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Chapterr  1 

Introductio n n 

1.11 Structure of the Thesis 

Thee starting point of my work as a PhD student was to investigate the in-
fluencefluence of the solvent on chemical reactions with alcohols. Since the last 
decadee this type of research has gained an increasing popularity . The rea-
sonn for  this is that the increase of computer  power  as well as the invention 
off  smart algorithms have made it possible to perform full electronic calcu-
lationss of much larger  systems than before. It has been conjectured that the 
influencee of the solvent plays an important role in chemical processes, espe-
ciallyy for  water, which is known to be one of the most complex liquids [1]. 
Too investigate this, knowledge about the solvation properties of the reactant 
andd product molecules is essential. Therefore, in chapter  2 we studied the 
solvationn of methanol, the smallest alcohol. Chapter  3 deals with the sol-
vationn of ethylene and ethanol in water. The latter  can be considered as an 
importantt  pre-study for  the hydration/dehydration reaction between ethy-
lenee and ethanol in acid aqueous solution, which is investigated in chapter  4. 
Inn chapter  5 we introduce the new method of Transition Interface Sampling 
(TIS)) for  the calculation of rate constants in rare event simulations. We de-
riverive the central expression of the TIS theory and apply the method on a 
simplee molecular  dynamics (MD) simulation. In chapter  6 we end with a 
simulationn that combines the TIS method with ab initio  methods to study 
thee direct gas-phase hydration of ethylene. In this introduction I wil l con-
tinuee by giving a short overview of the subject and a short introduction to 
thee used methods. 
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1.22 The Solvent 

Duee to the still increasing computer power and the invention of efficient 
algorithms,, the Car-Parrinello [2] method being the prime example, it is 
nowadayss possible to study the molecular evolution of chemical reactions 
inn solvents on an ab initio level. Before, only chemical reactions in the gas-
phasee were suitable for simulations, as the number of particles required for 
aa correct description of a solvent was beyond the computational capabilities. 
However,, in solution many chemical processes are fundamentally different 
fromm the gas-phase. The solvent is able to influence the chemical process in 
manyy ways. One of the known effects is that the solvent structure can sta-
bilizee or destabilize transition states, and can in this way lower or enhance 
reactionn barriers. 

AA way to mimic these effects is to replace the solvent by a continuous 
field.. However, this approximation is by no means capable of describing 
alll  the complexities of a solvent. Especially for the most common solvent, 
liquidd water, the continuous field description would be a too strong simpli-
fication.fication. Water has an unique structure due to its ability to form hydrogen 
bonds.. In liquid water each molecule is on average hydrogen bonded to 
fourr neighboring water molecules, yielding a kind of tetrahedral structure 
(seee Fig. 1.1). Although this structure is very dynamical with a constant pro-
cesss of breaking and making of hydrogen bonds, the local structure in one 
fixedfixed snapshot of liquid water looks very similar to a crystal. This typical 
hydrogenn bonded structure is responsible for the fast proton transfer in liq-
uidd water, the strong polarizing effect on solute molecules, and many other 
characteristicss [1]. 

Nowadayss ab initio methods, like the Car-Parrinello method, are able to 
simulatee systems with 30 to 60 water molecules. To give an indication for 
thee computational costs of these kind of systems: a l0ps (10_ 1 2s) simu-
lationn with 30 water molecules takes approximately a two weeks non-stop 
calculationn on a cluster of 20 computers running in parallel. This is suf-
ficientt to describe the structural and dynamical properties of liquid water 
andd aqueous solutions. 

1.33 Alcohols and Aqueous Alcohol Solutions 

Primaryy alcohols (methanol, ethanol, propanol,...) consist of a hydroxyl 
(OH)) and an alkyl (CnH2n+i) group. The hydroxyl group has the ability to 
formm hydrogen bonds. In that way, alcohols are similar to water. However, 
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Figuree 1.1: Typical snapshot of liquid water. For clarity, only five water molecules 
aree shown. Oxygens are dark grey. Hydrogens are light grey. The dashed lines 
indicatee the hydrogen bonds. The middle water molecule is connected via four 
hydrogenn bonds to four neighboring water molecules. In this hydrogen bonded 
network,, the middle water molecule acts two times as proton donor (to the up-
perr waters) and two times as donor acceptor (from the lower waters). These four 
hydrogenn bonds yield locally the typical tetrahedral structure of liquid water. 

thee alkyl group is apolar, what makes the molecular structure of liquid alco-
holl  considerably different from that of liquid water. Whereas water forms 
aa tetrahedral network, liquid alcohol has the tendency to form chains, rings 
orr small clusters. 

Sincee the hydroxyl group can participate in the hydrogen bonded wa-
terr network, small alcohols are well soluble in water. The molecular struc-
turess of alcohol-water mixtures are subject of many scientific debates. Some 
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scientistt believe that, in dilute alcohol solutions, water molecules orient 
themselvess around the hydrophobic alkyl group forming a kind of hydro-
genn bonded cage. This effect, often referred as hydrophobic hydration [3, 
4],, increases the local water structure and decreases the mobility of water 
moleculesmolecules in the vicinity of the alkyl group. However, the conclusions of 
differentt experimental studies do not all agree on this point. Most expe-
rimentall  measurements, such as X-ray or neutron diffraction experiments, 
onlyy give indirect information on molecular structures. Computer simula-
tionss are therefore essential for a better understanding of these structures 
andd for a good interpretation of the measured results. Still, the picture of 
alcohol/waterr mixtures is far from complete. 

1.44 Chemistry with Alcohols 

Chemicall  reactions with alcohols in an aqueous environment are important 
forr many biological and industrial processes. Examples of such reactions are 
thee conversion of ethanol into acetaldehyde in biological systems and the 
hydrationn of ethylene for industrial ethanol production. The latter reaction 
iss examined in chapter 4 and 6. This process implies the following addition 
reaction: : 

C2H44 + H2O^C2H5OH (1.1) 

Surprisingly,, the reverse reaction is also applied by industry, but on a 
muchh smaller scale. For western countries, ethylene is relatively cheap as it 
iss a product from the cracking process of crude oil. Many developing coun-
triess do not have the large supply of fossilee fuels, but do have large amounts 
off  ethanol from fermentation of molasses. For them the reverse reaction of 
(1.1)) is the most economical way to produce ethylene. The reaction barrier of 
reactionn (1.1) is high, making the industrial ethanol synthesis energetically 
expensive.. However, the addition of an acid catalyst can lower the energe-
ticall  cost significantly. Phosphoric acid has proven to give the best catalytic 
properties.. This due to its effectiveness and its subduction of possible side 
products,, but basically, the mechanism of the catalytic process is the same 
forr all acids. The important part is the positively charged proton that wil l 
splitt off when the acid is solvated in water: 

H3PO44 + H20 ̂  HaPOj + H30+. (1.2) 

Thee H3O4" hydronium plays the catalytic role in the reaction process and 
makess an alternative pathway possible: 

H30++ + C2H4 ^ H20 + C2H+ (1.3) 
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C2H++ + H20 ^ C2H5OH+ (1.4) 
C2H5OH++ + H20 ^ C2H5OH + H30+. (1.5) 

Iff  the reaction steps (1.3) and (1.4) follow subsequently, then one speaks 
off  the Adj;2 mechanism. It is known that for small alcohols, like ethanol, 
thee Adg3 mechanism is more favorable for the hydration reaction [5,6]. In 
thatt mechanism, step (1.3) and (1.4) happen simultaneously and protonated 
ethylenee C2H5" is not present as intermediate reaction product. Step (1.3) 
andd (1.4) are the rate determining steps as (1.5) has a much lower reaction 
barrier.. The acid catalyzed mechanism for the hydration of ethene (1.3-1.5) 
lowerss the activation barrier by approximately 30 kcal/mol compared to 
reactionn (1.1). This implies an enhancement of the reaction rate by many 
orderss of magnitude. Although, qualitatively the mechanism shown here is 
knoww for a long time, littl e is known about how this process exactly evolves 
inn the environment of an aqueous solution. Ab initio molecular dynamics 
simulationss can provide valuable insight towards a better understanding of 
thiss process. 

1.55 Ab Initi o Molecular  Dynamics 

AbAb initio is Latin for 'from the beginning'. In the same context, Ab initio MD 
(AIMD)) is often called 'first principles' MD. It means that this method is 
derivedd from the fundamental laws of physics. In that sense, this method is 
differentt than force field MD. In an AIMD simulation, forces on the ions are 
obtainedd by a full electronic structure calculation based on the Schrödinger 
equationn of quantum mechanics. Force-field MD tries to mimic these forces 
withoutt performing these expensive electronic structure calculations. It uses 
empiricall  potentials describing the forces on pairs of atoms or molecules as 
functionn of their relative positions. This potential is obtained by postulating 
ann ansatz with a few free parameters. These can be fitted to, for example, 
availablee experimental data for equilibrium structures. Obviously, for those 
casess force field MD is not truly independent to experiment. Still, it can 
yieldd valuable insights that one can impossibly obtain from experimental 
measurements.. Besides, force field MD is many times faster than AIMD. 

Inn turn, AIMD has some crucial advantages. In liquids, the total force 
onn a molecule is not a simple summation in terms of pair interactions be-
tweenn this molecule and its neighbors. The force between two molecules 
cann significantly be influenced by the presence of a third or a fourth nearby 
situatedd molecule as this can change the complete electronic state. In po-
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larr liquids, it is known that dipole moments of individual molecules can 
stronglyy fluctuate and depend sensitively on the polarization of the surroun-
dingg molecules. In principle, these effects can be incorporated in standard 
MDD by use of more advanced force fields, such as many body potentials and 
polarizablee force fields (for water, see e.g. Ref. [7]). However, the design of 
suchh extended force fields is not an easy job. In AIMD these effects come 
naturallyy as the problem is treated starting from its quantum mechanical 
origin.. More importantly, AIMD gives the possibility to study chemical re-
actions.. The making and breaking of chemical bonds are accompanied with 
hugee changes in the electronic density. The forces in intermediate stages, 
duringg the chemical event, cannot be known a-priori, which makes the de-
signn of accurate force fields for most situations an impossible task. 

Straightforwardd AIMD is not feasible for large systems because of its 
enormouss computational effort. Fortunately, innovative algorithms have 
drasticallyy decreased the computational expense using only a few approx-
imations.. In this respect, Density Functional Theory (DFT) [8, 9] and the 
Car-Parrinelloo algorithm [2] were major breakthroughs. Of course, the in-
creasedd computer power was also of importance. These developments have 
openedd new possibilities for research, that were out of reach before. 

1.5.11 DFT 

Thee foundation of Density Functional Theory is the Hohenberg-Kohn (HK) 
theoremm [8], which states that, for the electronic ground state, there is a one-
to-onee relation between the complex multi-dimension wavefunction and the 
electronicc density: 

*o(ri,r 2 jr3,...,r jv)) ^po(r). (1.6) 

Here,, ^o and po are respectively the wavefunction and the electron density 
off  a TV-electron system in its ground state, r denotes the general space coor-
dinatess (#, y, z) and r*  denotes the space coordinate of electron i. Relation 
(1.6)) implies that, if the system is in its electronic groundstate, knowledge of 
thee electron density is in principle sufficient to obtain the iV-electron wave-
functionn and thus all the information on the system. Consequently, the total 
electronicc energy Ee can be expressed as a functional1 of the density po only: 

EEee[p[p00]]  = <*o I  He\ #o> = T[p0] + Uee[po) + Uext\po\- (1.7) 
1AA functional A[f (x)] is an extended type of function, that does not depend on a single 

inputt parameter or on a set of input parameters, but has a whole function f{x) as argument. 
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Here,, He is the Hamiltonian of the electron system, T[p0]  and Uee[po]  de-
notee the electron kinetic energy and the electron-electron interaction energy 
andd Uext[po]  is the electron energy due to an external potential, usually the 
Coulombb interaction between the atomic nuclei and electrons. In principle, 
thee electronic ground state density po{r) can now be found by finding the 
minimumm of the functional Ee[p]  as Ee[p]  > Ee[po]  for any p(r) ^ po{r). To 
findd the density that minimizes Ee[p],  we can use a variational approach. 
Thiss requires taking the functional derivative 2 of E€[p]  to solve SE£^ = 0. 
Thee problem with Eq. (1.7) is that the HK theorem only proves that that 
uniquee functional Ee[p]  exists, but the functional itself remains unknown. 
Theree is no straightforward recipe to obtain the shape of this functional, 
butt based on various principles one can design approximate energy func-
tionals.. Almost all existing functionals are designed within the framework 
off  the Kohn-Sham (KS) formalism [9], where the interacting many-electron 
systemm is mapped onto a system of non-interacting electrons, yielding the 
exactt same electron density. This formalism relies on the assumption, that 
thee density p0 can be expressed in terms of N orthonormal Kohn-Sham or-
bitalss ipi 

N N 

p(r)) = 5>?(rW*(r) , (1.8) 
i=l i=l 

thatt satisfy the Kohn-Sham equations (atomic units) 

1 1 
2 ^^ + «.(r) ̂ ( r )) = c^ iW, (1.9) 

withh vs(r) an effective potential, referred to as the Kohn-Sham potential, 
andd ei the energy eigenvalues of the KS orbitals. If the assumption is valid, 
thenn the decomposition of Eq. (1.8) is unique yielding another one-to-one 
relation n 

po(r)^vpo(r)^vaa(r).(r). (1.10) 

Relationn (1.10) implies that solving Eqs. (1.9) is equivalent to finding the 
minimumm of Eq. (1.7) by solving ^ ^ = 0. Again, the exact Kohn-Sham 
potentiall  vs(r) is unknown. It is however much easier to find approximate 
expressionss for vs(r) than for Ee\p] directly. To achieve this, it is convenient 

2Thee function derivative A of a functional A[f (x)] gives back a function g(x) as follows: 
g(x)g(x) = ^ ^ 1  ̂ g(x>) = i im d /^0 ^ / W + ^ - ^ W l - ^ / W l , where S(x - x') is the Dirac-
deltaa function. 
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too separate vs(r) into following contributions: 

vvss(r)(r)  = vext(r) + vH(r) + vxc(r), (1.11) 

withh vext{r),  VH{Y), and vxc(r) the external potential, the Hartree potential 
andd the exchange-correlation potential, respectively. The potential vext(r) 
correspondss to Uext[po]  in Eq. (1.7). For an isolated system with m ions, 
vvextext(r)(r)  is equal to: 

Vext{r)Vext{r) = -Y , ' ,, (1.12) 

withh R/ the position and Z/ the charge of ion L 
Thee Hartree potential VH (r) approximates the Coulomb repulsion be-

tweenn the electrons in the following way: 

VHir)VHir)  = Idr'0k- (1-13) 
Notee that Eq. (1.13) cannot be exactly equal to the Coulomb electron repul-
sion,, as in the true Coulomb electron interaction, an electron cannot repel 
itself. . 

Thee exchange-correlation potential vxc(r) can be expressed as the func-
tionall  derivative of the the exchange-correlation energy: 

VxciT)VxciT) s s «Ell. (1.14) 
6p(r) 6p(r) 

Thiss exchange-correlation energy Exc[p]  basically corrects all the other terms 
andd is the only remaining unknown part of the problem. As vs(r) depends 
explicitlyy on the electron density p(r) itself via relation (1.13) and (1.14), the 
KSS Eqs. (1.9) must be solved iteratively in a self-consistent held approach. 

Thee physical meaning of the non-interacting electron system, satisfying 
relationn (1.9) and with total wavefunction $ta = det|y>i,ip2, ^ N \, is that 
itt has the same electron density as the real system. Other quantities do not 
havee to be the same. For instance, the energy is not a simple sum of the KS 
electronn energies q, but must be obtained by putting the density of Eq. (1.8) 
backk into Eq. (1.7), which has now an easier form: 

E\po]E\po] = Ts[p0]  + UextW + UH\po] + Exc[p0], (1.15) 

withh Ts[p],  Uext[p]  and UH[p]  defined as: 

T,\p]T,\p] = ~ E / d r ^ * « V 2 ^ ( r ) , (1.16) 
LL i=iJ 
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UUH[P]H[P]  . I / d r / d r ' ^ , (1.17) 

Uext{p]Uext{p] = Jdrp(r)vext(r), (1.18) 

wheree the * in the Eq. (1.16) denotes the complex conjugate. 
Thee main achievement of the KS formalism is that T[p0]  in Eq. (1.7) is 

noww replaced by Ts[p0]  in Eq. (1.15), which can be found by solving the one-
electronn equations (1.9), and putting the obtained KS orbitals {ip}  into Eq. 
(1.16).. This is formally correct as the KS assumption implies that tpi = tpi[p]. 
Thee above procedure looks rather cumbrous, but practice has shown that 
attemptss to approximate T[p0]  directly the so-called orbital-free methods, 
aree (still) rather inaccurate. 

Thee remaining exchange-correlation energy can now be expressed as: 

&zM&zM = T[po] - Ts[Po] + Uee[po] - UH\po]- (1-19) 

Thiss energy corrects for the fact that an electron cannot repel itself and for 
thee fact that the electron motions are not truly independent. The exchange-
correlationn energy can be approximated by the local density approximation 
(LDA)) based on the results of an uniform electron gas: 

EExcxc [p]  = ƒ dv p (r) cjform (p (r)), (1.20) 

withh e^toTm(p) the exchange-correlation energy density function of the uni-
formm electron gas that is known to a high accuracy from Monte Carlo cal-
culationss [10]. In spite of its approximate nature, LDA works surprisingly 
welll  in many applications, in particular in solid state physics. However, for 
aa quantitative study of chemical systems, that often require an accuracy of a 
feww kcal/mol, LDA generally fails. One can improve LDA by adding terms 
whichh depend on the spatial derivatives of the electronic density, commonly 
referredd to as generalized gradient approximations (GGA). The main draw-
backk of DFT is that there is no systematic way to improve the energy functio-
nal.. Inventing new functionals is a science in itself, but the true functional is 
nott known. In practice, you have to choose, among the existing functionals, 
aa functional that gives the best possible description for your system. For 
ourr research, we used the Becke-Lee-Yang-Parr (BLYP) functional [11,12] 
thatt has shown to give a good description of liquid water [13,14]. 

DFTT has proven to be more accurate than, for instance, the Hartree-Fock 
methodd and to be much faster than other methods of comparable accuracy. 
Thiss has made DFT one of the most important methods in quantum chemis-
try y 
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1.5.22 Car-Parrinell o 

Too obtain a manageable algorithm, AIM D methods use the following two 
approximations.. First they consider the nuclei (ions) as classical particles 
andd only the electrons are treated quantum mechanically. Secondly, the 
Born-Oppenheimerr approximation is applied, where one assumes that the 
electronicc state wil l remain constantly in the ground state. This implies that 
thee electrons wil l adapt instantaneously to the motion of the ions. For most 
systemss these two approximations are very accurate. 

Wee can now write down the equations of motion for the ions: 

mjKimjKi = -
dR/L L 

W i o n ( { R } ) + ^ e [ A ) ] ] (1.21) ) 

withh mj the mass of ion I and Vi on_ion({R} ) the Coulomb interaction be-
tweenn the ions. Eq. (1.21) can be simplified by use of the following relation: 
3 3 

ÜTE.WÜTE.W = —E.W + fdr 
dR// dUi J Spo dR/ 

33 „  r 1 d rr r 1 

wheree we have used —J®- =  0 if p = po- This is the DFT-variant of what 
iss called the Hellmann-Feynman theorem which is valid for a system in its 
electronicc ground state. This theorem states that the force, as well as the 
energy,, can be calculated for a given atomic configuration without recalcu-
latingg the electronic states, or finding their derivatives. This makes force 
calculationss simpler and allows to rewrite Eq. (1.21) as follows: 

-- M{RJ-R,)Z,ZJ " f p0(r)(r-R,)Z, 
mRmR'' = ~ g |R, - R/|» + ? J ̂  |r-R,|» ' (L23) 

Inn principle, this equation together with Eqs. (1.8) and (1.9) allows to 
performm an AIM D simulation. It requires the numerical integration of Eq. 

3Thee difference between the total derivative ^ and the partial derivative ^ on a func-
tionn a(xj{x)) is the following: £a(x, ƒ(*)) = Hmdl^0

 a(x+d*>f(*+**»-*(*'f( x» whereas 
£a(x,, f(x)) =  limda!->o a<.*+**>f(*j)-*< l*>fW), The total derivative and the partial deriva-
tivee can be related via the so called chain rule: -^a(x,f(x)) = ff + frff - Similarly, 
forr a functional A[f],  that has an explicit dependence on a variable A ana in addition an 
implicitt dependence on A via the function ƒ(#), the chain rule is as follows:^A[/] — 
2£jfll  + ƒ dx^f ^ i . This is used in step 2 of Eq. 1.22. 
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(1.23)) by making small time steps like in standard MD. However, after each 
timetime step the time-consuming iterative calculation of Eq. (1.9) has to be per-
formedd to update the electronic density. Moreover, numerical calculations of 
thee electronic structure wil l never be completely converged. Consequently, 
thee forces determined by Eq. (1.23) wil l be slightly in error. Experience has 
shownn that this error accumulates, yielding a non-conservation of the en-
ergyy accompanied by a deviation of the calculated trajectory from the true 
one.. In order to keep this deviation within acceptable bounds the electronic 
structuree calculation requires a very high degree of convergence [15]. This 
givess rise to a strong computational effort. 

Inn 1985 Car and Parrinello adopted an alternative approach [2], that 
avoidss the expensive iterative calculation of Eq. (1.9) at every time step. 
First,, one expands the KS orbitals V'i into a proper basis set {<£<*} , usually 
planee waves 

V^E^c **  (1-24) 
a a 

Now,, instead of finding the basis set coefficients c,a by iteratively sol-
vingg Eq. (1.9), Car-Parrinello MD (CPMD) uses a dynamical optimization. 
Basically,, this implies that the basis-set coefficients are considered as one-
dimensionall  particles with an associated mass /x yielding a similar equation 
forr Cia as Eq. (1.23) for the ions: 

n'cian'cia = - Tpr + £ Ay °*o  ^ -25) 
0c0ciaia j 

Heree Ay are the so-called Lagrange multipliers which constrain the KS 
orbitalss to remain orthonormal. In addition to Eqs. (1.23) and (1.25) there is 
alsoo an equation for the time evolution for these Lagrange multipliers, that 
wee wil l not give explicitly. The electronic mass ^ has no physical meaning, 
butt it is required in order to define the dynamics for the electronic coeffi-
cientss Cia. By choosing the mass fi small enough, the electronic coefficients 
wil ll  experience sufficiently large acceleration ensuring that the electrons can 
quicklyy adapt to the motions of the nuclei and that the deviations of the elec-
tronicc coefficients from the truee ground state remain sufficiently small. On 
thee other hand, a too small value of /i requires a very small time step. So in 
practicee one has to find for each system a kind of optimum. 

Att each MD time step, the ion motions and the basis set coefficients will 
changee according to Eq. (1.23) and (1.25). During the simulation, the elec-
tronn density wil l remain close, though not exactly equal, to the true density 
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po,po, yielding forces on the ions that are again not exactly correct. However, 
thee average force in CPMD has proven to be very accurate. This is because 
thee deviations are, in contrary to straightforward AIMD, not systematic. 
Consequently,, the ionic motion calculated from a CPMD simulation does 
matchh the true motion to a high accuracy, also over longer time [16]. This 
makess CPMD a very efficient way to perform AIMD simulations. 

1.5.33 Pseudopotentials 

Duee to the very steep potential in the region near the nucleus, and due to 
thee orthogonality condition between different states, the KS orbitals exhibit 
rapidd oscillations close to the nuclei. A good description of these wavefunc-
tionss would require, in a plane-wave expansion, a very large basis set. So, if 
wee would include all electrons in a system explicitly using the full Coulomb 
potentiall  of the nuclei, the computational costs would be prohibitive. For-
tunately,, it is known that the core electrons states are almost independent 
off  the environment surrounding the atom and that only the valence elec-
tronss participate strongly in the interactions between atoms. This allows 
too make a simplification in the description of the electronic state. Using 
thee fact that the core electron states are almost fixed, we can define, for 
eachh atomic species, a pseudopotential, that incorporates the effects of the 
nucleuss and core electrons [17-19]. These pseudopotentials must be con-
structedd such, that they correctly describe the interaction of the nucleus and 
thee core electrons with the valence electrons outside the core region. The va-
lencee pseudowavefunctions corresponding to this modified potential do not 
havee the rapid oscillations of the true wavefunctions in the core region. This 
drasticallyy reduces the number of basis set coefficients required for their 
representation.. Then, the calculation only explicitly considers the valence 
electronss in terms of these pseudowavefunction solutions that approach the 
truee wavefunction outside a core radius rc. The enhancement in efficiency 
duee to the pseudopotentials is considerable, as it 'decreases' the number of 
electronss in the system and secondly allows for a much smaller basis set for 
thee remaining valence electrons. 

Differentt schemes exist for the construction of pseudopotentials. The 
typee of pseudopotential used for the research in this thesis are the so-called 
semi-locall  norm-conserving Martins-Troullier pseudopotentials [20]. For a 
moree detailed overview of pseudopotentials, I refer to Ref. [21,22]. 
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1.66 Simulating Rare Events 

Thee above section dealt with the problem of how to make an AIMD calcula-
tionn computational feasible. The methods discussed in this section are also 
importantt for standard MD simulations. Given the system size and simu-
lationn time accessible by MD simulations, most chemical reactions should 
bee considered as rare events. It is not possible to simulate these reactions 
inn a direct way by imitating the same conditions under which one measures 
ratess experimentally. In experiments, rate constants are obtained by mea-
suringg the macroscopic densities of reactant and product states over a long 
period.. These macroscopic densities, corresponding to billions of molecules, 
wil ll  show an exponential relaxation with a decay according to the rate of re-
action.. MD simulations can only describe a few hundreds of molecules dur-
ingg simulation times of nanoseconds (the situation for AIMD is even much 
worse).. The probability to detect one single event in these simulations is 
completelyy negligible. Therefore, additional techniques are required to de-
terminee reaction rates by molecular simulation. Many methods have been 
devisedd to this purpose, yielding crucial information on reaction barriers, 
ratee constants and mechanisms of reaction. In the next section we wil l give 
aa very short introduction to the constrained dynamics method, also called 
thermodynamicc integration, that is used in chapter 4. In section 1.6.2 we 
wil ll  introduce the Path Sampling methods. In chapter 5 we wil l improve 
thee original Transition Path Sampling method by a new method, that we 
calll  Transition Interface Sampling. This new method is used in chapter 6 in 
combinationn with AIMD, for the calculation of the non-catalyzedd gas-phase 
hydrationn of ethylene. . 

1.6.11 Constrained Dynamics 

Transitionn State Theory (TST) estimates the reaction rate as well as the acti-
vationn energy of a chemical reaction from the free energy profile along a well 
chosenn reaction coordinate. Mostly, this reaction coordinate wil l be some-
thingg like the length of a bond that has to be broken or to be formed, but 
inn general it can be any complex function of the coordinates of all particles. 
Givenn a reaction coordinate A({R}) , one can obtain the free energy change 
AF(X)AF(X) along the reaction path using the technique of thermodynamic inte-
grationn (see, e.g., Ref. [23]). Along this path from reactant (A({R} ) = XA) to 
productt state (A({R} ) = A#), one can then identify the transition state di-
vidingg surface (A({R} ) = A*  with XA < A*  < AB), that is a local maximum of 
thee free energy function, called the free energy barrier. If the reaction coor-
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dinatee is well chosen, this barrier corresponds to the true reaction barrier or 
activationn energy of the reaction. This free energy barrier can be expressed 
ass follows: 

AF(\*)AF(\*)  = F(\*)  - F(XA) = J*  dA' ( ^ f P ) ;  (1-26) 

Heree H is the Hamiltonian of the complete system The brackets denote 
ann ensemble average, and the subscript indicates that the conditional ave-
ragee is evaluated at a value A({R} ) = A' of the reaction coordinate. The term 
—— ( ax / ,ls usually called the mean force. To evaluate this conditional en-
semblee average in a MD simulation, one can use the method of constraint 
wheree the dynamics of the system is performed with the reaction coordinate 
fixedd at the specified value A'. The mean force is in that case approximately 
equall  to the constraint force (Lagrange multiplier) needed to keep the con-
straintt at its fixed value. It is not exactly equal as the constraint introduces 
aa bias in the ensemble. However, it is possible to correct for this bias and to 
obtainn the exact mean force and free energy barrier [24,25]. 

Although,, the free energy barrier is then exact, it still depends on the 
choicee of the reaction coordinate. Only for an ideal reaction coordinate, the 
freee energy barrier corresponds to the true reaction barrier. For an ideal reac-
tionn coordinate, any trajectory crossing the transition state dividing surface 
wil ll  remain at that side for a long time. This is exactly the assumption made 
inn TST. In practice, one can usually not find such a coordinate, and fast re-
crossingss are inevitable. In those situations the free energy barrier will serve 
ass an underestimate of the true activation energy, whereas the TST rate ex-
pressionn will serve as an overestimate of the true reaction rate. In many 
cases,, one can correct for the incorrect reaction coordinate by calculating 
aa transmission coefficient that requires an additional simulation. Still, the 
choicee of the reaction coordinate must be approximately correct. Otherwise, 
thee corresponding transmission coefficient can be extremely low, yielding 
ann inaccurate calculation. 

Inn high dimensional complex systems, the choice of reaction coordinate 
cann be extremely difficult and usually requires detailed a priori priori  knowledge 
off  the transition mechanism. For those cases, one can use Transition Path 
Samplingg that was specifically designed to overcome these limitations, though 
withh a price of a high computational cost. However, the new path sampling 
methodd introduced in this thesis, gives a strong improvement of the effi-
ciencyy compared to Transition Path Sampling. This wil l make path samp-
lingg a good alternative to the thermodynamic integration method for many 
systems. . 
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1.6.22 Path Sampling 

Thee original path sampling method, called Transition Path Sampling, is 
basedd on the calculation of a time correlation function k^s{t), that, for a 
truee exponential decay, wil l exhibit a plateau yielding the true reaction rate 
off  the system: 

© ) ^ ,, kAB-issrm. (1-27) WA) WA) 
Heree HA and hs are the characteristic functions of the two stable states, the 
productt and the reactant state respectively, and T is a value in the plateau 
timee region. The characteristic function of each state is either one, if the 
systemm is inside, or zero, if the system is outside the stable state region. 
Off  course, the shape of the function ArJJ5(i) depends on how one defines 
thee stable states. However, as long as the choice of the state definitions is 
reasonable,, the plateau value wil l not sensitively depend on this. 

Too calculate Eq. (1.27) in TPS, one samples a large number of paths, star-
tingg in A and ending in B, by use of a Monte Carlo algorithm that employs 
thee so called shooting move (illustrated in Fig. 1.2). One of the advantages 
off  this method compared to the constrained dynamics method is that the re-
actionn evolves in a more natural way yielding a better understanding of the 
actuall  mechanism of the molecular rearrangements during a reactive event. 
Besides,, if TST does not work due to a very low transmission coefficient, 
pathh sampling can still be applied. However, for most systems it is compu-
tationallyy more demanding than thermodynamic integration. 

Inn chapter 5 we introduce a new algorithm called Transition Interface 
Samplingg (TIS) that improves the efficiency of Transition Path Sampling. 
Thee idea is to introduce new characteristic functions based on a different 
kindd of states, the overall states. These overall states exist next to the two 
stablee states. Now, different from stable state definitions, a system belongs 
too overall state AOTB not only depending on its instantaneous configuration, 
butt also on its past behavior. Overall state A covers all phase space points 
lyingg inside stable region A, but also all phase space points that visit A, 
beforee reaching B when the equations of motion are integrated backward 
inn time. Similarly, state B comprises stable state B and all phase points, 
comingg directly from this state in the past (not via ^4). These two states 
spann the complete phase space and they do not sensitively depend on the 
definitionss of the stable states. This allows to write a rate expression similar 
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Figuree 1.2: Illustration of the shooting move. The picture shows the free energy 
landscapee as function of qi and q2, which represent two projections of the degrees 
off  freedom in the system. The two circles, located in the valleys of this mountain 
landscapee represents the two stable states A and B, that are separated by a free 
energyy barrier. Two paths are shown that start in A and end in B. One path (n) is 
obtainedobtained from the other (o) via a MC shooting move. This works as follows. Along 
thee old trajectory, one takes a random time slice at which one adds random changes 
APAP to the momenta of all particles. This configuration with the new momenta 
P'P' = P + AP is then integrated forward and backward in time yielding the new 
trajectoryy (n). As long as the momenta changes are small, the chance that the new 
pathh will reach both stable states will be considerable. Then, by replacing the old 
pathh by the new one and starting the same procedure again, one can collect a whole 
sett of different paths, all going from A to B. 

too Eq. (1.27): 

kABkAB = {hA) ', d.28) 

Thiss expression has significant advantages over Eq. (1.27). Again, the 
evaluationn of Eq. (1.28) is performed by sampling a number of paths via a 
similarr kind of shooting moves. However, unlike in TPS where each path 
mustt have a fixed length T, here the path lengths are variable and each path 
cann be limited to the strict minimum, necessarily for the determination of 
thee h_A and his characteristic functions. Secondly, the ensemble average in 
Eq.. (1.27) consists of both positive as negative terms, whereas expression 
(1.28)) consists of positive terms only, resulting in a faster convergence of 
thee MC algorithm. The third point requires a bit more knowledge about 
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thee two path sampling methods, for which I refer to chapter 5. To increase 
thee statistical accuracy, TPS combines the MC algorithm with a kind of free 
energyy calculation by use of umbrella sampling techniques. In TIS this is re-
placedd by a series of so-called interface ensemble averages, yielding another 
improvementt to the total efficiency compared to TPS. 




