy will be higher than the true value due to the high
repulsion energy. Although the correlation energy is less than 1%
comparing with the total energy, it plays a important role in calculating reaction and excited energies.
Based on the HF method, many post-HF methods were developed to include the electronic correlation energy.

For exam-

ple, the Conﬁguration Interaction method [34–36] , the Coupled Cluster method [37–41] , and the many-body perturbation theory (MBPT) [42–44] . Here, we pay more attention to the Möller-Plesset perturbation theory. It was proposed in 1934 [42] by adding the correlation
energy to the Rayleigh-Schrödinger perturbation theory [45,46] . The
Hamiltonian operator can be written as
Ĥ = Ĥ0 + λV

(2.8)

where V is a small perturbation. The wave function and the electron
energy can be expanded by λ (0≤λ≤1). The detailed calculation
process can be found in many quantum mechanics publications, and
here we give the diﬀerent order perturbation results
Emp0 = EHF = ⟨ϕ0 |Ĥ|ϕ0 ⟩

(2.9)

Emp1 = ⟨ϕ0 |V |ϕ0 ⟩ = 0

(2.10)

14

2 Quantum Chemical Theory

Emp2 =

∑

2
|⟨ϕ0 |V |ϕr,s
a,b ⟩|

a<b,r<s

εa + εb − εr − εs

(2.11)

where εa and εb are the occupied orbital energies and εr and εs are the
unoccupied orbital energies. In the ground state, the zero-order term
is exactly the HF energy, and due to the unoccupied orbital energies
are usually larger than those of occupied orbitals, the second-order
term (MP2) will be a minus one, which makes the electronic energy
lower than the HF. In fact, the MP2 method is the simplest but the
most widely used one among the post-HF methods. In Paper 1, this
method was used to determine the ﬁnal structures and energies of
deprotonated arginine [47] .

2.2

Density Functional Theory

The ab initio method, based on the multi-electron wave function, has
3N variables for a N-electron system. For this reason, it is diﬃcult
to solve in practice. For instance, the computational burden of HF
and MP2 will be proportional to N4 and N5 , respectively. Thus the
density functional theory (DFT) method was proposed on the assumption that all the ground state properties of a N-electron system
can be deduced from the electronic density. In this case, the DFT
method can be used to calculate large systems with an acceptable
cost at a relative high accuracy level.
2.2.1

Kohn-Sham Equation

The DFT method originates from the Thomas-Fermi model, which
was proposed in 1927 [48,49] . They assumed that the multi-electron
system can be viewed as non-interacting homogeneous electronic gas
and only the kinetic energy should be analyzed. The total electronic
energy of the system can be approximately written as a function of
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only the electronic density. This is a very rough model, because not
only the kinetic energy is approximate, but also the electronic exchange and correlation energy are directly neglected. However, this
model is still viewed as the precursor of the modern DFT method.
In fact, the strict modern DFT is based on two theorems given
by Hohenberg and Kohn in 1964 [50] . The ﬁrst theorem states that
the external potential and the ground state energy are uniquely determined by the electronic density. It means that once we got the
electronic density, all the ground state properties can be deduced.
And the second one tells us that only the exact ground state density
can be used to minimize the total energy. These two theorems ﬁrmly
constructed the framework of the DFT method and the left problems
are the deﬁnition of the density, the kinetic and exchange-correlation
functionals.
Within the HK theorems, the energy functional of a many-electron
system can be expressed as
E[ρ] = T [ρ] + Vee [ρ] + VeN [ρ]

(2.12)

where T [ρ] and Vee [ρ] are the kinetic and repulsion energy of the
electrons. The third item is the attraction energy between electrons
and nuclei. Then Kohn and Sham proposed that the electronic kinetic energy T [ρ] can be replaced by a known non-interacting kinetic
energy Ts [ρ], which has the same electron density ρr′ with the real
one ρr and the other interaction parts were included in a potential
functional VKS [ρ]
E[ρ] = Es [ρ] = Ts [ρ] + VKS [ρ]

(2.13)

Then through the variational approach of the energy functional, we
can get the famous KS equation of a system with non-interacting
electrons

1
[− ∇2i + VKS [ρ(r)]]ψi (r) = Ei ψi (r)
2

(2.14)
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where ψi (r) is the KS orbital and we should note that the wave
functions and eigenvalues of the KS equation have no special physical meaning. From the KS orbitals, we can get the corresponding
electronic density ρ(r)
ρ(r) = ρs (r) =

N
∑

|ψi (r)|2

(2.15)

i=1

and the potential functional VKS [ρ(r)] can be detailedly expressed
as

∫
VKS [ρ(r)] = VeN (r) +

2.2.2

ρ(r′ )
δExc [ρ(r)]
′
d(r
)
+
|r − r′ |
δρ(r)

(2.16)

Exchange-Correlation Functionals

From the above KS expression, all the unknown energy is included in
the exchange-correlation part Exc [ρ(r)]. This potential energy is delocalised and hardly to be exactly expressed. It can be divided into
two parts: the exchange part, which comes from the Coulomb repulsion energy of electrons with the same spin and the correlation part,
which comes from the correlation between electrons with diﬀerent
spins. Many approximate parameterized functionals have been proposed, including the local spin density approximation (LDA) [51,52]
and the generalized gradient approximation (GGA).
The hybrid functionals were given by adding a portion of the
exact HF exchange term to the GGA contributions. The most commonly used hybrid functional is the B3LYP, which is constructed by
Becke’s three parameter exchange functional [53] and Lee-Yang-Parr
correlation functional [54]
B3LY P
LDA
Exc
= Exc
+ 0.2(ExHF − ExLDA )

+0.72(ExB88 − ExLDA ) + 0.81(EcLY P − EcLDA )(2.17)
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Another approximation is the BHandHLYP functional [55,56] , which
can be expressed as
BHandHLY P
Exc
= 0.5ExSlater + 0.5ExHF + 0.5∆ExB88 + EcLY P

(2.18)

When we study molecules in clusters, in which intermolecular interactions exist, London dispersion force(LDF) should be taken into account. It is a weak force between molecules and belongs to the more
general van der Waals force. LDF originates from quantum-induced
instantaneous polarization multipoles in molecules [57,58] . However,
the dispersion interaction are not described by most of the traditional DFT methods [59–62] and some new functionals were developed
to include this eﬀect. For example, the DFT-D developed by adding
a empirical dispersion correction term [63–65] and the new type M06
suite of functionals [66] .
In this thesis, when we study the IR spectra of arginine (in Paper
4) and the NEXAFS of solid arginine (in Paper 5), the M06-2X
functional [67] was employed, which can be written as
M 06−2X
Exc
=

X HF
X
Ex + (1 −
)ExM 06−L + EcM 06−L
100
100

(2.19)

whereas ExM 06−L and EcM 06−L are the M06-L exchange and correlation functionals, respectively, and the parameter X was optimized
from training sets with nonmetals.

Chapter 3
Conformational Search
In Chapter 2, the widely-used quantum chemical methods were brieﬂy
introduced. One of the major applications of these methods is to
determine the structure of the molecule through geometry optimizations. It is known that it is not easy to locate the global minimum
of a molecule with ﬂexible structure. Much depending on the initial
guess, the calculations can most likely lead to a local minima. On
the other hands, at the thermal equilibrium, conformers with certain
energies can co-exist with detectable populations. Amino acids are
so ﬂexible that can possess a large number of populated conformers even at the room temperature. This makes the conformational
search of biomolecules a very diﬃcult task. In this chapter, we will
discuss the conformational space and the methods for ﬁnding the
low-energy conformers.

3.1

Conformational Space

3.1.1

Potential Energy Surface

To ﬁnd the conformation of a molecule is to determine the positions
of all its atoms in the three dimensional space, including the bonds,
bond angles and dihedral angles. The conformational space of a
18
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molecule is in fact a space of all the molecular conformations on
its potential energy surface (PES). From Chapter 2, based on the
BO approximation, the PES can be expressed as a function of the
nuclear positions. In other words, any trial molecular structure can
be viewed as a point on the PES, and all possible structures construct
the entire PES. As illustrated in Figure 3.1, the PES consists of many
local minima and a single global minimum, while they all correspond
to stable conformers in the conformational space.

Energy

conformational space

local
minimum
global
minimum
Figure 3.1: Schematic illustration of a PES.

In principle, the conformational space of a molecule can be explored by rotating all the internal rotational degrees of freedom, as
was done before [68–72] . Diﬀerent combination of the rotational bonds
will give rise to an individual conformer, which has its own electronic energy and corresponds to one point on the PES. But according
to the statistic thermodynamics, only low-energy conformers have
more favourable Boltzmann factors and will be contributed to the
conformational distribution. On the other hand, from the previous
experience, usually the most populated conformers can give more
contributions to the molecular properties measured in experiments.
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Therefore, if we want to study the physical or chemical properties
of a molecule, the ﬁrst thing is to ﬁnd the low-energy structures on
the PES and this is also the main reason why we should perform a
search in the conformational space.

3.1.2

Challenges

Generally, the global minimum on the PES corresponds to the most
populated conformer in the conformational space. But for large
molecules like arginine and short-peptides, the most populated conformers are found instead on the free energy surface (FES), especially
at high temperatures. It means the global minimum on the PES and
FES are not always the same one. Therefore, the ﬁnding of the global minimum is not enough. The stable local minima with the energy
close to the global one should also been fully located. It becomes
even more important when one wants to compare the calculated and
experimental spectra and properties of a molecule.
The challenge of the conformational search is that there is no
general rule to follow. One has to do it with a brutal force, namely
to go through the whole space to ﬁnd all meaningful conformers.
A good example is the short dipeptide Tyr-Gly (Tyr: tyrosine, Gly: glycine), which contains 31 atoms and 8 rotational degrees of
freedom. One can estimate that more than forty-six thousand trial
structures have to be optimized. It is a very time-consuming task.
One can image that with the increase of the molecular size, hundreds
of thousands trial structures may exist. The development of more
eﬀective algorithms are thus highly desirable.

3.2 Searching Methods

3.2
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In recent years, many intelligent and eﬀective methods have been
proposed to explore the PES of the given molecules [73] . They generally belong to two categories depending on how the initial trial
structures are generated. One is called the stochastic search method,
which includes the Monte Carlo, the genetic algorithm and the simulated annealing approaches. The other is the so-called systematic
search method, which is also called the deterministic search method.
3.2.1

Stochastic Search Method

The initial guess structures of the stochastic search method are generated by random samplings and diﬀerent approaches going through
diﬀerent procedures have been used to ﬁnd the stable structures.
The MC method starts from a given structure which is a randomly selected conformer or a known low-energy geometry. By rotating
one or several internal rotational degrees of freedom, the energy diﬀerence between conformers before and after the modiﬁcation are
evaluated. The Metropolis criterion is used to decide whether the
new conformer should be accepted or not. This method is very fast
and can be used for systems with rings and large ﬂexible molecules.
But there is no end point for us to be sure that all the low-energy
conformers have been found.
The genetic algorithm originates from the principle of nature selection. The initial (parent) population is usually a set of random
conformers generated from a molecule. Then a genetic procedure is
running for the best parents (the low-energy parent conformers) to
breed a new (children) population. The more times the process is repeated, the more possibility to ﬁnd the most stable conformers. The
genetic algorithm is often performed with semiempirical method, so
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the computational cost is low. However, like the MC method, one
can never make sure that the global minimum has been found.
Based on a thermodynamic process called annealing, the simulated annealing is usually executed with the molecular dynamics
(MD) simulation. Similar to the MC method, it also starts from
a random conformer or a known low-energy geometry of a given
molecule. Diﬀerent protocols of annealing have been employed in
the simulation process. A typical one is to perform a MD simulation
at a high temperature on the initial structure and then run another
MD simulation at a low temperature on the new structure from the
previous step. Such simulation processes are repeated until it reaches the pre-set number of simulation steps or the limit of simulation
time.
Due to the high temperature, the initial conformer with a large
kinetic energy has a big chance to go over a high energy barrier
on the PES and may become a new stable conformer. While at
the low temperature, the newly generated conformer shrinks on the
PES and has a probability to come close to a local minimum and
may end up as a new low-energy conformer. One should notice that
such a simulation procedure may not guarantee to ﬁnd the global
minimum, however, it at least provides us a good choice to ﬁnd a
much stabler low-energy conformer. The main disadvantage is that
it is a time-consuming method and the molecule may break down at
the high temperature or tend to stay in a local minimum at the low
temperature.
The above three representative stochastic methods have been
widely used to search the conformational space of molecules, especially large complexes. For instance, the MC method has been used
to characterize the dipeptides His-Gly and Gly-His [74] (His: histidine), the tripeptide Phe-Gly-Gly [75] (Phe: phenylalanine) and even
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polyglycines [76] . The genetic method has been used to ﬁnd the lowenergy conformers of neutral and protonated arginine [77] . And the
simulated annealing has been used to explore more complicated systems, such as the hydration of protonated aromatic amino acids [78]
and the M + AA (alkali metal cations and amino acids) complexes [79] .

Figure 3.2: The low-energy conformers of arginine in the canonical (C1-C27) and
zwitterionic (Z1-Z7) forms. All the black cubes represent Ling’s [4] results by a stepby-step strategy and the insert ﬁgure is for zwitterions. The red cubes mark Rak’s [77]
results by a simple genetic algorithm while the blue cubes indicate Schlund’s [80] results
by a force-ﬁeld based strategy.

Although great improvements have been achieved in recent years,
many important conformers were still missed out in practical exploration by these algorithms, especially for ﬂexible molecules. Take
arginine as an example, Rak et al. [77] performed a simple genetic
algorithm by changing the selected geometric parameters to generate the trial structures, coupled with optimizations at the semiempirical PM3 [81] and ab initio levels. Schlund et al. [80] presented a
strategy to identify the low-energy conformers of arginine by means of a force-ﬁeld based conformational search in combination with
high-level ab initio optimizations. Ling et al. [4] determined a lot
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of new low-energy conformers of the neutral and protonated arginine by using a “step-by-step” strategy. The most stable conformers
of these three strategies are presented in Figure 3.2. These results
ﬁrmly indicate that neither the “simple genetic algorithm” nor the
“force-ﬁeld based strategy” is a reliable way to automatically ﬁnd
the most stable conformers of such molecules.

3.2.2

Systematic Search Method

The systematic search method can generate trial structures through
systematic rotation of all the internal dihedral angles of the molecule
by discrete increments.
O
HO

b
a

c

d

N
H
O

f

h
g

OH

e

NH2

A total of 2 × 6 × 6 × 6 × 3 × 3 × 6 × 2 = 46656 Conformers
a b c d e f g h
Figure 3.3: The internal rotational degrees of freedom and the calculated number of
trial structures of dipeptide Tyr-Gly.

As displayed in Figure 3.3, a dihedral angle can vary from 0◦ to
360◦ and usually an increment of 60◦ (120◦ ) for the asymmetrical
(symmetrical) dihedral angles is required to guarantee a complete
search [82,83] . For the C-OH group, only syn- and anti-periplanar arrangements, which corresponds to 0◦ and 180◦ torsion, should be
considered. For dipeptide Tyr-Gly, eight rotational degrees of freedom exist and about ﬁfty thousands trial structures are generated.
In this case, all the conformational space will be explored, which can
lead to the discovery of all possible most stable conformers.

3.3 Deprotonated Arginine
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However, it is a time-consuming method due to the large number
of guess structures. So this method cannot be used for large ﬂexible
molecules and it is also not a good choice for the ring systems [84] .
But due to its completeness in exploring the conformational space,
it is of great importance to provide benchmarks for all the other
approximate algorithms.
The systematic search method has been employed in this thesis to characterize the most stable conformers of gaseous deprotonated arginine, as shown in Paper 1. It has also been used for
large molecules like dipeptides and tripeptides as benchmarks to ﬁnd
the relationship between the parent molecules and their constitutive
amino acids [85,86] .

3.3

Deprotonated Arginine

The PES of gaseous deprotonated arginine has been investigated
by the above systematic search method. A new global minimum,
which is about 6.56 kJ/mol more stable than the previous one at
the B3LYP/6-31G(d) level, has been found. The deprotonation is
found to occur at the carboxylate group (COO− ) and a very high
energy barrier exists between the two diﬀerent deprotonated forms.
The calculated proton dissociation energy and gas-phase acidity of
arginine are in good agreement with the experimental results. The
three most populated conformers at 443 K have been used in Paper 5 to demonstrate the electronic structures of these deprotonated
species. The predicted geometries, dipole moments, rotational constants, vertical ionization energies and IR spectra of the most stable
conformers can be used for the future experiments.
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Fragment based Step-by-step Strategy

The entire conformational space of all the 20 natural α-amino acids has been extensively studied by the traditional systematic search
method. The theoretically determined most stable conformers are
essential for the interpretation of experimental results, such as the
dipole moments [87] , rotational constants [19] , ionization potentials and
dissociation energies [88,89] , NMR [90] , IR and UV spectra [91,92] and the
two-photon circular dichroism [93] . But when it comes to a larger
molecules like the long-chain amino acid arginine and dipeptide and
tripeptide, things are getting very diﬃcult if not impossible due to
the involvement of a great number of trial structures. The weakness
of the stochastic methods might be illustrated by the fact that it
could fail to ﬁnd important low-energy conformers of amino acids [77,80] . In general, new reliable and eﬀective algorithms are always
needed for the geometrical determinations of larger molecules. In
this section, we will mention one of such developments called as the
fragment based step-by-step strategy.
3.4.1

Previous Study

A stepwise strategy was previously used to search for the most stable
conformers of dipeptide Tyr-Gly by Toroz et el [94] . As shown in Figure 3.3, at the ﬁrst step, the dihedral angles of a and b were rotated
simultaneously to take care of all possible combinations of these two
angles. All the trial structures were then optimized at HF and DFT
levels. Based on the optimized structures, the dihedral angles from
c to h would then be varied sequentially through another six steps
to complete the search. In general, all the structures optimized at
one step were used as the initial conﬁguration to generate new trial
structures for the next step. Toroz et al [94] also employed a hier-
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archical selection scheme to scan the PES of this molecule. It was
believed that their strategy could provide more stable conformers
than the other approaches. As a matter of fact, we will show later that many low-energy conformers have still not been found with
their strategy.
Ling et al. [4] used a slightly diﬀerent, the so-called step-by-step
strategy, to search for the conformers of arginine. The ambition of
this strategy is to cover all possible conﬁgurations along the PES.
It starts with several bonds and goes over every left bond of the
molecule in a step-by-step fashion. As already mentioned above
(see Figure 3.2), with this strategy, one has been able to ﬁnd 11
canonical and 4 zwitterionic low-energy new conformers. The good
performance of this step-by-step strategy is encouraging. But the
choice for the numbers of rotational degrees at the ﬁrst step is a bit
ambiguous. It is also very time-consuming to rotate the rest dihedral
angles one by one in the following steps.
3.4.2

Improvement

In Paper 2, we proposed a much improved step-by-step strategy, in
which we have adopted the widely used concept of fragmentation [95] .
The molecule can be divided into several fragments that belong to
diﬀerent functional groups. The conﬁgurations in each fragment are
completely searched in the step-by-step fashion. The intra-molecular
hydrogen bonds in and between diﬀerent fragments can be naturally
introduced in the following rotating and optimizing process.
The initial structure of molecules used for further manipulation
is usually relaxed in a unfolding manner. And one can take the
special functional groups as independent fragments, particularly the
groups that have great importance in determining the structure and
properties of the molecule. This strategy could be better illustrat-

28

3 Conformational Search

ed by using a tetrapeptide Gly-Gly-Gly-Gly as the example. This
molecule is divided into three fragments, labeled as A, B and C,
through two peptide bonds as shown in Figure 3.4.
O
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b2
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HO
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H

b1

N
H
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step I
step II
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b3
b4 N
H

NH2

c1

O

m1=a1a2a3=2×6×6=72

m1*m2= m1*b1b2b3b4=6×3×3×3×3=486

step III

m12* m3= m12* c1c2=36×6×3=646

Figure 3.4: The fragment based step-by-step strategy applied to the tetrapeptide GlyGly-Gly-Gly. Three fragments, A, B and C, are created by cutting through two peptide
bonds. Numbers a1 -a3 ; b1 -b4 and c1 -c2 refer to the internal rotational degrees of freedom
of the three fragments with a1 =2, b1 -b4 and c3 =6 and all others equal to 6. Labels
m1 -m3 are numbers of trial structures in each fragment that can be used to generate the
total trial structures. m∗1 and m∗12 are numbers of eﬀective structures that selected out
from the optimized results at step I and step II.

The details about the structural generations and optimizations
at each step are described in the theoretical part of Paper 2. In
the optimizing process, the diﬀerences in the electronic energy and
dipole moment are employed as criterions to exclude the equivalent structures, while the unique structures with the relative energy
change less than 30 kJ/mol at a certain step were used as the eﬀective structures for the next step.
In this work, several representative di-/tri-/tetra- peptides as
illustrated in Figure 3.5 have been chosen to test the accuracy and
eﬃciency of this strategy. Most of these systems are divided into
several fragments through their peptide bonds, except for Gly-TyrGly, which is divided into three fragments around the central carbon
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Figure 3.5: Schematic illustration of the three dipeptides (Leu-Gly, Phe-Gly and TyrGly), two tripeptides (Gly-Gly-Gly and Gly-Tyr-Gly) and one tetrapeptide (Gly-Gly-GlyGly).

atom. The internal rotational degrees of freedom for these molecules
are also displayed while all the rotation starts from the important
carboxyl group. To simplify the comparison, for the same species,
the electronic structure calculations by our strategy are done at the
same level as in previous study [85,86,94] .
(a)

(b)

Figure 3.6: The comparison between previous and current results for dipeptide: (a)
Leu-Gly and (b) Tyr-Gly. The black cubes indicate the previous published results [85,94] ;
the red dots represent our results from the fragment based step-by-step strategy. The
newly-found conformers are highlighted by the blue triangles.

All low-energy conformers that were found in previous studies
have been obtained by our fragment based step-by-step approach,
which indicates the accuracy and eﬃciency of our strategy. Furthermore, it is quite encouraging to see that several missed low-energy
conformers have been found with our new strategy as shown in Fig-
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ure 3.6. Four new Leu-Gly (Leu: leucine) conformers are found between 7.26 and 8.08 kJ/mol with respected to the previous study [85] .
Another seven new low-energy conformers of Tyr-Gly between 4.23
and 8.62 kJ/mol are found by our strategy, which indicates the possible deﬁciencies of the two strategies used by Toroz et al. [94] . The
possible reason is the insuﬃcient rotations of molecular bonds involving amino and carboxyl groups.
We also take a simple estimation to prove that the number of trial
structures used in the fragment based step-by-step strategy (Mstep ) is
signiﬁcantly smaller than those in the traditional systematic search
method (Mf ull ). In principle, Mf ull is the multiplication of all the
internal rotational degrees of freedom while Mstep is the summation
of all the guess structures at each step. When a large molecule is
divided into N parts (N > 1), then
M f ull = m1 m2 m3 · · · mN ∼ mN ∝ O(mN )

(3.1)

M step = m1 + m∗1 m2 + m∗12 m3 + m∗123 m4 + · · · + m∗123···(N −1) mN
= m∗ mN ∝ O(N m2 )

(3.2)

It indicates that the new strategy can signiﬁcantly reduce the number of trail structures and consequently the computational time. We
can use tetrapeptide (Gly-Gly-Gly-Gly) as an example
M f ull = m1 m2 m3 = (a1 a2 a3 )(b1 b2 b3 b4 )(c1 c2 )
= 72 × 81 × 18 = 104976

(3.3)

M step = m1 + m∗1 m2 + m∗12 m3 = 72 + 6 × 81 + 36 × 18 = 1204 (3.4)
One can ﬁnd that when the fragment based step-by-step strategy
is employed, only a small subset of the conformational landscape is
eﬀectively searched for most stable conformers of the large molecules.
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In summary, the fragment based step-by-step strategy can significantly reduce the computational cost without losing any accuracy
and we believe that it can be extensively employed in determining
the most stable conformers of large biomolecules in the future.

Chapter 4
Infrared Spectroscopy
Infrared (IR) spectroscopy is a well-established technique for the
structure determination of compounds by identifying the various vibrational modes of a molecule. In 1889, Angstrem veriﬁed for the
ﬁrst time that although carbon monoxide and carbon dioxide are
all constructed by carbon and oxygen, they are diﬀerent molecules
with very diﬀerent IR spectra. The most important message from
this study is that the IR spectrum originates from molecules, not
the atoms, and it can thus provide the structure information of the
molecule.
Generally, the IR light is not strong enough to excite electrons,
but it can induce vibrational excitation of covalently bonded atoms.
The IR spectra of compounds can produce the unique reﬂection of
their molecular structures. In 1892, Julius detected the absorption
spectra of 20 organic liquids and attributed the resonance at 3000
cm−1 to vibrations of the methyl. This was the ﬁrst time for scientists to ﬁnd the relationship between the positions of the IR absorption
bands and the unique molecular structures. Although vibrations are
complex for diﬀerent covalent bonds and groups, based on their unique characteristics, detailed analysis of the absorption IR spectra
can help us to get more information about the chemical structures
32
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of molecules.

4.1
4.1.1

Basic Theory
Vibrational Frequency

From the classical theory, the kinetic energy of the vibration can be
expressed as
1∑
d∆xi 2
d∆yi 2
d∆zi 2
T =
mi [(
) +(
) +(
)]
2 i=1
dt
dt
dt
n

(4.1)

where ∆xi , ∆yi and ∆zi are the distances between atom i and its
equilibrium position. By introducing the so-called mass-weighted
Cartesian displacement coordinates q with
√
√
√
q1 = m1 ∆x1 , q2 = m1 ∆y1 , · · · , q3n = mn ∆zn

(4.2)

The kinetic energy in Eq. 4.1 can be written as
1∑ 2
T =
q˙i
2 i=1
3n

(4.3)

The potential energy of the system can also be expanded as a function of the coordinates qi
3n
3n 3n
∑
∂V
1 ∑ ∑ ∂ 2V
(
V = V0 +
) 0 qi +
(
)0 qi qj + · · ·
∂q
2
∂q
∂q
i
i
j
i=1
i=1 j=1

(4.4)

For the equilibrium structure, the ﬁrst-order derivative is zero and
if we set V0 = 0, within the harmonic approximation, Eq. 4.4 can
be simpliﬁed to

1 ∑∑
V =
fij qi qj
2 i=1 j=1

(4.5)

∂ 2V
)0
fij = (
∂qi ∂qj

(4.6)

3n

with

3n
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where fij are the mass-weighted force constants and they are also
the elements of the mass-weighted Hessian matrix f . Without considering external and non-conservative forces, Newton’s equation of
motion can be written as [96]
∂V
d ∂T
+
=0
dt ∂ q̇i ∂qi

(4.7)

Based on Eq. 4.3, 4.5 and 4.6, Eq. 4.7 can be rewritten as
q̈i +

3n
∑

fij qj = 0, i = 1, 2, 3, · · · , 3n

(4.8)

j=1

A possible solution for the above equation is
qi = Ai cos(ωt + ϕ)

(4.9)

where Ai , ω and ϕ are the amplitude, the frequency and the phase
of the vibration. Thus the Newton equations becomes
3n
∑
(fij − δij ω 2 )Ai = 0, i = 1, 2, 3, · · · , 3n

(4.10)

j=1

where δij is the Kronecker delta and equals to 1 only when i̸=j. To
get the nontrivial solution of Eq. 4.10, we can get the equation of
ω2

f11 − ω 2
f21

f12

...

f1,3n

f22 − ω 2 . . .

f2,3n

...

...

f3n,1

f3n,2

...

...

= 0.

(4.11)

. . . f3n,3n − ω 2

3n solutions of ω 2 can be got by solving the above equation and
for each solution, the ratio of the amplitude Aik in Eq. 4.10 can be
∑ 2
determined and expressed as Aik = Kk lik . Here we choose i lik
=1
and Kk is a constant.
For each ωk , the oscillating atoms in the molecule have the same
frequency and phase, but with diﬀerent amplitude. Such vibrations
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are known as the normal modes of vibrations. In practice, the frequency ωk and the lik can be calculated by diagonalizing the Hessian
matrix f .
From the quantum theory, by introducing the normal coordinates Q, the kinetic and potential energies of the molecules (use the
nonlinear molecules as an example) can be written as
3N −6
3N −6
1 ∑
1 ∑ 2 2
2
T =
Q̇k , V =
ωk Q k
2
2
k=1

(4.12)

k=1

The above equations indicate that the molecular vibrations can be
expressed as the summation of a series of one-dimensional harmonic
oscillators and in this case, we can get the Schrödinger equation
3N
−6
∑
k=1

~2 ∂ 2
1 2 2 ν
[−
+
ωk Qk ]Ψ = E ν Ψν
2
2 ∂Qk
2

(4.13)

If we express the wave function Ψν and the energy Eν like this
ν

Ψ =

3N
−6
∏

ν

ν

Ψ (Qk ), E =

k=1

3N
−6
∑

E ν (k)

(4.14)

k=1

The Schrödinger equation can be written as
~2 ∂ 2
1 2 2 ν
ν
ν
[−
2 + ωk Qk ]Ψ (Qk ) = E (k)Ψ (Qk ), k = 1, 2, 3, · · · . (4.15)
2 ∂Qk 2
The ﬁnal solution of the energy and wave function can be obtained
from the above equations
√
1
2
2
Enνk (k) = (nk + )~ωk , Ψνnk (Qk ) = Ink e−ωk Qk /2~ Hnk ( ωk Qk /~)
2
(4.16)
Here nk is the vibrational quantum number; Ink is the normalization
√
constant and Hnk ( ωk Qk /~) is the Hermitian polynom. When nk =
0, we can get the zero-point vibrational energy
3N −6
1 ∑
~ωk
E0 =
2
k=1

(4.17)

36

4.1.2

4 Infrared Spectroscopy

Vibrational Intensity

IR intensity is determined by the transition rate between two vibration states. Assuming that a vibrational transition from the initial
state |vi ⟩ to the ﬁnal state |vf ⟩ is caused by a continuous range of frequencies, within the ﬁrst order time-dependent perturbation theory,
the transition rate should obey the Fermi’s Golden Rule [97]
Wi→f =

1
|⟨Hf i ⟩|2 ρN (νf i )
2
~

(4.18)

with
⟨Hf i ⟩ = ⟨vf |Hf i |vi ⟩

(4.19)

where ρN (νf i ) is the density of the photon states. Excluding contributions from magnetic dipole moments, electric quadrupole moments, and higher order terms [98] , the perturbation can be written
as
⟨Hf i ⟩ = −⟨vf |µ · E|vi ⟩ = −⟨vf |µ|vi ⟩ · E0 = −⟨µ⟩ · E0

(4.20)

where E0 is an average amplitude (a constant) of the electric ﬁeld
vector. A summation over all possible rotational state will give
|⟨Hf i ⟩|2 = |⟨µf i ⟩|2 E02 /3

(4.21)

The energy density per frequency range can be deﬁned as
ρ(νf i ) =

EνEM F ρN (νf i )
V

(4.22)

where EνEM F = 2ε0 E02 V is the classical expression of energy in the
electromagnetic ﬁeld. V is the volume and ν is the frequency. Thus
the net transition rate can be given by
net
Wi→f
= Bf i ρ(νf i )(Ni − Nf ), Bf i =

1
|⟨µf i ⟩|2
2
6ε0 ~

(4.23)

where Ni and Nf are the number of molecules per unit volume in
the initio and ﬁnal state and can be obtained from the Boltzmann
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distribution [99] . For IR spectroscopy, the intensity per frequency
interval I(ν) can be deﬁned as
I(ν)dν = ∆E/(A∆t)

(4.24)

where ∆E is the passing energy in the time interval ∆t and A is the
corresponding area. Considering a ﬁnite range of frequencies, the
intensity can be written as
∫
Iν =
I(ν)dν = I(ν)∆ν
(4.25)
range

If we assume the length of the absorbing material is dl (thus A=V/dl)
and the energy for every transition is ∆E = hνf i , then the total decrease of intensity is [100]
net
− dIνf i = hνf i Wi→f
dl = hνf i Bf i ρ(νf i )(Ni − Nf )dl

(4.26)

For the energy density [98] , we have
ρ(ν) = I(ν)/c = Iν /(c∆ν)

(4.27)

Substituting it to Eq. 4.26, we can get a homogeneous diﬀerential
equation with the solution
Iνf i = I0,νf i exp[−κ(νf i )Cl]

(4.28)

where C is the molar concentration of the materials, l is the total
length of the sample chamber and the absorption coeﬃcient κ(νf i )
can be given by
κ(νf i ) =

1 hνf i
Bf i (Ni − Nf )
C c∆ν

(4.29)

Due to the ﬁnite width of the absorption lines, the integral absorption coeﬃcient can be deﬁned as
1 hνf i |⟨µf i ⟩|2
(Ni − Nf )
Aµ = κ(ν)∆ν =
C c 6ε0 ~2

(4.30)
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The expectation value of the electronic dipole moment ⟨µf i ⟩ depends
on the coordinate R. A Taylor series expansion around the equilibrium position can be expressed as
µ = µ(0) +

∑ ∂µ
(q)
( (q) )0 Rk + . . .
k ∂Rk

(4.31)

then
∑ ∂µ
(q)
⟨µ⟩if = µ ⟨νi |νf ⟩ +
( (q) )0 ⟨νi |Rk |νf ⟩ + . . .
k ∂Rk
(0)

(4.32)

Usually only the ﬁrst two terms are considered [101] , and the expectation value is given as
⟨µ⟩if =

1
~
∂µ
(νk,i + 1) 2 ( (q) )0
2ωk
∂R

(4.33)

k

Substituting it to Eq. 4.30, the integral absorption coeﬃcient can
ﬁnally be written as
Aµ =

1 NA ∂µ
[( (q) )0 ]2
4ε0 3c ∂R

(4.34)

k

It is noted that instead of the intensities for a particular transition,
usually the absorption coeﬃcient are calculated ﬁrst because they
are independent of the experimental setup.
4.1.3

Vibrational Modes

The motion of a molecule with n atoms can be described by 3n
degrees of freedom, in which 3n-6 (3n-5 for linear molecules) are
vibrations. The remaining include 3 transitional and 3 (2 for linear
molecules) rotational degrees of freedom. Simple diatomic molecules
have only one chemical bond and one vibrational mode. And from
Eq. 4.33, this mode can only be observed for asymmetrical molecules
like CO and cannot be found in symmetrical molecules like N2 . For
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polyatomic molecules, the complex vibration can be viewed as a
superposition of a number of much simpler basic vibrations which
have been mentioned above: the normal modes.

symmetric stretching

scissoring

rocking

asymmetric stretching

wagging

twisting

Figure 4.1: Schematic illustration of various normal vibrational modes.

The normal vibrational modes can be generally divided into two categories: stretching vibration and deformation vibration, as
shown in Figure 4.1. The stretching vibration includes symmetric
and asymmetric stretching modes. The involved atoms are stretching but the bond angle is not changed. For the same functional
group, the resonance frequency of the asymmetric mode is a little
larger than that of the symmetric one, which has been observed in
IR spectra of a series of deprotonated molecules [102,103] .
The deformation vibration, also known as bending vibration,
contains in-the-plane and out-of-plane bending modes. Scissoring
and rocking are two main in-the-plane bending mode, while wagging
and twisting belong to the out-of-plane bending mode. The bond
angle changes periodically in the scissoring mode but not for the
rocking mode.
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4.1.4

Application and Calculation

As discussed above, the absorption bands in the IR spectrum correspond to the vibration modes of diﬀerent molecular groups. Usually, the positions of the bands reﬂect characteristics of the molecular
structures and can be used to qualitatively identify the structure or
determine the composition of unknown chemical groups, while the
intensity of the bands is related to the content of the groups and
can be used to perform quantitative analysis and purity identiﬁcation. Thus the IR spectroscopy has become one of the most useful
technologies to identify the chemical structures of molecules.
In this thesis, we mainly focus on two systems that are related to
the interpretation of experimental IR spectra. One is the IR spectra
of deprotonated tyrosine and cysteine (in Paper 3) and the other is
the IR spectrum of neutral arginine (in Paper 4).
Theoretical simulation can help us to reproduce the IR spectra of
interested molecules and determine the molecular structures unambiguously by comparing with the experimental results. And it can
also give theoretical predications for molecules that cannot easily be
measured by the present experimental techniques.
Most of the quantum chemical softwares contain the function to
calculate the vibrational frequency of molecules. The most widely
used software like Gaussian also gives all the thermodynamical data from the frequency calculation at the speciﬁed temperature and
pressure. In this case, one should make sure that the theoretical
method and basis set employed for the frequency calculation should
be the same as that used in the optimization step.
Vibrational frequencies calculated by the HF method are normally 10% higher than the experimental values while most DFT functionals can give better performance. Figure 4.2 shows IR spectra of
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(a) B3LYP

(b) BHandHLYP

(c) M062X

(d) DFT

41

Figure 4.2: Comparison between the experimental and theoretical IR spectra of neutral benzoic acid at (a) B3LYP, (b) BHandHLYP, and (c) M062X level with the same
basis set 6-31++G(d, p). Scaling factors of 0.98, 0.93 and 0.96 were used for them,
respectively.

the neutral benzoic acid calculated with three diﬀerent DFT functionals and their comparison with the experimental spectrum [102] .
Apparently, the B3LYP method performs better than others, especially in the region between 1000-1100 cm−1 , which are contributed
from the C-H in-the-plane bending modes.

4.2
4.2.1

IR spectra of Deprotonated Amino Acids
Global or Local Minima

Infrared spectroscopy, assisted with mass spectrometer, has become
a powerful tool to characterize the most stable species of many fun-
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damental biological molecules and provided solutions to many puzzling problems [104–106] . However, due to the involvements of diﬀerent
charging states of the molecules and many possible conformers, it is
not always easy to correctly assign the experimental spectra.
Normally, at the thermal equilibrium, one could assume that all
conformers are populated following Boltzmann distribution. The underlying assumption is that the conformers can be easily transformed
from the higher energy to the lower energy, i.e. a smooth PES.
In practical, one can often calculate the total spectra of the most
stable conformers with measurable populations around the global
minimum. However, this practice failed to interpret the IR spectra of simple deprotonated amino acids, such as tyrosine and cysteine [103,107–110] .
O

O
OH

NH2

HO

O
NH2

HO

Tyr

OH
NH2

O

tyr-C
O

HS
NH2

tyr-P
O

O
OH

Cys

O

HS

O
NH2

cys-C

S

OH
NH2

cys-T

Figure 4.3: Planar molecular structures of tyrosine (Tyr) and cysteine( Cys) with their
possible deprotonated species. The carboxylate structure is labeled as tyr-C and cys-C,
respectively, while tyr-P is named for the phenoxide structure and cys-T for the thiolate
structure. Selected from Paper 3, reprinted with permission from Elsevier.

As illustrated in Figure 4.3, due to the special acidic group in the
side chain, both tyrosine and cysteine have two possible deprotonated structures: the carboxylate (tyr-C) or phenoxide (tyr-P) anion
for tyrosine, and the carboxylate (cys-C) or thiolate (cys-T) anion
for cysteine. High level G3B3 calculations [109,110] have found that the
most stable side-chain deprotonated anions (tyr-P and cys-T) have a
lower energy than the carboxylate anions (by 0.5 kcal/mol for tyro-
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sine and 3.1 kcal/mol for cysteine), which means the global minimum
of these two deprotonated molecules should have a phonixide and a
thiolate structure, respectively [107–110] . This conclusion has been veriﬁed by the experimental measurements of their gas-phase acidities,
the H/D exchange and the photoelectron spectroscopy [109,110] .
However, recent gas-phase IR measurements of these deprotonated species suggested that rather than the global minimum, the
local minima may give spectra in a better agreement with experiments [103] . It was not known why the structure characteristics of
high-energy carboxylate anions could contribute to IR spectra. We
have tried to answer this question from our theoretical calculations.

4.2.2

Results and Discussion

One interesting question related to the experimental measurements
should be mentioned ﬁrst. Electrospray ionization (ESI) [111,112] was
used in the experiment to transfer molecules from the solution to the
gas phase, but whether the generated gas-phase structure should
be the same as or diﬀerent from that in the liquid is still under
dabate [113–115] .
From the experimental data, the main fragmentation pathways
of the deprotonated amino acids measured by infrared multiple photon dissociation (IRMPD) are almost the same as those observed
upon the collisionally activated dissociation (CAD) [103,116] , which is
based on fast atom bombardment (FAB) [117] . This indicated that
the deprotonated amino acids might be generated directly from the
most favorable neutral species. The central issue thus becomes to
understand the relationship between the global minimum of the anions and their neutral species.
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IR spectra of Tyrosine

(a)

(b)

2.54

Figure 4.4: (a) Structure and relative energy (in kcal/mol) of the most stable gasphase tyrosine at the MP2/6-311G(2df, p) level with the zero-point energy corrected
from B3LYP/6-31++G(d, p). (b) Equilibrium distributions of the most stable neutral
conformers of tyrosine at 150 K. The corresponding deprotonation process and ﬁnal
products are illustrated. The calculated IR spectra of dominant species, their sum and
the corresponding structures are displayed in the insert, together with the experimental
result for comparison. Selected from Paper 3, reprinted with permission from
Elsevier.

As depicted in Figure 4.4 (a), six most populated neutral tyrosine
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were selected as parent conformers. Simulation of the deprotonated
process of tyrosine and the theoretical IR spectra of the anions,
together with the corresponding structures of the conjugate bases
are shown in Figure 4.4 (b). Form the theoretical adiabatic protondetachment energies (APE) calculation, ﬁve out of the six neutral
species may prefer to be converted into the carboxylate anions after
deprotonation and their parent conformers represent more than 97%
of the equilibrium distributions. Only the third one tyr3 may be
converted into the phenoxide anion.
Due to the high energy barrier between the two diﬀerent conjugate bases (about 33.03 kcal/mol between tyr-C2 and tyr-P1 at
B3LYP/6-31++G(d, p) level), it will take very long time for the
transformation between them to occur. As shown in the insertion
part of Figure 4.4 (b), the simulated IR spectrum of the conjugate
bases of tyrosine is well-matched with the experimental spectrum
and supports our hypothesis.
Temperature Dependence

Figure 4.5: Comparison between the experimental and theoretical results of IR spectra
of the conjugate base of tyrosine at three diﬀerent temperatures: (a) 298, (b) 200 and
(c) 150 K. Selected from Paper 3, reprinted with permission from Elsevier.

The actual temperature under the experimental condition is not
known. It is known that the population of conformers is determined
by the free energy with Gibbs free energy correction. The latter
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Figure 4.6: (a) Structure and relative energy (in kcal/mol) of the most stable gas-phase
neutral cysteine at the MP2/6-311G(2df, p) level with the zero-point energy corrected
from B3LYP/6-31++G(d, p). (b) Equilibrium distributions of the most stable neutral
conformers of cysteine at 150 K. The corresponding deprotonation process and ﬁnal
products are illustrated. The calculated IR spectra of dominant species, their sum and
the corresponding structures are displayed in the insert, together with the experimental
result for comparison. Selected from Paper 3, reprinted with permission from
Elsevier.

is much dependent on the temperature. We have considered three
diﬀerent temperatures 298, 200 and 150 K in our modeling. At each
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temperature, the equilibrium distribution of the parent conformers
is greatly diﬀerent, which can result in diﬀerent theoretical spectra.
As shown in Figure 4.5 (a), the theoretical spectrum at 298 K does
not coincide well with the experiment. Two distinct peaks at 1403
and 1786 cm−1 , which come from contributions of phenoxide anion
tyr-P1 , appear but not observed by the experiment. It suggests that
the temperature in the experiments may be lower, close to 150 K.

19.30
TS3

7.99
TS1
1.44
cys-C1

8.71
I

8.77
TS2
5.08
cys-T3
0.00
cys-T1

Figure 4.7: The transition state calculations for the most populated conjugate base of
cysteine in gas phase at 150 K. I is an intermediate structure and the Gibbs free energy
corrections are included in the energy diagram. Selected from Paper 3, reprinted
with permission from Elsevier.

IR spectra of Cysteine

The hypothesis about local minima was veriﬁed by calculating the
IR spectra of cysteine. As shown in Figure 4.6, all the ﬁve most
populated parent conformers (more than 95%) may be converted into
the carboxylate structures and the contribution from the thiolate
anions can be completely neglected. From further transition state
calculations as shown in Figure 4.7, we found that the generated
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cys-T3 prefers to transform to the carboxylate structure cys-C1 , but
not to the global minimum cys-T1 . The simulated total IR spectrum
is in very good agreement with the experimental result.

4.3
4.3.1

IR spectra of Neutral Arginine
Why Arginine

It is generally accepted that gaseous amino acids usually take the
canonical form, whereas the zwitterionic form can only exist in solid state or in solution within a range of pH values. Nevertheless,
whether the zwitterions could exist in gas phase has been the subject of debate in many years [118–124] .
Due to the extremely basic guanidine group presented in the
side chain, the zwitterionic form of arginine was expected to exist in
gas phase. Price et al. [125] predicted that zwitterionic arginine could
even be the most stable form. But the following infrared cavity
ringdown laser absorption spectroscopy (IR-CRLAS) suggested that
gaseous arginine should still favor to be in the canonical form in the
supersonic molecular beam [126] . It was based on the observation of
two peaks at 1666 and 1693 cm−1 in the IR spectrum that could
tentatively be assigned as the carbonyl stretch of the carboxylate
group, and the fact that no peaks appeared in the energy region
that zwitterions supposed to contribute.
Depending on a simple genetic algorithm, Rak et al. [77] found
several new stable conformers and gave a qualitative interpretation
for the experiment. They found that both the canonical and zwitterionic forms can give contributions in the experimental region 16501700 cm−1 . And at least two canonical tautomers have to be included
to assign the experimental peaks. But due to possible deﬁciencies in
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their searching algorithm, many important conformers were missed
out, which compromised their conclusion.
By using the “step-by-step” strategy, Ling et al. [4] identiﬁed a
series of new low-energy structures and these are also the most complete structures up till now. They agreed that the experimental
peaks are not unique for the canonical form and the IR-CRLAS
spectrum [126] cannot be used to distinguish the two neutral forms.
But how to correctly assign the experimental peaks is still an unsolved problem. In light of our study on the local minima of amino
acids, we focused again on the structure transformation among diﬀerent neutral forms, as well as their eﬀects on the population of
conformers and IR spectra.
4.3.2

Transformation and IR spectra of Monomers
O

NH2
H 2N

N

OH

G1

OH

G2

NH2

O

NH2

HN

N
H

O

NH2

H 2N

NH2

N
H

O

Z

NH2

Figure 4.8: Structural illustrations of neutral arginine: two canonical forms (G1 and
G2 ) and one zwitterionic form (Z). G means the diﬀerent guanidine groups in the side
chain.

Only three neutral monomers (two canonical forms G1 and G2
and one zwitterionic form Z) were supposed to exist in the exper-
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imental beam source, as illustrated in Figure 4.8. Based on the
calculated equilibrium distribution [4] , more than 93% of each of the
three neutral groups at 443 K were considered in our calculations.
The total IR spectra of each group at the B3LYP and M062X levels
and their comparisons with the experiment are displayed in Figure
4.9.

Figure 4.9: Theoretical IR spectra of dominant conformers of the three neutral groups
of arginine G1 , G2 and Z calculated with (a)B3LYP and (b) M062X functionals, their
summation (Sum), which was calculated from their diﬀerent populations at 443 K, together with the experimental results (Exp) for comparison.

It is obvious that none of the groups can simultaneously produce the two IR peaks observed in the experiment. However, it is
interesting to see that the most intensive peak of G1 matches well
with the high-energy experimental peak I1 while the low-energy experimental peak I2 can be described by both G2 and Z. It can be
seen that the theoretical spectra obtained from B3LYP and M062X
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functionals show the same trend and the B3LYP seems to perform
a little better although the dispersion eﬀect is not included.

Figure 4.10: (a) Theoretical IR spectra of the monomers of arginine, together with
the experimental spectrum for comparison. (b) Transition states for the transformation
between the most populated conformers in the three neutral groups. TS1 : Z1 to G1a ;
TS2 : Z1 to G2a ; TS3 : G2a to G1a .

It is reasonable to suggest that the two observed peaks should be
contributed from two diﬀerent canonical forms. With the electronic
energies calculated at the CCSD level and frequencies at the B3LYP
level, we have found that the ratio between G1 and G2 is around
78:22. It implies that the G2 has very small contribution to the
total spectrum. As shown in Figure 4.10 (a), the theoretical peak
corresponding to I2 has the right position but with very low intensity.
The use of larger basis set does not change the ratio between G1 and
G2 . To enhance the populations of G2 and Z, it is necessary to
prevent their transformation to the global minimum. One needs to
ﬁnd out the energy barriers for the transformation among diﬀerent
neutral groups.
As shown in Figure 4.10 (b), the most populated conformer (G1a ,
G2a and Z1 ) in three neutral groups are considered in the transition
state calculations. Our calculations reveal that the zwitterions can
easily be converted into the two canonical forms. Although the two
canonical arginine cannot exchange directly due to a large energy
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barrier about 42.67 kcal/mol between them, such transformation can
still be utilized through the zwitterion as an intermediate structure.
4.3.3

Structures and IR spectra of Dimers

It is well known that a larger molecule has a better chance to form a
cluster. It might be anticipated that the arginine molecule might be
able to form at least a dimer under the experimental condition. We
have constructed a large number of dimers from the three groups of
neutral isomers. The optimization has shown that dimers constructed from two zwitterions always have much lower energy than other
dimers. Figure 4.11 (a) gives the three most stable dimer structures.
Their relative Gibbs free energies with respect to the summation of
the two monomers involved are also listed.
(a)

Z 2Z 2

Z 1Z 2

Z 1Z 1

-31.98 (-26.20)

-31.28 (-26.65)

-30.99 (-28.01)

(b) B3LYP

(c) M062-X

I2 I1

I2 I1

Exp

Exp

Sum

Sum

Z2Z2 (9.51%)

Z1Z1 (18.35%)

Z1Z2 (15.98%)

Z1Z2 (24.45%)

Z1Z1 (74.51%)

Z2Z2 (56.16%)

Figure 4.11: (a)The geometric structures and their relative Gibbs free energies (the
values in parentheses are from B3LYP) of the three low-energy dimers, their IR spectra in the gas phase at 443 K at (b) B3LYP and (c) M062X levels, together with the
experimental spectrum for comparison.

One can see that many intra-/inter-molecular interactions occur during the dimerization, especially for the oxygen atoms in the
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deprotonated carboxylate group. It is noted that dimer constructed from the two most stable zwitterionic monomers (Z1 and Z2 ) has
much reduced energy by as much as 31 (or 26) kcal/mol at M062X (or
B3LYP) level. The dimerization of arginine is an energetic favorable
process that can stabilize the energetically unfavorable zwitterionic
monomers. It is noticed that this process can thus signiﬁcantly reduce probability for the transformation between the two canonical
forms by removing the intermediate state.
The calculated IR spectra of dimers with diﬀerent functionals are
given in Figure 4.11 (b) and (c). The dimer can give certain contributions to the double peaks, but it also gives a strong peak around
1615 cm−1 that is not observed in the experiment. It indicates that
the proportions of the dimers is small.
We can conclude that the dimerization of zwitterionic forms is
energetically favourable, and more importantly, it can eliminate the
structure conversion between the two canonical forms and reduce
the possibility to reach their thermal equilibrium. Although we can
still not completely reproduce the experimental IR spectrum from
the calculations, our study indicates that the experimental IR spectrum may be determined by the way how the conformers are initially
generated.

Chapter 5
Soft X-ray Spectroscopy
X-ray is a kind of electromagnetic wave that can be generated by
the excitation of inner-shell electrons. It was ﬁrst discovered by W.
C. Röntgen in 1895 and he was awarded the ﬁrst Nobel Prize in
Physics in 1901 for this discovery. X-ray with photon energy about
104 -105 eV (0.01-0.1nm) is usually called hard X-ray and frequently
applied to determine crystal structures, while the low-energy part
with 102 -104 eV (0.1-10nm) is often termed as soft X-ray. We will
brieﬂy introduce some basic concepts about soft X-ray spectroscopy
and related computational techniques.
unoccupied
e-

valence
h

h

core

(a) NEXAFS

(b) XPS

Figure 5.1: Schematic illustration of the X-ray absorption processes: (a) NEXAFS,
(b) XPS.

Nowadays, the soft X-ray is generated from the synchrotron radiation sources and it has been widely applied to detect electronic
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structures of molecules. As depicted in Figure 5.1 (one electron picture), after absorbing X-ray radiation with energy hν, a core electron
can be excited into an unoccupied orbital or to the continuum, which
can provide us the near-edge X-ray absorption ﬁne structure (NEXAFS) spectroscopy and the X-ray photoelectron spectroscopy(XPS).
It can be seen that NEXAFS spectroscopy can be used to describe
the properties of the unoccupied orbitals and to determine the orientation of molecules on the surface. XPS technique has been widely
used to quantitatively identify diﬀerent elements and their chemical compositions in the system. We will focus on the discussion of
NEXAFS in the following.

5.1

Near-edge X-ray Absorption Fine Structure

NEXAFS, introduced in 1983 by J. Stöhr [127] , has been generally
applied to surface and molecular science. It presents the absorption
ﬁne structure close to an absorption edge and is often used for soft
X-ray absorption spectra. This technique has known to be able to
characterize the empty molecular orbitals, the local chemical structures and the electronic structures of condensed matters in diﬀerent
states.
Note that in experiment the absorption spectrum is measured
through the decay process. As shown in Figure 5.1 (a), after the
excitation of a core electron, the core hole state has very short life
time and an electron from the valance level may be emitted to the
continuum (called Auger electron) or fall down to this hole and emit
ﬂuorescence. Through the measurement of the Auger electron or the
ﬂuorescence yields, one can get the corresponding absorption spectra. This section will present the basic theory and computational
methods for the absorption spectrum in general.
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5.1.1

Basic Rules and Approximations

Fermi’s Golden Rule

In the inner-shell electron excitation process, the transition rate (the
numbers of electrons excited per unit time) from an initial state |ψi ⟩
to a ﬁnal state |ψf ⟩ is driven by a harmonic time-dependent perturbation V(t)= V e−iωt and should obey the Fermi’s Golden Rule [127]
Pif =

2π
|⟨ψf |V |ψi ⟩|2 ρf (E)
~

(5.1)

where ρf (E) is the energy density of the ﬁnal states and depends on
the normalization of the wavefunctions. In the electromagnetic ﬁeld,
the dominant perturbation term V(t), which describes interaction of
spinless particles can be expressed as
V (t) =
where p =

∑
j

e
A(t) · p
mc

(5.2)

pj is the sum of linear momentum of all the particles

with charge −e and mass m. Vector potential A can be written in
the form of assumed plane electromagnetic wave
A(t) = eA0 cos(k · r − ωt) = e

A0 i(k·r−ωt)
(e
+ e−i(k·r−ωt) )
2

(5.3)

Here e, k and ω denote the polarization unite vector, the wave vector
and the frequency. Substituting Eq. 5.2 and 5.3 into 5.1, and considering that only the time dependent term e−iωt induces transitions
that absorb energy, the transition rate can be written as
Pif =

πe2
A20 |⟨ψf |eik·r e · p|ψi ⟩|2 ρf (E)
2
2
2~m c

(5.4)

For soft x-ray, one can assume that k · r ≪ 1 and the term eik·r can
be expanded in Taylor series as
ik·r

e

=

∞
∑
(−i)n
n=0

n!

(k · r)n = 1 + ik · r + · · · ≈ 1

(5.5)
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Clearly only the ﬁrst term is retained and such an assumption is
known as the dipole approximation. Thus the transition rate can
ﬁnally be expressed as
πe2
Pif =
A20 |⟨ψf |e · p|ψi ⟩|2 ρf (E)
2
2
2~m c

(5.6)

X-ray Absorption Cross Section and Oscillator Strength

Cross section and oscillator strength are two important characteristics for the absorption process. First, we introduce the photon ﬂux
Fph which is deﬁned as the number of incident photons per unit time
per unit area
A20 ω
(5.7)
8π~c
The x-ray absorption cross section σabs can be deﬁned as the transiFph =

tion rate per unit photo ﬂux [127] and can be expressed as
σabs

4π 2 ~2 e2 1
Pif
=
=
|⟨ψf |e · p|ψi ⟩|2 ρf (E)
2
Fph
m ~c ~ω

(5.8)

Another important concept is the dimensionless quantity optical oscillator strength f which is related to the x-ray absorption cross
section

2π 2 e2 ~ df
σabs (E) =
(5.9)
mc dE
where E is an electric ﬁeld vector and f is the absorption intensity
and can be get from the energy integral of the cross section
2
fif =
|⟨ψf |e · p|ψi ⟩|2
(5.10)
m~ω
The oscillator strength should obey the Thomas-Reiche-Kuhn sum
rule, which states that for a given electron in a molecule with N
electrons, the sum of the oscillator strengths of all transitions to all
the ﬁnal states, discrete and continuous, is unity.
∫ ∞
∑
df (E)
fn +
dE = N
dE
IP
n

(5.11)
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where the ﬁrst term is the intensities of the discrete resonances below the IP (ionization potential) and the second term represents
the intensity above the IP. The above oscillator strength is in the
momentum representation and by the relation [128,129]
⟨ψf |p|ψi ⟩ = imω⟨ψf |r|ψi ⟩

(5.12)

we can get the oscillator strength in the position representation
fif =

2mω
|⟨ψf |e · r|ψi ⟩|2
~

(5.13)

If we simply assume that X-ray is linearly polarized and the molecules
are randomly orientated with respect to the polarization direction
e, the oscillator strength thus can be obtained by averaging over the
x, y and z directions
fif =

2mω
(|⟨ψf |x|ψi ⟩|2 + |⟨ψf |y|ψi ⟩|2 + |⟨ψf |z|ψi ⟩|2 )
3~

(5.14)

The Sudden Approximation and Final State Rule

A fundamental assumption called the sudden approximation is adopted to describe the excitation process. It assumes a strong one electron character of the electronic transition and the excitation is sudden or much faster than the relaxation time of other passive electrons. It allows us to divide the initial and ﬁnal state wave functions into
two parts: an active one-electron part and a passive multi-electron
part. The dipole matrix element in Eq. 5.13 can be expressed as
Dif = ⟨ψf (N )|

N
∑

rk |ψi (N )⟩

k=1

≈ ⟨φf (1)|r1 |ϕi (1)⟩⟨ψf (N − 1)|ψi (N − 1)⟩

(5.15)

here φf (1) is the wavefunction of the excited electron while ϕi (1)
is the initial orbital of the excitation. Functions ψi (N − 1) and
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ψf (N − 1) are the initial and ﬁnal states of the passive N-1 electron
part. Only the leading term is retained and the overlap between the
passive (N-1) electron parts is always less than or close to 1 [130] .
Final state rule, developed by von Barth and Grossman [131,132] ,
was employed in the absorption calculations recently [133,134] . It states that only the ﬁnal-state wavefunction is needed to calculate
the absorption spectra of ﬁnite molecular systems since the behavior of the 1s orbital does not change too much in the process of
absorption/excitation.
5.1.2

Methods for NEXAFS calculation

In recent years, many methods have been developed to calculate the
absorption spectra based on diﬀerent models. For example, the Slater’s transition state method [135–137] , the excited core-hole approximation [138,139] , the half core-hole approximation [140] and the multiple
scattering approach [141,142] . Here we mainly discuss two approximations that were used in our work: the full core-hole approximation(FCH) and the equivalent core-hole approximation(ECH).
The full core-hole approximation(FCH) assumes that a core hole
state exists in the system. The inﬂuence of the excited electron
is neglected comparing with that of the core hole. The absorption spectra based on this approach can be obtained by the staticexchange method [143,144] , which has been implemented in the StoBe
package [145] . Note that for the excited atom, the triple-ζ quality individual gauge for localized orbital (IGLO-III) basis set [146] is often
used in practice. In this thesis, this method has been used to study
the electronic structure of gas-phase arginine.
The equivalent core-hole approximation (ECH or Z+1) assumes
that the electric potential created by increasing the nuclear charge
by one is similar to the core hole state [130,147–149] . It is a further
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approximation comparing with the FCH method and, in practice,
the core-excited atom can be replaced by the next element in the
periodic table and all the electrons are kept the same as in the ground
state.
This approximate was ﬁrst introduced by Ågren et al. in 2000
to calculate the NEXAFS and XPS of a series of molecules [149] and
now it has been implemented in the Bio-Nano LEGO package [150] .
Due to the fact that the electronic structure of the new species is in
the ground state, it is very eﬃcient for computing large systems and
it has been used to study a variety of systems, such as fullerene [151] ,
phthalocyanine [152] , single-walled carbon nanotubes [153] , DNA duplexes [154] , graphene [155] and blocked alanine in water solution [156] .
The ECH method is employed in Paper 5 to calculate the NEXAFS
of arginine in the solid phase.
5.1.3

Energy Calibration and Spectral Broadening

A standard procedure for the calculation of the transition energy is
the ∆SCF approach which takes into account the relaxation eﬀect.
A shift value δ in one transition is assumed to be constant for all
transitions. The exact transition energy of a K-edge (1s orbital)
transition can be written as
ε∆SCF
1s→LU M O = E1s→LU M O − EGS

(5.16)

So the shift value can be calculated as the energy diﬀerence between
the above energy and the transition energy from FCH or other methods. The calculated spectrum is then shift by adding this value in
practice. Usually the transition to the lowest unoccupied molecular
orbital is used for such a calibration.
Another important factor is the relativistic eﬀect in the excitation process. In practice, this is simply avoided through shifting the
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whole spectra by a small value. For example, in the K-edge spectra
of arginine, the shift value of +0.2, +0.3, +0.4 eV for atom C, N
and O were used, respectively.
Due to the neglect of vibronic coupling in the theoretical spectra, we need to broaden the calculated bar spectrum. Usually the
Gaussian and Lorentzian distribution functions were used which can
be expressed as:
1
(ω − ωf i )2 sd
Γ
√
√ exp[−
∆ (ω, ωf i , Γ) =
],
σ
=
2σ 2
σ sd 2π
2ln2
G

∆L (ω, ωf i , Γ) =

1
Γ
π (ω − ωf i )2 + Γ2

(5.17)
(5.18)

where Γ denotes the half-width at half-maximum(HWHM).

5.2

X-ray Photoelectron Spectroscopy

The photoelectric eﬀect states that electrons can be ejected from
matters under the radiation of electromagnetic ﬁeld (light). Einstein
explained this phenomena by considering light as discrete photons
and received the Nobel Prize in Physics in 1921. XPS is a particular
condition of this eﬀect and was developed into a powerful analytical
tool by Kai Siegbahn, who was awarded a Nobel Prize in Physics in
1981 for his invention of the XPS technique, also known as ESCA
(Electron Spectroscopy for Chemical Analysis).
A simple way to calculate the XPS is to use Koopmans’ theorem,
which states that the IP of an electronic energy level is equal to
energy of the excited orbital but taking a positive sign. For a Nelectron system, if we assume that the passive orbitals do not relax
after the removal of an electron, the IP within this approach is given
by
IPi = N −1 Ei − N E = −ϵi

(5.19)
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However, in practice, the electron relaxation due to the existence of
the core hole cannot be simply neglected. The ∆Kohn-Sham (∆KS)
approach, which fully considers the relaxation, can give us more
accurate IP values.
IPi = N −1 EF CH − N EGS

(5.20)

where the FCH approximation is used in this process and EGS is
the ground state energy. The relativistic eﬀect and the spectral
broadening is the same as discussed for the NEXAFS.

5.3

Core-level Spectroscopy of Arginine
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Figure 5.2: Schematic illustration of arginine in (a) canonical, (b) zwitterionic, (c)
protonated, and (d) deprotonated forms with heavy atoms labeled. Selected from Paper 5, reprinted with permission from American Chemical Society.

With the improvement of the experimental technique, the XPS and NEXAFS spectra have been widely used to study amino
acids in the gas phase [157–167] , aqueous solution [168–172] and solid state [160,173–179] . There are no experiments available yet for arginine
in gas phase, which might be limited by the ability to evaporate
it under current experimental setups. However, the X-ray spectra

5.3 Core-level Spectroscopy of Arginine

63

of arginine in solid phase have been reported. A systematic study
on the X-ray spectra of arginine in diﬀerent forms and phases could
provide many useful information. It might help us to understand the
eﬀects on intra- and inter-hydrogen bonds on the electronic structure
of arginine, and to know whether the X-ray spectroscopy could be
used to distinguish diﬀerent charging states of arginine. The latter
might be able to resolve the debate on the possible existence of zwitterionic arginine in the gas phase once the future experiment would
carry out.

5.3.1

NEXAFS of solid-state Arginine

A truncated cluster model based on the crystal structure of arginine
monohydrate [180] is constructed by the technique discussed previously [181] . The absorption spectra at the C1s, N1s and O1s edges are
calculated by the ECH approach. With the BioNano-Lego code, the
absorption spectra were calculated at two unrestricted DFT levels:
the B3LYP and M062X functionals. The results are shown in Figure
5.3.
Figure 5.3 (a) demonstrates the constructed cluster model in
which 14 zwitterionic arginines and 6 crystal waters are included.
Theoretical NEXAFS spectra by the two diﬀerent DFT functionals
are displayed in Figure 5.3 (b) and (c), together with the experiment results [179] for comparison. Generally, the calculated spectra
coincide well with the experiments and all the main features at diﬀerent edges are reproduced. The contributions to the distinct spectral
peaks have been assigned. Note that for this system with multilocalized charge centers, the simulated results are very sensitive to the
functionals and the B3LYP produces more accurate peak positions
than the M062X.
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Figure 5.3: (a) Cluster model of arginine monohydrate crystal used for spectral calculation and close-up of the local hydrogen bonding for the central arginine. Total and
atom-speciﬁc NEXAFS spectra at the C, N, and O K-edges calculated with (b) B3LYP
and (c) M062X functionals compared with experiment [179] . Selected from Paper 5,
reprinted with permission from American Chemical Society.

5.3.2

Gas-phase NEXAFS Spectra

Seven populated neutral (six canonical tautomers and one zwitterion), one protonated and three populated deprotonated arginine
structures were selected for gas phase calculation. The NEXAFS and
XPS spectra of these molecules were calculated by the StoBe pro-
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Figure 5.4: Calculated (a) C1s (b) N1s and (c) O1s NEXAFS spectra of lowest-energy
conformers of neutral arginine as well as the averaged spectra at 443 K. Structures
are depicted on top of the spectra and diﬀerent types of intramolecular hydrogen bonds
(distances in Å) are indicated by dotted lines. Selected from Paper 5, reprinted
with permission from American Chemical Society.

gram at the DFT level with the gradient-correlation Becke (BE88)
exchange [182] and Perdew (PD86) correlation functionals [183] .
The NEXAFS spectra of the six canonical (Can1-Can6)and one
zwitterionic (Z1) arginine structures, as well as the averaged spectrum of all these neutral conformers at 443 K are plotted in Figure
5.4. Visible spectral diﬀerences can be found between these two neutral forms at all edges and can be used as spectral ﬁngerprints to
determine the dominant form in the gas phase. For example, only
the canonical isomers can exhibit resonances in 399.4-399.7 eV and
534.6-535.0 eV in the N and O spectra, respectively.
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The inﬂuence of the solid-state eﬀect can be revealed by comparing the spectra of Z1 with the solid-state results. The clear diﬀerence
lies in the origins of the two strong peaks in the C spectra: C1 and
C2 for the solid state and C1 and C6 for the gas phase. It is mainly resulted from the electrostatic interactions and the complicated
intermolecular hydrogen bonds, but not much from the geometry
changes.

5.3.3

Gas-phase XPS

Neutral Arginine

Figure 5.5 (a)-(c) presents the C1s, N1s and O1s spectra of the seven
neutral isomers and their averaged spectrum at 443 K. Comparing
with the six canonical isomers, visible chemical shifts of the K-shell
binding energies can be seen for the zwitterionic isomer Z1. It is
found that the core binding energy (BE) shifts are sensitive to the
charge distributions and an increase of the electron density on an
excited atom will lead to a smaller BE. In this case, the XPS spectra
can be used to distinguish canonical and zwitterionic isomers.
The relationship between the BE shifts and the local intramolecular hydrogen bonds is also revealed. The blue-shifting hydrogen
bond C-H· · · X (X = N, O) usually causes a weak red shift (less
than 1 eV) of the C1s BEs. The red-shifting hydrogen bond YH· · · X (X, Y = N, O) may lead to a blue (red) shift of ca. 1 eV to
the core BEs of the proton acceptor X (donor Y) as shown in Figure
5.5 (d)-(e). The relation between the core BEs and the Mulliken
charge population on the excited atoms can also be seen.
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Figure 5.5: Calculated (a) C1s (b) N1s and (c) O1s XPS spectra of lowest-energy
conformers of neutral arginine isomers as well as the averaged spectra at 443 K. Plot of
core binding energies of (d) Nβ and (e) OI versus the local HB lengths [R(Y-H· · · Nβ )
and R(OI -H· · · X) respectively] in diﬀerent isomers. Here Y = Nα , X = Nα for Can1,
Can2, and Can6, and Y = OI , X = Nβ for Can4 and Can5. Plot of core binding
energies of (f ) Nβ and (g) OI versus the (ground-state) Mulliken charge population
on the excited atom. Selected from Paper 5, reprinted with permission from
American Chemical Society.

Deprotonated/Protonated arginine

XPS spectra of three deprotonated arginine isomers and their averaged spectrum are depicted in Figure 5.6 (a)-(c). Due to the great
change of the local chemical environment, the core BE diﬀerence
between Nγ and Nδ is much larger than that in the neutral isomers,
while the two oxygens almost give identical binding energy at ca.
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Figure 5.6: Calculated (a) C1s (b) N1s and (c) O1s XPS spectra of lowest-energy
conformers of depronoated (Dp1, Dp8, Dp18) and protonated (P1) arginine isomers
as well as the averaged spectra at 443 K. Comparison of averaged spectra at 443 K
for prononated, neutral, and deprononated arginines at the (d) C1s (e) N1s and (f )
O1s edges. Structures are depicted on top of the spectra. Selected from Paper 5,
reprinted with permission from American Chemical Society.

531.2 eV. From Figure 5.6 (d)-(f), one can ﬁnd that the deprotonation (protonation) will always lead to a red (blue) shift of several
eVs for the BEs at all edges.
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Temperature Eﬀect

The XPS for neutral and deprotonated isomers at four diﬀerent temperatures are compared. Generally, the peak positions do not change
with the decrease of the temperature while the peak intensities show
an evident diﬀerence for some isomers (Can4 and Can5) due to the
change in their populations. Some weak peaks even disappear at
lower temperatures. These can of course be easily understood from
the simple Boltzmann distribution.

Chapter 6
Summary of included papers
6.1
6.1.1

Conformational space
Deprotonated Arginine, Paper 1

In this work, the energy landscape of gas-phase deprotonated arginine has been systematically studied by ﬁrst-principles calculations.
A new global minimum which is about 6.56 kJ/mol more stable
than the existing one at the B3LYP/6-31G(d) level is reported. The
deprotonation is found to occur at the carboxylate group and two
distinct deprotonated tautomers are explored. A large energy barrier exists for these two forms and the IR spectra of them are clearly
diﬀerent. The calculated proton dissociation energy and gas-phase
acidity of arginine are in reasonable agreement with the experimental results.
6.1.2

Fragment based step-by-step strategy, Paper 2

We present an eﬃcient and reliable fragment based step-by-step strategy to search for the most stable conformers of large ﬂexible
molecules. According to the diﬀerent functional groups, a molecule
can be divided into several fragments and each of them can be completely studied in the step by step fashion. The weak inter- and
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intra-fragment interactions can be naturally taken into account in
this process. The eﬃciency and accuracy of this algorithm has been
veriﬁed by tests on a series of representative di-/tri-/tetra-peptides.
The obtained results are not only generally satisfactory, but also
better than others in certain occasions.

6.2
6.2.1

IR spectroscopy
Deprotonated amino acids, Paper 3

Density functional theory calculations on the structure and IR spectrum of deprotonated tyrosine and cysteine have been performed. It
is found that the reported experimental IR spectra of the conjugate
bases can only give information of the local minima, rather than the
global minimum as often expected. Our study has indicated that the
generated charged species are always strongly associated with their
parent neutral conformers and the presence of large energy barriers
prevent them to reach the thermal equilibrium.
6.2.2

Neutral Arginine, Paper 4

The central focus of this study is to provide reasonable explanation
for the peculiar experimental IR spectrum of gaseous arginine. We
have carried out a systematic study on the structures, the transformation and the IR spectrum of arginine in diﬀerent forms. It
is found that the calculated total IR spectrum from all low energy
conformers at the thermal equilibrium cannot reproduce the experimental one. The zwitterionic form acts as an intermediate state to
facilitate the structural transformation among diﬀerent forms. However, our calculations have also shown that the zwitterionic form has
much stronger tendency to form stable dimer. The dimerization pro-
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cess can eliminate the presence of the zwitterionic form and block
the structural transformation between two canonical forms. With
this, the double-peaks observed in the experimental IR spectrum
can ﬁnally been explained.

6.3

Gas and Solid state of Arginine, Paper 5

In this Paper, the core-spectroscopy of arginine in gas phase and solid state has been theoretically studied by ﬁrst-principles methods.
The structure-property relationship has been established for arginine
in diﬀerent charging states. The inﬂuence of the intra- and intermolecular hydrogen bonds on the electronic structure of arginine is
also reveled. Our simulations have shown that the XPS should be
able to unambiguously distinguish the canonical and zwitterinic isomers of arginine, much better than the IR. Interesting spectral shifts
related to diﬀerent hydrogen bonds are also observed in the calculated XPS spectra, which could be useful for the the future analysis
of experimental spectra.
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