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Abstract

Clathrate hydrates are crystalline inclusion compounds consisting of hydrogen-
bonded water molecules forming cages enclosing guest molecules. Vibrational spec-
tra of guest molecules provide information of the clathrate hydrates such as the
cage occupancy and the structure of clathrate hydrates. In this study, molecular
dynamics (MD) simulations were employed to calculate the vibrational spectra of
guest molecules and to analyze the mechanism of the frequency changes.

Firstly, the vibrational spectra of structure I (sI) methane hydrates were com-
puted by ab initio MD simulations because the origins of the vibrational peaks in the
system were well determined in the previous experimental observations. The calcu-
lated vibrational frequencies of methane molecules in clathrate hydrates well agreed
with the experimental observations. Secondly, the vibrational spectra of structure
H clathrate hydrates were calculated. As a result, the origins of the spectra peaks
of stretching vibrations in methane molecules that were not clearly reported in the
previous experiments were determined. Thirdly, the vibrational spectra of sI deuter-
ated methane hydrates were calculated. The deuteration of the water molecules in
clathrate hydrates was commonly used in experimental observation of the spectra.
The results indicated that the vibrational frequencies of intramolecular vibrations
of guest methane molecules were changed due to the motion of the deuterated wa-
ter molecules in the host framework. Finally, the vibrational spectra of C;H,;50
molecules in structure II and H clathrate hydrates were calculated by MD simula-
tions. The results showed the formation of guest-host hydrogen bonding in both
structures and the large frequency shift of the O-H group of the alcohols are due to
hydrogen bonding. The guest-host hydrogen bonding played an important role in
the determination of the structure of clathrate hydrates.

These results of MD simulations for clathrate hydrates showed new insights into
the effect of guest-host interactions on the vibrational spectra, structure, and sta-

bility of clathrate hydrates.
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Chapter 1

Introduction

1.1 Clathrate hydrates

Clathrate hydrates are crystalline inclusion compounds consisting of hydrogen
bonded water molecules forming cages (host) enclosing small molecules (guests) [1].
Typically hydrophobic guest molecules, such as methane, ethane and carbon
dioxide are enclosed in the cages. Structure of clathrate hydrates are usually
stabilized by guest-host non-covalent interactions under low temperature and high
pressure conditions.

First discovery of clathrate hydrates was documented in 19th century by Sir
Humphrey Davy [2] on chlorine hydrate. The first corroboration of clathrate hydrate
was archived by Faraday [3]. In the early stage, the study of clathrate hydrates
were motivated by the physical interest. However, after the discovery of the effect
of clathrate hydrates on the pipeline plugging, the study of the clathrate hydrates
are very important in the field of flow assurance [4]. Recently, wider industrial
applications of clathrate hydrates are considered. Huge amounts of natural gas
hydrates are reported in the ocean floor and considered as potential resources of
future fossil-fuels [5].

There are three typical structures of clathrate hydrates, structure I (sI), struc-

Table 1.1 Characteristics of common crystalline structures of clathrate hydrates

Structure I Structure I1 Structure H
Structure Cubic Cubic Hexagonal
N of water 46 136 34
Cage types 512 51262 512 51264 512 435663 51268
N of cages 2 6 16 8 3 2 1

Cage radius ~ 0.50 ~ 058 ~ 050 ~0.66 ~050 ~ 0.53 ~ 0.86
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Fig.1.1 Three common structures of clathrate hydrates and cages

ture II (sI), and structure H (sH). Structure of the clathrate hydrates are composed
of several types of hydrate cage as shown in Table 1.1. Structure I clathrate hy-
drate is a cubic crystal structure composed of two dodecahedron (5'2?) and six
tetrakaidecahedron (5'262) cages, which are formed from the hydrogen bonding of
water molecules as shown in Figure 1.1 [1]. A unit cell of the sI clathrate hydrates
is composed of 46 water molecules. slII unit cell is composed of 136 water molecules
and consists of sixteen 52 cages and eight hexakaidecahedron (5'26%) cages. Unit
cell of structure H is composed of three 512 cages, two dodecahedron (435%63) cages,
and one micosahedron (5'268) cage with 34 water molecules. The structure of the
cages and host lattice are stabilized by suitably sized guest molecules. Therefore the
crystal structure of the simple methane hydrate is sI and the methane molecules are
included in 5'2 and 5'262 cages. When a large molecule guest substance such as 2,2-
dimethylbutane coexists with methane, sH hydrate is formed. Methane molecules
occupy 52 and 435563 cages, and large molecule guest substances (LMGSs) occupy
the 5'26° cages.

1.2 Vibrational spectra of clathrate hydrates

For application of the clathrate hydrates, understanding of types of guest molecules
in the cages, occupancy, and thermal stability is important. The vibrational spectra
of guest molecules in clathrate hydrates are experimentally observed from Raman
and IR spectroscopy, which are often used to characterize the hydrate phase. Molec-
ular vibrations of guest molecules in clathrate compounds differ from those in the
bulk phase. Since the changes in the molecular vibrations reflect the molecular
environment and dynamics of guest molecules, we can obtain physical insight of the
interactions by observing the molecular vibrations of the guests in hydrates: the
formation and/or existence of clathrate hydrates in a system, the occupancy of the

cages, and the guest-host interactions and dynamics in the cages, etc.
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However, a clear account of the molecular mechanism for the changes in the vibra-
tional spectra is still missing. Direct molecular simulations of the guest molecules
in the hydrate cages offer one possible way to carefully study the molecular interac-
tions in the hydrate structure. To understand the vibrational spectra, it is necessary
to analyze the molecular interactions of guest and host molecules and the resulting
vibrational modes, such as bending, rocking, and stretching. Although several clas-
sical molecular dynamics (MD) simulations [6-8] succeeded to show the frequency
shift of methane molecules in the clathrate hydrates, for an accurate computation of
the molecular vibrations, a quantum chemical description of the chemical bonding
in the molecules must be considered, thus avoiding the “empirical” parameteri-
zation of forcefields used in classical MD simulations. To fulfill this need, ab initio
molecular dynamics simulations are required and most suitable for this purpose.

Ab initio MD calculations were previously performed to observe the vibrations
of guest and host molecules forming clathrate hydrates [9, 10]. Ikeda and Ter-
akura analyzed vibrational spectra to identify the phase transition from a deuter-
ated clathrate hydrate to filled ice at high pressure [9]. The first ab initio MD
study focusing on the details of the C—H vibrational frequencies of methane in sl
methane hydrate was performed by Tse [10]. That ab initio MD simulation for
sI methane hydrate using Spanish Initiative for Electronic Simulations with Thou-
sands of Atoms (SIESTA) [11] showed that the C—H symmetric and asymmetric
stretching vibrational frequencies in the large cages were lower than those in the
small cages. The SIESTA method employs a localized atomic basis set in conjunc-
tion with the pseudo-potential approximation. Those results were revealing but
suffered from large fluctuations in the calculated spectra, which was partially due
to the short simulation time (~ 6 ps). Another limitation of that study was that the
autocorrelation function of the velocity of the hydrogen atoms was exclusively con-
sidered. In the present study, to improve the calculation of the vibrational spectra
in clathrate hydrates, we analyze different types of autocorrelation functions that
are suitable to separate the vibrational spectra, such as the bond length, the angle,
and the directions that are explained in the next chapter.

Although many guest substances are known to form hydrates, methane hydrate
still represent the most important system, as they are central to energy and envi-
ronmental related issues, such as a potential future energy resource and geo-hazard

for seafloor stability caused by gas hydrates dissociation [5].
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In this thesis, the following three methane hydrate systems were studied to un-
derstand the effect of enclathration on the vibrational frequency of guest molecules
in clathrate hydrates. First, vibrational spectra of the sI methane hydrate were
calculated by ab initto MD simulation. The vibrational frequencies of sI methane
hydrates are well determined by the previous experimental observation. This cal-
culation were used to confirm the effects of using several types of autocorrelation
functions to separate the vibrational modes as the first step of this thesis. Second,
the vibrational frequencies of methane molecules in sH clathrate hydrate that are
still unclear in experimental observation were calculated. Third, the effect of the
deuteration of water molecules in clathrate hydrate on vibrational spectra of guest
molecules were revealed by the calculations. At last, vibrational spectra of hy-
drophilic guest molecules in clathrate hydrates were calculated. Usually clathrate
hydrates are stabilized by suitably sized and hydrophobic guest molecules. Hy-
drophilic molecules like methanol, ethanol, and ammonia that form hydrogen bonds
with water were historically applied as thermodynamic inhibitors of hydrate forma-
tion [12,13]. However, recent experimental observation reported the formation of
clathrate hydrates with these hydrophilic guest molecules without inhibition [14-20].
The effect of the guest-host hydrogen bonding on structure and stability of clathrate
hydrates are still unclear. In the clathrate hydrates containing alcohol molecules,
guest-host hydrogen bonding are indicated by experimental and theoretical studies.
Especially for amyl-alcohol (C;H;,OH) molecules, the effect of guest-host hydrogen
bonding of the vibrational spectra are reported. To reveal the mechanism of the
enclathration of alcohol molecules and effect of vibrational spectra, the dynamics of

alcohol molecules in clathrate hydrates are calculated by molecular dynamics study.

1.3 Thesis objective and outline

The objective of this thesis is to improve the calculation of vibrational spectra of
each mode using ab initio molecular dynamics simulation and analyze the mecha-
nism of the vibrational changes of clathrate hydrates, in particular, sI, sH methane
hydrates, sl deuterated methane hydrate, and sII and sH alcohol clathrate hydrates.

In chapter 2, the computational methodology of classical and ab initio molecular
dynamics simulations are introduced. In chapter 3, the vibrational spectra of struc-
ture I methane hydrates are calculated by ab initio molecular dynamics simulation.

The frequency shift of the vibrational modes of methane molecules in sl clathrate
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hydrate are discussed. In chapter 4, the vibrational spectra of structure H methane
hydrates are calculated by ab initio molecular dynamics simulation. The differences
of the vibrational spectra between sl and sH clathrate hydrates are explained. In
chapter 5, the vibrational spectra of the deuterated methane hydrates are calcu-
lated by ab initio molecular dynamics simulation. The effect of the dynamics of
host lattice on the intramolecular vibration of guest molecules are discussed. In
chapter 6, the vibrational spectra of alcohol O-H bonds were calculated by ab initio
and classical MD simulations are performed on the sII 3-methyl-1-butanol clathrate
hydrate and sH 2-methyl-2-butanol clathrate hydrate. The effect of the guest-host
hydrogen bonding on the structure of the clathrate hydrates and vibrational spectra
are discussed. In chapter 7, the conclusions from this thesis and future direction

are discussed.



Chapter 2

Computational methods

In this chapter, the basic theories of the classical and ab initio MD simulations used

in this research are introduced.

2.1 Methodology of classical molecular dynamics simulation
2.1.1 Numerical integration method of Newton's equation of motion

In molecular dynamics simulations, the trajectories of atoms and molecules are

calculated by numericaly solving of Newton’s equation of motion, i.e.,

m—s = F, (2.1)

where m is the mass of the molecule, r is the position of particle, F' is the force on
the molecule, and N is total number of particles.

The Verlet integration algorithm [21] is a frequently used algorithm in molecular
dynamics simulation because of its greater stability. This algorithm also satisfy the
physical feature, time-reversibility and symplectic form. The equation of the Verlet
algorithm is derived from the Taylor expansions of the position r at time ¢. The

time integration of the position 7(t) and velocity v(t) of particle are expressed by

r(t+ At) = 2r(t) — r(t — At) + %AR + O(AtY), (2.2)
w(t) = "LE At;;’"“ —AY | o), (2.3)

where At is a time step.
However, the original Verlet algorithm is inconvenient to use because of the time
in the equation of the position and velocity, (¢ + At) and v(t). To calculate the

velocity and position at the same time instant, the Velocity Verlet algorithm [22],
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ie.,

r(t+ At) = r(t) + v(t)At + %Aﬁ + O(AtY), (2.4)
F(t) + F(t + At)

v(t + At) = v(t) +v(t)At + A + O(A?), (2.5)

is more commonly used.

2.1.2 Intermolecular interaction in classical MD

In molecular dynamics simulation using atomistic models, intermolecular and in-
tramolecular interactions are frequently considered. The intermolecular interaction
which stems from the electrostatic interaction between molecules is modeled us-
ing the Lennard-Jones potential [23], the dispersion and repulsion forces, and the

Coulombic potential. The potential between particle ¢ and j is expressed by

12 6
o o gi4;j
(r) =4 — , 2.
Uiglr) = 4e [(Tz’j) (%’) ]+ dmeori; 20

where ¢ is the depth of the potential, o is the finite distance at which the inter-
particle potential is zero, r;; is the distance between particle ¢ and j, ¢ is charge at
the particle, and ¢ is the vacuum permittivity.

The parameters € and ¢ in the Lennard-Jones potential, are defined for each
molecules. To calculate the Lennard-Jones interaction between different species,
the Lorentz-Berthelot rule are employed as
Oaa T Obb
—E =,

€ab = VE€aafbb- (28)

Oab =

2.1.3 Coulombic interactions

The electrostatic potential between charged particles ¢ and j are expressed by the
Coulombic potential, i.e.,

1 Qi@

471'50 Tij

Ue(rij) (29)

where, @) is the charge of the particle and r;; is the distance between particle ¢ and j.
The decay of this potential is slower than the Lennard-Jones potential (r%), so the

cutoff method used in that case cause large error in calculation. Therefore Ewald
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method are suggested as accurate computational method for coulombic interaction

in periodic boundary condition.

Ewald method
In the Ewald method, the interaction between particles are separated into the real
space and recipropal space functions. The potential energy of the Coulombic inter-

action in the Ewald method is

Ubwala = U, fe;“;;ld + U LU 4 Ut (2.10)
. Q. Q; erfc(ar; )
Ukionid = 5 Z Z 47755 i (2.11)
; 1 1 exp(—7r —2m?/a?)
Urec1p — 2.12
Ewald = preo 27V mZ#O m? ( )

2

(ZQi cos(?wm-ri)) + (ZQZ sin(27rm~ri)> . (2.13)

1 o
Ul — 2 2.14
Ewald — 47T€0 ﬁ;Qzﬂ ( )
M Q:Q; erf(ary;)
Uiiia =2 — ot — (2.15)
k ijck 0 g

Similarly, the Coulombic force between charged particles are

F; = Freal 4 preciv, (2.16)
Q:Q; [erfc(ar;;) 2« T
Freal J J 2.2 g 217
) E 471'80 rij + ﬁ eXp( «Q ng) 7,1:2]. s ( )
2

reci exp(—m2m?/a? )
Fre? = 2.18
¢ 47?50 v Z m2 ( )

M40
N

sin(2rm - r;) Z Qj cos(2mm - r;) — cos(2mm - ;) Z Qjsin(2rm - r;)
; ,
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2.1.4 Periodic boundary condition

There are several boundary conditions used in molecular simulations. The most
common boundary conditions are free boundary condition and periodic boundary
condition. The free boundary condition is mainly used in the calculations for the
isolated molecular systems and the periodic boundary condition is suitable for the

bulk phase systems.
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2.2 Density functional theory

In this chapter, ab initio molecular dynamics using density functional theory is
introduced. To perform the calculations based on quantum mechanics, solving the
Schrodinger equation is one of direct methods. However, it is impossible to obtain
the analytic solution of Schrodinger equation for many-body system is impossible.
So there are many types of approximation to solve the actual problems for quantum
mechanics. Density functional theory (DFT) is one of the quantum mechanical
modeling methods widely used in computational physics and chemistry. In density
functional theory, the properties of many-electron system can be determined by

functionals of electron density.

2.2.1 Born-Oppenheimer approximation

At first, Born-Oppenheimer approximation is introduced which is used to sepa-
rate the motions of nuclei and electrons in atoms. For the system composed of N

electrons and N, nuclei, the Schrodinger equation of the total system is given by

f{totqjtot(r: R) = Byt Vot (7, R), (2.19)
where Wi (7, R) is the wave function of the total system, » = ry,--- ,ry is coor-
dinates of electrons including spin, and R = Ry, --- , Ry, indicates coordinates of

nucleus. FE\ is the total energy. I:Itot is Hamiltonian operator of the total system

given by
. 1 AYA,
Hiyt =—) =Vi-—
=25V ZQMI Zm_m Z|T_R,| Z|RI_RJ|
=To+ T + Voo + Ve + Vi, (2.20)

where, the subscript 7, j indicate the serial of electrons and I, J are for nucleus.
M and Z are mass and charge of nucleus, respectively. Hartree atomic unit (A =
me = e = ag = 1) is used. The first and second term indicates the kinetic energy of
electrons and nucleus, respectively and the following terms are for potential energy
of electron-electron, electron-nuclei, nuclei-nuclei interactions. Even in the case of
the most light atom, hydrogen atom, the mass of the nuclei is 1836 times greater
than that of electron. The motion of nuclei is quite slower than that of electrons.

Therefore, electrons would respond instantaneously to nuclear motion and always
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occupy the ground state of the nuclear configuration. In this assumption, the motion
of electrons and nuclear are separated. In this approximation, the eigenfunction that

satisfies the equation (2.19) is assumed as follow.
\Itht (’I‘, R) = \Ijel(ra R)\Ilnuc(R) (221)

The ¥ is eigenfunction of the electron part of the Hamiltonian H, in the equation

(2.20),

. 1 1 1 Z;
Ho=-) V24 — "~ 2.22
: ZQVI+QZ|W—W| Z:|’l“i—RI|7 ( )

% i#£j 2,1
Ha¥y(r,R) = Eq(R)Vq(r, R), (2.23)

where the energy eigenvalue of the electrons FE, is depending on geometry of the

nuclei. With this assumption, the equation (2.19) can be written as

A Z Z AYA,
H o \Ij ot — ‘Ife - V Ee \Ijnuc
tot ¥ tot 1 2M 1 I;éJ |RI — RJ|

_ Z 2M1 {2V 1% Vi¥hue + PrucViver . (2.24)

The second term of the equation (2.24) indicates the effect of the motion of nuclei
on the state of the electrons. In the Born-Oppenheimer approximation, the motions

of electrons and nuclei are separated and the equation can be written as

AYA
— V Ve = BV hye. 2.25
> 5 RSP e 22

In this approximation, nuclei of atom feels the energy of the electron as classical
potential. On the other hand, the wave function of the electrons ¥, obey only on
the position of nuclei. The electron energy of the ground state is a function of the

position of the nuclei.

2.2.2 Hohenberg-Kohn theorems

In this section Hohenberg-Kohn theorems that legitimatized the use of electron
density p(r) to describe the electronic system is introduced. Hamiltonian of the

electronic system in the external potential Vi (7) is given by

=y SV S Vel + 5 Y (2.26)

2#]
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In this condition, Hohenberg and Kohn gave the following theorems [24].

1. The external potential vey(r) is determined, within a trivial additive con-

stant, by the electron density po(r).

The first theorem of Hohenberg-Kohn shows that the ground state density po(r)
uniquely determines the external potential and thus all properties of the system,
including the many-body wave function. Electron density of the ground state of the
system pg (r) uniquely determines the external potential Vi () by the Hohenberg-
Kohn theorem. The Hamiltonian (2.26) composed of the external potential Vo give
the wave function including excited states and ground state of the system ¥, (r) and
Uo(r). The po(r) is given by the Wy (r).

The second theorem is the energy variational principle.

2. Energy of the electronic system as functional of density Eyxk [p] can be defined
for any external potential Voy(r). The ground energy state of the system is
the state that have minimal of the functional. For a trial density p(r), such
that p(r) > 0 and [ p(r)dr = N,

Ey < Eux|[p]- (2.27)

The energy functional Eyk|p] is

Euklp] = T[p] + Ewntlp] + /dr%xtp(r) + B

= Fu + / drVi(r)p(r) + Ex1, (2.28)

where Ej; is interactions among nuclei. Therefore, we can calculated the density

and energy at the ground state of the system if we can derive the functional Fix [p].

2.2.3 Kohn-Sham equation

With the previous equation, the electron density and ground state energy can be
derived by variational principle. However, the form of the accurate energy as func-
tional of many-body electron density is not known. The energy of grand state in

Hohenberg-Khon theorem (2.28) is written as follows in Kohn-Sham method, i.e.,

EKS = TS [,0] + / d"“‘/ext (’l")p(’l‘) + EHartree [P] + EII + EXC [p]7 (229)
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where T} is kinetic energy of non-interacting particles written by

T, — —%;Z < Y7IV2lye >

1 o 2
_ 5;;/dr|v¢i (). (2.30)

where o is spin of electrons. Hkg is classical Coulombic interaction energy of elec-
tron density p(r) interacting itself,
!/
Eartree = %/drdr'%. (2.31)
Here V.4 is external potential from nuclei and other interactions from out of the
system. In this equation, effect of many-body interactions, such as exchange and
correlation term is included in Fey.

Kohn-Sham Schrodinger equation is derived by the variational principle, i.e.,
(Hgs — € )97 (r) =0, (2.32)

where € is eigenvalue and Hfg is effective Hamiltonian.

g 1 g
Hgg(r) = —§V2 + Vs (), (2.33)
VIgS (’l") = Vvext (’l") + VHartree(T) + Vg,j(('r')- (234)

This equation is solved self-consistently.

2.2.4 Local density approximation, Generalized gradient approximation

To perform actual calculation in Kohn-Sham method, specific formula of the
exchange-correlation term is required. However, the accurate form of the exchange-
correlation is not known. Therefore there are several approximations to describe
the exchange and correlation term in the potential. Local density approximation
(LDA) is a class of approximation to the exchange-correlation energy functional.
The distribution of the electron density is approximated by local elements of

uniform electron densities. The Foy is depending only on the local density p(r),

ELPA / o (1) eXPA (p (1)) dir (2.35)

Real systems are not homogeneous as LDA approximation and have varying den-

sity landscape around electrons. Generalized gradient approximation (GGA) is
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more accurate XC functionals that consider both of local and semilocal informa-

tion. The local density p(r) and its gradient of at a given point Vp(r) is

FGGA — / Fre (p (), Vo (1)) dr (2.36)

There are several other extended functionals for more accurate calculations. For
examples, Meta-GGA methods are the approximations of the exchange-correlation
term that consider kinetic energy of the electron density (V2p). The Hybrid func-

tional methods introduce Hartree-Fock term.

2.3 Car-Parrinello molecular dynamics simulation

Car-Parrinello molecular dynamics is molecular dynamics simulation using Car-
Parrinello method, a method of the ab initio, or first principles molecular dynamics
simulation. In Born-Oppenheimer molecular dynamics, the time development of
electron and nuclei are separated. So calculation of the ground state of electron
is required in all of the MD steps. However, the time development of electron
and nuclear are performed at same calculation without matrix diagonalizaion by
the Car-Parrinello method. In the Car-Parrinello MD, the computational time is
quite reduced compared to Born-Oppenheimer MD. The Car-Parrinello method is
based density functional theory and introduces the electronic degrees of freedom as

fictitious dynamical values, writing an extended Lagrangian Lcp for the system.
1 . 2 N .
Lep =5 XI:MIRI + Z /MW% (r) [*dr
Bl Bl - YAy | vt mar-oy] . @an
i,

where p is the fictitious mass of the orbital degrees of freedom and A is Lagrangian
multiplier matrix to satisfy the orthonormality constraint. The Newtonian equa-

tions of motion are computed from the Euler-Lagrange equations,

d 0Lcp B 0Lcp
&t (w; m) = 50 () (2:3%)

(2.39)

d (accp> _ OLop

dt \ oR OR;



2.3 Car-Parrinello molecular dynamics simulation 15

Equation of motions of Kohn-Sham orbital and nuclear is

i () =~ 2l ZAU% (2.40)
- aEIKS 7%

If the initial state of the electron is enough close to the ground state, we can calculate
the trajectories of the nuclear by solving these equations, ab initio MD. In the Car-

Parrinello MD, following Hamiltonian is conserved:

1 Qe R .
How =5 S MRy + Y [ [c(r) Par + Bxslo B (2.2
I A
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Chapter 3

Structure | methane hydrate

3.1 Introduction

Simple methane hydrate forms sl, a cubic crystal structure composed of two small
(5'2) and six large (5'262) cages, which are formed from the hydrogen bonding
of water molecules [1]. It is now well known that the symmetric C—H stretching
vibrational frequencies of methane molecules in the large cages (2905 cm™1!) are
lower than those in the small cages (2915 cm™1), relatively to that in the gaseous
state (2917 cm™1) [25]. A semi-empirical “loose cage-tight cage model” [26] has been
proposed to explain the experimentally observed shift in the vibrational frequency
[27]. In this model, the higher frequency is ascribed to the steeper gradient of
the cell potential in the small cages. The vibrational frequency shift (v) in the
model is obtained by treating the anharmonic term in the potential energy function
as small perturbations to the harmonic potential of the free molecule, which can
be described by a matrix of interactions. If the derivative of the potential in the
matrix is negative (large distance, loose cage), the v is negative, and whereas for a
positive derivative (small distance, tight cage), the v is positive. This loose cage-
tight cage model predicts the trends of the vibrational frequencies for guests trapped
in clathrate hydrate cages, with lower frequency of the stretching vibration for the
guests in the larger cages.

There are nine vibrational modes (15 degrees of freedom 3 translations 3 ro-
tations), which are classified into four kinds of vibrational types, such as three
bending, two rocking, one symmetric stretching, and three asymmetric stretching
vibrational types. Frequencies in gas phases are 1306 cm™!, 1534 cm ™!, 2917 cm ™!,
and 3019 cm™!, respectively [28]. Figure 3.1 is images of the vibrational mode of

methane molecule.
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(a)

9 )

(c) l

(b)

— J\
\

| | |
Fig.3.1 (a) bending mode: three degenerated motions, (b) rocking mode: two
degenerated motions, (c¢) symmetric stretching: no degenerated motion, (d)
asymmetric stretching: three degenerated motions. The vectors of the vibra-

tional modes were calculated in harmonic approximation using Car-Parrinello

MD.

(d)
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In the present study, we analyze five different autocorrelation functions: velocity
of hydrogen atoms, change in the C—H bond length, change in the H-C—H angle,
change in the C—H vector direction, and center of mass velocity of the methane
molecule. Figure 3.2 schematically illustrates the five modes of molecular motions
for the autocorrelation functions considered. A systematical way to analyze the
molecular vibrations is to perform a normal mode analysis for the 15 Cartesian co-
ordinates of the methane molecule for the center of mass motion, molecular rotation,
and intramolecular vibrations. The normal modes are extracted by separating out
the modes of center of mass and rotation from all of the modes of molecular motions.
Our approach with the autocorrelation functions for the vibrational spectra, it al-
lows to approximately extract the normal modes by using suitable autocorrelation
functions. The center of mass velocities that we used separate the molecular trans-
lation. The C—H vector direction includes molecular rotation and intramolecular
vibration. These two modes are approximately separable since rotation and in-
tramolecular vibration, bending and rocking, have rather different frequencies. The
C—H bond length and H—C—H angle have information of intramolecular vibrations
and approximately represent each intramolecular vibrations for bond stretching and
angle vibrations, respectively. The velocities of hydrogen atoms include all many
types of vibrations. Therefore, the velocity of hydrogen, C—H bond length, H—-C—H
angle, and C—H direction modes provide direct information of the intramolecular
vibrations. The velocity of hydrogen, C—H direction, and center of mass provide
information of molecular vibrations. These autocorrelation functions and computed
vibrational spectra consider the vibrational modes of methane molecules, which are
coupled and affected by the water molecules forming the cages. The identification
of the symmetric, asymmetric stretching, rocking, and bending were performed by
comparing observed frequencies with methane molecule in gas phase [28]. To treat
the large number of atoms in a unit cell of structure I clathrate hydrate and calcu-
late longer simulation time, the Car-Parrinello method [29] is employed for the ab

initio MD simulation.

3.2 Computational details

The Car-Parrinello MD (CPMD) simulation was performed using the CPMD pack-
age [30] to provide the trajectories for calculation of the autocorrelation functions.

Although it is known that there is a redshift in the dynamics of light atoms due to
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the factious of the electron dynamics in the Car-Parrinello MD method, we employed
this method because the redshift has little effect in the observed differences of the
vibrational frequencies between cages. Our simulation was based on the DFT using
the Perdew-Burke-Ernzerhof [31] for the approximation of the exchange-correlation
terms, which is the same as in previous simulations [9,10]. The valence-core inter-
action was described by the Troullier-Martines [32] and norm-conserving pseudopo-
tential using the Kleinman-Bylander [33] separation scheme for carbon, hydrogen,
and oxygen. The plane wave functions were used for the basis set with an energy
cutoff of 80 Ry. The Brillouin zone of the supercell was sampled at the I' point.
The simulation system was a cubic unit cell of structure I clathrate hydrate. The
unit cell was composed of 46 water molecules consisting of two 5'2 and six 5262
cages, each occupied by a methane molecule. Periodic boundary conditions were
employed. The initial coordinates of the oxygen atoms in the water molecules in
the unit cell were those determined by X-ray crystallography [34]. The positions of
hydrogen atoms were determined from calculations that minimized the energy in
a zero net dipole moment configuration, which is consistent with the ice rule.The
unit cell dimension was 11.83 A (from experimental measurements [35]). The sim-
ulation time-step was 0.096755 fs and the fictitious electron mass was 400 a.u. for
the Car-Parrinello method. The total simulation time was 35 ps, with the initial 5
ps used for the equilibration and the remaining 30 ps used to average the autocor-
relation functions. In the initial 5 ps of equilibration, the velocity scaling method
was used to control the temperature to 113.0 K. The other 30 ps to calculate the
autocorrelation functions were performed in the constant number of particles Vol-
ume, and Energy (NV E) ensemble. To prevent temperature drift, the temperature
was scaled to 113 K when the temperature fluctuated above 133 K and under 93 K.
However, over the 30 ps, there were only two instances when the scaling was applied
(at 4.237 ps and 4.272 ps) caused by fluctuations in the temperature. Therefore,
there is little effect to the molecular vibrations by the scaling. The actual average
temperature of the 30 ps calculation was 112.4 K. The length of an autocorrelation
function was 16.0 ps; a total of 1400 autocorrelation functions were calculated every
10.1 fs and then averaged. The resolution of the vibrational spectra was 2.08 cm™?.
The Hann window function was employed for the Fourier transforms.

It should be noted that in our chosen computational method with CPMD, two

issues must be clearly stated to understand the limitations of the presented results:
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velocity of atoms  C-H bond length  H-C-H angle  C-H direction  center of mass

Fig.3.2 The five modes of molecular motions for the autocorrelation functions:
velocity of hydrogen atoms, change in the C—H bond length, change in the
H—C—H angle, change in the C—H direction, and center of mass velocity. In
the calculations, the cos(@c_u) was used for Oc_u and the cos(fu—_c—_u) for
Ou_c-H.

van der Waals correction in the DFT method and treatment of the fictitious electron
mass in the Car-Parrinello method. It is known that the estimation of the van
der Waals force in DFT is insufficient [36] and several van deer Waals corrections
are advocated [37,38] to solve this issue. We do not consider the van der Waals
correction here and the effect of the correction in the vibrational spectra of clathrate
hydrates should be considered in a future study. It is also reported that the fictitious
electron mass used in the Car-Parrinello method changes vibrational spectra, [39-43]
such as the redshift shown in this study. Therefore, the calculated vibrational
spectra should be compared with that calculated from Born-Oppenheimer molecular
dynamics simulation to estimate the influence of the fictitious electron mass in

clathrate hydrate system.

3.2.1 Calculation of autocorrelation functions

The vibrational spectra of molecules are computed by the Fourier transform of
autocorrelation functions [44]. The autocorrelation function shows the relation be-
tween the physical value at time ¢’ A(t’) and the value at the time t”, A(t"”). The

autocorrelation function C(t”,t") is defined as
Caa(t",1) = (A ") - A1) (3.1)
If the time is replaced to t =t/ — t/, equation (3.1) is

Caa (t”,t/) = (A (t” ¢ t/) A (t/)>
=(A({t+t) -A{)). (3.2)
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When the system is in equiliburium, C(¢”,t') is not depending on the time ¢'.
Therefor, the C(t”,t") is function of the difference of the time ¢t =" —¢'. If ¢/ = 0,

Caa(t) = (A () - A(0)). (3.3)

In equilibrium state, time-correlation function has symmetric time development,

ie.,
Caa (t) =Caa (—t). (3.4)
The autocorrelation function in MD simulation is calculated by averaging the func-

tions,

M
ZA(t+tk)'A<tk)
Caa (t) ==

= , (3.5)

where M is the number of averages of the correlation functions that is sampled
every tp.
Velocity autocorrelation function of atoms or molecules, Cy, is commonly used

in MD simulation to characterize the dynamics of particles, i.e.,

Oy (1) = (21 2 (0) (3.6)

Relaxation of autocorrelation functions are closely linked with the environment of
the molecules, especially for the phase. The velocity autocorrelation function of
molecules in solid phase vibrate and decay slowly to 0. That in the liquid phase
also show the vibration, but the decay is much faster than that in the solid. The
decay of the autocorrelation function of mono atomic molecules in gas phase is quite
slow but not vibrating. Similarly, the autocorrelation function of molecular axis or
direction of bond reflect the dynamics of the molecular rotation and intramolecular
angle changing. In this study, we calculated five types of autocorrelation functions
as shown in figure 3.2. The mathematical definition of the each autocorrelation

functions are explained in the followings.

e Velocity of atom

A(t) =va(t)=—ralt) (3.7)
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Change of the intramolecular bond length A—B

A1) = SrAB s (1) = Sl (6) — 7 (1) (38)

Angle of bonds A—B—-C

d d rag(t)-rpc(t)
At) = —coslp_pg_c(t) = — 3.9
(1) = geosta-n-c(t) dt [rap () ||rec () | (3.9)
e Direction of intramolecular bond A—B

d d TaB (0) “TAB (t)
A(t) = —cosb t) = — 3.10
(t) = greostan (t) = 7 rap (0)[|rap (8) ] (3.10)

e Velocity of the center of the center of mass of the molecules
At) = —rMolecule () = — ==L 3.11
(t) 7 "Molecul (1) SN (3.11)

3.3 Results and Discussions
3.3.1 Autocorrelation function of methane molecules

The autocorrelation functions of methane molecules in clathrate hydrates are shown
in Figure 3.3. The red solid lines and dashed green lines indicates that in the 5'2
and 5'262 cages, respectively. The autocorrelation function computed from velocity
of hydrogen atom has information of all of the motion of the methane molecules,
translation, rotation, and intramolecular vibrations. So the decay of this autocor-
relation function is faster than that of velocity of carbon atoms mainly representing
translational motion of molecules as shown in Figures 3.3 and 3.4. The autocorre-
lation functions related with the intramolecular vibrations, C—H bond length and
H—C—H angle shown in Figures 3.5 and 3.6, respectively, vibrated and the decay of
the altitude of the function is slower than the autocorrelation function of velocity
of hydrogen atoms. On the other hand, the decay of the autocorrelation function
from C—H vector that related with the rotation of molecules are slow and very
similar to the velocity autocorrelation function of hydrogen atoms. Therefore, the
rapid decay of the veolocity of autocorrelation function of hydrogen atoms are orig-
inated from the rotation of the molecules in the cages. The velocity autocorrelation
function of carbon atoms are similar to the velocity autocorrelation function of the
center of mass of the methane molecules that corresponds translational motion of

the molecules as shown in Figure 3.8.
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Fig.3.3 Autocorrelation function from velocity of hydrogen atoms in methane molecules
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Fig.3.4 Autocorrelation function from velocity of carbon atoms in methane molecules
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Fig.3.5 Autocorrelation finction from C—H bond length in methane molecules
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Fig.3.6 Autocorrelation function from H—C—H angle in methane molecules
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Fig.3.7 Autocorrelation function from C—H vector in methane molecules
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Fig.3.8 Autocorrelation function from center of mass of methane molecules
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3.3.2 Vibrational spectra

Stretching vibrations
The vibrational spectra are computed by the Fourier transform of the autocorrela-

tion functions, i.e.,

1

I (w)= B /OO (A(t) - A(0))exp (iwt) dt

_ 1! OOCAA (t) exp (iwt) dt. (3.12)

2 ) o
Wavenumber o (cm™1) is frequently used in the discussion of the vibrational spectra

of the molecular vibrations. Wavenumber, spatial frequency of a wave, is defined as

1
D= — 1

where )\ is wavelength. The wavenumber can be converted to frequency v by,
c=Uv, (3.14)
) (3.15)

U=

Q=

where ¢ is velocity of the wave in the medium. In Raman spectroscopic measure-
ment, the velocity ¢ is velocity of light in cm~!. For example, 33 cm~! ~ 1 THz.
Figure 3.9 shows the calculated spectra of the symmetric and asymmetric C—H
stretching vibrations of methane in the hydrate cages based on the autocorrelation
function for the velocity of hydrogen atoms and C—H bond length. In both of the
calculated spectra, the vibrational frequencies for methane in the large cages are
lower than those in the small cages, in agreement with experimental Raman spec-
troscopic measurements [25,43] and previous simulations [10] (see Table 3.1). Due
to the effect of the Car-Parrinello method, the calculated vibrational frequencies
were smaller about 200 cm ™! than the previous ab initio MD simulation that was
performed under the Born-Oppenheimer MD simulation with SIESTA. The fluc-
tuations of the spectra calculated from the velocity of hydrogen atoms are larger
than those from the C—H bond length. This result from the larger deviation in the
motion of the hydrogen atoms compared to the changes in the C—H bond length.
The comparison of the two spectra in Figure 3.9 indicates that the spectra from

the C—H bond length autocorrelation function provides a clearer signature of the
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Fig.3.9 Vibrational spectra of symmetric and asymmetric stretching vibra-
tions calculated from C—H bond length and velocity of hydrogen atoms au-
tocorrelation functions. The vibrational frequencies in the large cages are
lower than those in the small cages. The vibrational frequencies at the higher
wavenumbers correspond to the asymmetric stretching mode. The red and
green symbols/lines correspond to the small (5'%) and large (5'%6) cages, re-
spectively. Vibrational spectra from simulations (symbols) were fitted with
Lorentzian-type distributions.

symmetric and asymmetric stretching vibrational modes for methane in the hydrate
cages. The difference in the symmetric C—H stretching frequencies is calculated to
be 16 cm™! and 8 cm ™! from the velocity of hydrogen atoms and C—H bond length,
respectively, which is in reasonable agreement with the experimental value obtained
with Raman spectroscopy of 10 cm~! [25].

Figures 3.10 and 3.11 shows the effect of the averaged time of the autocorre-
lation functions. The convergence of the absolute values of the fitted vibrational
frequencies of the symmetric stretching vibrations are slow in the case of the ve-

locity autocorrelation functions because of the large fluctuation of the spectra as
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Table 3.1 Comparison of the stretching vibrational frequencies and average
C—H bond lengths.

Cage type This work Tse [10] Experimental
Symmetric stretch Small 2871 3014 2915 [25], 2914 [10]
/ cm—? Large 2863 2067 2905 [25], 2901 [10]
Asymmetric stretch Small 2976 3167 -
/ cm ™1 Large 2960 3152 -
C—H bond length Small 1.0970 1.1107 1.098 [10]
/ A Large 1.0980 1.1122 1.148 [10]

shown in Figure 3.10. On the other hand, the frequencies from C-H bond length
are converged more quickly than velocity autocorrelation functions. The frequency
differences of the symmetric and asymmetric stretching vibrational modes are also
quickly converged in the C-H length autocorrelation functions. The calculation of
the vibrational frequencies of stretching vibrations from C-H bond length is useful.
Figure 3.12 shows the effect of the length of the autocorrelation functions. The
length of the autocorrelation functions determine the resolution of the calculated
vibrational spectra. (about 2 cm™! for 16 ps, 4 cm™! for 8 ps, 8 cm™! for 4 ps,
respectively.) The effect of the length of the autocorrelation functions are about 2

cm~! in this range.
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Fig.3.10 Dependence of the vibrational frequency of C-H symmetric stretching
vibrations of methane on averaged time. The red and green solid lines are
frequencies from autocorrelation of C—H bond length in 5'? and 5'262 cages,
respectively. The red and green dashed lines are from velocity autocorrelation
of H atoms in 5'2 and 5267 cages, respectively. Autocorrelation functions (16
ps each) are averaged in 0 ps, 4 ps, 8 ps, 9 ps, 14 ps, and 16 ps

Table 3.2 Comparison of the vibrational frequencies of isolated methane molecules.

Symmetric stretching Asymmetric stretching

Frozen phonon 2963.94 3082.93
Born-Oppenheimer MD 2950.82 3064.28
Car-Parrinello MD 2863.30 2960.63
Experiment (gas phase) [28] 2917.0 3019.5

To understand the cause of the differences between the experimentally observed
and calculated results, the vibrational frequency of the isolated methane molecules
are calculated in frozen phonon method, Born-Oppenheimer molecular dynamics
method, and Car-Parrinello molecular dynamics method. The results are shown in
Table 3.2. The calculated frequencies from frozen phonon method based on pertur-
bation theory were about 50 cm™! larger than the experimental values. The fre-
quencies form Born-Oppenheimer MD were a little smaller than the frozen phonon
method. The Car-Parrinello MD showed 100 cm~! red-shift due to the fictitious

electron mass.
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Fig.3.11 Dependence of the vibrational frequency of C-H symmetric stretching
vibrations of methane between cages on averaged time. The red and green
solid lines are frequencies from autocorrelation of C—H bond length in 52
and 5'26? cages, respectively. The red and green dashed lines are from velocity
autocorrelation of H atoms in 5% and 5262 cages, respectively. Autocorrelation
functions (16 ps each) are averaged in 0 ps, 4 ps, 8 ps, 9 ps, 14 ps, and 16 ps
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Fig.3.12 Dependence of the vibrational frequency of C-H symmetric stretching
vibrations of methane on the length of the autocorrelation functions. The red
and green solid lines are frequencies from autocorrelation of C—H bond length
in 5'2 and 5'267 cages, respectively. Length of the autocorrelation functions
are 4 ps, 8 ps, and 16 ps, that are averaged in 16 ps.
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Bending and rocking modes

Figure 3.13 shows the spectra for the bending and rocking vibrations of methane
molecules in the hydrate cages calculated from the velocity of hydrogen atoms,
H—C—H angle, and C—H direction autocorrelation functions. In all three spectra,
the vibrational frequencies of the bending and rocking modes nearly overlap for
methane in the small and large cages. Well defined spectra are obtained for the
rocking vibration from the H—C—H angle as expected from the nature of the rocking
motion. On the other hand, the spectra of bending vibration are quite scattered,

possibly resulting from the three complex types of degenerated motions.

Vibrational spectra of translation and rotation modes

Figure 3.14 shows the spectra for molecular rotation and translation of the methane
molecules computed from the velocity of hydrogen atoms, C—H vector direction,
and center of mass of the methane molecule. The vibrational spectra calculated
from velocity of hydrogen atoms are quite scattered; however, the spectra from the
C—H direction and center of mass are better defined for the molecular rotation and
translation. The higher frequency of molecular translation in the small cages reflects
the higher gradient of the cell potential. The splitting of the molecular translation in
the large cages into three peaks may reflect the anisotropic environment of methane
in these cages. Since the large cages are oblate spheroids, methane molecules in the
large cages will have different potential fields in the two of the Cartesian directions
than in the third. Furthermore, the proton arrangements in the water molecules
may be different in the six different large cages of the unit cell. The low-frequency
vibrational modes such as translations are known as the rattling modes. The results
on the rattling modes obtained in the present study are in reasonable agreement

with those obtained in the previous classical molecular dynamics simulations [45].
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Fig.3.13 Vibrational spectra for the bending and rocking vibrational modes
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3.3.3 Distribution of guest molecule in the cages

From the resulting vibrational spectra shown in Figures 3.9 and 3.13, the C—H bond
length (stretching vibration) and the H—C—H angle (rocking vibration) provide
the clearest intramolecular modes distinguishing the occupancy of methane in the
small and large cages of sI hydrates. The autocorrelation functions for these two
vibrational modes couple the motion of the carbon and hydrogen atoms, whereas
for the others, the autocorrelation function for the motion of the hydrogen atoms
alone determine the vibrational mode. As such, the C—H bond length and H-C—H
angle are more reliable and suitable to determine the vibrational changes resulting
from the interactions of methane in the cages of sI hydrates.

A key characteristic differentiating methane in the small and large cages of a
hydrate structure is the frequency of the C—H vibrational frequency. In agreement
with experimental measurement [25,43] and the previous ab initio MD study [10],
the frequency for the C—H bond stretch in the large cage is lower than that in
the small cage. The reason for this pronounced intensity of the asymmetric C—H
stretch can be understood from the position of the methane molecule in the cages.
As shown in Figure 3.15, the methane molecules are slightly off-center in the cage,
thus exposing their hydrogen atoms closer to water molecules forming the cages.
This uneven proximity of the hydrogen atoms results in more frequent asymmet-
ric interactions. Additionally, this higher intensity for the asymmetric stretching
vibration can be also attributed to the larger number of degenerate modes (three)
compared a single one for the symmetric stretching.

On average, the C—H bond length for methane in the small cage (1.0970 A) is
slightly shorter than in the large cage (1.0980 A).While small, this difference may
explain the lower frequency for the C—H stretching mode of methane in the large
cages than in the small cages. The C—H bond length reflects the changes in the
molecular interactions between methane and the water molecules of the cages. The
C—H bonds of methane in the large cages are slightly longer because the large cage is
elongated (water molecules in the hexagonal faces are relatively closer to the center
of the cage than the water along the elongated direction—see distribution for water
in Figure 3.15). The average distance between methane and water molecules is 3.843
A and 4.257 A in the small and large cages, respectively. Moreover, the elongation

of the large cages causes the methane molecules to be located even more off-center,
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Fig.3.15 Distribution of methane and water molecules from the center of each
cage type. The distribution shown is simply the probability of the distance
between the molecules and the cage center (not accounted for the volume as
in a radial distribution function). For the water molecules, the oxygen atoms
were used in the calculation. The distributions of oxygen atoms show the size
of the cages. The center of the cages is defined as the average position of the
oxygen atoms in each cage. The red and green lines correspond to the small
(5'?) and large (5'°6°) cages, respectively.

contributing to the anisotropic interaction of methane with the water molecules. In
consequence, the asymmetric C—H stretching interactions are more frequent and
show with greater intensity in the vibrational spectrum. One important insight
from these results is that if one can measure the asymmetric stretching of methane
in the hydrate cages, one can potentially obtain significantly better resolution and
information of the molecular interactions of methane and water molecules.

The discussions given above are based on the direct observations using molecular
dynamics simulations. The trend of the frequency shifts of stretching vibrational
modes agreed with the predictions of the loose cage-tight cage model. In the loose
cage-tight cage modes, the vibrational frequency shift are affected by the gradient
of the cell potential in the cages. Further analysis of the anisotropic interaction
potential between methane and cage water molecules is required to understand
molecular vibrations in the clathrate hydrates in terms of the loose cage-tight cage
model, and is in progress.

Another important observation from the results shown in Figures 3.9 and 3.13 is

that the vibrational differences of methane in the small and large cages are clearly
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distinguishable in the stretching mode, but not so discernable in either the rocking
or bending modes. In the rocking and bending modes, the methane molecule in the
cages remains relatively stationary (motion is done by small orientational changes
of hydrogen atoms with carbon atom in place). These motions arise from internal
degrees of freedom that are less influenced by the interactions with the surrounding
water molecules, whereas in the stretching vibration the water molecules attenuate
the differences in molecular environment (orientation and position) in the small
and large cages. As discussed above, changes in the C—H bond length lead to the
observed vibrational frequencies of methane in the small and large cages. However,
the rocking and bending vibrational modes are largely unaffected by the changes
on the C—H bond length, as the motions for these modes result from the change in

direction of the C—H vectors, not in the magnitude.

3.4 Conclusions

Clear vibrational spectra of methane molecules in a structure I clathrate hydrate
were calculated from ab initio MD simulations using autocorrelation functions from
five different modes, including the C—H bond length and H-C—H angle. The
results reveal a distinct separation in the vibrational frequency of the symmetric
and asymmetric C—H stretching modes for methane in the small and large cages.
The observed stretching vibrational frequencies are closely linked with the position
of methane in the cages and the changes in the C—H bond length distribution
resulting from the interactions with the water molecules. The rocking and bending

vibrational modes for methane are undistinguishable in the small and large cages.



37

Chapter 4

Structure H methane hydrate

4.1 Introduction

The sH unit cell is composed of three 5'2 cages, two 43556 cages, and one 5'26°
cage with 34 water molecules. Although the crystal structure of the simple methane
hydrate is sI, when a large molecule guest substance such as 2,2-dimethylbutane
coexists with methane, a sH hydrate is formed. Methane molecules occupy 5'? and
435663 cages, and large molecule guest substances (LMGSs) occupy the 5268 cages.
In case of the sl clathrate hydrate, the vibrational frequencies of C—H symmetric
stretching of methane molecules in 5'2 and 5'262 cages are clearly distinguished by
Raman spectroscopy [25,43]. For the methane molecules in the 52 and 435563 cages
for sH, it is unclear whether different vibrational frequencies of C—H stretching
modes are expected in these environments. Uchida et al. [46] reported that the
C—H stretching vibrational frequencies for methane are 2913 cm~! and 2901 cm ™!
in the 5'2 and 435%63 cages, respectively, for a structure H hydrate formed with
methane and neohexane. More recently, Ohno et al. [43] reported the vibrational
frequencies of 2912 cm~! and 2910 cm ™! in the 5'? and 435963 cages, respectively,
for the structure H hydrate formed with methane and methylcyclohexane. However,
other previous studies by Raman spectroscopy [6,25] observed only one peak at 2913
cm~! for sH hydrates. The goal of this study is to perform computational studies
to obtain further insight into the vibrational frequencies of methane in sH and
provide a better understanding on the possible discrepancy among these conflicting
experimental studies. In this study, we calculated the vibrational frequencies of

methane molecules in sH hydrate with neohexane as LMGS.
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4.2 Computational method

The computational method used was very similar to the study in Chapter 3 The vi-
brational spectra were calculated by Fourier transform of autocorrelation functions
that were computed from trajectories generated by ab initio MD simulations. The
Car-Parrinello method was employed as the ab initio MD simulation for sufficiently
long time to ensure resolution of the vibrational spectra. The pseudopotentials used
in this study are provided by CPMD [30]. The preparation of these pseudopoten-
tials were different from that used in the previous study for sl clathrate hydrate.
The pseudopotentials used in the previous sl study were constructed in our group
with the thi98PP package [47]. However, in this study we used the pseudopoten-
tials from CPMD for convenience. In order to compare the vibrational spectra
in sH clathrate hydrate with the sl clathrate hydrate in the same condition, both
calculations of the sH and sl clathrate hydrate were newly performed using same
pseudopotential provided by CPMD package [30]. The result of the sI hydrates was
nearly identical as in previous calculations. The unit cell of sH was composed of
34 water molecules consisting of three 5'2, two 435963, and one 5'26% cages. All
512 and 435%63 cages were occupied by a methane molecule and the 5'26% cage are
occupied by 2,2-dimethylbutane (neohexane). The configuration measured by x-ray
crystallography [48] was employed for the initial coordinates of oxygen atoms in the
water molecules for the computation. The positions of hydrogen atoms in the unit
cell of sH were determined to minimize the energy in a zero net dipole moment con-
figuration consistent with the ice rule [49]. The lattice constants of the hexagonal
unit cell were a = 12.19 A and ¢ = 10.01 A (based on experimental values [50]).
The fictitious electron mass was 400 a.u. for the Car-Parrinello method. The simu-
lation time-step was 0.096756 fs and the total simulation time was 35.0 ps, with the
initial 5.0 ps used for the equilibration and the remaining 30.0 ps used to average
the autocorrelation functions. The velocity scaling method was used to control the

temperature to 113.0 K for the initial equilibration.
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4.3 Results and Discussions

4.3.1 Vibrational spectra

Stretching vibration

Figure 4.1 shows the calculated vibrational spectra of the symmetric and asym-
metric C—H stretching vibrations of methane molecule in the sH clathrate hydrate.
For the vibrational spectra from velocity autocorrelation function, large fluctuations
were observed and determination of the frequencies of each vibrational mode was
difficult. In the previous study, it is reported that the autocorrelation functions from
C—H bond length is suitable to compute clear vibrational spectra of symmetric and
asymmetric stretching modes. Therefore, we fitted the vibrational spectra from the
C—H bond length with Lorentzian curves to determine the vibrational frequencies
of the symmetric and asymmetric vibrational modes. The determined vibrational
frequencies from autocorrelation functions of C—H bond length are shown in Table
4.1. Although the redshifts of the frequencies are observed due to the fictitious
mass of Car-Parrinello method, the vibrational frequencies of symmetric stretch-
ing mode for methane molecules in the 435563 cages are lower than those in the
52 cages and followed the same trend as observed from Raman spectroscopic mea-
surements [43,46]. We also see that the asymmetric stretching vibrational mode
shows lower frequency in the 435%63 cage than that in the 5'2 cage. The difference
in the calculated symmetric stretching frequencies of methane in 52 and 435963
cages are considered to be significant because the calculated frequency difference,
3.8 cm~! and 6.5 cm ™!, are sufficiently greater than the computational resolution
2.08 cm~! determined by the length of the autocorrelation functions, 16.0 ps, used
for the Fourier transform. This result agrees well with the prediction of the “loose
cagetight cage model” [26,27] that explains the trend of the vibrational frequencies
in the matrix using perturbation theory. The gradient of the cell potential ascribe
higher frequencies in smaller cages (tight cage) and lower frequencies in large cages
(loose cage) in this model. The difference of the frequencies between 5'2 and 435963
cages in sH hydrate were smaller than those between 52 and 5'262 cages in sl hy-
drate, 11.0 ecm™! (2865.0 cm ™! in 5'2 and 2876.0 cm™! in 5262 ) for symmetric
stretching and 16.9 cm~! (2962.5 cm ™ in 5!2 and 2979.4 cm ™! in 51262) for asym-
metric stretching modes. The average C—H bond length of methane molecules in
the 52 cages (1.0959 A) is slightly shorter than that in the 43556% cages (1.0968
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A). This trend of larger bond length of lower stretching frequencies is in agreement
with previous ab initio calculations for sI hydrate [10]. The C—H bond length for
methane in 5'2 and 5262 cages in sI were 1.0966 A and 1.0976 A in this study,
respectively. The differences of the C—H bond length were almost same or a lit-
tle bit shorter in sH (0.0009 A) than in sI clathrate hydrate (0.0010 A). Here, we
should mention that the vibrational frequencies of the methane molecules may de-
pend on the LMGS in the 5'26% cages. The dependence of the lattice parameters,
occupancies, and kinetics of crystal growth on LMGSs is reported by experimental
measurements for sH hydrate [51,52] and the vibrational frequencies are closely
linked with the size of the cages. In addition, the interactions between methane
and LMGS may affect each others’ vibrational frequencies. The effect of the LMGS
on the molecular vibration of methane is an interesting and important issue and
a topic for future studies to understand guest-guest and guest-host interactions in

hydrates.



4.3 Results and Discussions

41

C-H bond length
5 symmetric asymmetric
o 2879 cm’ 2981 cm’
> 2875 cm’” 2975 cm’
= .
G
= ;
]
[}
f
Velocity of H atoms
5
Q)
=
= . L3
c ] u * ¥ | ]
-IG—IJ u [} ‘ | | -
£ - . ". " ><-. 'r*xfx "L
- o el '\ x= 2-' *HZ:Q;;& XXX’ an .>F>f§"' ;X:&:ﬁ:*. -'
gga:'ggﬁ&;k ..)g‘%>< X)XX %35?0/- x IX Njé Xf‘§< n ‘. fi@;
2800 2850 2900 2950 3000 3050

-1
Wavenumber / cm

Fig.4.1 Vibrational spectra of symmetric and asymmetric stretching vibra-
tions of methane molecules in sH calculated from C—H bond length and velocity
of hydrogen atoms autocorrelation functions. The red symbols/solid lines and
green symbols/dashed lines correspond to the 5'2 and medium 4°5°6° cages,
respectively. Vibrational spectra of C—H bond length from simulations (sym-
bols) were fitted with Lorentzian-type distributions. The vibrational spectra
from velocity of hydrogen atoms are very scattered. The vibrational frequencies
in the 435°6° cages are lower than those in the 5% cages.



Chapter 4 Structure H methane hydrate

42

94601 29218 8960°T ¢99S eV Y / yssuop
9960°T 218 65601 218 puoq H-D
G'C96¢ 29215 €'GL6C ¢99Gch WO/ yoje1ys
7 6,68 oS €' 1868 218 OLIPWWIAS Y
Z' 1068 0°G98% 29218 T°0T6¢ G106 L'V18¢ ¢99Geh  (—wd / yojoms
9°€16¢ 0°9.8% 218 6 116 0°116¢ G'8L8C 218 OLIJOWWAG
[e7] ouqQ  sprom sy, odAy oFe)  [gp] ouyy  [97] eprgon  roM ST, adA) oe)

[ @m3onig

H 2mjonig

‘SUIBUS] puoq H—,) o8eIoA® pUR SOIOUSNDaI] [RUOIIRIQIA SUIYDPSIIS o) Jo uosiredwio)) T°F o[qel,



4.3 Results and Discussions 43

Bending and rocking vibration

The vibrational spectra for the bending and rocking vibrations of methane
molecules in the sH hydrate cages calculated from the velocity of hydrogen atoms,
and H-C—H angle autocorrelation functions are shown as Figure 4.2. From
the autocorrelation function of the H—C—H angle, sharp vibrational peaks are
observed in the rocking vibrational mode. However, the bands for the bending
mode were scattered and low intensity due to the complex motion of that mode.
The vibrational frequencies of the bending mode from the velocity of hydrogen
atoms nearly overlap for methane in the 5'2 and 435%63cages. The differences of
the vibrational frequencies for rocking vibrations were 2.4 cm~! from the velocity
of hydrogen atoms and 2.2 cm~! from the H—C—H bond length. This overlap
and small difference of the vibrational spectra in bending and rocking modes were
also observed in the sl hydrate. The effect of the cages on the changes in the
vibrational frequencies of guest molecules is larger in the symmetric stretching
vibrational modes than those in the bending and rocking modes. The motions
of the hydrogen atoms of methane molecules in the symmetric and asymmetric
stretching vibrational modes are mainly normal in direction to the water molecules
of the cages. Therefore, the stretching vibrational frequencies are strongly affected
by the gradient of the cell potential as described in the loose cagetight cage model.
On the other hand, the bending and rocking modes are less influenced by the water

molecules as it is mainly determined by vibrations in the H—C—H angle.
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Fig.4.2 Vibrational spectra for the bending and rocking vibrational modes of
methane molecules in sH hydrate calculated from velocity of hydrogen atoms
The vibrational spectra in the rocking mode from the

and H-C—H angle.
H—C—H angle are sharp and well defined for rocking vibration.
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symbols/solid lines and green symbols/dashed lines correspond to the 5' and
4%5%6% cages, respectively. Vibrational spectra from simulations (symbols) were
fitted with Lorentzian-type distributions.
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Translation and rotation

Figure 4.3 shows the spectra for the molecular rotation and translation of the
methane molecules in sH computed from the velocity of hydrogen atoms, C—H
vector direction, and center of mass of the methane molecules. These low-frequency
vibrational modes corresponding to translations are known as rattling modes [45].
The C—H vector direction and center of mass are defined as the molecular rotation
and translation of methane molecules in the cages. The vibrational spectra calcu-
lated from velocity of hydrogen atoms include both of them and their deconvolution
is difficult due to the overlap of the spectra. The translational mode of methane
in the 5'2 cages has only one peak, whereas there are two or three peaks in the
435%63 cages. The vibrational frequencies for methane translation in the 5'? cages
(89.108 cm™1!) fall in between those in the 4325°6 cage (72.390 cm~! | 97.317 cm ™!
, and 113.63 cm™!). The only one peak of molecular translation in the 52 cages
is from the higher and isotropic gradient of the cell potential. On the other hand,
the splitting of the molecular translation in the 435563 cages into three peaks may
reflect the anisotropic environment of methane in these cages. Although both 5!2
and 435%63 cages are constructed of 12 faces of water molecules, the 435563 cage
is distorted by the combination of the square faces as shown in Figure 4.4. The
effective major and minor axes are 4.87 and 4.53 A in the 5'? cage and 4.96 and
4.26 A in the 435%63 cage [53]. The larger distortion in the 43566 cage is closely
related with the splitting of peaks. Figure 4.4 shows the calculated distribution of
distances between the cage center and water molecules in the 435563 cages and the
wide spread in the distances compared to the nearly symmetrical 5'? cages. This
distort to the cage cause a biased distribution, which can result in the splitting
of peaks of the translation and lower frequencies of largest peaks in 435562 cages.
Figure 4.4 also shows that several water molecules are closer to the cage center in
the 435963 than those in the 52 cages. The two higher frequencies peaks in the
435563 cages are ascribed from these closer water molecules. The similar splitting
of the translational frequencies was observed in the previous structure I clathrate
hydrate simulation in the 5262 cages that are known as oblate spheroids having
anisotropic cell potential. The splitting of the energy levels of the translation along
the major and minor axes in the 5262 in sl is also reported by quantum dynamics

calculations [54].
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Fig.4.3 Vibrational spectra for the molecular rotation and translation of
methane molecules in sH hydrate calculated from velocity of hydrogen atoms,
C—H direction, and velocity of center of mass autocorrelation functions. The
red symbols/solid lines and green symbols/dashed lines correspond to the 52
and 4%5°6% cages, respectively. Vibrational spectra from simulations (symbols)
were fitted with Lorentzian-type distributions.
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Fig.4.4 Image of the 5'? (left) and 4°5°6® (right) cages in structure H clathrate
hydrates. Each vertex shows oxygen atoms of water molecules and hydrogen
atoms are located between the oxygen atoms. The effective major and minor
axes are 4.87 and 4.53 A in the 5'2 cage and 4.96 and 4.26 A in the 435563
cage.32

In the rotational motion, broad and fluctuating spectra were observed. The
previous quantum dynamics calculation for the 5'2 and 5262 cages in sI hydrate [54]
observed the broad splitting of energy levels in the rotational motion caused by the
angular anisotropy environment in the cages. This trend may agree with the case of
the 512 and 435%63 cages in sH hydrate and cause the broad and fluctuated rotational
spectra. Also the higher frequency was observed in the 435563 cages than that in
the 5'2 cages. This lower frequency in the 52 cages for the rotational modes was
observed in the previous sl clathrate hydrate study. The high frequency of the
rotational motion in the larger cages may be attenuated by the non-spherical shape
and motion of the cage. The water molecules in the cage are locally fluctuating
and thus affecting the rotation of methane in the cage. As such, the non-spherical
shape and fluctuation of water in the 435%63 cage could cause a higher frequency
in the rotational motion of methane than that in the symmetrical and spherical
512 cage. In addition, a quantum dynamics study [54] with rigid water molecules
did not observe clear differences of rotational energy levels between 5'2 and 5'262
cages in sl hydrate. Therefore, the dynamics of the water molecules in the cage
may enhance the effect on the molecular motion of guest molecules in the hydrate

cages.
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Distribution of guest molecules in the cages of sH hydrate

Figure 4.5 shows the distributions of the distances between the methane and cage-
water molecules (oxygen atoms) in sI and sH hydrates. The distributions nearly
overlap in the 5'2 and 435%63 cages for sH, which is different from sI hydrates. For
the sI clathrate hydrate, the 5'2 cages are dodecahedra consisting of 12 hexagonal
faces and the 5'262 cages are tetrakaidecahedra consisting of 12 hexagonal faces and
2 pentagonal faces. On the other hand, both 5'? and 435963 cages are dodecahedra
for sH clathrate hydrate. The 435563 cages are constructed with 3 square faces,
6 pentagonal faces, and 3 hexagonal faces. Thus, the forms of the cages (52 and
435563 ) in sH hydrate are much more similar than those in the sl clathrate hydrates,
52 and 5262 cages. This difference between the sl and sH explains the smaller
deviation in the frequency of stretching vibrational modes in the sH than those
in the sl clathrate hydrate. In addition, methane molecules are moving in the
cages as shown in Figure 4.5 and that makes the distributions closer between the
cages. This overlap of the distribution between methane and water molecule makes
the environment around the methane molecules in the 5'2 and 435562 cages closer
than those of the 5'2 and 5262 cages of sI hydrate. The average distances between
methane and water molecules are 3.872 A in the 52 and 3.930 A in the 435963 cages
for sH, and 3.845 A in the 5'2 and 4.258 A in the 5'262 for sI. The differences in this
average distance are 0.058 A for sH and 0.413 A for sI. Thus, the small differences in
the stretching vibrational frequencies of methane molecules in sH clathrate hydrates
are directly linked with the small difference in the distance between methane and

water molecules in the cages.
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Fig.4.5 Distribution of methane and water molecules from the center of each
cage type in sH hydrates. The distribution shown is simply the probability
of the distance between the molecules and the cage center (not accounted for
the volume as in a radial distribution function). The oxygen atoms were used
in the calculation for the water molecules. The distributions of oxygen atoms
show the size of the cages. The center of the cages is defined as the average
position of the oxygen atoms in each cage. The red solid lines and green dashed
lines correspond to the 52 and 435°6° cages, respectively.
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Fig.4.6 Distributions of distance for methane and water molecules in the com-
putation for each cage type. The distribution shown is simply the probability
of the distance between the molecules and the cage center (not accounted for
the volume as in a radial distribution function). For the water molecules, the
oxygen atoms were used in the calculation. The red solid lines and green dashed
lines correspond to the 52 and 526> cages in sI hydrate, and 52 and 4°5°6°yy
cages in sH hydrate, respectively. The distributions of 5'2 and 435%6® cages in
sH nearly overlap.



4.4 Conclusions 51

4.4 Conclusions

Vibrational frequencies of methane molecules in a structure H clathrate hydrate are
calculated from ab initio MD simulations. The vibrational spectra are calculated
using autocorrelations from C—H bond length and H—C—H angle for the stretching
and rocking vibrational modes. The observed stretching vibrational frequencies of
methane in the 435%63 cages are lower than 5'2 cages. The differences of symmetric
stretching frequencies in sH hydrate are smaller than those in a sl hydrates and
it reflects the average distance between methane and cage water molecules. The
C—H bond length of methane molecules in the 435963 cages was longer than that
in the 52 cages. These results help to explain the observed shifts in the vibrational

frequencies for methane as measured experimentally by Raman spectroscopy.
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Chapter 5

Structure | deuterated methane
hydrate

5.1 Introduction

Due to the guest-host intermolecular interaction in the hydrates cages, the vibra-
tional frequencies of the guest molecules are unique, resulting in vibrational spectra
that characterize the properties of the clathrate hydrate. To clearly obtain the vi-
brational spectra of guest molecules in the clathrate hydrate structure, it is often
common practice to deuterate the hydrogen atoms so that the vibrational peaks are
shifted and deconvoluted from other peaks in the vibrational spectrum [17,55-58].
However, the effect of deuteration on the vibrational spectra of the clathrate hy-
drates is still unclear.

Previous Raman spectroscopy measurements showed the effect of deuteration on
the vibrational frequency and width of the spectrum for sI methane hydrate [56,57].
The stretching vibrational frequency of CH, molecules in the hydrate with H,O in
the lattice is observed at 2915.42 cm™! in 5'2 cages and 2904.03 cm~! in 51262
cages at 271 K, while with D,O in the lattice the corresponding frequencies are at
2913.06 cm ! and 2901.35 cm~! at 273 K [56]. In another more recent study [57],
the vibrational frequency of C-H stretching was observed at 2913.0 cm~! in 5!2
cages and 2901.3 cm™! in 5262 cages with a H,O lattice and at 2913.4 cm~! and
2901.6 cm™! with a D,O lattice at 113 K. The frequencies were very similar but
not identical. The full-width at half maximum (FWHM) of the vibrational peaks
was also measured as well as the differences due to the lattice molecules.

Although the understanding of guest-host coupling was studied with neutron scat-

tering and molecular dynamics (MD) simulation of guest molecules [56,59-63], the
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mechanism from the deuteration effect on the intramolecular vibrational frequen-
cies and shape of the spectra in the clathrate hydrates are poorly understood. To
obtain insight into the mechanism due to deuteration, MD simulation is a useful
method. The changes on the C-H vibrational frequencies for undeuterated systems
have been reported by classical and ab initio MD simulations [6-8,10,59]. Although
the results from classical MD simulations show good agreement of the vibrational
shift in clathrate hydrates, quantum mechanics is required for describing the co-
valent bond in order to avoid the uncertainty from empirical models used for the
intramolecular vibrations in classical simulations. Therefore, in this study, we per-
formed ab initio MD simulations to quantify the changes to the vibrational spectra
of methane hydrate with deuterated water (CH,-D,0O) and the vibrational spectra
of deuterated methane with protonated water (CD,-H,0).

5.2 Computational method

Vibrational spectra of clathrate hydrates were computed by Fourier transform of
the velocity autocorrelation functions computed from the trajectories generated by
Car-Parrinello MD [29] simulations using the CPMD package [30]. The main pro-
cedure of the computations is similar to our previous study on the calculation of
the vibrational spectra of sI methane hydrate.The calculation was based on density
functional theory using PBE [31] for the approximation of the exchange correlation
function. The basis set was plane wave functions with an energy cutoff of 80 Ry.
The Brillouin zone of the supercell was sampled at the I' point. The Troullier-
Martines [32] norm-conserving pseudopotential using Kleinman-Bylander [33] sep-
aration scheme was employed for the valence-core interaction for carbon, hydrogen
and oxygen. Deuterium atoms were described by the changing the atomic mass of
hydrogen to 2.0158 from 1.0079. The fictitious mass of the electrons used in the
Car-Parrinello MD was 400 a.u. The simulations used a time-step of 0.0968 fs. The
total calculation time was 30 ps, with the initial 1 ps used for temperature control
(velocity scaling) and another 4 ps for equilibration. The 90 autocorrelation func-
tions were computed every 0.1 ps and averaged during the last 25 ps. The length of
each autocorrelation function was 16 ps. The calculations were performed on a unit
cell of sl clathrate hydrate enclosing methane (CH,) or deuterated methane (CD,)
molecules. The initial coordinates of oxygen atoms were determined by X-ray crys-

tallography [34] and the position of hydrogen atoms were decided to minimize the
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energy in a zero net dipole moment configuration consistent with the ice rule.The
lattice constant of the unit cell was 11.83 A, as determined from experiments [35]
for methane hydrate (CH,-H,O) and used in our previous study. We performed the
calculation for two types of the methane hydrates: methane with deuterated water
(CH,-D,0) and deuterated methane with protonated water (CD,-H,0). Although
the vibrational modes of methane in water hydrate (CH,-H,O) were discussed in
our previous study, the results are also shown for comparison of the methane-water

coupling.

5.3 Results and Discussions

5.3.1 Vibrational spectra

Stretching vibrational modes

The calculated vibrational spectra of hydrogen and deuterium atoms for methane
and water in sl clathrate hydrates are shown in Figures 5.1 to 5.3. The translation
and roto-vibrations of H,O and D,O molecules appear at ~ 400 cm™! and ~ 1000
cm™ !, respectively. The bending modes are near 1550 cm~! for H,O and 1200
cm~ ! for D,O. The symmetric and asymmetric stretching vibrations are broad
peaks at 2800-3200 cm ™! for H,O and 2000-2400 cm™! for D,O. As shown in the
simulations for sl clathrate hydrate, the spectra are red-shifted due to the ficti-
tious electron mass used in the Car-Parrinello MD method ( 200 cm™! smaller than
previous computational values from Born-Oppenheimer MD [10] at stretching vi-
brational modes of water. The amount of the red-shift is smaller in lower frequency
region), the broad shape of the spectra (which is difficult to reproduce by classical
MD [64,65]), and the trend of the frequencies in the cages are in agreement with the
experimental observations [66]. The rattling motions (translation and rotations) of
CH, and CD, molecules are distributed ~ 150 cm~*. The CH, and CD, molecules
have four intramolecular vibrational modes: bending, rocking, stretching and asym-
metric stretching. The symmetric stretching vibrational mode is Raman active and
it is the main mode used experimentally to determine the structure and occupancy
of clathrate hydrates. The vibrational frequencies of the symmetric and asymmetric
stretching modes are determined by curve fitting the bands with Lorentzian-type
distributions. The vibrational spectra computed by the Fourier transform of tra-
jectories of the C-H and C-D modes are listed in Table 5.1. Both the C-H and C-D

stretching vibrational frequency in the 5262 cages are lower than that in the 5'2
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cages. The differences of the frequencies and the trend of the averaged bond length
in the symmetric stretching between the 5'2 and 5262 cages are in good agreement
with the experimental results for CH,-H,O and CH,-D,O hydrates [10,57].

The trend that the larger C-H and C-D bond length have lower frequency agrees
with previous ab initio calculations of clathrate hydrates [10]. The difference of
the symmetric C-D stretching frequency between cages in the H,O lattice is 9.7
cm~! and is similar to the C-H vibrations in the H,O lattice (8 cm™!) and in the
D, 0 lattice (11.3 cm™1). In the loose-cage tight cage model [26,27], the vibrational
shift of the guest molecules in the clathrate hydrate is described by guest-host
interactions; as such, the reduced mass of the atoms affects the frequency shift
in the cages. Since the reduced mass of the C-D and C-H vibrations are nearly
identical, the frequency differences between the cages should be close to the C-H
vibrations. The vibrational frequencies of the C-H symmetric stretching vibrations
for CH, molecules in the D, O lattice was a little higher than that in the H,O lattice,
that is, 4.5 cm ™! in the 5'2 cages and 1.2 cm™! in the 5'262 cages. These values
compare to experimental values of 0.4 cm~! (52 cage) and 0.3 cm™! (5262 cage)
higher in D,O lattice than in the H,O lattice at 113 K [57], and correspondingly
1.6 cm™! and 2.7 cm ™! lower at 273 K [56]. Although the changes of the frequency
from the simulations were much larger than the experimental values, the trend of
the frequency is consistent among the simulations and experimental results in 113
K.

The statistical error of the calculated vibrational frequencies is significant because
the differences of the vibrational spectra is quite small. Figure 5.4 shows the effect
of the averaged time of the autocorrelation functions on the vibrational frequencies
of the methane molecules. The vibrational frequencies of the symmetric stretching
vibration in the D,O lattice are larger than that in the H,O lattice in all of the

averaged time. The calculated frequencies are within 2 cm ™! for D,O lattice.
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Fig.5.1 Vibrational spectra of CH, and H,O molecules computed from veloc-
ity autocorrelation functions of the hydrogen atoms. The vibrational frequen-
cies of C-H stretching modes in 5'? cages were lower than that in the 5262
cages. The spectra of methane around 600-1000 cm ™" were slightly affected by

the hydrogen bonding motion of water.
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Fig.5.2 Vibrational spectra of CH, and D,O molecules computed from veloc-
ity autocorrelation functions of the hydrogen atoms. The vibrational frequen-
cies of D,O molecules are lower than the H,O molecules. There are no drastic
differences on the vibrational spectra of CH, from the CH, in H,O lattice.
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Fig.5.3 Vibrational spectra of CD, and H,O molecules computed from veloc-

ity autocorrelation functions of the hydrogen atoms. The vibrational frequen-
cies are shifted lower compared to those of CH, molecules.
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Fig.5.4 Dependence of the vibrational frequency of C-H symmetric stretching
vibrations of methane in H,O and D,O lattice on averaged time. The red and
green solid lines are frequencies from methane in the H,O lattice 5'% and 5'?62
cages, respectively. The red and green dashed lines are from methane in the
D, O lattice 5'% and 5267 cages, respectively.

Vibrational spectra of H,O and D,O molecules are computed from velocity au-
tocorrelation functions of the hydrogen atoms. The vibrational frequencies of D,O
molecules are lower than the H,O molecules. There are no drastic differences on
the vibrational spectra of CH, from the CH, in H,O lattice. The higher frequen-
cies of the CH, molecules in the D,O lattice in our simulation is caused by the
slower motion of the D,O molecules induced by its larger mass. The CH, molecules
are slightly off-centered as they move in the cages. The motion of the methane
molecules pushes the H,O molecules forming the cages. Since the D,O molecules
have a slightly larger mass than H,O, their response is slower. As a result, the
distance between the guest and D,O lattice may be shorter and tighter than that
in a H,O lattice. Figure 5.5 shows radial distribution function of the guest-host
molecules. As shown in Table 5.2, the averaged guest-host distance between CH,
in D, 0 lattice is slightly smaller than that between CH, in H,O lattice. It should
be noted that these results are based on relatively short simulations (only 30 ps due
to the large computational cost for the CPMD simulations). The differences of the
distances are very slightly and convergence of the value is slow as Figure 5.6. Also
the deficiency in describing the van der Waals interactions with the DFT method

is important in the calculation of the clathrate hydrates. While we recognize this
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Fig.5.5 Radial distribution functions between H or D atoms in methane and
H,0O or D,0O molecules. The guest-host distance between CH, in D,O lattice
is slightly smaller than that between CH, in H,O lattice.

Table 5.2 Averaged guest-host disntaces in 25 ps
512 51262
Hin CH, ... Oin H,O 3.9298 4.1298

Hin CH, ... Oin D,O 3.9284 4.1292
Din CD, ... O in H,O 3.9309 4.1330

deficiency, the effect of the corrections of the van der Waals interaction on the vi-

brational spectra from ab initio MD simulations will be addressed in future studies.

Bending and Rocking vibration modes

Table 5.3 shows the vibrational frequencies of the bending and rocking vibrational
modes, and overtones of the bending vibration in each system. Although the inten-
sity of the peaks of the overtone was much smaller than the fundamental ones, the
peaks are large enough to be fitted with Lorentzian functions, except the peak for
CH, in the 5262 cage in the D,O lattice. The vibrational spectrum of the overtone

for the rocking vibrations is covered by the symmetric and asymmetric stretching
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Fig.5.6 Dependence of the averaged guest-host distance on averaged time. The
red solid lines are averaged distance between H atoms of CH, and O atoms of
H,O lattice (CH,...H,0O). The green dashed lines are averaged distance between
D atoms of CD, and O atoms of H,O lattice (CD,...D,0). The blue dashed
lines are averaged distance between H atoms of CH, and O atoms of D,0O
lattice (CH,...H,O).

modes, and as such the frequencies are difficult to determine. The difference of
the computed vibrational frequencies of bending and rocking, and overtone of the
bending modes of the 5'? and 5'262 cages are smaller than that of the stretching vi-
brations. This trend agrees with experimental observations as measured by Raman

spectroscopy.
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Also of interest is the coupling of the guest-host molecules in rattling motions.
As shown in the Figure 5.1, there is no drastic change on the trend of the spectra
between CH, in H,O and CH, in D,O, as well as for CH, in H,O and CD, in D,O
in the four types of intramolecular vibrational modes (bending, rocking, symmetric
stretch and asymmetric stretching). However, coupling of the vibrational spectra at
the rattling motions is observed. Figure 5.7 shows the vibrations of the methane and
water at the rattling vibrational region for CH, in the H,O and D,O lattices. The
vibrational spectra of the rattling motions of water (changes in the dipole direction
without large motion of oxygen) spreads between 600-1200 cm ™! for H,O lattice
and 450-800 cm ™! for D,O lattice. The vibrational spectra of the CH, also have
weak peaks in the regions of the rattling motions of water, caused by the coupling of
the above H,O or D,O motions with van der Waals interaction. On the other hand,
the lower frequency region of methane (~ 300 cm™!) is affected by the motion of
oxygen atoms in the H,O and D,O molecules that would describe the fluctuation
of the cage size and shape. This means that the fluctuation of the cages with the
rattling and translational motion of water can affect or be affected by the motion
of the guest molecules in the clathrate hydrate. Since the motions of the guest
molecules are linked with the guest-host interaction, the rattling motions may affect
the intramolecular vibration of methane molecules, such as the frequency and the
width of the peaks. In this study, the clear coupling of the intramolecular vibrations
is not observed, however, the coupling of the rattling motions may indirectly affect

the intramolecular vibrational spectra.
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Fig.5.7 Low frequency vibrational spectra of the hydrogen atoms in CH,
molecules in the H,O and D,O lattice of sl hydrates. The rattling motion
of CH, between 600 to 1000 cm ™" is slightly coupled with the motion of water
molecules in the H,O hydrate lattice. On the other hand, the CH, molecules in
the D,O hydrate lattice are coupled between 450 to 800 cm™'. The translation
of CH, molecules is also coupled with the translation of oxygen in the H,O
molecules.
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5.4 Conclusions

The vibrational spectra of clathrate hydrate containing CH, molecules in a D,O
lattice and CD, molecules in a H,O lattice were calculated by Car-Parrinello MD
simulations. The vibrational frequencies of the C-H stretching and C-D stretching
vibrations in the 5262 cages were found to be lower than that in the 5'? cages. On
the other hand, the differences of the vibrational frequency of the bending, rock-
ing, and overtone of the bending vibrations between cages were smaller than the
stretching vibrations. The stretching vibrational spectra of CH, molecules in the
D, O lattice were larger than that in the H,O lattice. Although the intramolecular
coupling of guest-water was not clearly revealed from the calculations, the coupling
of the vibrational spectra in the rattling motions was observed. These results indi-
cated that the deuteration of the lattice changes the character of the rattling motion
of the guest molecule and indirectly affect the intramolecular vibrational spectra

with the guest-host intermolecular interaction.



66

Chapter 6

Structure |l and Structure H
amyl-alcohol hydrate

6.1 Introduction

Clathrate hydrates are usually stabilized by suitably sized and hydrophobic guest
molecules. The van der Waals-Platteeuw theory [67], which mainly considers guest-
host van der Waals interactions as the driving force for hydrate formation, is com-
monly used to estimate the phase equilibrium conditions of clathrate hydrates [1].
Hydrophilic molecules like methanol, ethanol, and ammonia that form hydrogen
bonds with water were historically applied as thermodynamic inhibitors of hy-
drate formation [12,13]. However, recent experimental observation reported the
formation of clathrate hydrates with these hydrophilic guest molecules without in-
hibition, and indeed even with promoting effects [14-20]. In clathrate hydrates
enclosing hydrophilic molecules, formation of guest-host hydrogen bond is experi-
mentally observed by powder and single X-ray diffraction [68-70], FTIR and Raman
observations [17,71]. Molecular dynamics (MD) simulations show that guest-host
hydrogen bonds generate Bjerrum defects in the water lattice hydrogen bond net-
work and affect the motion of guest molecules [16,72-75]. In these experimental
and computational studies, the disorder of the water lattice induced by the guest-
host hydrogen bond and dynamics of the guest molecules in the cages are revealed.
This type of strong Coulombic interaction also exists in clathrate hydrates contain-
ing ionic species [18,76-78] and halogen molecules [79] as guests and is reported
to induce changes on the structures of the water lattice and occupancies of guest
substance. To use the effect of the hydrophilic molecules for controlling the ther-

modynamics of the clathrate, understanding the microscopic structures and effect
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on the occupation of guest substance is significant.

In this study, we focus on amyl-alcohol isomers (C5H;1OH) as guests in clathrate
hydrate phases. One of the amyl-alcohol isomers, 3-methyl-1-butanol, is enclosed
in the 5126% cages in sH hydrate with the Xe helpgas in 52 and 435%63cages [80].
A more recent X-ray observation [15] reported this molecule can also be enclosed in
5264 cages in sII hydrate with methane helpgas in 52 cages. However, the length
of the longest dimension of the 3-methyl-1-butanol in the vacuum determined by
DFT calculations using B3LYP with 6-311++G(d,p) is 9.04 A [17]. This length is
considered to be too long for the molecule to fit into the sII 5'26* cage, where the
length of the major axis is 6.29 A. In comparison, the major axis of the 5'26% cage
in sH hydrates is 8.44 A [53]. To understand this anomalous enclathration of a large
molecule in the sII hydrate, Cha et al. synthesized and clathrate hydrates containing
eight amyl-alcohol isomers with methane molecules and determined their structures.
They found that amyl-alcohol isomers 3-methyl-1-butanol (9.04 A in end-to-end
length in vacuum) and 2-2-dimethyl-1-propanol (7.76 A end-to-end length) form
sIT hydrates, while amyl-alcohol isomers, 2-methyl-2-butanol (7.76 A end-to-end
length) and 3-methyl-2-butanol (8.01 A end-to-end length) form sH clathrate hy-
drates [17]. They measured the Raman spectra of the hydrate phases and observed
that the free 3-methyl-1-butanol O—H stretching vibration observed in sH hydrates
was not detected in the sII hydrate. They concluded that the O—H groups of the
amyl-alcohols are incorporated into the host cages to fit the relatively small 5264
of sII hydrate. These results showed the significant effect of guest-host hydrogen
bonding on the structure of clathrate hydrate formed. To provide more detailed and
direct insight of guest-host hydrogen bond in clathrate hydrate, we performed MD
simulation of amyl-alcohol molecules in sII (3-methyl-1-butanol 4+ methane) and
sH (2-methyl-2-butanol + methane) clathrate hydrates. For the characterization of
the hydrogen bond and accurate computation of the shift of the intramolecular vi-
brational frequencies, quantum mechanical computations of the hydrate phase were
performed. Since the observation of the dynamics of guest-host hydrogen bonding
is difficult in the time scale of ab initio MD simulations, we also performed classical
MD simulations and analyzed the formation and lifetime of guest-host hydrogen

bonds in clathrate hydrates.
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6.2 Computational method
6.2.1 ab initio MD simulations

To analyze the guest-host hydrogen bonding and vibrational spectra of the O—H
group in the clathrate hydrate, ab initio MD simulations were performed on a
single unit cell of the binary (3-methyl-1-butanol + methane) sII hydrate and two
unit cells of the binary (2-methyl-2-butanol + methane) sH hydrate. To perform
sufficiently long simulations to ensure resolution of the vibrational spectra, the
Car - Parrinello MD [29] simulation using density functional theory (DFT) in the
CPMD package [81] was employed as the ab initio MD method. The empirical
Grimme correction [38] for the dispersion force in DFT was also applied. The
sIT clathrate hydrate is cubic and composed of sixteen 52 cages and eight 5'26%
cages formed by 136 water molecules. In this calculation, 3-methyl-1-butanol and
methane molecules occupied all 5'26* and 5'? cages, respectively. The unit cell of
sH clathrate hydrates is hexagonal and composed of three 52, two 435562, and one
51268 cages with 34 waters molecules. The 2-methyl-2-butanol guest occupies the
5126% cages and methane the 5'2 and 435%63 cages of the sH hydrate in this study.
Initial positions of oxygen atoms in unit cell of clathrate hydrates are determined by
X-ray diffractions [34] and proton configurations are decided to satisfy ice rule, zero
net-dipole moment and low potential energy.The vibrational spectra of the guests
were computed by the Fourier transform of the velocity autocorrelation function of
the hydrogen atom in the O—H group of the alcohol molecules computed from the
trajectories of MD simulation. The total simulation time was 8 ps. The initial 2 ps
was used for the equilibration and remaining 6 ps were used to average the physical
values. The velocity autocorrelation function was calculated over 4 ps with a total
of 200 autocorrelation functions calculated every 10 fs and then averaged. The

resolution of the vibrational spectra was 8.64 cm™!.

The Hann window function
was employed for the Fourier transforms. In the initial 1 ps of equilibration, the
velocity scaling method was employed to control the temperature to 113.0 K. The
other 6 ps used to calculate the autocorrelation functions were performed in the

constant Number of particles, Volume, and Energy (NVE) ensemble.
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6.2.2 Classical MD simulation

The classical MD simulations were performed on the 2 x 2 x 2 replicas of the unit
cells of sIT hydrate with 1088 water molecules, and 3 x 4 x 4 replicas of unit cells of
sH with 1632 water molecules to calculate the probability and dynamical properties
of hydrogen bonds in the amyl-alcohol clathrate hydrates. The GROMACS [82,83]
computational package was used to generate trajectories of clathrate hydrates at the
respective temperatures. The TIP4P /ice [84] water model, which is known to repro-
duce phase diagrams of clathrate hydrates accurately, was used in the simulations.
The flexible general AMBER force field [85] (GAFF) was for the 3-methyl-1-butanol,
2-methyl-2-butanol, and methane molecules. The partial charge distribution of the
amyl-alcohols and methane molecules were determined by the ChelpG method at the
MP2/aug-cc-pVT7Z level of theory with Gaussian 03 [86] on the optimized structure
with MP2/6-311++G(d,p). The 10 ns MD simulations with a small time step of 0.2
fs were performed by NPT with Nosé-Hoover and Parrinello-Rahman algorithm.
The computational conditions were set as 113 K, 200 K, 270 K in temperature and
6 MPa in pressure, which correspond to the experimental conditions of hydrate
formation. The initial 1 ns was used for the equilibration and remaining 9 ns of
simulation time were used for the calculation of the statistical averages. The cut-
off of the Lennard-Jones potentials was 14 A and the calculation of the Coulomb

potential was performed with the particle mesh Ewald (PME) method.

6.3 Results and Discussions
6.3.1 Effect of charges in hydrate cages

With the coordinates of the water molecules of the lowest energy configuration,
it is obvious that the guest molecules occupying the cages will experience slightly
different proton environments in the different cages of the same type. To estimate
the effect of the charges in alcohol molecules, the Coulomb potential for charges in
the hydrate cages are calculated. Table 6.1 lists the Coulomb potential energy from
the water molecules to a test point charge of 1.0e at the center of the different cages
in the sI unit cell. In the TIP4P model of water, Lennard-Jones parameters are only
assigned to oxygen atoms in water and as a result, the centers of all similar cages

have identical van der Waals potential energies. The Coulomb potential energies
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Table 6.1 Coulomb potential energies for a point charge placed at center of
the each cage for sl hydrates

Cage Coulomb potential kJ/mol ™'
Small 1 -15.7312
Small 2 -15.7104
Large 1 -50.6478
Large 2 -50.6478
Large 3 -51.1132
Large 4 -51.1132
Large 5 -51.1022
Large 6 -51.1022

were calculated by the cutoff method. The cutoff length was 500 A and the oxygen
atoms were used for screening of the cutoff. The energies of the guests in the
different cages vary by 0.021 kJ mol~! and 0.465 kJ mol~! for the small and large
cages, respectively.

Table 6.2 lists the Coulomb potential energies from the water molecules to a test
point charge of 1.0e at the center of the different cages calculated for the sII unit
cell. The energies of the guests in the different cages vary by large amounts ranging
from 14.80 kJ mol~! for small cages and 13.70 kJ mol~! for large cages. These
energy differences are much greater than those between the cages in the sl unit cell.
These energy differences are significant and will affect the local environments of
the guests in the different small and large cages of the hydrate phase. The energy
differences in the cages are considerable, but the cage shapes in the sII unit cell are
quasi-spherical and so the NMR line shape anisotropy is unavailable as a method
for gauging the different environments of different cages in the slII hydrate.

The energy differences in the small cages in sH are larger than that in sI but
smaller than that in sII hydrate. The guest environment inside the small cages can

be different among these three types of structures (Table6.3).
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Table 6.2 Coulomb potential energies for a point charge placed at center of
the each cage for sII hydrates

Cage Coulomb potential kJ/mol ™'
Small 1 -30.6274
Small 2 -27.6689
Small 3 -20.8737
Small 4 -30.2331
Small 5 -25.2360
Small 6 -21.0696
Small 7 -32.3738
Small 8 -25.3936
Small 9 -25.7720
Small 10 -28.1847
Small 11 -27.4084
Small 12 -28.3898
Small 13 -17.5738
Small 14 -24.2486
Small 15 -22.2669
Small 16 -25.8379
Large 1 -60.0211
Large 2 -48.2347
Large 3 -57.4767
Large 4 -61.9297
Large 5 -53.4989
Large 6 -48.8333
Large 7 -56.8615
Large 8 -54.9082

Table 6.3 Coulomb potential energies for a point charge placed at center of
the each cage for sH hydrates

Cage Coulomb potential kJ/mol ™'
Small 1 -24.5292
Small 2 -22.3840
Small 3 -28.3748
Medium 1 -35.9031
Medium 2 -17.5265

Large 1 -67.2454
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6.3.2 Probability of guest-host hydrogen bonding

Figure 6.1 shows typical structures of the 3-methyl-1-butanol and 2-methyl-2-
butanol molecules enclosed in the large cages of sII and sH hydrates, respectively,
from the ab initio MD simulations. In the 5'26* cages of slI, strong guest-host
hydrogen bonds are formed between 3-methyl-1-butanol and water molecules in
both ab initio and classical MD simulations. In many of the 5'26* cages, the
O—H groups of the alcohol molecules were inserted between two or three water
molecules in the hydrogen bonding network of the cages as shown in the snapshot
in Figure 6.1(a) and (b), respectively. The O—H group of 3-methyl-1-butanol in
the 51264 cages pushes open the wall of the cages. This structural feature has been
previously observed in other alcohol guest molecules in hydrate phases [73,87]. On
the other hand, the O—H group of the alcohol molecule forming guest-host in the
5126% in sH are more centered than that in the sII hydrate as shown in Figure
6.1(c). Furthermore, H atom of the guest molecules (Hy) in the 5'26% in sH were
often free from the guest-host hydrogen bonding as shown in Figure 6.1(d).

The probability of the guest-host hydrogen bonding computed from 10 ns of the
classical MD simulation is shown in Table 6.4. The probability of the formation of
hydrogen bonds with ¢ molecules P; (i = 1, 2 or none 0) is defined as

N;

Pi = )
Ntot

(6.1)

where N; is the number of guest molecules forming hydrogen bonds with ¢ molecules.
Niot is simply total number of guest molecules.

The OH,...0,, (water O atoms) guest-host hydrogen bond in the sII hydrate of
3-methyl-1-butanol was formed in 98% and 85% of the trajectory time at 113 K and
270 K, respectively. These probabilities are higher than other alcohol molecules such
as ethanol, 1-propanol and 2-propanol in the sII clathrate hydrates calculated in
previous classical MD simulations, which formed with about 83% and 48% probabil-
ity at 100 K and 250 K, respectively [73]. In the ab initio MD simulation at 113 K,
all eight 3-methyl-1-butanol molecules in the unit cell formed hydrogen bonds with
water molecules during the 6 ps simulation time. This high probability of guest-
host hydrogen bonding shows the contribution of guest-water hydrogen bonding in
stabilizing the hydrate structure, which is suggested in previous studies [17]. The
guest-host hydrogen bond allows the O—H group of 3-methyl-1-butanol to be incor-
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Fig.6.1 Snapshots of the 5'26* cages in sII and 5'26® cage in sH clathrate
hydrates from the ab initio MD simulations.

porated into the cages and the hydrophobic part to fit into the 5264 cage. Without
this particular form of hydrogen bonding, the amyl-alcohol guest molecule would
be too large to fit into the 5126 sII hydrate cage. The oxygen atoms of the alcohol
molecules act as one or two hydrogen bond proton acceptors from the cage water
molecules. The alcohol O—H groups inserted into both five- and six-member water
rings in the cages. Configurations where the guest alcohol O atom (O,) hydrogen
bonds with the H atoms (H,,) of two water molecules were most important in the
lower temperature simulations, as shown in Table 6.4.

This high probability of guest-host hydrogen bond shows the contribution of
guest-water hydrogen bonding in stabilizing the hydrate structure, which is also
indicated in previous studies [17]. The guest-host hydrogen bond allows the O—H
group of 3-methyl-1-butanol to be incorporated into the cages and the remaining

hydrophobic part fits into the 5'26% cage. Without this particular form of hydrogen
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Table 6.4 Averaged probability of hydrogen bond.

3-methyl-1-butanol 2-methyl-2-butanol
in sIT 5'%6* in sH 5'%6°

T/K Ni—bond H,...Oy O,...H,, H,...Oy O,...H,,
0 0.017 0.004 0.147 0.022

113 1 0.983 0.597 0.853 0.958
2 - 0.399 - 0.020
0 0.054 0.018 0.291 0.052
200 1 0.946 0.680 0.709 0.932
2 - 0.302 - 0.016
0 0.152 0.057 0.430 0.114
270 1 0.848 0.691 0.570 0.882
2 - 0.252 - 0.005

bonding, the amyl-alcohol guest molecule would be too large to fit into the 5!26*
sIT hydrate cage. The oxygen atoms of the alcohol molecules act as one or two
hydrogen bonds acceptors from the cage water molecules. The alcohol O—H groups
inserted into both five- and six-member water rings in the cages. Configurations
where the guest alcohol O atom (O,) hydrogen bonds with the H atoms (HW) of
two water molecules were most important in the lower temperature simulations, as
shown in Table 6.4.

In the sH 2-methyl-2-butanol hydrate, the probability of the hydrogen bond was
smaller than that in the sII hydrate enclosing 3-methyl-1-butanol (Table 6.4). In this
case, about 15% of H atom in the O—H group of the 2-methyl-2-butanol molecules
did not form any guest-host hydrogen bonds in the cages of sH hydrate even at 113
K as shown in the snapshot in Figure 6.1(d).

6.3.3 Vibrational spectra

Figure 6.2(a) shows the calculated vibrational spectra of the hydrogen atoms in
the O—H groups of 3-methyl-1-butanol molecules in the 526 of sII hydrate calcu-
lated by ab initio MD. The calculated vibrational spectrum of the isolated alcohol
molecule in vacuum is also shown for comparison. The vibrational peak of the
stretching vibrational mode of the free O—H for an isolated molecule is located at
3500 cm~!. In comparison, the vibrational peak of the hydrogen bonded O—H in
the cages is shifted to lower frequency, in the range between 2800 - 3400 cm~*, along

with a broadening in the peak shape. This result supports the interpretation of the
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previous experimental Raman observation of amyl-alcohols in the sII hydrate, [17]
in that the undetected peak of the free O—H stretching vibration in the sII hydrate
is caused by the guest-host hydrogen bond and red shift of the O—H stretching
frequency. The amyl-alcohol molecules in sII hydrates form hydrogen bonds with
water molecules forming the cages with high probability and as a consequence, the

vibrational modes of the amyl-alcohol molecules are drastically altered.
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Fig.6.2 (a) Vibrational spectra of 3-methyl-1-butanol molecules in the vacuum
(green dashed lines) and in the sII clathrate hydrates computed by the Fourier
transform of the velocity autocorrelation function of H atom in the O—H group
from ab initio MD simulation (red line). The O—H stretching vibrational peak
located at the 3500 cm ™' in vacuum shifted to lower and broad peak around
3000 cm ! due to the hydrogen bond between guest and water molecules. In the
8 ps of the ab initio MD simulation, all 3-methyl-1-butanol molecules formed
hydrogen bond with water molecules in the lattice. (b) Vibrational spectra of
2-methyl-2-butanol molecules in the vacuum and in the sH clathrate hydrate.
The red solid line is computed from the guest molecule forming hydrogen bond
with water molecules. The blue solid line is from the guest molecule that has no
hydrogen bond with host molecules. The frequency shift due to the guest-host
hydrogen bond was smaller than that in the sII hydrate.
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Figure 6.2(b) shows the vibrational spectra of the hydrogen atoms in O—H groups
of 2-methyl-2-butanol molecules in the 5262 of sH hydrate calculated from the ab
initio MD simulations. The red solid line is the vibrational spectrum of selected
alcohol molecules in sH hydrate forming guest-host hydrogen bond as shown in
Figure 6.1(c). The hydrogen bonded O—H stretching vibrational peak of 2-methyl-
2-butanol in the sH hydrates are shifted to lower frequency (3000 - 3300 cm™1),
which is smaller shift than that in the sII hydrate containing 3-methyl-1-butanol.
The blue line is the vibrational spectra from a selected 2-methyl-2-butanol molecule
in a sH cage that has no OH,...O,, guest-host hydrogen bond as shown in Figure
6.1(d). The frequency of the isolated alcohol molecule and the hydroxyl O—H in
2-methyl-2-butanol molecules with no guest-host hydrogen bond are vibrating with
a frequency similar to an uncaged molecule. About 15% of the enclathrated 2-
methyl-2-butanol molecules did not form OH,...O;, hydrogen bonds at 113 K and
this existence of non-hydrogen bonded, free O—H group of alcohol molecules is

consistent with Raman observations [17].

6.3.4 Radial distribution function

Figures 6.3 and 6.4 show the radial distribution function (RDF) of the hydrogen
atom in the alcohol O—H group to the oxygen atoms in the cage water molecules
calculated from the trajectory of ab initio MD and classical MD simulations.

The first peak of the RDF is at 1.63 A from the ab initio MD simulations and at
1.69 A from the classical MD simulations.

In the sII 3-methyl-1-butanol hydrate, the first peak of the RDF for the hydrogen
atom in the alcohol O—H group is at 1.63 A and 1.69 A from the ab initio and clas-
sical MD simulations, respectively. These distances are smaller than the previous
observation by classical MD, about 1.8 A for the ethanol and 2-propanol molecules,
1.78 A for 1-propanol, [73] and 2.2 A in tert-butylamine [88] in the 5'26* cage in sII
hydrate. On the other hand, the first peaks of the RDF of oxygen in O—H group
to hydrogen atom in water molecules (Og — Hy ) is ~ 1.7 A in all temperatures and
structures in classical MD simulations. This value of the (O,...H,,) hydrogen bond
is similar to the corresponding hydrogen bonding length in ethanol, 1-propanol, 2-
propanol in [73] and tert-butylamine molecule in the sIT hydrate [88] (~ 1.7 A) in
previous computations. The difference of the hydrogen bond length mainly appears
in the H,...O,, RDF.



78 Chapter 6 Structure II and Structure H amyl-alcohol hydrate

4 T T T T T
N 5'26* with OH---Ow H-bonding ~—
—~ 3t '\ 576% with OH---Ow H-bonding ~ —---- ]
ol | 5'26° without OH--Ow H-bonding ----------
I | \
© 2 \
6 \
1 L
0
= 2¢
T
&
o 1}t
O . e o P P M
1 1.5 2 25 3 3.5 4
r/A

Fig.6.3 Radial distribution function from H atom in the O—H group of guest
alcohol to O atom in water molecules (H,...Oy; top) and O atom in the O—H
group of alcohol to H atom in water (O,...H,,; bottom) in cages calculated by
ab initio MD simulations. The length of the hydrogen bond in the 5'26* cages
in the sII hydrates are smaller than that in the 5'26® cages in sH hydrates.
The smaller distance reflecting strong hydrogen bond and caused the large
frequency shift shown in Figure 6.2(a).

In the sH 2-methyl-2-butanol hydrate, the RDF of RO—H to Ow was shown
in Figures 6.3 and 6.4. The length of the guest-host hydrogen bond in sH was
larger than sII and the peak shift of the O—H stretching vibration was less than
that in the sII hydrate. This result means that the guest-host hydrogen bond can
be formed in the 5268 cage but is weaker than that in sII hydrate enclosing 3-
methyl-1-butanol. This weaker degree of hydrogen bonding in the sH hydrate is
consistent with the observations of the hydrogen bonding strength of pinacolone
and tert-butylmethylether in the sH clathrate hydrate [88].

Here we consider structural reasons why different sII and sH structures are ob-
tained for the different amyl-alcohol isomers. Even though the longest large atom
distance in the 2-methyl-2-butanol, 7.76 A, is smaller than that in the 3-methyl-

1-butanol, 9.01 A, only the enclathration of later molecule in the 5'26* in sII was
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Fig.6.4 Radial distribution function from H atom in the O—H group of guest
alcohol to O atom in water molecules (H,...Oy; top) and O atom in the O—H
group of alcohol to H atom in water (O,...H,; bottom) calculated by classical
MD simulations. The length of the H,...O,, hydrogen bond in the 5'26* cages
in the sII hydrates are smaller than that in the 5'26% cages in sH hydrates.
On the other hand, the length of the O,...H,, hydrogen bond is identical in all
system. The tail of the first peak in 5'26® cages (blue lines) shows the non-
hydrogen bonded amyl-alcohol molecules in sH hydrate, origin of the free O—H
vibrational spectra.

observed [17]. The difference in hydrate structures primarily arises from the differ-
ence of the location of O—H group in the amyl-alcohol guest molecules. To enclose
the 3-methyl-1-butanol molecule into the relatively small 5'26* cage, the incorpo-
ration of the O—H group by the guest-host hydrogen bond is required. The O—H
group of the 3-methyl-1-butanol is located at the end of the molecules and is not
encumbered by nearby methyl groups. As a result, the O—H group can easily hy-
drogen bond with water molecules in the cages and even be inserted among the
water molecules. As a result, the 3-methyl-1-butanol can be incorporated in the

relatively smaller 5'26* cages in the sII hydrate. The O—H group of 2-methyl-2-
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butanol is located close to two methyl groups which cause steric repulsions with
cage waters when the O—H hydrogen bonds with the cage waters. The O—H group
of 2-methyl-2-butanol cannot be as easily incorporated in the hydrogen bonding
of cage water molecules. A similar trend is also observed in other amyl-alcohol
molecules discussed in the previous experimental work, [17] namely, 2-2-dimethyl-
1-propanol forms sIT and 3-methyl-2-butanol forms sH hydrate. As shown here, the
structure of the clathrate hydrates forming guest-host hydrogen bonds would be
strongly affected by the microscopic structure of the guest substance, including the
position of the O—H groups and not only the size of the molecules from van der

Waals interactions.

6.3.5 Rotation of guest molecules

The guest-host hydrogen bondings affect the rotation of the guest molecules in the
cages [72,73,88]. To determine the effect of the guest-host hydrogen bondings on
motion of the guest molecules, the rotation of the unit vector in the direction of
the alcohol O—H group of guest molecules, pu, was calculated from classical MD
simulation. The rotational motion of a guest molecule at a time ¢ after some origin

is characterized the rotation of this unit vector,
cosf(t) = p(0) - p(t). (6.2)

Figure 6.5 shows the autocorrelation functions for the second Legendre polynomial

M>(t) for the cosine of the rotation angle of the O—H bond,
1
Ms(t) = 5 (3cos®0(t) — 1), (6.3)

for 3-methyl-1-butanol in the sII hydrate and 2-methyl-2-butanol in the sH hy-
drate. The Ms(t) autocorrelation function is closely linked with relaxation times
in NMR spectroscopy [89]. The M (t) decay faster at higher temperatures as the
alcohol guests gain greater rotational freedom in the cages. The relaxation times
of intramolecular geometry changes are known to have a relaxation time of ~ 1
ps [72,73,88] and molecular rotations have larger relaxation time.

Surprisingly, despite the higher probability of guest-host hydrogen bonding in the
51264 cages of sII as shown in Table 6.4, the relaxation of the My (t) curves for the
3-methyl-1-butanol in the 5'26* cages are more quickly than that of the 2-methyl-2-

butanol in the larger 5268 of the sH cages. To understand this trend, we calculate
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the continuous hydrogen bond time correlation function Syg(t) [90],

Sup(t) = = fﬁ@g@; (6.4)

where H(t) is hydrogen bonding population valuable defined such that H(t) = 1 if
the guest-host hydrogen bond pair remains stable continuously from ¢ = 0 to time
t and it is zero otherwise (i.e., if the guest-host hydrogen bonding is broken or the
pair is changed). The brackets represent ensemble averages over all guest molecules
in system. Syp(f) describes the probability that guest-host hydrogen bond pair
remains stable at all times up to ¢. Figure 6.6 shows that the hydrogen bond
correlation function, Syg(t) for 3-methyl-1-butanol in the sII 5126 cages decays
faster than that for 2-methyl-2-butanol in the sH 5'26® cages. Despite having greater
hydrogen bonding probability, the guest-host hydrogen bond pairs for 3-methyl-1-
butanol in the sII 5'26* cages break and reform more frequently than those for the
2-methyl-2-butanol in the sH 5'268. This more frequent transition of the guest-host
hydrogen bonding pair indicates the lower potential barrier of the transition and
results in the faster decay of Ms(t) for 3-methyl-1-butanol in the sIT 5'26* cages.
The relaxation times of the rotation are computed by fitting Mz (t) to a sum of
exponential functions corresponding to different intramolecular geometry changes

and rotation of the molecules as
My(t) = Apexp(—t/73). (6.5)
k=1

Fit parameters for the molecular rotations of the guest molecules in Figure 6.5 at
different temperatures in the hydrates are given in Table 6.5. To fit the decay of the
M5 (t) related with molecular rotations, one to four exponential functions were used.
The multiple relaxation times in the Mj(¢) decay reflect the complicated motions
and environment in the cage due to the guest-host hydrogen bonding, especially for

the 5'26% cages in the sII hydrate.
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Fig.6.5 Decay of the My autocorrelation functions with time for 3-methyl-1-
butanol in the sII (top) and 2-methyl-2-butanol in the sH hydrate (bottom).

The relaxation time of M in the sII hydrate is smaller than that in the sH
hydrates at all temperatures.

Table 6.5 Fitted relaxation time

Guest (Temp.) A mn/ps B 1o/ Dps C 1 /ps D 14/ ps
3MelBuOH (113 K) 0.048 0.327  0.018 244 0.934 112567 - -
3MelBuOH (200 K) 0.120  0.923  0.080 103 0.213 1216 0.585 35527
3MelBuOH 4023

2Me2BuOH (200 K) 0.243  0.667 0.754 69315 - -
0.396 0.680 0.258 1238  0.342 23403 -

)
( )
(270 K) 0.209 0.600 0.185 251 0360 289  0.245
2Me2BuOH (113 K) 0.102 0.985 0.894 256066 - - -
( )
( )

2Me2BuOH (270 K
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than that of the sH 2-methyl-2-butanol hydrate.
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6.3.6 Guest-guest hydrogen bonding

In the 10 ns of the classical MD simulation, we also observed guest-guest host
hydrogen bonds in the sII hydrate. Since all 5'26* cages in sII hydrates share
hexagonal faces with other 5'26* cages, the rotating O—H groups in the cages can
be close each other. As shown in Table 6.4, about 4 % of the alcohol molecules
formed guest-guest hydrogen bonds through the hexagonal faces at 270 K. The same
geometric criteria of O—H---O distance and O—H---O angle with guest-host hydrogen
bonds were used to determine the presence of guest-guest hydrogen bonding. A
snapshot of a guest-guest hydrogen bond in the cages is shown in the Figure 6.7.
In previous studies, the guest-guest interactions are usually not considered when
estimating the thermodynamic stability of the hydrate phase. However, as seen
in our study, such guest-guest interactions can have important consequences on
hydrate stability.

The guest-guest hydrogen bonds can affect the rotation of the guest molecules
and microscopic structure of the cages. The rotational autocorrelation function of
O—H vector in alcohol molecules from classical MD simulations are shown in Figure
6.5.

Fig.6.7 Snapshot of the guest-guest hydrogen bond between 3-methyl-1-
butanol molecules in sII hydrate observed in the classical MD simulation. The
probability of the guest-guest hydrogen bond was about 0.04.
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6.3.7 Displacement of water molecule by the O—H group of alcohol

Another possibility for the incorporation of 3-methyl-1-butanol molecules in sII
hydrate lattice is the displacement of a water molecule by the O—H group of alcohol.
The incorporation of the hydroxyl groups of the alcohol molecules into the cages is
a possibility and would retain the 28 oxygen vertices of the 5'26* cage. However,
this would introduce Bjerrum L-defects into the hydrogen bonding network, and
make the cage structures more disordered.

We artificially removed a water molecule from hydrate lattice and computed vi-
brational spectra of 3-methyl-1-butanol by ab initio MD. Figure 6.8 gives the O—H
vibrational spectra and snapshot 3-methyl-1-butanol molecule that replaced water
molecule in the 5'26* cage in the sII hydrate. The structure was stable during
the 8 ps of the ab initio MD and there are no drastic differences in the vibrational
spectra of the 3-methyl-1-butanol incorporated in the cages as compared to the case
where the O—H bond is inserted in the hydrogen bonded network. Although it is
difficult to detect this configuration using Raman spectroscopy, the incorporation
of the alcohol O—H groups as part of the water cages may be possible and retain

the 28 oxygen vertices of the 5'26* cage.
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Fig.6.8 Vibrational spectrum and snapshot of a 3-methyl-1-butanol molecule
that replaces a water molecule in the 5'26* cage. The spectrum was computed
from H atom in the O—H group of 3-methyl-1-butanol molecule. The initial
structure was artificially generated by removing one water molecule from the
cage. The form of the vibrational spectrum was very similar to the configura-
tion with O—H bond inserted between the hydrogen bond of water molecules
shown in Figure 6.1(a,b).
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6.4 Conclusions

Ab initio and classical molecular dynamics simulation were performed to study
the effects of guest-host hydrogen bonding on the structure and stability of two
amyl-alcohol clathrate hydrates. The simulations showed the formation of strong
guest-host hydrogen bonds and the large frequency shift of the O—H stretching
vibration of the 3-methyl-1-butanol molecule in sII clathrate hydrate. The guest-
host hydrogen bond was quite stable and the calculated O—H vibrational frequency
shift was consistent with previous experimental Raman spectra where the free O—H
stretching vibrational peak of amyl-alcohol in sII hydrate was not observed [17].
The O—H group of the 3-methyl-1-butanol molecules were incorporated into the
water lattice of 5'26* cages. As the result of the incorporation, the large alcohol
molecule can fit the relatively small 526 cages. Guest-host hydrogen bonding was
also observed in sH clathrate hydrate enclosing 2-methyl-2-butanol. The guest-host
hydrogen bonding was relatively weaker than in the sl hydrate and a smaller 100
cm~! frequency shift of the O—H stretching vibration was observed in this case.
15% of the enclathrated 2-methyl-2-butanol molecules did not form hydrogen bonds
and this existence of non-hydrogen bonded free O—H group of alcohol molecule is
consistent with Raman observations [17]. The differences of the behavior of the
guest-host hydrogen bonds were related to the location of the O—H group in the
alcohol molecules. The O—H group of the 3-methyl-1-butanol is located at the head
of the alcohol and is easily incorporated into the hydrate cage. In contrast, the O—H
group of the 2-methyl-2-butanol is located closer to the center of the molecule and
the formation of strong hydrogen bonds with the cage water molecules is more
difficult due to the steric effects of the methyl groups. Therefore, the 3-methyl-1-
butanol molecules are enclosed in the 5126 in sII with methane while the 2-methyl-
2-butanol is observed in the larger 5268 cages in the sH hydrate. The position of
the hydrophilic part of guest molecule plays an important role in determining the
stability of the cages and the structure of the clathrate hydrate.

We should mention that we used full occupancy of the small cage methane guest
molecules in these simulations. The previous MD simulation reported that the
relaxation time is affected by the occupancy of clathrate hydrate and combined
molecules [88]. More detailed analysis focusing on the occupancy and types of

guest substances should be performed in future researches were experimental small
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cage guest occupancies are used.
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Chapter 7

Conclusions

Ab initio and classical molecular dynamics simulations on the methane hydrates
and alcohol clathrate hydrates are performed to understand the vibrational spectra
of clathrate hydrates. The main conclusions from this work are as follow.

Molecular dynamics simulations using five types of autocorrelation functions well
determined the intramolecular and intermolecular vibrational spectra of methane
molecules in sl clathrate hydrate. The calculated frequency changes of the stretching
vibrational modes of sI methane clathrate hydrates agreed with the previous exper-
imental observation. The changes of the stretching vibrational frequencies were
closely linked with the C—H bond length. The vibrational frequencies of rocking
and bending modes of methane molecules were indistinguishable in this calculation.

In sH methane hydrate, the calculated vibrational frequencies of stretching vibra-
tional modes in the 5'2 cages were larger than that in the 435963 cages. The smaller
differences of the intramolecular vibrational frequencies than sI hydrate were caused
by the similar size of the cages in sH hydrates. However, the unspherical form of
the cages clearly affected the molecular motions of the methane molecules.

The effect of the deuteration of the hydrate lattice on the intramolecular and inter-
molecular vibrational spectra of methane molecules were indicated. The stretching
vibrational spectra of CH, molecules in the D,O lattice were larger than that in
the HyO lattice due to the dynamics of the water lattice.

The vibrational spectra of alcohol O-H bonds were calculated by ab initio and
classical MD simulations. The simulations showed the formation of strong guest-
host hydrogen bonds and the large frequency shift of the O—H stretching vibration
of the 3-methyl-1-butanol molecule in slII clathrate hydrate. The O—H group of
alcohol molecules are incorporated into the water framework. On the other hand,

the frequency shift of 2-methyl-2-butanol molecules in sH clathrate hydrates were



89

smaller. Furthermore, the incorporation of the O—H group were not observed in
the sH hydrate. The position of the hydrophilic part of guest molecule plays an
important role in determining the stability of the cages and the structure of the
clathrate hydrate.

In this study, the new methodology of the calculation of the vibrational spectra of
guest molecules in clathrate hydrates using ab initio MD simulation are suggested
and the trend of the calculated spectra agreed with the previous experimental obser-
vations. For the practical application of clathrate hydrates, controlling of occupancy
of guest molecules and stability of clathrate hydrates are important. These proper-
ties of the clathrate hydrates are determined by the interactions between guest and
host molecules. This study performed the calculation of the vibrational spectra that
reflect the guest-host interactions and revealed the relation between the vibrational
spectra and microscopic structure of the guest molecules in clathrate hydrates.

As shown in this study, the structure of the clathrate hydrates containing hy-
drophilic molecules is more complex than the clathrate hydrates stabilized by sim-
ple van der Waals interactions. To understand such strong and complex guest-host
interactions of inclusion compounds for future use of clathrate hydrates, molecular

dynamics and ab initio calculations will provide valuable information.
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