
u Ottawa
L’Universitd canadienne 

Canada’s university

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FACULTE DES ETUDES SUPERIEURES 1 ^ = 1  FACULTY OF GRADUATE AND
ET POSTOCTORALES U  Ottawa POSDOCTORAL STUDIES

L ’Universittf canadienne  
Canada’s university

Delphine F. Courmier 
MEURWLXTHESE'rAFfHOROFTHESTs

Ph.D. (Chemistry) 
g radeY degree

Department of Chemistry
FACUlTiTECOLEYDEPARTEMENYYFA^

The Reactivity of Water Ice and its Characterization by XAS

TITRE DE LA THESE / TITLE OF THESIS

Alain St-Amant
blFTETfEURYbYRE^

John T. Tse
C"6"-’biRECTEUR"(C6-DiRECTTO

EXAMINATEURS (EXAMINATRICES) DE LA THESE I THESIS EXAMINERS

Javier Giorgi (absent) Jim S. Wright

Peter Kusalik

Tom Woo

Gary W. Slater
Le Doyen de la Facuftedes itudes supSieures et postdoctorales / Dean of the Faculty of Graduate and Postdoctoral Studies

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The reactivity o f water ice and its 

characterization by XAS

by

Delphine Felicie COURMIER

Thesis submitted to the 

Faculty of Graduate & Postdoctoral Studies 

In partial fulfillment of the requirements 

for the PhD degree in Chemistry

Department of Chemistry 

Faculty of Science 

University of Ottawa

©Delphine F. COURMIER, Ottawa, Canada, 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 * 1
Library and 
Archives Canada

Published Heritage 
Branch

395 Wellington Street 
Ottawa ON K1A0N 4  
Canada

Bibliotheque et 
Archives Canada

Direction du 
Patrimoine de I'edition

395, rue Wellington 
Ottawa ON K1A0N 4  
Canada

Your file Votre reference 
ISBN: 978-0-494-41607-5 
Our file Notre reference 
ISBN: 978-0-494-41607-5

NOTICE:
The author has granted a non­
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non­
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.

AVIS:
L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par Nntemet, preter, 
distribuer et vendre des theses partout dans 
le monde, a des fins commerciales ou autres, 
sur support microforme, papier, electronique 
et/ou autres formats.

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these.
Ni la these ni des extraits substantiels de 
celle-ci ne doivent etre imprimes ou autrement 
reproduits sans son autorisation.

In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.

Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these.

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.

i * i

Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Author’s Declaration

I hereby declare that I am the sole author of this thesis.

I authorize the University of Ottawa to lend this thesis to other institutions or individuals for 

the purpose of scholarly research.

I further authorize the University of Ottawa to reproduce this thesis by photocopying or by 

other means, in total or in part, at the request of other institutions or individuals for the 

purpose of scholarly research.

This work was evaluated by the following Committee:

Professor Alain St-Amant, Supervisor 

Professor John S. Tse, Supervisor 

Professor Javier B. Giorgi, Internal Examiner 

Professor Tom K. Woo, Internal Examiner 

Professor James S. Wright, Internal Examiner (Carleton)

Professor Peter G. Kusalik, External Examiner 

Jerome Doutriaux, representative of the Dean of FGPS

ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

Water seems at first sight to be a very simple substance. However, it possesses numerous 

anomalous properties, and despite the fact that a huge number of models have been 

developed, none can properly account for all those properties. Hydrogen bonded systems are 

of major interest in many different fields and water is perhaps the simplest model of a 

hydrogen bonded system.

The first section of this thesis focuses on the reactivity of hydrogen bonded systems. 

First, the reaction of formaldehyde with ammonia to generate NH2CH2OH, an amino acid 

precursor, is studied at various levels of theory. The reaction mechanism consists of a 

nucleophilic attack of the carbon by the lone pair on the nitrogen, accompanied by the 

simultaneous transfer of a proton to the formaldehyde oxygen. In the presence of water, the 

proton transfer occurs via a chain of proton transfers and the activation energy is lowered 

with the addition of two water molecules.

This first study having proven that water molecules can catalyze a reaction, another 

question arises: how do extended hydrogen bond networks modify the properties of water 

molecules. Water is well known to present cooperative effects. The present work tries to 

evaluate the extent of such an effect in water ice structures using both cluster and periodic 

models. The cooperative effect is shown to be very important. It is proven here that even if 

the charge transfer plays a major role for the shorter chains, electrostatic interactions become 

the most important factor as the chains lengthen. The extent of the cooperativity depends on 

the method and basis set employed, but whatever the methodology, a small cluster seems to 

be a very poor model to mimic the cooperativity present in ice structures.

Finally, the characterization o f  various ice and water structures are studied by means of 

calculated X-ray absorption spectra. DFT calculations have been performed on spherical 

clusters cut out from the experimental structures of the four proton ordered ices, i.e. ices II, 

V III, IX  and X I as well as on water and various amorphous ice structures ranging between

iii
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the HDA and LDA structures. The influence of the periodic crystalline environment is 

examined by computing spectra calculated for the naked clusters and for the same clusters 

surrounded by point charge distributions designed to reproduce the Madelung potential of the 

crystal. A systematic study of the influence of the size of the quantum cluster is also 

performed. Small clusters (70 water molecules, radius ~ 7A) can be used, as long as the 

cluster is subjected to a converged Madelung potential and the total dipole moment of the 

cluster is small. In the case of water and amorphous ices, sampling a large number of oxygen 

centers is required to obtain a converged spectrum. The directly bound nearest neighbors of 

the active oxygen center have been reported to exert considerable influence on the spectral 

lineshape. Therefore, a study of the influence of the basis set on those nearest neighbors is 

performed. The outer coordination shells and the long-range electrostatic potential must be 

taken into account in a quantitative simulation. A reasonable agreement is obtained with 

experimental results. However, while the method used here seems to perform well in the 

pre-edge region, it fails to reproduce the post-edge region exactly as a localized basis set, 

even one including diffuse functions, cannot account for a delocalized band structure. In the 

case of amorphous ices, for which calculated spectra do not provide good results, multiple 

electron transitions might have to be considered in the calculation of X-ray absorption 

spectra.
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General Introduction

A theme connecting the thesis research is the study of cooperativity in H-bonded systems. 

Cooperativity, or cooperative effect, is a phenomenon, most common in biochemistry, 

displayed by macromolecules such as enzymes or receptors that have multiple binding sites. 

It is characterized by changes in the affinity for ligands when the amount of ligands already 

bound increases. I f  the binding of a ligand at one site increases the affinity for ligand at 

another site, the macromolecule is said to exhibit positive cooperativity. On the other hand, 

the macromolecule exhibits negative cooperativity or anticooperativity if  the binding of a 

ligand at one site lowers the affinity for a ligand at another site.

Cooperativity is also observed in large chain molecules comprise of identical subunits 

such as DNA, proteins, and phospholipids, when a substrate binds to the active site of one 

subunit and the rest of the subunits are stimulated and become active. This can be the case 

when those macromolecules undergo phase transitions such as melting, unfolding or 

unwinding.

On a more general perspective, cooperativity also affects the energetic of chemical 

processes. A chemical reaction involving multiple units, can be enhanced or hindered by the 

addition of multiple independent units. A  classic example is the unwinding of DNA. 

Cooperativity among adjacent DNA nucleotides facilitates the unwinding of a whole group 

of adjacent nucleotides (called the cooperative unit size) compare to unwinding the same 

number of nucleotides spread out along the DNA chain. Other examples of the importance 

of cooperativity in biological processes are the folding and unfolding of proteins and the 

melting of phospholipid chains that make up the membranes of cells.

Entropy can play a major role in cooperativity. For example, the binding affinity of

haemoglobin for oxygen is increased by the oxygen saturation of the macromolecule. When
1
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a subunit protein in haemoglobin becomes oxygenated, a conformational change is induced 

in the whole complex, causing the other subunits to gain an increased affinity for oxygen. 

The first oxygen has four different places available for binding (higher entropy) when the last 

oxygen has only one site where it can bind. Going from the non-oxygenated to the 4- 

oxygenated haemoglobin structures, the first oxygen must overcome a larger entropy change 

than the last oxygen. This entropy difference is a major reason of the cooperativity in 

binding oxygen to haemoglobin.

Several models have been proposed to account for the binding cooperativity observed in 

proteins. In the MWC (Monod-Wyman-Changeux) model, the protein possesses two states 

of different affinity: a low-affmity state and a high-affinity state. The low-affinity state being 

thermodynamically favored, at low amounts of bound ligand. On the other hand, as the 

amount of bound ligand increases, the protein favours the high-affinity state. Unfortunately, 

this model cannot be used to explain anticooperativity. A second model is the KNF 

(Koshland-Nemethy-Filmer) sequential model, in which ligand binding at one site is assume 

to cause a local conformational change, called induced fit, that causes small conformational 

changes at nearby binding sites consequently affecting their affinity for ligands. In this 

model, the protein has many different conformational states, corresponding to all possible 

modes of ligand binding. Unfortunately, none of these models elucidate the origin of 

cooperativity and, therefore, are not expected to be completely reliable models.

The origin of cooperativity is the subject of much debate. Some studies have suggested 

that an electrostatic model could fully describe these effects. Therefore, they were not 

produced by electron delocalization in the hydrogen-bonded systems 1_3. In response to an 

external electric field generated by a neighbouring molecule, the molecular charge 

distribution polarizes, resulting in induced dipoles and electric moments of higher order. The 

strength of this electrostatic interaction is further influenced by the presence of other 

molecules, constituting a non-additive effect 4. On the other hand, charge transfer was also
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presented as a major factor 5’ 6 and electron density redistribution has been shown to be 

associated with hydrogen bonding interactions.

Interactions among water molecules are the key to a proper description o f  a water model 

that is essential to so many biological, chemical and physical processes. Water structures, 

particularly in their crystalline forms o f ice, where the hydrogen bonds are similar, represent 

ideal models to study cooperativity as they allow an easier account o f  cooperativity.

The presentation o f  this thesis is as follows. After a description o f  the theoretical 

background and the hydrogen bonded H2O structures studied, results o f  three projects will be 

discussed. The first project is on the study o f  the catalytic formation o f  an amino alcohol by 

lengthening the chain o f  water molecules involved in the reaction. The second project 

concerns with the semi quantitative evaluation o f  cooperativity in ice in order to determine 

the minimum size a cluster can have such that it can be used to mimic the cooperative effects 

in bulk ice. Finally, the last project is devoted to the investigation o f  the local structure of 

liquid water on the X-ray absorption spectra. It demonstrated the importance o f  including 

cooperativity, through the Madelung potential, is needed in order to obtain reasonable 

agreement with experiment.
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Chapter 1 

Theoretical Background

The Schrodinger equation can be solved exactly for only a few problems. However, a 

large variety of computational methods have been developed to find approximate solutions. 

Hartree-Fock theory is a basic model to solve many-electron problems and is the starting 

point for more complicated and accurate approximations.

1.1 Approximate solutions to the Schrodinger equation

The stationary state of an isolated system (atom or molecule) comprised of M  nuclei and 

N electrons can be described by a wave function d> that is continuous and differentiable at 

every point and that is an eigenfunction of the time-independent Schrodinger equation 7-1’. 

Hartree-Fock theory states that each electron can be described by a single-particle function or 

orbital which does not depend explicitly on the instantaneous positions of the other electrons. 

These orbitals only approximate reality, except for one electron atoms whose orbitals are 

exact eigenfunctions of the full electronic Hamiltonian 7'n .

1.1.1 The Variation Method

Generally speaking, the variation method is an important approach to finding 

approximate solutions to the eigenvalue problem. It is particularly useful for the time- 

independent Schrodinger equation:

4
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H I  O  > =  E I  <D > 1-1

where H is the hermitian Hamiltonian operator, |®> the wave function and E the energy.

The variation principle states that given a normalized wave function O that satisfies the 

appropriate boundary conditions (the wave function vanishes at infinity), the expectation 

value of the Hamiltonian is an upper bound to the exact ground state energy:

This implies, for the ground state, that the energy of an approximate wave function is always 

too high. Therefore, the energy is a good measure of the quality of a wave function in that 

the lower the energy, the better the wave function. The variation principle is the basis of the 

variation method in which we take a normalized trial function which depends on certain 

parameters and vary these parameters until the expectation value reaches a minimum. This is 

the variational estimate of the exact ground state energy. I f  only linear variations of the trial 

functions are allowed

of coefficients {c(.} can be reduced to a matrix diagonalization HC=EC.

1.1.2 The Born-Oppenheimer Approximation

In atomic units, the non-relativistic time-independent Schrodinger equation, the 

Hamiltonian for N electrons and M  nuclei can be written as:

1-2

1-3

where jj'E, )} is a fixed set of N basis functions, then the problem of finding the optimum set

5
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kinetic energy  o f  e lec trons  kinetic  energy  o f  nuclei C oulom b a ttraction  be tw een  electrons and nuclei
1-4

t..........   j    y------------'V " . ”
repu lsion  betw een e lec tro n s  repu lsion  b etw een  nuclei

where M a is the ratio of the mass of nucleus A to the mass of an electron and Za is the

atomic number of nucleus A.

Nuclei are much heavier than electrons and therefore they move more slowly. Hence, N 

electrons in a molecule can be considered to be moving in the field of the M  fixed nuclei. 

Within this approximation, the kinetic energy of the nuclei can be neglected and the 

repulsion between the nuclei can be considered to be constant. The nuclei are treated as 

classic distinguishable particles. The remaining terms in the Hamiltonian form the electronic 

Hamiltonian describing the motion of N electrons in the field of M  point charges:

1-5

The electronic Schrodinger equation becomes:

— E,.,®e lec  elec  e lec  elec 1-6

where

1-7

6
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1.1.3 The Antisymmetry or Pauli Exclusion Principle

The electronic Hamiltonian depends only on the spatial coordinates of the electrons but to 

completely describe a fermion (electron), it is also necessary to specify its spin in the wave 

function. Spin will be described by two spin functions a(to) and (3(co), co being a spin 

variable. Those two spin functions form a complete and orthonormal set. An electron is now 

described by three spatial coordinates and one spin coordinate x={r, co}. The wave function 

for an N-electrons system is a function of xj, X2 , ..., xn and the spatial orbital cp(r) now 

becomes a spin orbital %(x), the product of a spatial orbital with the spin function.

I f  the electrons ignore each other, then the Hamiltonian would be separable, and the total 

electronic wave function would just be the product of atomic wave functions (spin orbitals). 

A wave function of this general form is known as a Hartree product:

This functional form fails to satisfy the antisymmetry principle, which states that a many- 

electron wave function must be antisymmetric with respect to the interchange of the 

coordinate x of any two electrons. This requirement is implied by the Pauli exclusion 

principle, which strictly forbid the coordinates x; and xj of two electrons to be the same 

(Fermi hole).

To tackle this problem, a determinant of spin orbitals, called a Slater determinant, can be 

introduced. Thanks to this functional form, the electrons are all indistinguishable, consistent 

with the principles of quantum mechanics.

A Slater determinant is equivalent to the assumption that each electron moves

independently of all the others except that it feels the repulsion due to the average positions
7

vu (x
x  H artree  -p ro d u c t v  1( x „ x 2, — , x n ) =  x , ( x , ) x 2(x 2) — Xn (x n ) 1-8

X i(x i )  X2(x i )  • "  X n (x i )

X i(x 2)  X2(x 2) X n (x 2) 1 I

: ; ; , / v  -
1-9

X i(x n )  X2(x n )  " •  X n (x n )
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of all electrons. Hence, Hartree-Fock theory is also referred to as an independent particle 

model or a mean field theory.

1.1.4 Hartree-Fock Theory

The Hartree-Fock method, following the variational principle, seeks to approximately 

solve the electronic Schrodinger equation. It assumes that the wave function can be 

approximated by a single Slater determinant.

Applying the variational theorem to the spin orbitals and constraining them to remain 

orthonormal (i.e. the overlap between spin orbitals i and j is given by

{i I j )  = \x ](.x)Z i(x)dx  = 8tj with Lagrange multipliers, one can obtain the Hartree-Fock 

equation in terms of new operators:

where si is the energy eigenvalue associated with orbital x -,. The first term in equation 1-10 is

the core Hamiltonian one electron operator that is the kinetic energy and potential energy of the 

attraction to the nuclei of a single electron:

1-10

1-11

The associated energy is given by:

(i|h|j>= jdxX iC xM r^tx) 1-12

8
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The second term in equation 1-10 gives the Coulomb interaction or average local potential of 

an electron in spin orbital Xi with the average charge distribution of the other electrons. 

This is called the Coulomb term, and this two-electron operator is defined as:

X i(l) 1-13

The last term in equation 1-10 does not have a simple classical analog and arises from the 

antisymmetry requirement of the wave function. Hence, it is called the exchange term and 

the two-electron exchange operator is defined as:

^ ( 1 )^ ( 1 ) = JXj(2)— Xi(2)dx2
r !2

X j(l) 1-14

The energy associated with a two-electron integral is:

[ij|kl]= J d x ^ x fo to jC x ,)— Xk(x2 )fo(x2) 1-15

Hence, the Fock operator is defined as:

f, = h (i)+ |;[ jj( i)-K j(i)]
j=l

1-16

And the Hartree-Fock equations are given by:

1-17
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The Fock operator is hermitian. Therefore, its eigenfunctions form a complete and 

infinite set. The total Hartree-Fock energy is now given by:

The Hartree-Fock equations can be solved either numerically or they can be solved in the 

space spanned by a set of basis functions by varying the parameters until the electronic 

energy Eelec is minimized. Introducing a basis set transforms the Hartree-Fock equations 

into the Roothaan equations, j  being the atomic orbital basis functions, one obtains the 

following expansion for each spin orbital i:

Substituting in equation 1-17, multiplying b y ^ *(l), and integrating yields, after 

introducing the matrix element notation Sfiv and F v̂, the Hartree-Fock-Roothaan equations:

1-18

1-19

1-20
V V

or even more simply:

FC = SCe 1-21

where

1-22

10
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s is a diagonal matrix of the orbital energies. A transformation of basis can be performed to 

obtain an orthogonal basis and therefore make S vanish. Since F  depends on its own 

solution through the orbitals, the process must be done iteratively. Therefore, a starting 

guess of initial orbitals is needed and then an iterative procedure called a self-consistent-field 

(SCF) approach refines the guess7-1 \

> f

N O

Repeat from  step 6 
using the new 

density m atrix P10

Y ES

12

Guess o r otherwise 
calculate an initial 
density m atrix P

C alculate integrals 
to form  the 

Kock m atrix F

Calculate a new 
m atrix, P, from 

m atrix C

Form
F ’= S*F S*

Solve the secular 
equation | -*”-£ 7 1  =  0
and the eigenvectors C’ 

by dlagonaltsing F ’

If  the calculation has 
converged

C alculate the 
m olecularorbitai 

coefficients, C
a n d C = S*C ’

Figure 1-1 Flowchart of the Hartree-Fock-Roothaan procedure 12.
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1.2 Post Hartree-Fock Methods

The SCF procedure makes several assumptions about the multi-body Schrodinger 

equation:

• The Bom-Oppenheimer approximation

• The relativistic effects are completely neglected

• The basis set is composed of a finite number of functions

• The effects of electron correlation are completely neglected

With a good basis set, neglecting electron correlation is the most serious simplification, 

often leading to large deviations from experimental results. Post Hartree-Fock methods are 

the methods that have been devised to improve the Hartree-Fock method by including 

electron correlation with the multi-electron wave function. Most of those methods use as a 

starting point the Hartree-Fock wave function and then develop further from it. In fact, the
. . . . p    r^Non Relativistic r r

definition of the correlation energy given by Lowdin is: & corr — &  exact ~  ^  hf

A number of different approaches are available, but only those used in the present work will 

be introduced here.

1.2.1 Moller-Plesset perturbation theory

Moller-Plesset perturbation theory, derived from Rayleigh-Schrodinger perturbation 

theory, includes in an approximate fashion, the effect o f the electron correlation, mostly the 

dynamic correlation 7’ 13'22. The dynamic correlation, a consequence of the Coulomb hole, 

enables the electrons to stay apart and is, usually, the largest part of the total correlation. The 

static correlation represents the error introduced by the limitation of a single Slater

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



determinant in the HF wavefunction. In this method, the true Hamiltonian operator of a 

molecular system H  is separated into two different contributions: a zeroth-order, 

unperturbed Hartree-Fock Hamiltonian H 0 for which the energies and wave functions are

known, and a perturbation V  7’13'22.

H = H 0 + A.V 1-23

A, is a parameter that can vary between 0 and 1 in order to gradually improve the 

eigenfunctions and eigenvalues of H . The eigenfunctions of the true Hamiltonian operator

are Tf with corresponding eigenvalues Et . The eigenfunctions of the zeroth-order

Hamiltonian are VF,(0) with the energies E j0). I f  the perturbation is sufficiently small, the
A

eigenfunctions and eigenvalues of H  can be developed using the Taylor series expansion, in 

powers of A,:

T'j =  'P?0 + A.'Fj0 + ?i2T f  > + • • • = £  A,“'P?,) i_24
n = 0

Ej = E[0) + AE^ + A,2E[2) h—  = ^  A,”E[n) ^ 5
n = 0

where E -n) is the nth-order correction to the energy. These corrections to the energy can be 

calculated from the eigenfunctions as follows:

E[0) = JT[0) Ho'Pi0)dT, E|1} = JT[0) V  T f }dr
1-26

e (2) =  jxpfO) V  Y [i)dx, e [3) -  j T f  > v  'Fp)dx

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This requires the determination of the wave functions to a given order. In Moller-Plesset 

perturbation theory the unperturbed Hamiltonian H 0 is the sum of the one-electron Fock 

operators for the N electrons:

+ + 1-27
i= l  i= l j= l

The Hartree-Fock wave function 'P0(0) is an eigenfunction of H 0 and its corresponding 

zeroth-order energy E (0o> is equal to the sum of the orbital energies for the occupied

occ u p ied

molecular orbitals E^0) = ^ j si .
/=i

The true Hamiltonian is equal to the sum of the nuclear attraction terms and electron 

repulsion terms:
N  /  \  N  N  1

H = l ( h core)+ 2: I  -  1-28i=l i=lj=i+l Ijj

The perturbation V is therefore given by:

N N 1 N /

V = H - H o = S 2 — Z ( j j + K j )  1-291=1 j=i+i Tjj j=l

The first-order energy is then defined as:

([ii|ii]-[ij[ij]) 1-30
1 i=l J=i rij

Hence, the sum o f  the zeroth-order and first-order energies corresponds to the Hartree-

N  NN  J  N  N

Fock energy: E (00) +  E (0V> =  ̂  ei — ^^([» |y7 j-[i/jyJ )- To obtain an improvement, it is
/=i 2  /=1 j=i

necessary to go beyond the first order and use at least second order (MP2).

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The higher-order wave function 'F0(l) is expressed as linear combinations of solutions to 

the zeroth-order Hamiltonian: VF0(1) = ^ C ;)vFj0). VF]0) includes single, double,... excitations
j

obtained by promoting electrons into the virtual orbitals obtained from a Hartree-Fock 

calculation. For example, the second-order energy (MP2) is given by:

/  , \
o ccup ied o cc u p ied  v irtual v irtual

E Z Z Z
j  jdT,di2Xi(2)zJ(2) —  k ( l ) Z b(2)-X,(l)Z.(2)]

vri2 j 1-31

i j> l  a  b > a  ^ a

These integrals will be non-zero only for double excitations according to the Brillouin 

theorem.

Third (MP3), and fourth (MP4) order Moller-Plesset calculations are frequently used in 

computational chemistry. A great advantage of the many-body perturbation theory is that it 

is size-consistent. However, a serious drawback is that it is not variational and can give 

energies that are lower than the true energy7’13'22.

1.2.2 Coupled Cluster (CC)

Another way to incorporate the (dynamic) electron correlation is with a numerical 

technique called Coupled Cluster 23'30. Two important theorems, the linked cluster theorem 

and the connected cluster theorem, are the basis of the coupled cluster approach 23'30.

15
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1.2.2.1 Wave function ansatz and cluster operator

The Coupled Cluster theory supposes that there is an appropriate cluster operator T  such 

that an ansatz wave function can be defined as:

In the above, |VP0) is an appropriate reference function of some sort and the cluster operator, 

which is exponentiated, is defined by:

The operators a and a are the creation and annihilation operators, respectively, and i , j  and

particle excitation operator and the two-particle excitation operator because they effectively 

convert the reference function into a linear combination of singly- and doubly-excited Slater 

determinants.

When one substitutes the ansatz wave function into the Schrodinger equation, one 

obtains:

original Hamiltonian. However, it transforms at the same time the original Hamiltonian

|VF> = eT|vP0) 1-32

1-33a

1

a, b respectively stand for occupied and unoccupied orbitals. 7] and T2 are called the one-

H e f \% )  = Eef \'¥0) 

G \% )= e -f H e f \^ 0) = E \^ 0)
1-34

where G =e TH eT is a transformed operator. The ansatz preserves the eigenvalues of the

operator into the new operator G . The transformation process does not preserve the

16
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hermitian nature of the original Hamiltonian but it can preserve the hermiticity of the system
A , A

if  one makes sure that the cluster operator is antihermitian. T  = - T

From the Taylor series expansion, one can see that higher order states are excited due to 

the compounding effect of repeated applications of the cluster operator:
■pn

—  1-35
n!

It can be seen from equation 1-35 that the effect of excitations decreases as the denominator 

gets larger. Also, since the reference state represents a system of electrons, the Taylor series 

for the cluster operator terminates at a finite length due to the physical interpretation and 

relevance of the system of interest (the number of excitations cannot exceed the number of 

electrons).

A number of minor modifications have been made to the original framework of the 

Coupled Cluster theory so that certain special cases of molecules and their energies can be 

computed. These modifications include:

1. Imposing the operator eT to be unitary

2. Adding higher order terms to the cluster operator T

The abbreviations for coupled cluster methods usually begin with the letters "CC" 

followed by S for single excitations, D for double excitations, T for triple excitations and Q 

for quadruple excitations. Bracketed terms indicate that the higher order terms are calculated 

based on perturbation theory.

, T 2 
T + T + —  + • 

2 ! - I

17
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1.2.2.2 Description of the theory

The method gives the exact non-relativistic solution to the Schrodinger equation if  the 

cluster operators are included up to the nth order where n is the highest excitation level in the 

T  operator (single, double excitations and so forth). However, the computational effort of 

solving the equations grows steeply with the order of the cluster operator and the method is 

limited to the first few orders in practice.

For a coupled-cluster singles and doubles (CCSD) calculation, one solves the Coupled- 

Cluster equation using the operator T  = f x+T2, which produces all Slater determinants which 

differ from the reference determinant by one or two spin-orbitals. This approach has the 

effect of describing coupled two-body electron correlation effects and orbital relaxation

effects. Because the operator T  is exponentiated in coupled-cluster theory, higher-order 

"disconnected" electron correlations are also accounted for in an approximate way. It is also 

usual to include an approximate perturbative correction accounting for three-body electron 

correlations in a popular method named CCSD(T). It includes the triple excitations at the 

fourth order and the singles at the fifth order. For ground electronic states near their 

equilibrium geometries, CCSD(T) is often considered a gold standard because it provides 

results very close to those of a full configuration interaction calculation.

The coupled cluster equations are usually derived using a diagrammatic technique, as was 

initiated by Feynman, and result in nonlinear equations which can be solved in an iterative 

fashion23'30.

1.3 Density Functional Theory

Another method to tackle the correlation problem is to use the density functional theory 

(DFT), an alternative approach that gives approximate solutions to both exchange and

18
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correlation energies 3M3. It decreases the complexity by replacing the wave function, which

depends on four variables (the three spatial variables and the spin) for each electron* with the 

electron density which depends only on the three cartesian spatial coordinates. Unlike the 

wave function, the density is also a physically observable quantity (for example, by X-ray 

diffraction)31"43.

The density function, a fundamental variable in statistical mechanics and a positive 

function, determines the probability of finding any of the N electrons within the volume 

element drj while the other (N -  1) electrons have arbitrary positions and spins in the state 

represented byT*. In other words, it is the number of electrons per unit volume at a given 

point in space.

Electrons are indistinguishable and the probability of finding any electron at a given 

position is, therefore, just N  times the probability for one particular electron. In the simplest 

model, the electrons are considered as particles forming a uniform electron gas in which the 

electron density is uniform and there is a neutralizing background positive charge. The 

electrons, uniformly distributed in space, do not interact with each other. This model 

allowed Thomas and Fermi to derive an expression for the kinetic energy by applying 

statistics.

1-36
N - l

Tw [p(r)]=CF Jp5/3(r)dr
1-37

They were then able to obtain the energy of the system:

19
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ETr[^(r)] = CF J/^^C^dr -  Z j ^ d r  + 1  dr,dr2

k in etic  energy  e le c tro n -n u c le a r  a ttraction

1-38
C oulom b repu lsion

This simple model, which require an iterative procedure to be performed within the 

framework of the variational principle, and some further developments like the Thomas- 

Fermi-Dirac model, did not give good results for atoms and is unable to represent bonding, 

and therefore molecules. However, it was a pioneering work which initiated the use of the 

density to obtain the properties of atoms and molecules31'43.

1.3.1 The Hohenberg - Kohn Theorems

The cornerstone of the density functional theory was provided in 1964 by Hohenberg and 

Kohn when they showed that a unique mapping between the ground-state electron density 

and the external potential vext exists based on the variational principle. This is the first 

Hohenberg and Kohn theorem and justified, a posteriori, the Thomas-Fermi models and 

allowed further development. It implies that every observable of a stationary quantum 

mechanical system, including the energy, can in principle be calculated exactly from the 

ground-state density alone. In other words, all properties can be written as functionals of the 

ground-state density. The second theorem states that the ground-state density can, in 

principle, be calculated exactly using a variational method involving only the density.

These theorems, which originally applied only to the time-independent ground-state, have 

been extended to excited states and time-dependant potentials.

The expression of the energy given by the Hohenberg - Kohn theory is then given by a 

sum of the kinetic and electron repulsion energies.

Ev [p] = Jp(r)v(r)d(r) + FHK [p] 1-39

20
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Unfortunately, no expression was given for Fhk- Furthermore, no method to calculate the 

energy or density from equation 1-39 was equally proposed.

1.3.2 The Kohn-Sham Approach

The next major advance in density functional theory came in 1965 when Kohn and Sham 

proposed a practical method to apply DFT to molecular systems. They developed a new and 

more accurate form of the kinetic energy functional.

The exact kinetic energy functional is given as a function of Kohn-Sham orbitals and 

their occupation numbers. It is very painful to calculate for a real chemical system due to the 

number of orbitals involved.

T = Z n , ( v , |~ V ! |v,> 1-40

Kohn and Sham simplified this expression by considering a system of non-interacting 

electrons with the same density as the interacting system (this is achieved by adjusting the 

external potential). The exact kinetic energy can be rewritten as a sum of two contributions: 

the energy from the reference system of non-interacting electrons Ts\p \ and the correction 

coming from the interaction between the electrons ( r \p \ -  Ts (/>]).

The exact density for the non-interacting gas is known and defined as:

i s

The kinetic energy of the non-interacting gas can then be written in terms of the wave 

function for the non-interacting system:

T . | p ] = ! > , | - { v 2|i|>,) 1-42

2 1
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The total Kohn-Sham (KS) energy can therefore be expressed using the non-interacting 

system as a reference state:

e k s  [p] = jp(r)v(r)dr + ijp ]  + jjp]
. A “  'C~~. j  . k inetic  energy  o f  the C ou lom b repulsion
in te rac tion  o f  the d ensity  reference system  energy  o f  the  electrons
w ith  the  potential v (r)

1-43

+ (T[p]-T.M) + (V.|P]-J[p])
correc tion  to  th e  k inetic  n o n -c la s s ic a l
energy  d u e  to  th e  e le c tro n -e le c tro n
in teraction  b e tw een  e lectrons con tribu tion

The Kohn-Sham orbital equation, analogous to the HF equations, can be obtained by 

introducing the KS one-electron Hamiltonian which is a hermitian operator with respect to 

the electron density:

- 1 2 fp(r') §Exc[p(r)]
hKS - - ~ v  +v(r)+  J -rH f + U 1-44

2 r _ r  °P(r)

where Exc is the exchange correlation energy.

It is now necessary to find the set of orbitals y/ which give the density which minimizes

the energy functional E ^ lp ]  subject to the constraint that the orbitals have to be

orthonormal and that the total density gives the total number of electrons. This minimization 

can be achieved using Lagrange multipliers:

8EKs[p]->'Z Z £ijvl/i(r)ll/j(r)dr = 0 !-45
1 J

Solving equation 1-45 generates the set of one-electron Kohn-Sham equations:
N

1-46
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The canonical KS equation can be obtained from equation 1-46, on account of the 

Hamiltonian being a hermitian operator, by a diagonalization of sy

From this expression, the same approach that was used in Roothaan-HF can be applied. 

Therefore, the orbitals are expanded in a finite set of basis functions

V i(r )  =  £ C A ( r) 1-48
H=1

and a matrix eigenvalue equation is obtained that can be solved iteratively:

The SCF-KS calculation involves the following steps:

>  start with a density (for the first iteration, it is usually the superposition of atomic 

densities)

>  establish a grid for the charge density and exchange-correlation potential

In  order to limit expense o f numerical integration during the SCF cycle, auxiliary 

functions fitted to charge density and exchange correlation potential are frequently 

used. This allows fo r  much faster integral evaluation. These auxiliary fitting 

functions are usually uncontracted gaussians fo r which the integrals required fo r  KS 

matrix can be calculated analytically. Different auxiliary sets are used fo r  fitting 

charge density and exchange-correlation potential.

>  compute the KS matrix elements and overlap matrix elements

>  solve the equation for the expansion coefficients to obtain KS orbitals

hjcsVj = 1-47

H ksC = SCs 1-49
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>  calculate the new density p  = '^_\(p {r)f
o ccup ie d

> either the density or energy changed significantly, restart from the first step with the 

latest density, or, if  the SCF cycle has converged, calculate the properties

1.3.3 Approximate Exchange-Correlation Functionals

Most of the contributions to the energy can be treated exactly in the KS formalism. The 

kinetic energy correction and the non-classical contributions are treated in the exchange- 

correlation functional (XC). In principle, the exact ground state properties can be obtained 

from the solution of the KS equations. Unfortunately we do not know the exact form of the 

energy functional Exc [p ]. Therefore, it is necessary to use approximations, as accurate as

possible, to parts of the functional dealing with the correction to the kinetic energy, the 

exchange energy, and the correlation energy of the system. All approximations start from an 

ideal model, the homogeneous electron gas system, where electrons move in a uniformly 

distributed positive charge background. In this model, the electron density is a constant 

everywhere, which means that the local density can represent the electron density of the 

whole system.

1.3.3.1 Local Density and Local Spin Density Approximation (LDA 

and LSDA)

The simplest approximation, and the first developed, was the local density approximation 

(LDA). The LDA methods use the uniform-electron-gas approximation for the exchange
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similarly to the TFD method. The correlation energy is assumed to be locally approximated 

by the uniform-electron-gas model.

The exchange-correlation energy in the LDA approximation is given by:

The exchange term ex (p ) is the Dirac term for the exchange energy in the framework of 

the uniform-electron-gas model. There is no explicit form of the correlation functional 

derived by mathematics. Vosko, W ilk and Nusair (VWN ) 4 4  gave an approximate expression 

for sc(p )  using a Pade approximation to interpolate the results from quantum Monte-Carlo

interaction correction of Perdew and Zunger 46).

LDA provides reasonable results for systems close to the ideal uniform-electron-gas 

model (i.e* the density varies slowly). For atoms and molecules, where the density can 

fluctuate rapidly, the results can sometimes be poor.

In a precursor to these approximate methods, Slater formulated, in 1951, a method called 

the Xa method which was an approximate solution to the HF equations. In this method, the 

non local Fock operator or HF exchange is approximated by a local operator:

1-50

where

£ xc (P) — ^x (z7) (z0 1-51

simulations carried out by Ceperly and Alder 45. Other parameter values exist (standard self-

1-52
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where vXa (r) = — a< — p{r )  > . This expression for vXa (r) is the Dirac exchange if  a =3

2  I K

2/3 in the case of a homogeneous electron gas. The parameter a, was empirically optimized

A further evolution of the present approximation, the local spin density approximation 

(LSDA), will replace the electron density by the spin density, consequently giving more 

flexibility to the functional.

While the LDA uses the total electron density, p(r )  = p a (r) + p p(r ) , the LSDA is based 

on the spin-polarized uniform electron gas that differentiate the spin-up and spin-down 

densities. This approximation becomes particularly significant when magnetic fields are 

present and is also required for systems with unpaired electrons. The electronic energy 

functional in the absence of magnetic field becomes:

Hence, applying the variation principle to minimize the energy functional produces the 

two following sets of equations, one for each spin:

The exchange-correlation functional can, once again, be divided into two parts, one for 

the exchange and one for the correlation. One of the most frequent and simple forms used 

for the exchange is the one derived by Slater for the spin polarized cases, which differ from 

Dirac’s exchange only by the value of the parameter a :

for each atom of the periodic table and its value is between 0.7-0.8 for most atoms.

E^Wnlp]= ^s[p0.PP]+ j[p]'t‘Exc(p0,p11] 1-53

heff<Pio(r) = £> ,(r) where °  = a,P
1-54

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The correlation energy functional is not as simple to express because the interactions 

between the spin-up and spin-down electrons do not allow isolating each component in the 

density. Nevertheless, the correlation can be defined from the polarization:

 ̂= ~-P-^  1-56
P

and therefore the correlation energy becomes:

E c DA \p“ , P P]=  \ p £c fo ,g)dr 1-57

where the Wigner-Seitz radius rs is related to the density as follows: rs =
z ,  V /3 3 n

\ * > P j

and ec{rs,g) is the correlation energy per electron, which unfortunately does not have any 

exact form and has to be approximated. The popular approximation by Vosko, Wilk and 

Nusair is often used.

Despite the approximation of the uniform electron gas model, the LSDA gives fairly 

good results (comparable to, or even better than, HF) for equilibrium structures and 

vibrational frequencies of covalently coordinated molecules. This success of LSDA seems to 

originate in the fact that the exchange-correlation hole of the uniform electron gas satisfies 

most of the important properties established for the exact exchange-correlation hole. The 

spherically averaged LSDA hole is a good approximation to the exact hole in the bonding 

region, where the exact hole becomes more symmetric with respect to the reference electron 

than in the separated atoms. LSDA, however, does result in over-binding which makes 

molecules over-stabilized compared to the separated atoms. Furthermore, it cannot treat long-
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range interactions such as van der Waals interactions and it does very poorly for hydrogen 

bonded systems.

1.3.3.2 Generalized Gradient Approximation (GGA)

The LSDA exchange functional is local as well as the correlation but the first 

contribution is larger. Therefore, it seems that the main problem of the LSDA lies in the 

exchange term of the exchange-correlation functional. Introducing a gradient correction to 

consider the inhomogeneity of the electron density is the general idea behind the GGA 

methods. The first functional including a gradient correction was derived from the Thomas- 

Fermi-Dirac model. Von Weizsacker added a component of the inhomogeneous electron 

distribution to the initial model by using the gradient of the density. In that case, the kinetic 

energy functional of Thomas and Fermi is rewritten as follows:

This approach allows a description of binding but the strengths of the bonds are not accurate 

and the iterative approach that gives the density must be done numerically.

The GGA exchange-correlation functional can generally be written as follows:

1-58

Ttfdwfjp(r)] = T-rp [p(r)]+ XTW [p(r)]

E“ A|p",p’ ]= J% c(p*,p',Vp“, V ) a r  = E f A[p]+E“ A|p*,p*] 1-59

The GGA exchange energy functional takes the following general form:

1-60
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where the LSDA is obtained for f ( s )  = 1

Several forms of this gradient-corrected exchange functional have been proposed and one 

of the most popular, given by Becke 47’48, is known as B8 8 . In this functional derived from 

the LSDA, first order gradient corrections were added in the density in order to mimic some 

non-local behavior.

ErlpLE rM -P lKM fW dr ! . 6 1

o

where x a is the dimensionless reduced density gradient for the spin considered and is in fact 

a local inhomogeneity parameter which implies large values for large gradients and in 

regions of small densities'(exponential tails far from the nuclei), and small values of x a for 

small gradients (bonding regions) and regions of large densities:

, _ K M

p f(r)x«(r) = « 7 T  1-62

There are two different classes of function f  for the GGA functionals. The first one is 

based on Becke’s GGA exchange functional B8 8  where:
„ 2

f(x  ) = -------------5---- r r ----- r  1-63
l + 6 px 0 sinh- ( x j

This reproduces the proper asymptotic behavior for the exchange energy density. The 

parameter /? was fitted on the exact atomic HF exchange energy of noble gas atoms. 

Perdew’s exchange functional used in the popular Perdew-Wang 91 (PW 91)49 functional has 

the same general form.

The second class of GGA exchange functionals, including B8 6  and PBE, uses a rational 

function of the reduced density gradient. A slightly different approach that still belong to the 

same class is given by Perdew who used a second-order expansion with a cut-off radius to
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impose conditions to the exchange hole function and further simplification led to the Perdew- 

Wang 8 6  (PW 8 6 ) exchange functional which is parameter free.

Gradient corrections can also be added to the correlation energy functional although they 

have more complicated mathematical forms and no physical significance. A very popular

involves a second-order gradient expansion of the density and was not based on the uniform 

electron gas:

A fitting procedure, using only the HF orbital of a helium atom, was used to obtain the 

coefficients a, b, c, and d.

Any exchange functional could, in principle, be combined with any of the correlation 

functionals, but only a few combinations are really used. The GGA functionals give better 

results particularly for hydrogen bonded systems and for thermochemistry than the LSDA. 

However, there are obstacles that are not entirely avoided by the GGA, starting with the fact 

that since the LDA exchange-correlation potential does not have the right asymptotic 

behavior at long distance, adding the gradient correction does not lead to significant 

improvement.

correlation functional was derived by Lee, Yang, and Parr and therefore is called LYP 50. It

E£YP [p(r)] = -a  f -  Y(% —  [p(r) + 2bp-5/3 (r)f(p(r)> 'cp '"« ]dr 
Jl + dp ( r )L

1-64

where:

f(p (r))=2MCf(p " (r)f + 2MCP(p '( r ) f  -p (r)tw(r)+

(p°(r)V2p° (r)+ pp(r)V 2pp (r))
1-65
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1.3.3.3 Hybrid Functionals

Even if  the GGA improves the accuracy over the LSDA, it does not provide the exact 

exchange. The error in the exchange can be further reduced by introducing more terms such 

as the kinetic energy density (meta-GGA functionals) or the Laplacian of the density. 

However, an error in the exchange-correlation functional will always remain.

Becke 51 proposed an idea to tackle this problem by mixing the “exact” Hartree-Fock 

exchange energy (where the Hartree-Fock orbitals are replaced by the Kohn-Sham orbitals) 

with a traditional GGA exchange-correlation functional. An exchange term is added, which 

is obtained through the concept of the adiabatic connection, which connects a non interacting 

system to a fully interacting system:

At A =  1, the LSDA or GGA is used. At A =  0 , the non-interacting limit, the exchange- 

correlation energy becomes the exact KS exchange energy without dynamic correlation. The 

connection between the non interacting and the fully interacting systems is reached by 

varying A . After a first crude attempt, using half exchange and half correlation for the fully 

interacting system, Becke introduced the new B3 hybrid functional52:

The three a parameters were determined by a linear least-squares fit on an experimental 

reference data set. The first parameter a represents the correction to the LSDA (or GGA) 

exchange energy near the limit A =  0 . A£” s are the corrections to the LSDA brought by the

The most popular hybrid functional, B3LYP, uses the LYP correlation functional in the 

equation above. In general, B3LYP gives better results than another hybrid functional, called
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1-66
o

ExcM =E£DAM +a0( E r ,M -E is“ M)+asA E7|p]+acAEc[p] 1-67

GGA.
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B3PW91 which uses PW91 for the correlation term, or other pure GGA functionals, 

particularly for organic molecules. Hybrid methods also represent a significant improvement 

over GGA and LSDA functionals for transition metal compounds and systems including 

hydrogen bonds53 since they provide better asymptotic behavior for the exchange functionals
3 1 -4 3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2 

Water Ice

Water plays a crucial role in many biological, environmental and chemical systems and 

although it is the most abundant chemical species on Earth, it is not a simple one. Despite 

its great importance and the extensive studies carried out to determine its structure and 

chemistry, the structure and chemistry of liquid water are not fully understood. Ice, 

however, is a well-characterized solid with many interesting features and properties. 

Besides its environmental importance, ice is unique because of the interesting phenomena 

contained within its structure. The crystal structure of ice is very unusual because, while the 

molecules lie on a regular crystal lattice (oxygen atoms), there can be disorder in their 

orientations. This property leads to many interesting characteristics in electrical polarization 

and conductivity. Ice plays an important role in everyday life, in its well known phase Ih. 

However, ice actually has many other crystalline phases which exist at various temperatures 

and pressures.

2.1 The water molecule

The water molecule is v-shaped, consisting of two hydrogen atoms bonded to one 

oxygen atom54'57. The O-H bond length in the gas phase water molecule is 0.957 A and the 

H-O-H angle is 104.5°, forming a system with a large intramolecular dipole moment of 

1.855 D (this value is the experimental gas phase value) 54‘57.
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z
Figure 2-1 Geometry of a water molecule58.

The molecular orbital diagram is as follows and the lowest energy structure is 

(la ,)2(2 a,)2(lb 2)2(3 ai)2(lb ,)2:

2Px ifV :
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2 x Hydrogen 
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Figure 2-2 Molecular orbital diagram of the water molecule.
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Sym m etry properties and O rb ita l energies for the w ater molecule
Sym m etry Behavior Symmetry O rb ita l

U nder Classification Energy (au)
Atomic OrbitalsVAVAVAVAW

on Oxygen
Is +1 +1 . +1 a -20.669
2s +1 +1 +1 a -1.244

2px -1 +1 -1 fej.

2py -1 -1 +1 fea
-0.632

2pi +1 +1 +1 a
Atom ic Orbitals

on Hydrogen
( ls j+ ls j) +1 +1 +1 a -0.500
(1S1-1S2) -1 -1 +1 fea

M olecular O rb ita l Energies for H 2 0  (au)
la j 2ai lba 3ai lb i

-20.565 -1.339 -0.728 -0.595 -0.521

i«i ''i® 0 - -559eV

Figure 2-3 Molecular Orbitals of the water molecule. Energies calculated at the RHF/6-31G** level. Orbitals are given in the yz
5 8plane (x-axis downwards) except lbi and 3ai which are in the xz plane (y-axis upwards) .
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The lowest energy orbitals laj and 2ai primarily come from the Is and 2s orbitals of the 

oxygen atom, respectively, and therefore are approximately spherical. The lb2 , 3ai and lbi 

orbitals are orthogonal around the oxygen atom. The lbi orbital is predominantly the 2pz 

orbital of the oxygen atom, without any contribution from the Is hydrogen orbital. It 

essentially is a lone pair. The orbitals 2ai, lb 2 and 3ai contribute to the O-H bond. The two 

lowest unoccupied orbitals 4ai and 2 b2 are O-H antibonding and become partially occupied 

when hydrogen bonds are formed. The lb 2 and 3ai orbitals participate largely in donation of 

hydrogen bonds, with the largest contributor of the two being the 3ai orbital. Comparison of 

the single water molecule to water or ice is expected to show that these orbitals undergo an 

appreciable change when the environment in which they are placed changes. Therefore, one 

would expect that the orbitals of bulk water and ice look quite different than those for the 

single water molecule54'57.

2.2 Structures: ices and liquid water

Liquid water molecules are associated through a hydrogen bonding network59, formed as 

a result of internal polarization of covalent bonds 60. The hydrogen bond is much weaker 

than internal covalent bonds, but strong enough that well-defined structures could form in 

liquid water. Those strongly polar hydrogen bonds are responsible for a set of unusual 

physical and chemical properties60.

• decreased volume during melting

• maximum density at 4°C

• isothermic compressibility minimum at 46°C, i.e. in the ambient liquid range

• numerous crystalline polymorphs

• high dielectric constant

anomalously high melting, boiling, and critical temperatures for a low- 

molecular weight substance that is neither ionic nor metallic

• increasing liquid fluidity with increasing pressure

• high-mobility transport for H+ and OH' ions
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The origin of these anomalies is the nature of the hydrogen bond, a specific attraction that 

exists between hydrogen atoms and electronegative atoms when the hydrogen atom is 

chemically bonded directly to another electronegative atom. The strength of a hydrogen 

bond (4-15 kcal/mol) is ten times larger than for van der Waals interactions but an order of 

magnitude less than for covalent chemical bonds. It can also be found between molecules 

like hydrogen fluoride (HF) and ammonia (NH3).

As a result of its shape, a water molecule can accommodate up to four hydrogen bonds 

and this network can therefore extend in all three directions. This hydrogen bond network, 

which exhibits flexibility as well as strength, is illustrated by the large amount of crystalline 

forms observed. The phase diagram of water/ice is a very complex one and several

amorphous phases have been identified that are not even presented in the following diagram
59

experimentally determined phase transition lines
extrapolated /
phase boundary of metistable phases 400

100

Liquid

-  300

VIII

200 5
i - 1 0 0

Liquid

100
-200

1.00.1 10 100
Pressure (GPa)

Figure 2-4 Phase diagram of water. The roman numerals indicate different crystalline 
polymorphs58.
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Ice is a perfect model to understand hydrogen bonding in water. For the ordinary ice Ih, 

every oxygen atom is at the center of a tetrahedron formed by four oxygen atoms each about 

2.75 A away. The angle between the oxygen atoms is of 109.5°. Every water molecule is 

hydrogen-bonded to its four nearest neighbors. Its O-H bonds are directed towards lone pairs 

of electrons on two of its neighbors resulting in two O-H "O hydrogen bonds. In turn each of 

its lone-pairs is directed towards an O-H bond of one of the other neighbors forming two 

O "H-0 hydrogen bonds. Bernal and Fowler 61 gave a first insight into the possible 

arrangements of hydrogen atoms in ice I with their “ice rules” where only one hydrogen atom 

is present for each 0 -0  bisectrix. The positions of the oxygen atoms in the lattice are fixed 

but the flexibility of the network comes from the randomly distributed hydrogen atoms which 

create the proton disordered ices. Only four of the thirteen structures in the phase diagram 

are proton-ordered ices: ices II, V III, IX , and XI. Depending on the pressure, some 

deviations, like the bending of the hydrogen bonds, can be observed at moderate pressures. 

However, the perfect four hydrogen bonded neighbors arrangement is mostly respected and 

the structures of bulk ice are now relatively well understood.

Figure 2-5 Hydrogen bond configuration in ice Ih includes four hydrogen bonds, two 

donating and two accepting. The hydrogen bonds follow the straight O-H - O line and the 

four water molecules form a tetrahedron around the central water molecule.

©
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However, the space filling is very inefficient and the ice structure contains void spaces 

which become smaller and finally disappear upon melting and therefore cause the density to 

increase; this is the reason why liquid water is denser than ice.

The geometries of the structures studied in the present work will now be presented in 

greater detail. The four proton ordered ices as well as a model of liquid water will be 

introduced60.

2.2.1 Ice II

Ice II  (density of 1.17 g cm'3) is formed by compressing ice Ih at 190 to 210 K and 300 

MPa or by decompressing ice V  at 240 K 62. Heated ice II becomes ice I I I  but the reverse 

process is difficult to accomplish. The unit cell is rhombohedral (space group R(-3)) but the 

structure can also be described as a larger hexagonal cell of 36 water molecules where two 

hexamers are hydrogen bonded, one chair-form and one almost flat. It contains hexagonal 

rings linked to one another and therefore ice I I  achieves a higher density than ice Ih.

In the crystal, all water molecules are hydrogen bonded to four others, two as donor and 

two as acceptor. The structure contains two crystallographic types of oxygen with equivalent 

weight. The H-O-H angle does not change much compared to that of the isolated molecule 

and therefore the hydrogen bonds are not straight. Some of the hydrogen bonds are further 

bent and much weaker than the hydrogen bonds in ice Ih. Ice II has no corresponding 

disordered phase, in contrast to the other proton ordered ices V III, IX  and X I. Ice II  has 

triple points with ice Ih and ice III (-34.7°C, 212.9 MPa), ice III and ice V  (-24.3°C, 344.3 

MPa) and ice V  and ice V I (estimated at -55°C, 620 MPa) 62.
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Figure 2-6 Ice II  structure.

The geometry of the ice II  structure used in the present work was taken from 63.

2.2.2 Ice VIII

Ice V III is formed from ice V II by lowering its temperature to about 5°C. Ice V III

identical positions for the oxygen atoms but the protons in ice V II do not have fixed 

positions. However, the proton ordering causes a small distortion in the ice V II cubic lattice 

resulting in a tetragonal crystal structure (I4ilamd). Ice V III consists of two interpenetrating 

cubic ice lattices and forms a tetragonal crystal containing eight water molecules per unit 

cell. A ll the water molecules are hydrogen bonded to four others, two as donor and two as 

acceptor. A ll molecules experience identical molecular environments and, therefore, the 

structure contains only one crystallographic type of oxygen. Ice V III has triple points with 

ice V I and ice V II (5°C, 2.1 GPa) and ice V II and ice X  (100 K, 62 GPa).

(density of about 1.5 g cm"3) is the equivalent ordered structure of ice V II. That is, they have
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Figure 2-7 Ice V III structure.

The geometry of the ice V III structure used in the present work was taken from64.

2.2.3 Ice IX

Ice IX  (density of 1.16 g cm"3) is the low temperature proton ordered structure of ice III 

and forms when ice II I is rapidly cooled in liquid nitrogen (77 K to avoid the formation of ice 

II). The proton-ordering process that goes from ice II I to ice IX  has a first order transition 

near 126 K. The ordering of ice IX  was determined by neutron diffraction to be 

antiferroelectric.

The unit cell is tetrahedral (space group P A\ 2\ 2) and contains 12 water molecules. Its 

structure consists of tight right-handed four fold helices, containing two thirds of the water 

molecules, connected by the remaining water molecules. Therefore, the structure contains 

two crystallographic types of oxygen atoms, experiencing differing molecular environments, 

with non equivalent weight ( 1 :2 ).
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Figure 2-8 Ice IX  structure.

The geometry of the ice IX  structure used in the present work was taken from 6 5

2.2.4 Ice XI

Ice X I is the low temperature proton ordered equilibrium structure of the hexagonal ice Ih 

66'74. It is prepared from dilute KOH solution kept just below 72 K but the transformation 

from hexagonal ice is very slow. The hydroxide ions create defects in the hexagonal ice and 

therefore enable the proton hopping process between the oxygen atoms (a process that is 

facilitated with increased pressure). The ions may also compensate for the large net dipole 

moment of the crystal lattice along the c-axis. The K+ ions occupy interstitial sites in the 

hexagonal crystal. Ice X I is the thermodynamically favored form of ice at atmospheric 

pressure and low temperatures.

Ice X I forms orthorhombic crystals (space group Cmc2\). The structure contains two 

crystallographic types of oxygen atoms with equivalent weight. A ll bonds are parallel to the 

c-axis and oriented in the same direction and therefore ice X I is ferroelectric 66'73.
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Figure 2-9 Ice X I structure.

ne

The geometry of the ice IX  structure used in the present work was taken from .

2.2.5 Liquid water

Contrary to ices, the structure of liquid water is a lot more difficult to elucidate. The 

hydrogen bonding patterns are random 60,76. The hydrogen bond length of water varies with 

temperature and pressure. The covalent bond lengths O-H do not vary much with 

temperature and pressure and therefore most of the changes must come from a 

reduction/increase in the hydrogen bond length. Hydrogen bond strength depends strongly
77 78on its length and it also depends on the temperature and pressure ’ .
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Tetrahedral water structures are still found in liquid water but the hydrogen bond network 

can also be broken. For any water molecule, the four hydrogen bonds, the two hydrogen 

donors and the two hydrogen acceptors, can be located at any of the four sites around the 

oxygen. Water molecules surrounded by four hydrogen bonds tend to form clusters, for 

statistical and energetic reasons 79. When a hydrogen bond forms between two water 

molecules, the redistribution of electrons changes the ability for further hydrogen bonding. 

The electron density of the water molecule donating the hydrogen atom increases in its lone 

pair region 80. This will boost hydrogen bond acceptance. On the other hand, the electron 

density of the accepting water molecule decreases on its hydrogen atoms and remaining lone 

pair region80. This will boost further donation of hydrogen bonds. Accepting one hydrogen 

bond encourages the donation of another and discourages acceptance of another. Therefore, 

a water molecule with two hydrogen bonds where it acts as both donor and acceptor is 

stabilized relative to one where it is either the donor or acceptor of two 81 ’82.

Hence, liquid water consists of a mixture of short, straight and strong hydrogen bonds 

and long, weak and bent hydrogen bonds with many intermediates between these two 

extreme cases. The water molecules in the liquid phase are all non-equivalent, differing in 

their molecular orbitals, their precise geometry and molecular vibrations due to their 

hydrogen bonding geometry which is influenced by the arrangement of the surrounding water
01

molecules. Hydrogen bond lifetimes at ambient temperatures lie between 1 and 20 ps 

whereas broken bond lifetimes are about 0 . 1  ps84'86.

Many models have been developed but none has been able to account for all the 

properties of liquid water 87,88. A major problem is to understand the macroscopic properties 

of the liquid using statistical mechanics and to consider both the hydrogen bond strength and 

directionality remaining in the liquid phase with a relative large disorder. It is certain that the 

hydrogen bond network is a dynamical system that undergoes a constant evolution on the 

time scale of the breaking and reforming of the hydrogen bonds.

An assumption of most of these models is that we can simulate the structure of liquid 

water by using just two-body effects when many-body interactions have been proven to have
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a considerable contribution 89. So far, those models have failed to properly predict physical 

and molecular properties outside those used in their parameterization, and the agreement with 

experimental data is often poor. Generally, each model is developed to fit one particular 

physical structure or parameter. The more fitting parameters that are required by the model 

(some require over 50), the better the fit but it comes with an increase in the computational 

cost. Modeling may result in a picture of an average liquid water molecule that might be 

confusing as such average structures may not be relevant to liquid water and the purpose of 

this model is only to reproduce a specific property.

Some common models are presented in Figure 2-10. The model a, also known as TIP3P 

90, which only includes point charges on the oxygen and the two hydrogen atoms, will be 

used in chapter 5 to roughly determine the dipole moments of various water and ice 

structures.

Figure 2-10 Water models. Models a, b and c are planar. Model d is almost tetrahedral58.
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The other models shown in Figure 2-10 can involve flexible bonding, induced dipoles or 

movable charges that may not coincide with the positions of the atoms. It will give a better 

fit, but at a significantly increased computational cost. Polarization strengthens the hydrogen 

bond and partially compensates for the lack of long range interactions and the dependence of 

these models on short ranged forces. Serious discrepancies concerning the first coordination 

shell of the hydrogen bond network have been noted between the molecular dynamics 

simulations using these models and X-ray absorption spectroscopy.

An arrangement with a strained geometry is very unlikely to last long. However, it may 

occur during the breakage, formation or partner switching of a hydrogen bond or arise from 

thermal effects or other molecular interactions in a long-lived hydrogen bond. A recent and 

controversial X-ray absorption spectroscopy study found that, at room temperature, 80% of 

the molecules of liquid water have one strong hydrogen bonded O-H group and one non, or 

only weakly, bonded O-H group at any instant. The remaining 20% molecules are 

tetrahedral and form four hydrogen bonds 91. However, such instantaneous geometry is not 

presently the widely accepted time-averaged structure, which is basically tetrahedral with 

about 3.6 hydrogen bonds per water molecule92'95. On the other hand, Raman study supports 

the fully tetrahedral model. Instantaneous structures might not represent the time averaged 

structure. Hence, a QM/MM molecular dynamics simulation study showed that the time 

averaged hydrogen bond network gives about four hydrogen bonds per water molecule but 

the instantaneous value is significantly lower (about 2 . 8  hydrogen bonds per water molecule)
9 6

Therefore, in order to understand the liquid structure, local and time averaged spatial 

arrangements of water molecules have to be defined. Averaged structures of a small region 

in the liquid were proposed as local persistent structures which are eventually interrupted by 

H2 O reorientation or translation. These structures correspond to a mean arrangement of the 

water molecules over a longer period than that required for intermolecular vibration but 

shorter than that required for diffusive motions of molecules. Several experiments (X-ray 

diffraction and neutron diffraction) found the averaged distribution of intermolecular 

distances and therefore the average number of neighbors (radial distribution functions) of a
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water molecule in the liquid phase to be 4.7 neighbors at the mean distance of 2.15k. 

Unfortunately, those methods do not provide any insight in the angular distribution.

The structure used for the water in the present work was obtained from a molecular 

dynamics simulation of liquid water at ambient temperature and pressure (300 K, 1 atm) 

using the SPC/E97 intermolecular potential (Figure 2-10 a). The 18,70 A cubic cell obtained 

from this simulation contains 216 water molecules.

Despite the fact that water can appear to be a very simple molecule, it remains very 

difficult to model realistically. A better understanding of the structure could help develop 

more accurate models 60,76.
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Chapter 3 

Water-catalyzed reaction of formation of NH2CH2OH

3.1 Introduction

Over the past few decades, our knowledge of interstellar and cometary chemistry has 

dramatically increased 98-103. The goal of astrochemistry, a field studying highly diluted 

interstellar space, is to understand how the most abundant elements found in this space, like 

H, C, N, and O, can combine to form molecules. The formation of such molecules can 

provide insight into the origin of the solar system and its evolution. Among the species 

found to date are small molecules containing the main functional groups from which larger 

molecules can form. Some of these larger molecules are also of biological interest. These 

molecules are detected in various environments like molecular clouds (10 to 20K in 

temperature and a density ranging from 103 to 105 H2 molecules per cm3) or environments 

closer to stars where the temperature is higher (a few hundreds Kelvin). The interstellar 

medium is composed mostly of gases (for more than 90%) and dust (diameter of a speck on 

the order of a micrometer) spread between stars. Some interstellar molecules detected to 

date include CO, CS, HCN, HNC, H2 S, S02, HCONH2, HCnN. In addition, more complex 

molecules like amino acids 104, are detected, though in trace amounts. However, this only 

represents a very small percentage of the total mass, but it exhibits a large variety since 

about 1 2 0  different molecules have been found in the interstellar clouds or in the 

“atmospheres” of comets. The presence of dust seems to play a major role as it protects the 

molecules against UV radiation that could destroy them and intervene in the reactivity of 

interstellar molecules. By releasing molecules trapped on the surface, the UV or cosmic 

radiation can act as a catalyst for reactions occurring at the surface of the dust grains. The 

study of these dust grains shows the existence of a layer of frozen gases comprised mostly of
48
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water molecules, but also containing CO, CH3OH, CO2, NH 3 , H2 , and H2CO 105,106. These 

gases coat a nucleus formed by silicates and carbon compounds. When comets approach a 

nearby star, they start to release dusts and frozen gases under the effects of solar radiations 

and solar wind. This creates an envelope (spreading up to 105 km around the nucleus of the 

comet) of gases and dust and two trails of ions and dusts. The reactivity of the sublimate 

molecules is favored by a local temperature and molecular density higher than those found 

in the interstellar clouds. The omnipresence of ice 107 and the abundance of water molecules 

compared to other species imply that water molecules or ice has to be considered as an 

important factor in the reactivity of those interstellar molecules and is thought to play the 

role of a catalyst108 in the reactions between species present in this environment.

Since there are obvious limitations on our ability to study such, hard-to-access media, 

theoretical methods are indispensable for a thorough understanding of the chemical 

processes 109 occurring in such environments. We will focus on the formation of 

NH2 CH2OH from two previously mentioned minor constituents of comets, NH 3 and H2CO. 

Studying the formation of NH2 CH2OH is a good example of how larger molecules can form 

from smaller molecules present in the cometary environment11 °. The reaction is studied in 

both the absence and presence of water molecules. Water is known to play the role of a 

catalyst in many reactions and, consequently, calculations in the presence of zero, one, two, 

and three water molecules are performed.
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Figure 3-1 Example of a standard chemical composition of a comet.
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3.2 Computational Method

The potential energy surface was explored at the MP2/6-311+G** and B3LYP/6- 

311+G** levels. A sufficiently large basis was required to properly describe the mechanism 

for the trihydrated complex. Use of a 6-31G** basis led to problems when trying to locate 

the MP2 transition state. Vibrational analyses were performed at the stationary points to 

characterize them as either local minima or transition states. CCSD(T)/6-311+G** single 

point energy calculations were then performed at each stationary point on the MP2 and 

B3LYP potential energy surfaces. Unless otherwise stated, the CCSD(T)/6 - 

311+G* *//MP2/6-311+G* * and CCSD(T)/6-31 l+G**//B3LYP/6-311+G** energies

reported in the following discussion include zero point energy corrections. As proposed by 

Scott and Radom 111, the MP2 frequencies were scaled by a factor of 0.9748 and the B3LYP 

frequencies were scaled by a factor of 0.9806. A ll calculations are performed with Gaussian 

98 112.

3.3 Results and Discussion

3.3.1 Non, mono, and dihydrated complexes

The reaction of ammonia and formaldehyde to produce NH 2CH2 OH, in the presence of 

zero, one, and two water molecules has previously been studied by Woon at a lower level of 

theory 113. Rather than optimizing at the MP2/6-311+G** level, this prior work explored the 

MP2/6-31+G** potential energy surface. For single point calculations on this same system, 

Woon’s previous work used the MP2/aug-cc-pVDZ and MP4/6-31+G** methods, but only 

when no water molecules were present. It should also be noted that these systems were first 

studied by Williams 114, albeit using the far less precise MP2/6-31G*//HF/3-21G approach. 

In the subsequent discussion on the non-, mono-, and dihydrated complexes, we will limit
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the comparisons of our results to those of Woon 113. The geometries as well as the total, 

zero point, activation, and reaction energies are provided in Tables 3-1 to 3-4 respectively. 

In the Figures depicting the structures of the reactive complex, transition states and final 

products, the energy of each structure is reported relative to the isolated molecules.

The formation of NH 2 CH2OH from H2 CO and NH 3 is proposed to occur via nucleophilic 

attack of the carbon atom in H2CO by the lone pair of the nitrogen atom in NH 3 . In a 

concerted approach, there is also a proton transfer step from NH 3 to H2 CO. In the absence 

of water, the proton is transferred directly from the nitrogen atom to the oxygen atom. 

However, in the presence of water, the transfer occurs via a chain of water molecules.

In the absence of water (Figure 3-2), our ZPE-corrected potential energy barrier is 36.8 

kcal/mol at the CCSD(T)/6-311+G* *//MP2/6-311+G* * level. On the B3LYP potential 

energy surface, a nearly identical value, 36.4 kcal/mol, is found. Woon found barriers (not 

ZPE-corrected) of 31.0 and 35.5 kcal/mol with the MP2/aug-cc-pVDZ and MP4/6-31+G** 

methods, respectively, at the MP2/6-31+G** stationary points. Since the ZPE correction is 

of the order of +0.5 kcal/mol for this system, our results agree well with the previous work 

of Woon. Such a high activation energy most likely precludes the direct reaction of NH 3 

and H 2CO within the interstellar medium. Water must therefore play an important role.
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+38.52 kcal/mol

-2.17 kcal/mol

-6.91 kcal/mol

Figure 3-2 Energy profile for the reaction NH 3 + H2CO —> NH2 CH2OH in the absence of 

water at the CCSD(T)/6-311+G**//MP2/6-311+G** level (zero-point corrected energies, in 

kcal/mol, relative to the isolated molecules are reported).

In the presence of a single water molecule (Figure 3-3), the proton is no longer directly 

transferred from the nitrogen atom in NH 3 to the oxygen atom in H2CO. Rather, there is a 

concerted pair of proton transfers from NH 3 to H20  and from said H20  to H2 CO. This 

mechanism has a much lower activation energy than that seen in the absence of water. It is 

now 19.0 kcal/mol at the CCSD(T)/6-311+G**//MP2/6-311+G** level. On the B3LYP 

potential energy surface, it is 18.4 kcal/mol. Woon found a ZPE-corrected barrier of 16.0 

kcal/mol (15.0 without the ZPE correction) at the MP2/6-31+G** level, the highest level of 

theory used in this work for this complex.
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-IS. >4 kcal/mol

Figure 3-3 Energy profile for the reaction NH 3 + H2CO —> NH2CH2OH catalyzed by a single 

water molecule at the CCSD(T)/6-31 l+G**//M P2/6-311+G** level (zero-point corrected 

energies, in kcal/mol, relative to the isolated molecules are reported).

When a second water molecule is present (Figure 3-4), the mechanism becomes a 

concerted trio of proton transfers via the water molecules. The CCSD(T)/6 - 

311+G**//MP2/6-311+G** activation energy for this reaction drops to 14.4 kcal/mol. On 

the B3LYP potential energy surface, the CCSD(T) result is slightly lower, at 13.3 kcal/mol. 

Woon found a lower activation energy, 9.3 kcal/mol, at the MP2/6-31+G** level. No ZPE 

correction was reported, but as the results in Table 3-3 indicate, the ZPE correction for the 

dihydrated complex is smaller than one kcal/mol.
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-15.00 ke* l/mol

•31.51 kcal/mol

Figure 3-4 Energy profile for the reaction NH 3 + H2CO —> NH 2 CH2OH catalyzed by two 

water molecules at the CCSD(T)/6-31 l+G**//M P2/6-311+G** level (zero-point corrected 

energies, in kcal/mol, relative to the isolated molecules are reported).

In all three instances, the reaction is exothermic. Though the CCSD(T) single point 

calculations on the MP2 and B3LYP potential energy surfaces do not agree as well for the 

reaction energies as they do for the activation energies, both suggest that the reaction 

becomes more exothermic as one water molecule is added. This same trend occurs when a 

second water molecule is added. In all three cases, the ZPE corrections are taken into 

account. For the three systems in question, the ZPE-corrected CCSD(T) results on the 

B3LYP potential energy surface are roughly 2 kcal/mol lower than those on the MP2 

potential energy surface.
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Table 3-1 Selected bond lengths in A at the various stationary points for the formation of 
NH2 CH2OH, as calculated by MP2 and B3LYP using a 6-311+G** basis. The bonds are 
ordered in the opposite direction of the proton transfer, commencing with the hydrogen bond 
involving the carbon-bound oxygen atom.

Reactive Complex Transition State Product

M P2 B3LYP M P2 B 3LYP MP2 B3LYF

Non-Hvdrated

O H 3.105 3.209 1.439 1.415 0.963 0.965

H-N 1.015 1.016 1.165 1.190 2.364 2.401

N-C 2.896 2.871 1.574 1.583 1.451 1.451

Mono-hvdrated

O H 1.962 1.941 1.233 1.217 0.969 0.972

H-O 0.968 0.972 1.187 1.217 1.997 2.016

O H 2.209 2.208 1.479 1.475 0.976 0.981

H-N 1.018 1.019 1.102 1.116 1.941 1.943

N-C 2.790 2.718 1.568 1.595 1.471 1.475

Di-hvdrated

O H 1.844 1.812 1.129 1.134 0.975 0.979

H -0 0.973 0.980 1.286 1.298 1.800 1.816

O H 1.834 1.810 1.358 1.334 0.975 0.978

H-O 0.972 0.979 1.082 1.109 1.817 1.806

O H 2.073 2.035 1.502 1.501 0.986 0.992

H-N 1.020 1.023 1.091 1.101 1.827 1.828

N-C 2.732 2.601 1.550 1.573 1.479 1.485

Tri-hvdrated

O H 1.811 1.774 1.064 1.080 0.973 0.977

H-O 0.975 0.983 1.387 1.375 1.810 1.810

O -H 1.777 1.756 1.223 1.224 0.977 0.983

H-O 0.976 0.983 1.174 1.187 1.765 1.754

O H 1.808 1.786 1.389 1.382 0.980 0.986

H-O 0.974 0.981 1.064 1.078 1.740 1.736

O H 2.044 2.003 1.491 1.507 0.987 0.994

H-N 1.021 1.024 1.094 1.098 1.824 1.825

N-C 2.715 2.565 1.532 1.558 1.476 1.482
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Table 3-2 Total energies (in hartrees) of the reactive complex and zero-point energies (in 
kcal/mol) for all stationary points for each of the four systems studied at the various levels of 
theory employed in this work (a 6-311+G** basis is used in all instances).

Non-hvdrated

E, reactive complex 

ZPE, isolated molecules 

ZPE, reactive complex 

ZPE, transition state 

ZPE, product

MP2 geometries B3L YP geometries

MP2

-170.662562

37.78

39.11

39.69

43.40

CCSD(T)

-170.706746

B3LYP

-171.129209

37.37

38.82

39.09

42.69

CCSD(T)

-170.700779

Mono-hvdrated

E, reactive complex 

ZPE, isolated molecules 

ZPE, reactive complex 

ZPE, transition state 

ZPE, product

-246.950303

51.04

54.96

56.27

59.40

-247.006012 -247.599676

50.47

54.63

55.27

58.57

-246.998060

Di-hvdrated

E, reactive complex 

ZPE, isolated molecules 

ZPE, reactive complex 

ZPE, transition state 

ZPE, product

-323.241408

64.31

71.00

71.63

75.15

-323.308529 -324.075242

63.57

70.58 

70.34 

73.93

-323.297920

Tri-hvdrated

E, reactive complex 

ZPE, isolated molecules 

ZPE, reactive complex 

ZPE, transition state 

ZPE, product

-399.531351

77.57 

86.64

86.58 

90.72

-399.609900 -400.549210

76.66

86.06

85.12

89.51

-399.608789

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3-3 Activation energies in kcal/mol for the formation of CH2NH2 OH as calculated by 
various levels of theory using a 6-311+G** basis (zero point energy corrected values in 
parentheses).

MP2 seometries B3LYP eeometries

# of water molecules -

MP2 CCSD(T) B3LYP CCSD(T)

0 34.38 (34.96) 36.21 (36.79) 33.92 (34.19) 36.16(36.43)

1 15.15 (16.47) 17.72 (19.03) 14.28 (14.92) 17.75 (18.39)

2 10.94(11.57) 13.81 (14.44) 10.45 (10.21) 13.48 (13.25)

3 11.86 (11.80) 15.12(15.06) 11.49(10.54) 14.93 (13.98)

Table 3-4 Reaction energies in kcal/mol for the formation of CH2NH2OH as calculated by 
various levels of theory using a 6-311+G** basis (zero point energy corrected values in 
parentheses).

MP2 eeometries B3L YP geometries

# of water molecules -------------------------------------------------------------------------------------------------------------

MP2 CCSD(T) B3LYP CCSD(T)

0 -9.71 (-5.43) -9.03 (-4.74) -8.38 (-4.51) -10.12 (-6.26)

1 -11.46 (-7.02) -10.72 (-6.28) -9.88 (-5.95) -11.92 (-7.99)

2 -11.42 (-7.27) -10.65 (-6.51) -9.50 (-6.15) -12.16 (-8.81)

3 -12.77 (-8.69) -11.97 (-7.90) -10.11 (-6.65) -12.31 (-8.86)
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3.3.2 Trihydrated complex

As seen in section 3.3.1, a nearly 5 kcal/mol reduction in the activation energy is 

observed when a second water molecule is added. A third water molecule is added in order 

to determine if  the activation energy is further altered when the concerted proton transfers 

occur via a longer chain. The CCSD(T)/6-31 l+G**//B3LYP/6-311+G** and CCSD(T)/6 - 

311+G**//MP2/6-311+G** results are presented in Figures 3-5 and 3-6, respectively. For 

the smaller systems, the MP2 and B3LYP geometries and activation energies are similar. 

However, for this larger system, the B3LYP and MP2 potential energy surfaces are 

fundamentally different. The MP2 potential energy surface contains two additional 

stationary points along the reaction pathway, whereas the B3LYP potential energy surface 

does not. These points arise from an apparent intermediate that corresponds to a shortening 

of the C-N distance by roughly one A to a distance of 1.65 A. A concerted proton transfer 

and a further shortening of the C-N distance to its final value of 1.48 A leads to the final 

product. This new stationary point does not correspond to a stable intermediate since 

addition of the ZPE corrections to the MP2/6-311+G** energies place this intermediate 0.7 

kcal/mol higher in energy relative to the first transition state. Without the ZPE correction, 

the intermediate was 0.2 kcal/mol lower in energy than the first transition state. When the 

CCSD(T) single point calculations are performed at the MP2 optimized geometries, this 

stationary point is in fact higher in energy, whether or not ZPE corrections are added. On a 

final note, when the MP2 calculations are performed with a smaller 6-31G* basis, this 

stationary point on the MP2 potential energy surface vanishes and the structure relaxes to 

the initial reactive complex.
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•7.92 kcal/mol

O

•21.90 kcal/mol

-30.76 kcal/mol

Figure 3-5 Energy profile for the reaction NH3 + H2CO —> NH2CH2OH catalyzed by three water 

molecules at the CCSD(T)/6-311+G**//B3LYP/6-311+G** level (zero-point corrected energies, 

in kcal/mol, relative to the isolated molecules are reported).

Ignoring the above stationary point on the MP2/6-311+G** potential energy surface, the 

B3LYP and MP2 results are similar, as for the smaller systems. The energy difference 

between the reactive complex and the transition state is on the order of 14 kcal/mol and the 

overall reaction is exothermic by roughly 9 kcal/mol. The CCSD(T) calculations at the 

B3LYP geometries yield values of 14.0 and 8.9 kcal/mol, respectively. With the MP2 

geometries, the results are 15.1 and 7.9 kcal/mol. Therefore, the addition of the third water 

molecule does not further decrease the activation energy. Rather, it slightly raises it by one 

kcal/mol.
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Figure 3-6 Energy profile for the reaction NH 3 + H2CO —► NH 2CH2OH catalyzed by three water 

molecules at the CCSD(T)/6-311+G**//MP2/6-311+G** level (zero-point corrected energies, in 

kcal/mol, relative to the isolated molecules are reported).

Figure 3-7 places all of the preceding CCSD(T)//B3LYP energy profiles onto a single 

graph in order to give a better picture of the trends that arise upon the addition of water 

molecules.
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Figure 3-7 CCSD(T)/6-31 l+G**//M P2/6-311+G** energy profiles for NH3 + H2CO -+ 

NH2CH2OH in the absence and presence of one, two, and three water molecules (n=0-3) 

(zero-point corrected energies, in kcal/mol, relative to the isolated molecules are reported).

3.3.3 Structures

Table 3-1 lists the principal covalent and hydrogen bond lengths in each of the reactive 

complexes, transition states, and final structures. The final entry for each structure is the C- 

N bond length. It is important to note that all hydrogen and covalent bonds that are involved 

in the proton transfer chains discussed above appear in Table 3-1. The order in which these 

bond lengths are listed is the same as that found in the chain, starting with the hydrogen 

bond involving the carbonyl oxygen of formaldehyde, and ending with the N-H bond that is 

broken in ammonia. Generally, for the transition states, the covalent bonds become longer

61

[|\IH3... HjCO (HjO'jnf 

/ ~ \
/  \

/  \

//  \/  \
NH3 + H2CO +  n H20  /

 ■"  ^ ^ X * /  \  \-- \  \

W  / - A  \
\  N _____ /  \  \  n=f

\  s '  \  \
v . /  \  v
s’— \ \  rrZ

\
NH3...H2CO (H20)„ ' \

\  n=3

NH3H2CO + (H20)r,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and the hydrogen bonds get shorter as we follow the chain from the ammonia molecule to 

the formaldehyde molecule. Also, as the number of water molecules is increased from zero 

to three, the distance between the carbonyl oxygen and the hydrogen atom with which it 

hydrogen bonds in the reactive complex systematically drops, in the transition state, from 

1.44 A, to 1.23 A, to 1.13 A, and finally to 1.06 A as water molecules are added to the 

proton transfer chain. The preceding are the MP2 results, but very similar results are 

obtained on the B3LYP potential energy surface.

3.3.4 Formation of the reactive complex

It is important to note that for all these reactions, ammonia is the proton donor. Previous 

studies 62, n 5 ' 118 indicate that when ammonia forms a single hydrogen bond to a water 

molecule or the water dimer, it prefers to be the proton acceptor. Therefore, it is important 

to account for the energetic cost that may arise when ammonia must reorient itself to form 

the reactive complexes shown in Figure 3-2 to 3-5. The present study indicates that when an 

ammonia molecule is in the presence of the water dimer, no stable structure exists in which 

the ammonia molecule is a proton donor. Stationary points are located but they are found to 

be transition states. The intrinsic reaction coordinate inevitably leads to the breaking of the 

hydrogen bond in which ammonia is the proton donor.

Therefore, the presence of formaldehyde must be essential to the ability of the ammonia 

molecule to serve as a proton donor within the present model systems. The formaldehyde 

molecule is already in place when the ammonia molecule reaches the reactive site. I f  the 

formaldehyde is absent, the ammonia molecule reorients itself to hydrogen bond to the 

dangling hydrogen atom that is otherwise blocked if  a formaldehyde molecule is in place. It 

is important to note that on the surface of ice, the water molecules have a tendency to 

reconstruct to minimize the number of dangling hydrogen bonds.
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-14.88 kcal'mol -1454 kcal/mol -15.00 kcal'mol

Figure 3-8 CCSD(T)/6-311+G**//B3LYP/6-311+G** energy profiles (top and side views) 

for the reorganization of the H2 C0 /(H 2 0 ) 2 complex upon approach of an NH3 molecule to 

form the reactive complex of Figure 3-4 (zero-point corrected energies, in kcal/mol, relative 

to the isolated molecules are reported).

Figure 3-8 shows the process by which ammonia reacts with the formaldehyde / water 

dimer complex. When the ammonia arrives, it forms a single hydrogen bond to the water 

molecule not directly bound to the formaldehyde. The arrival of the ammonia molecule 

lowers the energy of the system by 4.7 kcal/mol. In this orientation, the lone pair on the 

nitrogen cannot readily attack the carbon atom. Therefore, the complex must undergo 

reorganization. As seen in Figure 3-8, the formaldehyde molecule pivots, thus exposing its 

carbon atom while the ammonia molecule slightly approaches the carbon atom. The 

activation energy for this process is very low. At the CCSD(T)/6-311+G**//MP2/6- 

311+G** level, the activation energy is only 0.34 kcal/mol. The reaction depicted in Figure

3-8 is slightly exothermic, with the final structure being 0.12 kcal/mol lower in energy than
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the initial complex. Note that this final structure is the initial structure of the reaction 

depicted in Figure 3-4.

3.3.5 Conclusion

The addition of a water molecule to the ammonia/formaldehyde complex reduces the 

activation energy by a factor of two, from roughly 36 kcal/mol to 18 kcal/mol. Analogous 

results are found for the CCSD(T) calculations at both the B3LYP and MP2 optimized 

geometries. Adding the second water molecule reduces the .activation energy further from 

roughly 18 kcal/mol to 13 kcal/mol. Again, use of the MP2 geometries yields similar 

findings. The addition of a third water molecule has little effect on the activation energy. In 

fact, the activation energy rises slightly, by roughly one kcal/mol.

The formation of NH 2 CH2OH is facilitated by a proton transfer from the nitrogen atom 

of ammonia to the oxygen atom of formaldehyde. This is accomplished either directly or 

indirectly via the chain of water molecules. Therefore, in the reactive complexes of the 

hydrated systems, the ammonia molecule must serve as proton donor while the water 

molecule serves as proton acceptor. Studies involving nucleophilic attack by ammonia 

indicate this is not often the case. However, in these systems, this situation arises if  a gas 

phase ammonia molecule is brought into contact with an already hydrated formaldehyde 

molecule.

Such reactions can explain the formation of amino alcohols which have been detected 

spectroscopically in cometary media, albeit in trace quantities. It is hoped that, in contrast to 

periodic studies, cluster studies such as the one presented here provide a better depiction of 

the chemical processes occurring in the tail of a comet. Further studies could consider the 

life expectancy of the different complexes presented here in the cometary media. The broad 

variation of temperatures observed depending on the distance between the comet and a star 

makes this further study a very wide field of investigation.

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4 

Cooperative effects in ice structures

4.1 Introduction

In theory, the existence of a hydrogen bond can be derived from geometrical 

considerations like the O-H ' O angle (roughly 180°), H " O hydrogen bond lengths (typical 

values in water range between 1 . 8  and 2.3 A) and hydroxyl bond lengths. In comparison to 

a free hydroxyl, the O-H bond length in water is larger by 0.01 A. These effects can be 

explained by considering the cooperativity that occurs in small clusters of water molecules. 

As one increases the number of water molecules in a cluster from monomer to dimer, and 

further to larger oligomers, one sees non-negligible changes in binding energy and hydroxyl 

bond lengths 118.

It is important to get a better knowledge of cooperative effects if  we are to properly 

model systems with molecular mechanical approaches. In these force fields, parameters are 

often derived from experiments or very reliable calculations on small systems where 

cooperativity may not have been considered. Typically this occurs when additivity rules are 

used to describe interactions via addition of contributions from smaller fragments. In such a 

case, effects from orbital or non-bonded interactions are neglected, leading to a poor 

description of hydrogen bonding. Cooperative effects have to be better understood and 

quantified if  we are to use force fields where parameterized fragments are employed 119.

Electrostatic contributions to cooperativity have been shown to be crucial to the

description of biological systems. For example, the interaction of an anion with the

hydrogen bond network in a peptide displays considerable cooperativity, which can largely
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be described by electrostatic interactions. The increase in cooperativity between the anion 

and the peptide has a profound effect on the catalysis. Interactions of this nature have been 

shown to occur frequently in enzyme-catalyzed reactions, and are often the driving force for 

the reaction. However, these cooperative effects cannot be properly described by the sum of 

pair-wise interactions between the anion and the individual peptide units. This phenomenon 

arises from non-additive many-body effects 120, 121 that can be defined by the following 

decomposition scheme

AEN > 2 = B E . ,„ - f A E u “-I
i= l
j>«

where BEsystem is the total binding energy and AEy is the interaction energy of each dimer 

subunit.

Ab initio studies have shown that cooperative effects strongly affect the properties of 

water clusters by enhancing the hydrogen bond network 122'124. They can have a significant 

influence on the energy and structure of a metal-water interface by favouring the growth of a 

water bi-layer on the metal surface. A detailed analysis concluded that this cooperativity is 

dominated by effects originating from directly connected water trimers. However, as the 

number of directional hydrogen bonds in the bi-layer is small, these three-center energies 

cannot force the bi-layer into a geometry which is similar to that observed at the surface of 

bulk ice 125.

Cooperativity in many-particle systems becomes important when the effective intensity 

of interactions between particles depends on the number of particles. Cooperativity is 

defined as an enhancement of the first hydrogen bond between a donor and an acceptor as a 

result of a second hydrogen bond being formed between one (or both) of these species and a 

third partner. It has been shown that water trimers and tetramers are strongly stabilized by
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cooperative effects when each water molecule is simultaneously a hydrogen bond donor and 

acceptor (resulting in a cyclic topology) 126,127.

Natural bond orbital analysis attributes cooperativity to non-additive charge-transfer 

interactions among local bond orbitals 128. Charge transfer from the hydrogen donor lone 

pairs to the hydrogen acceptor antibonding O-H orbital slightly destabilizes the hydrogen 

acceptor lone pairs. In the case where the hydrogen acceptor also acts as a donor in another 

hydrogen bond, the destabilization will reinforce the interaction between the lone pairs and 

anti-bonding O-H orbital of the new acceptor. As a result, a new hydrogen bond is formed. 

Both electrostatic interactions and charge transfer seems to play a role in the cooperative 

effects present in hydrogen-bonded systems. A recent study quantified the influence of 

each, indicating that the hydrogen bond involves donation and back-donation of charge 

between the oxygen lone pair and the O-H antibonding orbitals on neighboring molecules. 

Together with internal s-p re-hybridization, this minimizes the repulsive charge overlap of 

the connecting oxygen and hydrogen atoms, which is essential for a strong attractive 

electrostatic interaction 129.

As an alternative to ab initio calculations, the B3LYP and BLYP DFT functionals seem 

the best at accounting for non-pairwise effects. It has been previously shown that these
1 q a_ i  ' l ' j

functionals provide a good description of hydrogen-bonded systems . However, more 

recent work has indicated that these methods may not be the best for a proper description of 

hydrogen bonding ,33'136. A preferred method is one which includes very flexible basis sets 

and a proper account of electron correlation. However, it has also been shown that the 

electronic redistribution that plays a large part in the cooperative effect is accurately 

described at the Hartree-Fock level. The basis set superposition error also seems to play a 

role, but we will not consider it here, accounting for a cancellation in the subtraction 

calculation of the cooperative effects 137. The BSSE for the n+1 water molecules structure 

will be close to the BSSE for the n water molecules structure.
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The main objectives of this work are to determine the extent of the cooperative effects in 

water ice structures and determine the minimum size a cluster can have such that it can be 

used to mimic the cooperativity in bulk ice. In order to achieve this, two models are used. 

The first model considered is one that is taken from the structure of ice X I, where the length 

of the chains are considerably longer than those used in previous studies. In a second step, a 

periodic model is also employed.

4.2 Models

To study cooperative effects, we choose to study both clusters and periodic systems. For 

the clusters, we wish to have simple and well-defined systems. One of the simplest 

possibilities is a linear chain of water molecules. However, a geometry optimization of a 

linear chain will result in cyclic or compact structures. This occurs because the water 

molecules try to minimize their energy and in a vacuum this is done through increased 

interactions with one another. As a result, full geometry optimizations will yield a structure 

that is not desired. Simple models wherein the hydrogen bonds are forced to remain along a 

straight line were studied. However, this constraint does not allow for the proper overlap of 

orbitals between adjacent water molecules. Due to the importance of orbital interactions in 

cooperativity 138 (i.e., the orbital interpretation of hydrogen bonding in terms of charge 

transfer from donor lone pairs to acceptor antibonding o *o h ) ,  this failure to properly account 

for it leads to dramatically reduced cooperative effects. Clearly, an alternative model must 

be considered. The structure of ice X I 6 6 , 75 is used as a starting point because this particular 

phase is the low-temperature form of ordinary ice, ice Ih, and is therefore proton-ordered67’ 

68. To construct the linear chains, we take one edge of the hexagon that one would see as 

you look down upon the 100 surface of ice X I (Figure 4-1). In all subsequent calculations, 

the water molecules are frozen. The only geometric parameters that are optimized are those
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associated with the ions interacting with the water chains. For the periodic ice systems, the 

structure of a polar cubic ice 139 is taken.

Figure 4-1 Water chain structure.

As stated above, any geometry optimization involving a cluster of water molecules 

would lead to the formation of cyclic or compact structures. However, when studying the 

interaction between the water chain and the Na+ and C1‘ ions, the position of the ions are 

fully optimized. Since the purpose of this work is to better understand the reactivity at the 

ice surface, only structures where ions are adjacent to a terminal water molecule are of  

interest. Even with these constraints in place, multiple minima are found. In the case of the 

chloride ion, four possible starting structures are considered. Three of these structures are 

shown in Figure 4-2, and are labelled structures 2A, 2B, and 2C. A fourth structure (3D, not
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shown), in which the Cl' ion is initially placed on the axis that bisects the terminal water 

molecule at the top of the chain, is not stable and will generate either structure 2A or 2B 

upon optimization. For the sodium ion, four possible structures are proposed. These 

structures differ in the identity of both the oxygen atom and lone pair upon which it is 

oriented. A ll four yield a stable structure upon optimization but they converge to either of 

the two geometries illustrated in Figure 4-3. Geometry optimizations are carried out at the 

B3LYP/6-31G** level. Subsequent single-point calculations with more sophisticated 

methods and basis sets are limited to the lowest energy structures (Tables 4-6 & 4-7).

A. B. C.

Figure 4-2 Water chain with chloride anion structures.
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9

B.

Figure 4-3 Water chain with the sodium cation structures.

For the periodic calculations on the slabs of ice, one side of the system has hydrogen 

atoms protruding at angles of roughly 90° while the other side has oxygen atoms at the 

surface. For the studies with the chloride ion, geometry optimizations are performed with 

the ion positioned directly above the protruding hydrogens. For the calculations with the 

sodium ions, the ions are initially positioned on the opposite side of the slab, in a bridging 

position between two oxygen atoms (Figure 4-4).

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4-4 Periodic structure (2 bi-layered slab) showing the positions of the chloride anion 

and sodium cation adsorbed at the ice surface.

4.3 Computational Methods

All calculations on the clusters were performed using Gaussian 98 m . The density 

functionals (B3LYP and PW91) and ab initio (MP2 and CCSD(T)) methods were employed. 

For each of these levels of theory, a 6-31G** basis set was used. In order to monitor the 

effect of basis set quality on our computed results, calculations employing the 6-311+G** 

basis set and B3LYP level of theory were performed.
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All calculations on the periodic systems were performed using VASP 140, where the 

PW91 functional 141 was employed. Core electrons were described by ultra-soft pseudo­

potentials 142 and a plane wave basis set with an energy cutoff of 515 eV was used to 

describe the valence electrons. The integrations in the Brillouin zone are performed on a 

grid of 5x5x1 using the Monkhorst-Pack method 143. Unlike the clusters, full geometry 

optimizations were performed on the periodic systems using the conjugate gradient method.

4.4 Cooperative Effects

The strength of the interaction between any molecule (be it an ion, or a polar or non­

polar molecule) and a collection of water molecules will not only depend on the positions 

and number of water molecules in direct contact with it. The remaining molecules in the 

hydrogen-bond network of water will also influence the strength of this interaction. In order 

to quantify this co-operative effect present in such a system, we have studied two very 

simple models. The first was a cluster-type model that represents a “linear” chain of water 

molecules, which was previously described in the above section of this chapter. Such a 

simple model will allow us to feasibly and directly monitor the importance of distant water 

molecules on local interactions. Moreover, the fact that the system was constrained to a 

“linear” chain meant that the issue of the multiple minima problem was avoided altogether. 

The second was a model of a slab of ice satisfying periodic boundary conditions. This 

model would clearly provide a far more realistic picture of the interaction between ice and 

an adsorbate. By comparing the results of the calculations on the clusters with those of the 

slabs, one can estimate the importance of lateral interactions at the ice surface.

For the linear chains of water molecules, three distinct cases were studied. The first 

model was built by the addition of a new water molecule to the end of the chain. The 

second and third models were built by the addition of a Cl' anion or a Na+ cation to the end 

of these chains, respectively. For each of these cases, the strengths of the co-operative
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effects were monitored. For the “linear” chain of water molecules, the importance of 

cooperativity was quantified by using the following expression

^ c o o p  =  ( ^ n H j O  —  E ( n _ i ) H 2o  -  ) —  ( E 2h 2o  —  2 E H2q  )  4 _ 2

To calculate the energy due to cooperative effects, total energies were required from ab 

initio or density functional calculations on four separate systems - the water chain with n 

water molecules, the water chain with n-1 water molecules, the water dimer, and the water 

molecule itself. The equation above isolates the influence of cooperativity as the energy 

arising from the first set of parentheses is the strength of the hydrogen bond between the 

chain of n-1 water molecules and a newly added water molecule while the energy arising 

from the second set of parentheses gives the same for the water dimer. I f  we state that, by 

definition, no cooperativity can exist within the water dimer, then the difference between 

these two values in parentheses can be defined as the component of the overall hydrogen 

bond strength directly attributable to cooperative effects (i.e., the presence of the other water 

molecules not directly involved in the formation of the new hydrogen bond).

Also monitored for the chains of water molecules was the mean hydrogen bond energy, 

defined as

n = (E„h2o _nEH2o ) /  4 . 3
mean HB / q _J

Its value provided information about the extent of stabilization within the system as the 

length of the chain is altered.

Similarly, the effect of cooperativity on the binding of the C f and Na+ ions is given by

Ecoop (EnH:o«ion Ejon 'j (eH:o*j0n E E ion) 4-4
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In this instance, the interaction between a single water molecule and the ion is defined as 

that which is devoid of any cooperative effects.

For periodic systems, the formula must be modified to account for the formation of 

multiple hydrogen bonds when an extra bi-layer is added to the system. For our particular 

unit cell, six new inter bi-layer hydrogen bonds were formed each time a bi-layer was added. 

It was important to note that numerous hydrogen bonds existed within each bi-layer, but 

their number was unaffected by the number of bi-layers in the unit cell. Thus, there was no 

unique value for the strength of a single hydrogen bond, as we have with the water dimer for 

the water clusters. Cooperativity within bare ice can thus be defined as

p  _ ( ® n  b ilay er ^ ( n - I ) b i l a y e r  ^ 1  b i l a y e r X /  4  ^
coop  /

Analogous to the expression for chain models, the cooperativity for a periodic system can 

alternatively be expressed as

F bis= (e  -E  -E  ) - ( e  -2 E  ) 4-6
coop V n b ila y e r  ( n - l ) b i l a y e r  l b i l a y e r /  V. 2 b ila y e rs  l b i l a y e r /

Our results showed that these two formulae provided different, but similar, results. 

Cooperativity for the case of an ion adsorbed to the surface of a slab of ice is defined as

p   ( b  n  b ila y e r.io n  (n —1) b ilay e r ^ 1  b i la y e r . io n ) /  4 - 7
coop /  6

4.5 Results and Discussion

The cooperative effects for the water chain, calculated at various levels of theory, are

listed in Table 4-1. Table 4-2 lists the mean hydrogen bond energies. When analyzing the

geometries of the water chain, a shortening of approximately 0.08 A is observed within the
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terminal hydrogen bond. Table 4-1 shows that as the length of the water chain increases, the 

strength of the hydrogen bond also increases.

Table 4-1 Cooperative effects (in kcal/mol) using various methods and basis sets for chains

of water molecules taken from the Ice X I crystallographic structure.

Cooperative effect
B3LYP/6- B3LYP/6- PW91/6- MP2/6- CCSDT/6-

31G** 311+G** 31G** 31G** 31G**
2H20 0 0 0 0 0

3H20 -4.40 -3.64 -4.46 -4.36 -4.31
4H20 -4.85 -4.11 -5.00 -4.79 -4.73
5H20 -4.92 -3.96 -5.03 -4.83 -4.78
6H20 -5.11 -4.24 -5.29 -5.04 -4.97
7H20 -5.46 -4.42 -5.59 -5.34 -5.28
8H20 -5.41 -4.50 -5.59 -5.32 -5.25
9H20 -5.58 -4.52 -5.72 -5.45
io h2o -5.45 -4.54 -5.64 -5.36
i ih 2o -5.67 -4.60 -5.82 -5.54
12H20 -5.52 -4.60 -5.71 -5.42
13H20 -5.71 -4.63 -5.85 -5.57
14H20 -5.53 -4.61 -5.72 -5.44
15H20 -5.74 -4.66 -5.88 -5.60
16H20 -5.55 -4.63 -5.74 -5.46
17H20 -5.75 -4.67 -5.90 -5.61
18H20 -5.56 -4.64 -5.75 -5.46
19H20 -5.77 -4.68 -5.91 -5.63
20H2O -5.57 -4.64 -5.76 -5.47
2 1 H2 0 -5.77
22H20 -5.57
23H20 -5.78
24H20 -5.58
25H20 -5.78
26H20 -5.58
27H20 -5.79
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Table 4-2 Mean hydrogen bond energies (in kcal/mol) using various methods and basis sets for chains of water molecules taken from 
the Ice X I crystallographic structure.

mean H-bond energy
B3LYP/6-31G** B3LYP/6-311+G** PW91/6-31G** MP2/6-31G** CCSD(T)/ 6-31G* *

2 H2 0 -5.92 -4.28 -7.30 -5.28 -4.74
3 H 20 -8 . 1 2 -6 . 1 0 -9.52 -7.46 -6.90
4 H20 -9.00 -6 . 8 6 -10.45 -8.33 -7.76
5 H20 -9.46 -7.21 -10.92 -8.78 -8 . 2 0

6  H20 -9.77 -7.47 -11.25 -9.09 -8.50
7 H20 -10.04 -7.68 -11.52 -9.34 -8.76
8  H20 - 1 0 . 2 2 -7.83 -11.72 -9.52 -8.93
9 H20 -10.38 -7.96 - 1 1 . 8 8 -9.67

io h 2o -10.49 -8.05 - 1 2 . 0 0 -9.78
11 H20 -10.60 -8.14 - 1 2 . 1 1 -9.89
12 H20 - 1 0 . 6 8 -8 . 2 0 -12.19 -9.96
13 H20 -10.76 -8.26 -12.27 -10.03
14 H20 -10.81 -8.31 -12.33 -10.09
15 H20 -10.87 -8.36 -12.39 -10.14
16 H20 -10.91 -8.39 -12.43 -10.18
17 H20 -10.96 -8.43 -12.48 -10.23
18 H20 -10.99 -8.46 -12.51 -10.26
19 H20 -11.03 -8.48 -12.55 -10.29
20 H20 -11.05 -8.51 -12.58 -10.32
21 H20 -11.08
22 H20 - 1 1 . 1 0

23 H20 -11.13
24 H20 -11.15
25 H20 -11.17 .

26 H20 -11.18
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Table 4-3 Cooperative effects (in kcal/mol) for chains of water molecules taken from the ice X I structure with Cl .

Cooperative effect terminal bond length

B3LYP/6-31G** B3LYP/6-311+G** PW 91/6-31G** M P2/6-31G ** CCSD(T)/6-31G** B3LYP/6-31G **

Cl h 2o 0 0 0 0 0 2.160

c r  2h 2o -9.69 -8.25 -10.21 -9.23 -9.13 2.058

c r  3h 2o -13.92 -12.06 -14.62 -13.27 -13.13 2.027

Cl 4H20 -15.73 -13.54 -16.59 -14.97 -14.45 2.015

c r  5h 2o -18.27 -16.01 -19.16 -17.45 -16.88 2.005

c r  6h 2o -19.46 -16.96 -20.46 -18.53 -17.94 2.002

c r  7h 2o -20,69 -18.26 -21.66 -19.75 1.998

c r  8h 2o -21.16 -18.56 -22.23 -20.16 1.996

c r  9h 2o -22.01 -19.52 -23.02 -21.02 1.995

c i io h 2o -22.34 -19.68 -23.44 -21.29 1.994

c r - i i h 2o -22.91 -20.38 -23.95 -21.89 1.993

c r  i2H2o -23.06 -20.37 -24.19 -21.99- 1.993

c r  i 3h 2o -23.51 -20.96 -24.57 -22.48 1.992

c r  i4H2o -23.62 -20.90 -24.76 -22.53 1.992

c r  i5H2o -23.97 -21.40 -25.04 -22.92 1.992

c r  16h 2o -24.01 -21.28 -25.16 -22.91 1.992

c r  i 7h 2o -24.31 -21.73 -25.39 -23.26 1.991

Cl 18H20 -24.33 -21.59 -25.49 -23.22 1.991

c r  19h 2o -24.59 -22.00 -25.67 -23.53 1.991

c r  2oh2o -24.58 -21.83 -25.74 -23.46 1.991
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Table 4-4 Cooperative effects (in kcal/mol) for chains of water molecules taken from the ice X I structure with Na+.

Cooperative effect terminal bond length 

B3LYP/6-31G **B3LYP/6-31G** B3LYP/6-311+G ** PW 91/6-31G** M P2/6-31G** CCSD(T)/6-31G * *

Na+ H 20 0 0 0 0 0 2.186

Na+ ' 2H20 -13.73 -11.53 -14.04 -13.09 -12.98 2.139

Na+ 3H20 -17.85 -14.72 -18.47 -16.85 -16.70 2.127

Na+ ' 4H20 -19.95 -16.26 -20.73 -18.79 -18.62 2.126

Na+ ■ 5H20 -22.94 -19.01 -23.78 -21.67 * 2.117

Na+ 6H20 -24.67 -20.63 -25.53 -23.34 * 2.113

Na+ • 7H20 -25.88 -21.75 -26.81 -24.49 2.111

Na+ . 8H20 -26.55 -22.36 -27.49 -25.12 2.110

Na+ . 9H20 -27.41 -23.17 -28.38 -25.95 2.109

Na+ ' 10H2O -27.96 -23.70 -28.93 -26.48 2.109

Na+ 11H20 -28.44 -24.16 -29.44 -26.95 2.108

Na+ • 12H20 -28.74 -24.44 -29.74 -27.23 2.108

Na+ ' 13H20 -29.12 -24.81 -30.14 -27.60 2.107

Na+ • 14H20 -29.38 -25.06 -30.40 -27.86 2.107

Na+ ' 15H20 -29.63 -25.30 -30.67 -28.10 2.107

Na+ ' 16H20 -29.80 -25.45 -30.83 -28.26 2.107

Na+ ' 17H20 -30.01 -25.66 -31.05 -28.47 2.107

Na+ 18H20 -30.16 -25.80 -31.20 -28.61 2.107

Na+ 19H20 -30.31 -25.95 -31.36 -28.76 2.106

Na+ 20H2O -30.42 * -31.46 * 2.106
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The resulting value of approximately 6  kcal/mol is roughly the value of the hydrogen 

bond itself between the two units of the water dimer. Once the chain length reaches 20 water 

molecules, the value of the cooperative effect is essentially constant, except for a steady 

alternation between even and odd numbered systems. A change in the cooperativity of only 

0 . 0 1  kcal/mol is seen when the length of the water chain is increased from 2 0  to 26 

molecules. This is less than 0.2% of the total effect for the even number of water molecules 

in the chain. For an odd number of water molecules in the chain, the same trend is observed, 

with a change of less than 0.4% of the total effect seen for more than 21 molecules in the 

chain.

Further examination of the 6-31G** results shows that the cooperative effect consistently 

increases as one goes from CCSD(T) to MP2 to B3LYP and finally to PW91. However, in 

the case of an 8 H2O system (the largest system feasible with CCSD(T)), this difference spans 

only 0.34 kcal/mol upon going from CCSD(T) to PW91. However, increasing the quality of 

the basis set from 6-31G** to 6-311+G**, the value of the cooperative effect falls by roughly 

1 kcal/mol at the B3LYP level. Thus, the extent of cooperativity is significantly affected by 

the quality of the basis set. However, the discrepancy between the values is relatively 

unaffected by the length of the chain. In order to confirm that these values will not change 

significantly when a more flexible basis set is used, B3LYP calculations were performed on 

these systems up to the pentamer with a very large 6-311++g(3df,2dp) basis. The results 

from these calculations show that the numerical results move to less negative values (i.e. a 

decrease in cooperativity) and do not change by more than 0.3 kcal/mol compared to the 6 - 

311+G** basis. However, the oscillating behaviour in the cooperative effect seen with the 6 - 

311+G** basis between the trimer, tetramer and pentamer, which is absent with the smaller 

basis set, is again seen with the very large basis set. For longer chains of water molecules, 

the cooperative effect is clearly converging, despite the fact that it is oscillating. This 

oscillation between odd and even-numbered chains arises from the positioning of the newly 

added water molecule. The odd-numbered water molecules are oriented such that the total 

dipole moment of the chain increases while the even-numbered water molecules are oriented 

such that it does not.
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Mulliken population analysis is clearly not the best way to study charge transfer. 

Nonetheless it can provide a qualitative picture of the charge redistribution within the cluster. 

The charge on the terminal oxygen atom of the water chains goes from -0.618006 for the 

monomer to -0.697422 for the chain with 20 water molecules. This increase in the charge, 

which can explain the increase in the reactivity, comes for the most part from the formation 

of the first three hydrogen bonds. In fact, 81% of the charge transfer arises from the 

formation of the dimer. Another 9% is gained upon the addition of a third molecule and 

another 7% of the total charge transfer arises from the formation of the tetramer. Therefore, 

the tetramer accounts for 97% of the charge transfer to the first water molecule that is seen in 

the chain with 20 water molecules. This would suggest that the cooperative effect arising 

from charge transfer is terminated primarily upon the formation of the tetramer.. The increase 

in the chain’s dipole moment accounts for the increase in cooperativity once the chains 

become significantly longer.

Despite the quick convergence of the charge transfer with chain length, the mean 

hydrogen bond energies converge slowly as system size is increased. The creation of a new 

hydrogen bond stabilizes the entire hydrogen bond network, and this stabilization is fairly 

constant across the various theoretical models employed. Though the results are converging, 

they are not as converged as one would think at first glance since the impact of the newly 

formed hydrogen bond, regardless of its strength, diminishes as the total number of hydrogen 

bonds in the chain increases and attenuates the effect of this new hydrogen bond. For the 

largest systems in our table, the mean hydrogen bond strength is roughly twice the value of 

the lone hydrogen bond in the water dimer. A significant fraction of this increase in the 

mean hydrogen bond strength is gained upon the addition of the first few water molecules to 

the chain.
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Table 4-5 B3LYP/6-31G** energies for the different positions for Cl (in kcal/mol).

Position A Position B Position C

c r  • 2h 2o N /A N /A N /A

c r 3h2o 0.00 +2.03 +3.05

c r  4h2o 0.00 +4.40 +27.57

c r  5h2o 0.00 +3.18 +33.21

c r  6h2o 0.00 +2.28 +36.18

c r  7h2o 0.00 +2.08 +39.04

c r  8h2o 0.00 +2.12 +40.46

c r  9h2o 0.00 +1.82 +42.22

c r  ioh2o 0.00 +1.61 +43.12

c r  i i h 2o 0.00 +1.52 +44.31

c r  12h 2o 0.00 +1.51 +44.84

c r  i3H2o 0.00 +1.41 +45.70

c r  i4H2o 0.00 +1.33 +46.07

c r  15H2o 0.00 +1.29 +46.74

c r  i6H2o 0.00 +1.28 +46.97

c r  i7H2o 0.00 +1.24 +47.50

c r  i8H2o 0.00 +1.20 +47.67

c r  19h2o 0.00 +1.18 +48.12

c r ■20h 2o 0.00 +1.18 +48.22

As previously stated, structures in which the chloride ion is started along the axis 

bisecting the water molecule (structure 2D) will inevitably optimize to either structure 2A or 

2B. For all chains with three or more water molecules, structure 2A is the lowest in energy 

(Table 4-5). This structure results from the chloride ion being favourably oriented along the 

dipole of the chain. Though bound to the same water molecule, the chloride ion in structure 

2B is positioned perpendicular to the chain’s dipole. The energy difference between 

structures 2A and 2B decreases steadily (beyond the trimer) because the difference in 

positioning becomes less of a factor as the chain lengthens and the dipole increases. This
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trend does not necessarily hold for the trimer since the dipole is oriented somewhat in 

between positions 2A and 2B. Beyond the trimer, position 2A is clearly more aligned along 

the chain’s dipole. Meanwhile, in structure 2C, the chloride ion is bound to the opposite end 

of the chain and is thus unfavourably positioned along the chain’s dipole. Consequently, 

structure 2C is always the highest in energy for these chains involving three or more water 

molecules, and its relative energy rises steadily as the chain lengthens and its dipole 

increases. As was just described, this trend does not hold for the trimer. As one can see, our 

model for the water chain repeats every four units, so the trimer is unique, as expected. For 

the water dimer, positions 2A and 2B yield slightly different results. However, this is purely 

an artefact of our model and our constrained geometry optimizations. Positions 2A and 2B 

would become identical were we to fully optimize the geometries. In our model, the two 

bonds in any water molecule, taken from reference 66, are not strictly identical. When 

starting the partial optimization of structure 2C, the chloride ion migrates to the other water 

molecule, yielding either structure 2A or 2B.

The cooperative effects for the chloride ion bound to the water chain, calculated at 

various levels of theory, are listed in Table 4-3. For the given geometries, it can be seen that 

the cooperative effects lead to a significant shortening of approximately 0.17 A of the 

distance between the water chain and the chloride anion. This shortening of the bond 

becomes more or less constant once one attains a chain of ten or more water molecules. 

These calculations also show that the cooperative effect in these systems can easily approach 

values of 20 to 25 kcal/mol. This is a significant amount given that the interaction energy 

between a single water molecule and a chloride anion is on the order of 17 kcal/mol. Even 

with chains of up to 2 0  water molecules, convergence in the cooperative effect has not been 

achieved.

The B3LYP/6-311+G** and CCSD(T)/6-31G** calculations are perhaps the most 

informative. First limiting ourselves to the 6-31G** calculations with the various 

methodologies, we can see that the cooperative effect consistently increases upon going from
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CCSD(T) to MP2, B3LYP and finally to PW91. For the largest system for which CCSD(T) 

calculations were feasible, the difference between the CCSD(T) and the PW91 results is on 

the order of 2.5 kcal/mol. However, it seems that this discrepancy between the CCSD(T) and 

PW91 methods converges quickly to this value. For this particular system, which contains an 

anion, the presence of diffuse functions is clearly important. Upon going from the 6-31G** 

basis to the 6-311+G** basis, the value of the cooperative effect diminishes by roughly 2.5 

kcal/mol at the B3LYP level. It would be safe to assume that a similar reduction would exist 

amongst the other methodologies. Upon going to the even more flexible 6-311++G(3df,2dp) 

basis set, B3LYP calculations up to the pentamer confirm that the same trend is observed 

with a change of no more than 0 . 6  kcal/mol compared to calculations employing the 6 - 

311+G** basis. In all instances, the numerical results become more negative (i.e., they move 

back towards the values obtained with the 6-31G** basis).

For the longer chains, little change is seen in the cooperative effect if  one adds a single 

water molecule to a water chain with an odd number of water molecules. This result is 

deceiving because in such instances the water chain’s dipole moment increases by very little. 

However, for chain lengths of 18 and 20 water molecules, we see a surprisingly consistent 

increase of roughly 0.25 kcal/mol across all of the theoretical methods employed. The value 

of the cooperative effect is indeed converging since increases of 0.30 and 0.40 kcal/mol are 

seen amongst the even-numbered chains two and four units shorter, respectively. However, 

convergence is clearly slow. The Mulliken population analysis is not very informative in this 

case because the negative charge on the chlorine diminishes constantly and convergence is 

never really achieved.

The two initial structures in which the sodium ion is initially positioned along a lone pair 

of the oxygen atom at the upper extremity of the chain in Figure 4-3 will optimize to 

structure 3 A. One of these two initial positions being already occupied by a hydrogen of the 

neighbouring molecule forming a hydrogen bond, the position of the sodium cation is more 

like between the lone pairs. The two initial structures in which the sodium ion is initially
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positioned along a lone pair of the oxygen atom at the lower extremity of the chain (as shown 

in Figure 4-3) will optimize to structure 3B. For all chains with three or more water 

molecules, structure 3A has the lowest energy as shown in Table 4-6. Structure 3A is the 

lowest energy structure since the sodium cation is closer to the chain interacting with several 

hydrogen atoms. In this position, it is favourably positioned along the chain’s dipole. The 

energy difference between structures 3A and 3B increases steadily because the difference in 

positioning becomes more of a factor as the chain lengthens and the dipole increases.

Table 4-6 B3LYP/6-31G** energies for the different positions for Na+ (in kcal/mol).

Position A Position B

Na+ ' 2H20 0.00 0.00

Na+ 3H20 0.00 +2.39

Na+ • 4H20 0.00 +17.82

Na+ 5H20 0.00 +30.21

Na+ 6H20 0.00 +34.95

Na+ ' 7H20 0.00 +38.91

Na+ 8H20 0.00 +41.02

Na+ ' 9H20 0.00 +43.16

Na+ 10H2O 0.00 +44.51

Na+ 11H20 0.00 +45.72

Na+ 12H20 0.00 +46.56

Na+ 13H20 0.00 +47.37

Na+ 14H20 0.00 +48.02

Na+ 15H20 0.00 +48.55

Na+ 16H20 0.00 +49.03

Na+ ' 17H20 0.00 +49.41

Na+ 18H20 0.00 +49.82

Na+ 19H20 0.00 +50.09

Na+ 20H2O 0.00 +50.42
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For the lowest energy structure, the cooperative effect for the sodium ion bound to the 

water chain, calculated at various levels of theory, is listed in Table 4-4. For the geometries 

of structure 3A, it can be seen that the cooperative effects lead to a shortening of roughly 

0.08 A between the water chain and the sodium cation. This shortening of the bond 

converges to a constant value at chain lengths of ten or more water molecules. These 

calculations show that the cooperative effect in these systems can easily reach a value of 30 

kcal/mol. This amount is of the same order as the interaction energy between a single water 

molecule and a sodium cation (31 kcal/mol). Even with chains of up to 20 water molecules, 

the energetic value of the cooperative effect has not fully converged.

Calculations employing the 6-31G** basis set with the various methodologies show that 

the cooperative effect consistently increases upon going from CCSD(T) to MP2, B3LYP and 

finally to PW91. For the largest system for which CCSD(T) calculations were feasible, the 

difference between the CCSD(T) results and the PW91 results is on the order of 2.1 kcal/mol. 

It is assumed that this discrepancy between the CCSD(T) and PW91 methods is quickly 

converging to a value of this order, as is the case for the chloride anion. Upon going from 

the 6-31G** to the 6-311+G** basis, the value of the cooperative effect diminishes by more 

than 4 kcal/mol for the longest chain at the B3LYP level. Upon going to the increasingly 

flexible basis set 6-311++g(3df,2dp), B3LYP calculations up to the pentamer confirm the 

same trend, and the results do not change by more than 0.8 kcal/mol compared to the 6- 

311+G** basis. Analogous to the observations made for the chains with the chlorine ion, the 

numerical results become more negative (i.e., they change in the direction of values obtained 

with the 6-31G** basis).

For the longer chains, the increase in the cooperativity upon the addition of a water 

molecule to the chain seems to slowly converge to a value of 0.15 kcal/mol across all of the 

theoretical methods employed. Similar to the results of the chloride anion, the Mulliken 

population analysis does not provide interesting information. The positive charge on the 

sodium decreases constantly and is not converged for the longest chain studied.
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For the bare ice periodic calculations, systems comprised of one, two, and three bi-layers 

were studied. Larger structures could not be studied due to a large computational burden. 

Limited to these three systems, a strong cooperative effect can be demonstrated, but 

convergence is far from being reached. The values obtained are roughly twice those found 

for the chains of water molecules. However, as there is an inherent difference in the orbital 

bases in the cluster and periodic calculations, lateral interactions in the slabs within a bi­

layer, and multiple new hydrogen bonds created once two bi-layers come into contact, results 

that are of the same range are perhaps as good as we could expect.

As the first formula for the estimate of the cooperativity is normalized by the number of 

new hydrogen bonds created upon the addition of a new bi-layer, one can perhaps compare 

such a value with.the mean hydrogen bond energy in the chains of water, molecules. The 

PW91 values in Table 4-2 are very close to the values listed in Table 4-7 for the periodic 

systems. The second estimated value for the cooperativity, ECOoPBIS (the bold value in Table

4-7) which uses the formula that is as close as possible to the one used for the clusters, still 

provides a value comparable to Ecoop- Even if  the cooperative effects are more difficult to 

clearly quantify unambiguously for periodic structures, the range of values is the same.

Table 4-7 Cooperative effects (in kcal/mol) for slabs of bare ice and ice with adsorbed ions 
(CF or Na+).

Cooperative effect in PW91/plane waves terminal bond length

Ice Ice with C l- Ice with Na+ O-H Cl Na' O

1 bilayer 0 0 0 1.93 2.43

2 bilayers -7.31 -2.60 -8.18 1.73 2.16

3 bilayers -9.06 -3.68 -8.39 1.76 2.13

- 10.49

Though the periodic structures are a far more realistic model than are the chains of water 

molecules, there are still some issues to be solved before these calculations become 

comparable to what is observed. In reality, this model structure would undergo a
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reconstruction so as to avoid dangling bonds. This will create more of a “molten” structure 

where the hydrogen bond network will not be perfect. This would lead to a smaller 

cooperative effect due to a poorer orbital overlap and a diminished dipole moment.

The structure with the chloride anion adsorbed onto the top of slab displays a much 

smaller cooperative effect. This may be the result of the chosen ice structure where a strong 

dipole moment exits oriented towards the chloride ion normal to the surface. A decrease in 

the distance between the anion and the slab is observed and convergence appears rapidly.

The structure with the sodium cation adsorbed at the bottom of the slab displays a strong 

cooperative effect that is similar in magnitude to the one found for the pure slabs of ice. A 

significant shortening of the Na "0 distance is observed, analogous to the ice structure with 

the adsorbed chloride anion. Again, even for. our limited number of bi-layers, convergence 

seems to be occurring rapidly. The smaller radius cation can approach the slab more than a 

larger anion and therefore has a stronger interaction with the slab.

4.6 Conclusion

This study shows the importance of cooperative effects in modelling ice structures. 

Cooperativity has a major influence on the stability of these structures, particularly when 

they involve ions. Charge transfer and electrostatic effects are responsible for cooperativity 

and may be the reason why, in some cases, convergence could not be achieved. Through the 

calculations on the small clusters, it was shown that a small cluster cannot be used to mimic 

an ice structure. This is a direct result of the missing cooperativity in such a model. A 

cluster embedded in a Madelung potential is a reasonable improvement in more accurately 

accounting for the cooperative effects. This approach will be discussed further in the 

following chapter.
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Chapter 5 

X-ray absorption spectroscopy of water ice structures

5.1 Theoretical Background

Several techniques have been developed to study the unoccupied electronic states of 

molecules and solids, such as electron energy loss spectroscopy (EELS), X-ray absorption 

spectroscopy (XAS), and X-ray Raman scattering (XRS). XAS, also called near edge X-ray 

absorption fine structure (NEXAFS) or X-ray absorption near edge structure (XANES), has 

proven to become a powerful method to probe unoccupied states. Therefore it is a very 

useful technique for gaining information about the structure and properties of materials 144.

Since the core energy levels depend not only on the element but also on their chemical 

environment, XAS provides an element specific probe of the local neighborhood of a given 

atom, facilitated by the spatial confinement of the core hole. The X-ray absorption process 

being faster than a femto-second (much faster than the vibrational and translational 

motions), XAS will picture the molecular orbital structure in a frozen geometry around the 

probed molecules, the spectrum being a sum of snapshots from individual atoms or 

molecules in their instantaneous environments 144.
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Figure 5-1 Time scale of molecular processes in water compared with the time scale of X- 

ray absorption processes. The vertical arrows indicate the periods associated with different 

molecular processes (molecular displacement td, molecular vibrations iv, OH stretching 

vibration xs).145

When a beam of monochromatic X-rays goes through a material, the photons interact 

with the atoms. X-ray absorption spectroscopy measures the absorption of the incoming X- 

rays as a function of their energy. The absorption coefficient, which is determined from the 

decay in intensity with distance, generally decreases with increasing energy. However, at 

particular energies, sharp peaks, call edges, arise. Those energy positions are unique to the 

given type of atom that absorbs and reflect the excitation energy of inner-shell electrons. 

The region close to an edge is often dominated by strong scattering processes as well as 

local atomic resonances and is referred to as XANES or NEXAFS. This will be the region 

of the spectrum we will be concerned with in this thesis. Above the edges, one gets a series 

of oscillatory structure that modulate the absorption (EXAFS). This fine structure contains 

precise information about the local atomic structure around the atom that absorbed the x-ray
146

The photon ionization energy (Eo) is the threshold energy the electron needs to have to 

escape into the continuum and Ec is the critical energy value for EXAFS in Figure 5-2.
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Figure 5-2 An x-ray absorption edge is the superposition of discrete transitions from the core 

electron to discrete bound state valence levels (dotted lines)145.

Three types of excited electrons can be found. The first type does not have enough 

energy to leave the absorbing atom and will do a transition to one of the unoccupied valence 

states. These transitions will give the so-called pre-edge peaks, that is the peaks located 

before the ionization threshold Eo- The second and third types of excited electrons have 

energies above E0 and therefore can escape into the continuum. However, for the second 

type of excited electrons, the kinetic energy is low and therefore the electron can be trapped 

in continuum states before leaving the system. For the third type of excited electron, the 

energy of the incoming photons is above the critical energy value Ec, and the electron will 

be weakly backscattered by neighboring atoms. The interference between the outgoing 

electron wave from the probed atom and the backscattered electron waves from its nearest 

neighbors creates sinusoidal variations of the absorption coefficient144.
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Figure 5-3 The three types of excited electrons 145.

5.2 X-ray absorption spectrum calculation

The calculation of an X-ray absorption spectrum will be discussed within the framework 

of the density functional theory 144,147 149. The absorption cross section ax of an atom or 

molecule, previously introduced, is defined as the number of electrons excited per unit of 

time divided by the number of incident photons per unit of time per unit of area and can be 

calculated from Fermi’s Golden Rule:

a(o>) = 47t2a/ko^T

92

5-1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



where a is the fine structure constant, tico is the energy of the incoming photon, 0  is a 

transition operator coupling the initial state 'Fi of energy E; with the final states 'Ey of

energies Ef. 'F, and 'Ey are Kohn-Sham orbitals, solutions to equation 1-47.

The calculation of vFi , a core orbital, is straightforward but the difficulty lies in the

calculation of the final states 'Ey. The absorption cross section can also be related to the

transition probability per unit time Pjf from the initial state to the final states driven by a

harmonic time-dependent perturbation V(t) = V e~m due to the electric field of the radiation

= ^ < KP,|V|'Pi>2p,(E) 5-2

where pf (E ) is the energy density of the final states.

The excitation of the core electron into the unoccupied valence states obeys the dipole 

selection rule, which, for an atom, states that only the transition between states whose 

angular momentum differs by one unit will have a non-zero probability: (Al) = ±1.

X-shell transitions (from the Is shell) will be our sole concern in the present work. The 

spatial localization of the Is orbital involved in the excitation results in the spectrum being 

dominated by transitions to molecular orbitals with a local p-orbital contribution, although 

the overall symmetry is not atomic-like.

The Bom-Oppenheimer approximation can be applied here as the vibrational motions of 

the nuclei are slow compared to the total lifetime of the electronic final state. Therefore, it 

allows the separation of the electronic and nuclear degrees of freedom and the ground state 

equilibrium geometry can be used. The Frank-Condon principle, also referred to as the 

sudden approximation, which states that the intemuclear distance can be assumed to be 

constant during the fast electronic excitation process, can also be employed. The effects of 

nuclear vibrations can, however, be included through the wavefunctions of the initial and 

final states by writing them as a product of the electronic and vibrational functions. In X-ray
93
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absorption, only the resonances arising from bound state transitions are narrow enough to 

have a reasonable resolution of the vibrational splittings. The wavefunctions 'F1. and vFi

determine the transition intensities via the dipole matrix element and the energy differences 

give the transition energies.

In the case of X-shell spectra, the Is ionization potential is the minimum energy 

necessary to promote a Is electron to the continuum states. In order to obtain the transition 

energies, one has to calculate the energy difference between the ground state (initial state) 

and the final excited states. In the Hartree-Fock approximatiom, Koopmans’ theorem links 

the ionization potentials (or binding energies) to the orbital energies by stating that the 

binding energy of an electron is equal to the negative of its orbital energy. It assumes that, 

upon excitation, the other orbitals will remain frozen.

Calculating a spectrum will imply multiple calculations to determine the final states and is 

computationally infeasible with today’s resources. Approximations will therefore be 

employed to yield sufficiently accurate results in a single calculation.

The shape of a spectrum comes from the eigenstates of the final states which include the 

core hole but the transition intensities are given by the number of unoccupied levels in the 

initial state, i.e. the ground state.

Kohn-Sham density functional theory has only been proven for the ground state. 

Nevertheless it has been used to calculate some excitation energies. Within the density 

functional theory, Slater introduced a concept called the “transition state method” (or 

transition operator or half-core hole) for the Xa method 39’ 15°. It allows one to include the 

relaxation effects due to the creation of the core hole by second order perturbation theory. 

Janak extended Slater’s theorem to density functional theory IS1. However, it has been 

proven that in order for the density functional theory to be variational, the occupation 

numbers should be chosen such as all the orbitals below the Fermi level are completely 

occupied and the orbitals above the Fermi level are empty with possible fractional
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occupations at the Fermi level 152. This means that Janak’s theorem does not theoretically 

apply within the current framework of density-functional calculations, but it is nevertheless 

used and provides reasonable results 153. This method brings a balance between the effects 

of the initial and final states in the calculation of a spectrum. Hence, the binding energy, 

which does not take relaxation into account, is usually given by

Eb(l) = -E , = E0(n, = 0) -  E0(n] = 1) =
on.

5-3

where ni gives the occupation numbers for the spin orbital. Within the Slater transition state 

method, the binding energy becomes

Eb(1) = Eq (n, = 0 ) -E oR(ni = l)  = - ^ M h )
dn, 5-4

Equation 5-3 can be further simplified by using the dipole approximation and the X-ray 

absorption cross section and the spectral intensity can be rewritten as

o = J _ S |< )3| (E)
m S c te T

m e heo 3
a = 4it|e_p^ (E )l|{ ^

m e ha  31' 1

I if =■
m/io

5-5

where p  is the sum of the momentum operators of all the k electrons p =  ^ p k and e 

gives the x-ray polarization direction.

1
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Ultimately, the expression can be written using the dipole moment operator // instead of 

the momentum operator (“length” gauge):

5-6

Using the relaxed wavefunction given by the Slater transition state method, a set of energy 

levels and their corresponding oscillator strengths can be determined in order to obtain the 

simulated spectrum m ’147'149,154.

5.3 Results

5.3.1 Ice IX

To simulate the Xray absorption spectra presented in this section, the core-valence and 

core-virtual transition energies and corresponding dipole transition probabilities were 

evaluated using the Slater transition method within the dipole approximation where both 

initial and final states are taken from the same wave function as explained in the previous 

section 155'157.

The methodology was tested on ice IX  because the experimental XAS spectrum is 

known. The procedure being successful in reproducing this spectrum, it was then applied to 

the three other proton-ordered ice structures and with an appropriate sampling to the water 

and amorphous ices. The following results were obtained performing calculations within the 

DFT framework implemented in the program deMon-StoBe 158 with the gradient-corrected 

exchange and correlation functionals PBE developed by Becke, Perdew and Wang 159. The 

calculation results in a discrete set of energy levels associated with an oscillator strength and 

a line broadening. The experimental broadening of a transition depends on instrumentation,
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life-time and vibrational broadening that can be simulated by convoluting the obtained total 

oscillator strengths with gaussian functions. These gaussians are of constant width below 

the ionization potential (for the transitions below 540.1 eV, line widths of 0.3, 0.5, 0.7 and 

0.9 eV were used to illustrate the influence of the experimental resolution on the observed 

line shape). They have linearly increasing full width at half maximum (fwhm) from the 

ionization potential up to a threshold (between 540.1 and 550.1 eV, the line width was 

interpolated linearly between the two limiting values) and are constant again after the said 

threshold (for the transitions above 550.1 eV, the absorption lines were broadened with the 

full width at half maximum of 4.5 eV). Larger lifetime broadening at higher energies 

motivates the choice of linearly increasing fwhm. The method has been shown to give a 

reliable description of X-ray absorption spectra.

The cluster models were generated from the ordered crystal structures described in 

Chapter 2. For each crystallographically distinct oxygen center, all water molecules within a 

chosen cut-off radius were explicitly included in the electronic calculation. The cutoff 

radius was selected such that the total TIP3P dipole moment (-0.834 charge on the oxygen 

atom and 0.417 charge on each hydrogen atom) 90 of the cluster is minimized as can be seen 

in Tables 5-1 to 5-4. For site 1, the quantum clusters studied have radii of 3.3, 4.8, 5.4, 6.7, 

and 7.3 A when for site 2, the chosen radii are 3.6, 4.1, 5.8, 6.9, and 7.2 A. The oxygen 

atom positioned at the center of the cluster is the excited atom.

In Chapter 4, it was shown that co-operative effects could extend over very long 

distances. However, the amount of charge transfer unto a single water molecule seemed to 

be, in most part, constant once the hydrogen bond chain extended beyond four. Beyond this, 

the co-operative effect appeared to be primarily electrostatic in nature. Therefore, it is likely 

that a computational approach in which a quantum mechanical region is embedded within a 

Madelung potential will work well. Within the quantum mechanical region positioned 

around a central water molecule, the effects of charge transfer unto this central molecule can 

be accounted for as the optimal electronic distribution will be obtained. Beyond this
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quantum mechanical cluster, a Madelung potential will be able to replace the electrostatic 

effects that would have been generated by water molecules that would otherwise have been 

treated, at great cost, by a purely quantum mechanical treatment. Therefore, the influence of 

the long-range Madelung potential of the crystal160,161 on the electronic structure and XAS 

spectrum of the cluster will be estimated by surrounding each cluster with point charges 

placed at the hydrogen and oxygen periodic lattice positions 162. The magnitude of the 

charges has been calculated by applying the following screening function to the TIP3P water 

charges:

1
 W M  5-7
1 + e D

Within the QM region, the electrostatic potential of this charge distribution is identical to the 

Madelung potential of the infinitely periodic structure.

The following basis set were employed as they have been proven by previous studies to 

perform well on the studied systems 163:

>  central oxygen atom

all electron Huzinaga 1 Is 7p basis set contracted according to the 5111111/211 111 

scheme and augmented with two sets of d polarization functions, i.e. the IGLO III 

basis set (G (11s, 7p, 2d) —> [7s, 6p, 2d]) 164'166) describes the initial electron density 

prior to excitation. For the calculation of dipole transition probabilities, the central 

oxygen basis set used the more diffuse (19s, 19p, 19d) basis set which describes the 

density in extended regions above the ionization potential and was augmented with 

19 diffuse even tempered basis shells.

>  remaining oxygen atoms (chemically inert core electrons) 

effective 1 s core potential and 311/211 split-valence 167.
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> hydrogen atoms

polarized split valence 311/1.

For the ice IX  structure, the values in Equation 5-7 were chosen to be Ro=15-40 and D=2-4. 

The spectra were calculated for each crystallographically non-equivalent oxygen and the 

average spectrum was calculated by averaging the transition intensities for each transition 

energy accounting for the 1:2 ratio between the number of oxygen sites 1 and 2 in ice IX  

The calculated ionization potential for site 1 is 538.23 eV and 538.06 eV for site 2.
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d u s te r R adius (A ) #  w a te r m olecules T1P3P d tp o le  m om ent (D ) d u s te r R adius (A ) §  w a te r m olecules T IP 3P  d ipo le  mom ent (D )
3.0 5 5.83 4.0 11 4.97
3.1 5 5.83 4.1 11 4.97
3.2 5 5.83 4.2 14 4.40
3.3 5 5.83 4.3 14 4.40

C lu s ts r R adius (A) #  w a te r m olecules T IP 3 P d po le  m om ent (D ) 3.4 6 7.24 4.4 15 5.13

2.5 1 2.36 3.5 6 7.24 4.5 17 4.50
2.6 1 2.36 3.6 8 6.87 4.6 19 3.05
2.7 1 2.36 3.7 9 7.84 4.7 19 3.05
2.8 4 4.35 3.8 9 7 84 4.8 19 3.05
2.9 5 5.83 3.9 9 7.84 4.9 21 7.71
3.0 5 5.83 4.0 11 4.97 30 23 6.86

11

# w a te r m olecules T IP 3P  d ip o le  m om ent (D ) d u s te r Radius (A) #  w a te r m olecules TIP 3 P  d ip o le  m om ent (D ) d u s te r Radius (A ) #  w a te r m olecules T IP 3P  d ip o le  m om ent (D )

5.0 23 6.86 6.0 34 13.71 ?.di 65 8.06
5.1 23 6.86 6.1 34 13.71 7.1 65 8.06

5.2 24 4.73 6.2 36 10.17 7.2 65 8.06

5.3 25 2.83 6.3 39 11.88 7.3 68 3.03

5.4 25 2.83 6.4 40 10.84 7.4 70 3.45

5.5 29 6.57 6.5 40 10.84 7.5 72 3.05

5.6 29 6.57 6.6 43 11.51 7.6 74 6.97

5.7 30 8.45 6.7 53 5.56 7.7 74 6.97

5.8 30 8.45 6.8 58 5.75 7.8 . 81 11.93

5.9 34 13.71 6.9 62 7.06 7.9 85 14.38

6.0 34 13.71 7.0 65 8.06 8.0 86 13.09

Table 5-1 TIP3P dipole moments vs. the radius size of the clusters for the oxygen site 1 of the ice IX  structure
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1 ! 1 #  w a te r m olecules T1P3P d ip o le  m om ent (D ) d u s te r R adius (A ) f t  w a te r m olecules T IP 3P  d ip o le  m om ent (£>)

3.0 5 6.55 4.0 11 1.97
3.1 6.55 * 4.1 11 1.97
3.2 6.55 4.2 21 6.56
3.3 5 6.55 4.3 21 6.56

d u s te r R adius (A) # 'u a ie r m olecules T1PSP d ip o le  m om ent (D ) 3.4 6 55 4.4 21 6.56
2.5 1 2.29 3.5 5 6.55 4.5 21 6.56
2.6 1 2.29 3.6 5 6.55 4.6 21 6.56
2.7 1 2.29 3.7 7 6.56 4.7 21 6.56
2.3 3 2.27 3.8 7 6.56 4.8 21 6.56
2.9 5 6.55 3.9 7 6.56 4.9 21 6.56

3.0 5 6.55 4.0 11 1.97 5.0 21 6.56

d u s te r Radius (A ) # w a te r m olecules T IP 3P  d ip o le  m om ent (D ) d u s te r R adius (A ) # w a te r m olecules T IP 3P  d ip o le  mom ent (D ) C lus te r R adius (A ) #  w a te r m olecules TIP3P  d ip o le  m om ent (D )

5.0 21 6.56 6.0 29 6.56 7.0 6i i .94
5.1 21 6.56 6.1 29 6.56 7.1 65 1.94
5.2 23 2.29 6.2 33 6.56 7.2 65 1.94

5.3 23 2.29 6.3 35 6.55 7.3 69 1.97

5.4 25 1.93 6.4 45 15.69 7.4 69 1.97

5.5 25 1.98 6.5 45 15.69 7.5 69 1.97

5.6 25 1.98 6.6 47 15.67 7.6 73 2.00
5.7 25 1.98 6.7 59 10.78 7.7 73 2.00

5.8 25 1.98 6.8 63 1.93 7.3 83 2.25

5.9 29 6.56 6.9 63 1.93 7.9 87 6.30

6.0 29 6.56 7.0 65 1.94 8.0 89 2.02

Table 5-2 TIP3P dipole moments vs. the radius size of the clusters for the oxygen site 2 of the ice IX  structure
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Figure 5-4 XAS of ice IX. Quantum cluster ~3 A  radius without point charges
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Figure 5-5 XAS of ice IX . Quantum cluster ~3 A  radius with point charges 25 A radius
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Figure 5-6 XAS of ice IX. Quantum cluster ~3 A radius with point charges 40 A radius
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Figure 5-7 XAS of ice IX. Quantum cluster ~3 A radius with point charges 70 A radius
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Figure 5-8 XAS of ice IX. Quantum cluster ~4 A radius without point charges
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Figure 5-9 XAS of ice IX. Quantum cluster ~4 A radius with point charges 25 A radius
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Figure 5-10 XAS of ice IX . Quantum cluster ~4 A radius with point charges 40 A radius
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Figure 5-11 XAS of ice IX . Quantum cluster ~4 A radius with point charges 70 A radius
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Figure 5-12 XAS of ice IX. Quantum cluster ~5 A radius without point charges
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Figure 5-13 XAS of ice IX. Quantum cluster ~5 A radius with point charges 25 A radius
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Figure 5-14 XAS of ice IX. Quantum cluster ~5 A radius with point charges 40 A radius
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Figure 5-15 XAS of ice IX. Quantum cluster ~5 A radius with point charges 70 A radius
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Figure 5-16 XAS of ice IX. Quantum cluster ~6 A radius without point charges
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Figure 5-17 XAS of ice IX. Quantum cluster ~6 A radius with point charges 25 A radius
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Figure 5-18 XAS of ice IX. Quantum cluster ~6 A radius with point charges 40 A radius
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Figure 5-19 XAS of ice IX. Quantum cluster ~6 A radius with point charges 70 A radius
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5.3.2 Ice VIII

For the ice V III structure, the values in Equation 5-7 were chosen to be Ro=40 and D=4. 

The spectra were calculated from the only crystallographically unique oxygen in the 

structure. A ll the clusters should provide essentially the same spectrum. Therefore, in order 

to save CPU time, the results are only presented for the smallest cluster with the smallest 

dipole moment, i.e., a 7.11 A radius. Spectra were also calculated for the other two clusters 

of radii 7.25 and 7.32 A with the small dipole moments, but with a smaller Madelung 

potential.

The calculated ionization potential is 537.80 eV.

Cluster Backus (A) #  w ater molecules T IP iP  dipole moment (D}_
7.0 65 11.72
7.1 65 11.72
7.11 69 2.36
7.19 75 7.03
7.2 75 7.03
7.25 77 2.36
7.28 85 21.26
7.3 89 11.72

7.32 93 2.36
7.37 101 16.41
7.4 101 16.41
7.45 105 25.79
7.5 105 25.79
7.52 109 35.17
7.6 109 35.17
7.7 109 35.17
7.76 113 44.55
7.8 113 44.55
7.9 113 44.55
8.0 113 44.55

Table 5-3 TIP3P dipole moments vs. the radius size of the clusters for the ice V III structure
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5.3.3 Ice II

For the ice II structure, the values in Equation 5-7 were chosen to be Ro=40 and D=4. 

The spectra were calculated for each crystallographically non-equivalent oxygen and the 

average spectrum was calculated by averaging the transition intensities for each transition 

energy, considering that in the case of ice II, there are as many sites 1 as there are sites 2. 

The radius chosen for site 1 is 7.65 A and the one for site 2 is 7.99 A.

The calculated ionization potential for site 1 is 537.81 eV and 537.86 eV for site 2.

Cluster Radius (JQ #  water molecules TIP3Pdipoie moment (£.) d u s te r  H td ius (JQ #  water rrokcu ies T IP S P d ipok  moment fD )
7.0 56 ' 12.71 7.0 60 1265

7.07 57 10.32 7.02 62 11.96
7.1 58 7.94 7.07 63 9.51
7.13 61 8.72 7.1 64 7.09
7.17 63 7.93 7.13 65 7.87
7.18 65 8.72 7.2 65 7.87
7.2 65 8.72 7.3 65 7.87
726 67 753 7.4 68 9.63
73 67 753 7.42 69 9.93
7.4 67 753 7.43 70 9.51
7.42 63 754 7.5 70 9.51
7.43 69 10.21 7.51 71 9.73
7.48 70 9.87 7.54 73 9.67
75 70 9.87

7.56 79 7.10
7.51 71 10.11

7.6 79 7.10
756 77 5.23

79 7.36 767 80 9.13
758

79 7.36 769 84 6.67
7.6

80 5.64 7.7 84 6.677.64
7.65 84 259 7.71 86 9.44

7.67 85 4.64 7.77 87 9.69

7.7 85 4.64 7.78 88 10.68

7.71 87 7.45 7.8 88 10.68

7.77 88 757 7.9 88 1068

7.78 89 922 751 89 8.58

7.8 89 9.22 752 90 6.76

7 3 89 922 753 91 6.33
751 90 7.52 756 92 8.21
752 91 629 757 93 6.33
756 92 8.11 759 94 4.70
757 93 629 8.0 94 4.70
759 94 4.74
8.0 94 4.74

Table 5-4 TIP3P dipole moments vs. the radius size of the clusters for the oxygen site 1 (left) and 

site 2 (right) of the ice II  structure
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Figure 5-26 XAS of the site 1 of ice II. Quantum cluster 7.65 A radius without point charges and with 
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Figure 5-27 XAS of the site 2 of ice II. Quantum cluster 7.99 A radius without point charges and with 
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Figure 5-28 Average XAS spectrum of ice II. Quantum cluster ~7 A radius without point charges and with 

point charges 70 A radius 4

5.3.4 Ice XI

For the ice X I structure, the values in the equation 5-7 were chosen to be Ro=40 and 

D=4. The spectra were calculated for each crystallographically non-equivalent oxygen and 

the average spectrum was calculated by averaging the transition intensities for each 

transition energy according to the respective site multiplicity. In the case of ice X I, in view 

of the large dipole moment existing in this ferroelectric structure, the TIP3P dipole moment 

on the range between 7 and 8 A is always large and generally increases with the radius and 

therefore a cluster of 7.00 A was chosen (the smallest radius within the usual range) and 

embedded in a large 80 A radius Madelung potential.

The calculated ionization potential for site 1 is 538.31 eV and 538.16 eV for site 2.
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Figure 5-30 XAS of site 2 of ice X I. Quantum cluster 7.00 A radius without point charges and with point 

charges 80 A radius
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Figure 5-31 Average XAS spectrum of ice X I. Quantum cluster 7.00 A radius without point charges and 

with point charges 80 A radius

5.3.5 Liquid water

In the case of an amorphous structure, such as water, a single calculation cannot 

represent the average environment of the oxygen atoms observed in an XAS spectrum. 

Thus, the same procedure as used in the case of the crystalline ices was applied to calculate 

multiple spectra with central oxygen atoms randomly sampled in the water structure 

introduced in Chapter 2. Model clusters were chosen between 7 and 8 A radius to have the 

smallest TIP3P dipole moment and embedded in a 70 A radius Madelung potential. 

Afterwards, those spectra were averaged to produce the final spectra presented here. The 

averaged spectra were calculated from up to 50 spectra used to generate the average. For the 

water clusters, the values in the Equation 5-7 were chosen to be Ro=30 and D=8. The 

convergence was checked by plotting the standard deviation (goes to a constant) and the 

average variance (goes to zero). The convergence is already reached with 20 different 

spectra of central oxygen atoms.
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The spectra used to generate the averages spectra of water are presented in Appendix 1.
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Figure 5-32 Average XAS spectra of water with standard deviation. Quantum cluster 7.00 A radius with 

point charges 80 A radius
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Figure 5-33 Average XAS spectra of water with average variance. Quantum cluster 7.00 A radius with 

point charges 80 A radius

5.3.6 Amorphous ice structures

The last structures to be studied were several amorphous ices. Those configurations 

were obtained from a run of molecular dynamics that ranged between the low density
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structure known as LDA (density at atmospheric pressure of about 0.94 mg m'3) and the 

high density structure labeled HD A (atmospheric density of about 1.17 mg m'3). Inelastic 

X-ray scattering experiments suggest low local disorder for both ices.

Those structures being amorphous, the same procedure as used for the water spectra was 

employed. Therefore, the spectra presented here are the averaged spectra of 20 calculations 

performed on randomly chosen clusters with the smallest TIP3P dipole moment between 7 

and 8 A radius embedded in an 80 A radius Madelung potential. For the amorphous ice 

clusters, the values in Equation 5-7 were chosen to be Ro=30 and D=8.

The spectra used to generate the averages spectra of amorphous ices are presented in 

Appendix 2.
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Figure 5-34 Flowchart of the forms of amorphous ice and other phases of ice and water. Tg indicates 

a glass transition and the dotted lines are a simplified approach where the entire region is considered 

LDA. ASW designates amorphous solid water and HGW hyperquenched glassy water.
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Figure 5-35 Average XAS spectra of LDA (left) and HDA (right) ices. Quantum cluster ~7 A radius with 

point charges 80 A radius
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Figure 5-36 Average (20 central oxygen atoms) XAS spectra of amorphous ices at various 

temperatures. Quantum clusters ~7 A radius with point charges 80 A radius
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5.4 Discussion

The gas phase spectrum of the oxygen X-shell, i.e. the spectrum of a single isolated water 

molecule, exhibits well-separated peaks corresponding to excitations of the Is electron into 

the antibonding 4ai and 2bi molecular orbitals at low energies (534 and 536 eV), and 

transitions into the Rydberg orbitals at higher energies. The observed features of the oxygen 

X-shell spectra for water and ice can be divided into three regions: the pre-edge (535-537 

eV), the main-edge (537-540 eV), and the post-edge (540-545 eV).

The ice spectrum is broadened with a pronounced post-edge peak at 541 eV and pre-edge 

and main-edge features at 535 eV and 537 eV, respectively. The spectrum of liquid water 

has a very strong pre-edge peak at 535 eV as well as an enhanced main-edge peak (537 eV) 

compared to ice. However, it has a weaker post-edge region (541 eV).

O 1 s XAS of pure H20

gas

£>
'is

po
liquid

ice

530 545 550

Figure 5-37 Experimental O X-edge XAS spectra of water in gas phase, liquid and ice 148,168.
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The first point to consider in the results of the calculations presented in section 5.3 is the 

influence of the Madelung potential on the calculated spectra. An exhaustive study was 

performed on the ice IX  to determine the sizes of the quantum cluster and of the Madelung 

potential required to reach convergence. The bare quantum cluster calculations do not 

converge even for the largest clusters that include almost 70 water molecules. A quantum 

cluster having a radius taken between 7 and 8 A and embedded in a 70 A radius Madelung 

potential has proven to be well converged. Therefore, the same procedure was applied to all 

the other structures. The influence of the Madelung potential, beyond the drastic changes in 

the shape of the spectra, can also be envisaged by looking at the orbital energy levels. The 

HOMO-LUMO gap has been determined by several means and experiments by Grand et al. 

169 and Coe et a l.170 found values of 7 eV and 6.9 eV respectively but DFT calculations seem 

to underestimate that value m . Incorporation of the Madelung potential leads to a significant 

increase in the band gap of the quantum mechanical cluster, from 2.8 eV for the bare site 1 

oxygen cluster, to 5.1 eV for the same cluster embedded in a 70 A radius Madelung potential. 

Furthermore, the HOMO-LUMO gap constantly decreases for the bare clusters but goes to 

the bulk band gap for clusters embedded in a Madelung potential.
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Figure 5-38 Influence of the Madelung potential on the HOMO-LUMO gap. Results come 

from site 1 of the ice IX  structure (alpha spin).

As expected, the Slater approach (0.5 electron in the Is core orbital) decreases the orbital 

energies due to the smaller screening.
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Figure 5-39 Influence of the Slater approach on the orbital energies with and without a 

Madelung potential. Results com from the site 1 of the ice IX  structure (alpha spin).

The XAS spectrum is reported to be sensitive to broken or distorted hydrogen bonds. As 

can be seen in Figures 5-40 and 5-41, the hydrogen bond contribution on the central oxygen 

atom, almost non-existent in the bare cluster, is large, symmetric and similar to the one 

expected in the bulk for the cluster embedded in a Madelung potential. This is true for the 

smaller quantum cluster as well as for the larger one.
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Figure 5-40 Influence of the Madelung potential on the orbital shapes. Contour plots of the 

LUMO orbital from site 1 of the ice IX  structure for a 3.3 A radius cluster without (left) and 

with (right) 70 A radius point charges (isovalue 0.05).

Figure 5-41 Influence of the Madelung potential on the orbital shapes. Contour plots of the 

LUMO orbital from the site 1 of the ice IX  structure for a 7.3 A radius cluster without (left) 

and with (right) 70 A radius point charges (isovalue 0.07).

Convergence was reached for a quantum cluster chosen between 7 and 8 A radius 

embedded in a 70 A radius Madelung potential for all the structures but ice V III. Three 

clusters with a radius ranging between 7 and 8 A were found to have a small TIP3P dipole 

moment and the calculations on those three structures were performed. Ice V III contains
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only a single type of oxygen atom and therefore, the spectra should be identical. It is the case 

for the first two but the 7.32 A cluster gives a different spectrum. To confirm these spectra 

were converged, the calculations were repeated on the same quantum clusters but with a 

large number of point charges. The first two spectra remain exactly the same but the third 

one is modified as can be seen in Figure 5-42. Thus, the 7.32 A cluster seems not to be 

converged yet and this may be due to the large dipole moment of the ice V III structure that is 

reflected in the Madelung potential embedding the quantum clusters.

R c u to ff -  7.32 A  + M ade lung  po ten tia l

wcd)
co
f-o
(/)*D<

14

12

10

8
6

4

2

width 0.9 eV. Madelung potential 60 A
w id th  0  9  e V , M a d e lu n g  p o le r ' i a l  7 0  A

S30 535 540 545
Photon energy (eV)

550

Figure 5-42 Comparison of the ice V III spectra for the 7.32 A radius cluster with different 

Madelung potentials.

However, as can be seen in Figure 5-43, the pre-edge peaks (A) already originate from 

orbitals localized on the central oxygen when then post-edge peaks (C) originate from 

delocalized orbitals. On the other hand, the main-edge features (B) come mostly from 

delocalized orbitals and only the B1 peak has contribution from an orbital localized on the 

excited oxygen atom. Not all the orbitals contributing to the three regions are presented but 

all the orbitals having large contributions to the labeled peaks have similar features to the one 

depicted in Figure 5-43.
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Figure 5-43 XAS spectrum of ice V III for the 7.32 A radius cluster with 60 A Madelung potential. Plots of 

the molecular orbitals in which the Is electron is excited (isovalue 0.09). A contribution of the central 

oxygen atom is present for all pre-edge features (A) and for the first main edge peak (B l). There is neither 

contribution from the central oxygen atom for the other main edge peaks (B2 to B4) nor for the post edge 

features (C).
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This proved that convergence should always carefully be checked to ensure the validity 

of the spectra presented.

The experimental spectra of several of the structures studied here, i.e. liquid water, ice II 

and ice IX , are presented in the following figure.

I 1 I
[P(GPa), T(K)] 

[1atm, 300]

Water
.25, 300]

0.25, 6]

530 535 540 545 550 
Energy (eV)

R cu to ff ~ 7 A +  M ade lung  p o te n tia l R cu to ff -  70 A R cu to ff -  7 / i -f M ade lung  po ten tia l R cu to ff = 70 A

w
§
co

o</>"O<

14 width 0.9 eV 14 widlh 0.3 eV
> . width 0.9 eV

12
c

10 .2  10
c

8 C 8
o

6 '•§. 6
4 O 4

*u
2 <  2

0 0
530 535 540 545

Photon energy (eV)

ice II

550 530 535 540 545
Photon energy, eV

550

ice IX
Figure 5-44 Experimental spectra of various ice structures and water and calculated spectra for ices II  

and IX.
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Figure 5-45 Average XAS spectrum of water (20). Quantum cluster ~7.00 A radius without point charges 

and with point charges 80 A radius.

It has been argued that the origin of the pre-edge feature in the water spectrum was due to 

unsaturated hydrogen bonds 173, 174 (a single hydrogen bond donor per water molecule) 

present in the water structure and that the rather weaker pre-edge peaks found in the 

experimental spectra of crystalline ices came from the surface contribution which encounters 

reconstruction and therefore does not have a perfectly tetrahedral geometry. A similar 

interpretation of the water surface was also provided 175. The tetrahedral symmetry of ice 

induces an increase of the local symmetry resulting in the removal of the p character from the 

4al level (lowest unoccupied orbital) leading to weak intensity in the pre-edge. In the case 

of a broken donating hydrogen bond, the asymmetry on the hydrogen side causes al and b2 

orbitals mixing resulting in unoccupied antibonding orbitals that are localized along the 

internal O-H bond. The resulting increase of p-character translates to an intensity increase in 

the pre-edge region 91 ’ 129,174 Furthermore, H-bonds have been found to be predominantly 

broken by bending rather than by elongation 91.

The post edge was assigned to water molecules with two strong donating hydrogen 

bonds, i.e. water molecules having a tetrahedral environment such as the one found in ice 91,
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95,168,176-179 feature jg rep0rted to be associated to excitation into antibonding localized 

O-H orbitals along the hydrogen bond 174. Based on those results, a new model of water was 

proposed with a major presence of broken hydrogen bonds (2.2 hydrogen bonds per water 

molecule as opposed to the traditional almost tetrahedral structure with 3.5 hydrogen bonds
1 O A  1 Q |

per water molecule). However, a recent Compton scattering study ’ could not 

corroborate those results but proved a correlation exist between the bond length and angle 

distortion in water. However, the calculations supporting this idea were performed on rather 

small clusters that were not embedded in a Madelung potential and consequently not 

converged. The present calculations performed on the proton-ordered ices have pre-edge 

features that are even enhanced by the presence of the Madelung potential, as well as the 

post-edge, compared to the equivalent bare clusters. Those crystalline ices have a perfect 

tetrahedral environment and therefore the assignment of the pre-edge peak to the presence of 

broken hydrogen bonds has been given a pounding as was previously done by Cai et al. 172 

and particularly by Prendergast et a l.182

Chemical bonding has a large impact on the valence electronic structure. Consequently, 

the various hydrogen bonding configurations influence the local molecular orbital structure 

and is expected to be reflected in XAS. It has been suggested that the first coordination shell 

surrounding the excited oxygen atom was the origin of the spectral profile. Therefore, 

varying the basis set on the nearest neighbors, water molecules within a radius of 3.5 A from 

the central oxygen atom, and adding more diffuse functions should improve the agreement 

with experiment168.

To assess the claim that the nearest neighbors have a major influence on the XAS spectra 

183, more diffuse basis sets were added on the nearest neighbors of several structures to check 

the modifications of the pre-edge features. IGLO II (O (9s, 5p, Id) —► [5s, 4p, Id]) or IGLO 

I I I (O (11s, 7p, 2d) —*■ [7s, 6p, 2d]) 164,165 replaced the previous basis set on the nearest 

oxygen atoms. The results presented in the three following Figures prove that adding diffuse 

functions to the nearest neighbors does not improve the fit of the calculated spectra with 

experiment as the initial results are only recovered when IGLO II I are added on the nearest
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neighbors. The pre-edge feature is not enhanced by the presence of an IGLO basis set on the 

first coordination shell, reinforcing the idea that this feature comes from localized orbitals. 

The main-edge and the post-edge are not improved either and this proves that the 

delocalization (broad conduction band in ice 129) causing those features has to be taken 

account for on a much larger range.
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Figure 5-46 Average XAS spectrum of ice II  for quantum clusters ~7 A radius with point charges 70 A 

radius with various basis sets on the 4 nearest neighbors.
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Figure 5-47 Average XAS spectrum of the ice IX  for quantum clusters ~7 A radius with point charges 70 

A radius with various basis sets on the 4 nearest neighbors.
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Figure 5-48 XAS spectrum of ice V III for a quantum cluster 7.11 A radius with point charges 70 A radius 

with various basis sets on the nearest neighbors.
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Finally, the comparison of experimental and calculated spectra for the amorphous ices 

HDA and LDA indicate the poor description of the main-edge and post-edge features. The 

broad pre-edge is qualitatively present in the calculated spectra but our methodology fails to 

reproduce the other features. The attempt to study the transition pathway from one 

amorphous ice to the other as shown in Figure 5-36, has been totally unsuccessful.

Icelc
d 2o
H„0
HDA
Icelft
LDA

12 -

10 -

c ) n it / i

540 545 550530 535

Photon Energy (eV)

Figure 5-49 Experimental XAS spectra of LDA and HDA ices produced by J. S. Tse.

A study by Prendergast et al. found that the unoccupied states are sensitive to finite-size 

effects 184. The same work demonstrates that the electronic structure of water is relatively 

insensitive to the long-range disorder and that the saturation of all hydrogen bonds in 

crystalline ice leads to a more delocalized state compared to water184. This is consistent with 

the present results for crystalline and amorphous structures. The main-edge and post-edge 

features will be more important in a crystalline structure where the delocalization plays a 

major role. The disruption in the band structure due to the emergence of defects (amorphous 

ices and water) will imply a localization and therefore an increase of the pre-edge feature in 

the spectra. The extent of cooperative effects demonstrated in Chapter 3 can explain the 

influence of the Madelung potential on the shape of the spectra, particularly on the pre-edge
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peak. It has been suggested that some of the intensity of the pre-edge peak in crystalline ices 

may be due to the influence of the local electronic structure by the Madelung potential of the 

crystal lattice m . It has also been shown that introducing disorder will reduce the peak 

height at 539-540 eV when going from ice to amorphous structure 182 that is still coherent 

with a disruption of the band structure.

Finally, another attempt to obtain a better description of XAS features was made. The 

full core hole method, where an entire electron is removed from the Is orbital, should 

reproduce more accurately the higher energy excitations to progressively more delocalized 

states. It however overestimates the pre-edge and consequently underestimates the main 

peak height by virtue of the oscillator strength sum rule 182. The calculations performed did 

not improve the half core results, as was found by previous work 185, and therefore, they will 

not be presented here.

A periodic approach could potentially solve the problem of description of the delocalized 

structure but other drawbacks will occur with such methods, such as the description of the 

localized core or the Z+ l method that overestimates final states 186. The discrepancy may 

also be caused by neglecting multi-electron excitations near the ionization threshold 172

5.5 Conclusion

The influence of the periodic crystalline environment was proven to be drastic on the 

computed spectra of the four proton-ordered ices as well as the disordered structures of water 

and various amorphous ices. The influence of the size of the quantum cluster was studied 

and it was found that small clusters can be used, as long as it is subject to a converged 

Madelung potential. In the case of water and amorphous ices, sampling a large number of 

oxygen centers is required to obtain a converged spectrum. A study of the influence of the
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basis set on the nearest neighbors of the excited oxygen atom was performed. The outer 

coordination shells and the long-range electrostatic potential must be taken into account in a 

quantitative simulation. A reasonable agreement was obtained with experimental results. 

Though the method used here seems to perform well in the pre-edge region involving 

localized molecular orbitals, it fails to reproduce the main-edge and post-edge regions 

exactly as a localized basis set, even including diffuse functions, cannot account for a 

delocalized band structure. The case of water and amorphous ices, for which calculated 

spectra did not provide good results, also prove that in some cases, multiple electron 

transitions might have to be considered in the calculation of X-ray absorption spectra.
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General Conclusion

The major influence of cooperativity in hydrogen bonded water systems has been 

demonstrated in this work. In a first step, the lengthening of a chain of water molecules has 

proven to decrease drastically the activation barrier in the reaction pathway leading to the 

formation of the amino alcohol NH 2CH2OH from ammonia and formaldehyde. The water 

molecules can in this case be considered as a catalyst in this reaction.

A more systematic study of cooperative effects in different models of ice has been 

performed. The extent of cooperativity was evaluated and found to be quite large and it 

occurs on a very long length scale. It is found that charge transfer and electrostatic effects 

play a role in cooperativity. The results are important, particularly in reactions where ions 

are involved. This is not uncommon in many biological systems.

The last chapter is concerned with the X-ray absorption study of several ices and water 

structures and provide examples on the importance of cooperativity. It is found that a cluster 

embedded in a converged Madelung potential is needed to account for the cooperative effects 

in order to achieve reasonable agreement of the calculated O K-edge X-ray absorption 

spectra with experiments. The investigation of the local structure of liquid water performed 

here did not support a recent controversial model for the structure of liquid water with a 

highly broken hydrogen bond network. The results show that the approximations employed 

in the calculations of the X-ray absorption spectra is not exact and sufficient enough to 

reproduce accurately main-edge and post-edge features which originated from delocalized 

band structure.

In summary, the research performed in this thesis shows that cooperativity is a vital part 

of hydrogen bonded systems. Quantum treatment of a system must be able to account for 

charge transfer embedded within an electrostatic potential that accounts for long-range 

effects.
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