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Preface e 

Inn principle, the most fundamental laws in chemistry are known since 1926, 
whenn Schrödinger postulated his wave equation. This basic law of quantum 
mechanicss is capable of describing all inter- and intramolecular interactions 
withh great accuracy. Except for metals, relativistic corrections are mostly 
negligiblee and therefore the relativistic Dirac equation (1928) is of less im-
portance.. One could therefore argue that chemistry is not a science in itself. 
Itt just follows the laws of quantum mechanics and is therefore nothing but 
appliedd physics. However, as a cook does not stop when he has gathered all 
hiss ingredients, science does not stop when its basic laws are known. The 
'cookingg part' can still be a hell of a job. Up to now, theoretical chemists and 
physicistss are by no means capable to replace the job of the experimentalists. 
Iff  industries try to invent a new catalyst for a certain chemical process, they 
usuallyy do not rely on theoretical calculations. Much more efficient are the 
methodss of an experimentalist: a bit of intuition and a lot of trial and error. 
Thee reason for this is that theoretical calculations take enormous amounts 
off  time when systems are complex. Mathematical analytical solutions of the 
Schrödingerr equation only exist for the most simple systems, like the hy-
drogenn atom. If the total number of particles is more then two, one has to 
relyy on approximate numerical calculations. Of course, computers are an 
enormouslyy powerful tool, but the number of atoms and electrons in most 
chemicall  systems is so large that even calculations on powerful supercom-
puterss can take years. 

Still,, if a theoretical calculation can be performed, it can give much more 
insightt on how the chemical process evolves and why a certain type of 
moleculee is a good catalyst and another is not. This makes it worth study-
ingg these systems on a theoretical basis. However, the computational costs 
stronglyy limit the system size and simulation time. Gas-phase reactions con-
tainingg only a small number of atoms are therefore usually the subject of 
thesee studies. Most chemical reactions in nature, in industry, or in labora-
toryy experiments do not occur in the gas-phase, but occur in the presence 
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off  a solvent like water. An accurate description of liquid water requires 
att least about 20 water molecules. In the last years an enormous progress 
hass been made in the possibilities for theoretical calculations. This is partly 
duee to the increase in computer power, but more important were the cre-
ativee inventions of smart algorithms. Density Functional Theory and the 
Car-Parrinelloo method have, by use of minor approximations, decreased the 
computationall  costs by orders of magnitude. In combination with statistical 
methodss to simulate rare events, the understanding of molecular behavior 
off  more and more complex chemical reactions is in our reach. 

II  started my PhD four years ago and the final result is this doctoral the-
sis.. The main question was to investigate the solvent effect on chemical 
reactions,, in particular chemical reactions with alcohols in water. One of 
thee conclusions of this research is that solvent dynamics is indeed very im-
portant.. Molecular fluctuations in liquid water, yielding special structures 
betweenn water molecules, can have an enhanced polarizing effect on so-
lutee molecules. This effect can facilitate or even initiate a chemical event. 
Thiss thesis also contains a related but different subject. During the research, 
whilee studying methods for rare events, I got a new idea to improve upon 
thee Transition Path Sampling method. In cooperation with Daniele Moroni 
andd Peter Bolhuis we turned this idea into a completely new method for 
thee calculation of rate constants. This new method, that we named Transi-
tionn Interface Sampling, has become an important additional subject of this 
thesis. . 

Off  course, this work could never have come to a successful end without 
thee help and support of many people during the last four years, for which I 
amm very grateful. Therefore, I would like to thank a number of people: First 
off  all, my supervisor Evert Jan Meijer for sharing his detailed knowledge 
andd broad experience on the art of Ab Initio molecular dynamics. Secondly, 
myy promotor Berend Smit for having given me the opportunity for this PhD 
andd for his stimulating support. Jan Willem Handgraaf, my most direct col-
leaguee in this field, for our fruitful collaboration during the last four years. 
Peterr Bolhuis and Daniele Moroni for developing Transition Interface Sam-
plingg to a promising method. All the members of the manuscript commis-
sionn for carefully and critically reading this manuscript. Daniele Moroni 
andd Sofia Calero for being my paranimfs. For correcting parts of this thesis I 
wouldd like to thank David Dubbeldam, my father Herman van Erp, and my 
motherr Elize Schade. For solving many of my computer problems I owe a lot 
too Thijs Vlugt, Gooitzen Zwanenburg and Jochem Wichers Hoeth. I thank 
Arentt Pelster for his help on the digital part of the cover. Moreover, for so-
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ciall  support I am grateful to a countless number  of people among which are: 
alll  my colleagues and friends of the ITS department, all my friends of Am-
sterdamm and Nijmegen and of all other  places in the world, the Weesperflat 
people,, all the people from the Crea oil painting classes, especially Caro-
linee of course, family (in particular  my aunt Marianne and uncle Jacques for 
theirr  hospitality in Bloemendaal the first  half year  of my PhD), my brother 
Pepijnn and his wife Kitty , coming over  for  my defense from Tanzania, and 
finallyfinally  my parents; thanks for  everything. 
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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. 





Chapterr  2 

Hydratio nn of Methanol in Water 
AA DFT-based Molecular  Dynamics Study 

Wee studied the hydration of a single methanol molecule in aqueous solu-
tionn by first-principle DFT-based molecular dynamics simulation. The cal-
culationss show that the local structural and short-time dynamical proper-
tiess of the water molecules remain almost unchanged by the presence of 
thee methanol, confirming the observation from recent experimental struc-
turall  data for dilute solutions. We also see, in accordance with this expe-
rimentall  work, a distinct shell of water molecules that consists of about 15 
molecules.. We found no evidence for a strong tangential ordering of the 
waterr molecules in the first hydration shell. 

2.11 Introductio n 

Thee solvation of alcohols in water has been studied extensively [26]. It is of 
fundamentall  interest in physics, chemistry and biology, but also of impor-
tancee in technical applications. The characteristic hydroxyl group allows 
alcoholss to form hydrogen bonds and is responsible for the good solubility 
off  the smaller alcohols. In contrast, the alkyl group is hydrophobic and does 
nott participate in the hydrogen bonding network of water. The presence of 
bothh hydrophobic and hydrophilic groups make the microscopic picture of 
solvationn of alcohol in water a non-trivial and therefore interesting matter. 

Understandingg the solvation of methanol in water is a prerequisite for 

1Thiss chapter is based on: Titus S. van Erp, Evert Jan Meijer, "Hydration of methanol 
inn water. A DFT-based molecular dynamics study", Chemical Physics Letters 333 , 290-296, 
(2001). . 
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thee study of chemistry of alcohols in aqueous solution. Important exam-
pless of such reactions are the conversion of ethanol into acetaldehyde in 
biologicall  systems or the industrial ethanol production by acid-catalyzed 
hydrationn of ethylene. An accurate microscopic understanding of the me-
chanismm and kinetics of such reactions is of fundamental interest. However, 
presently,, this picture is still far from complete. Density Functional The-
oryy (DFT) based Molecular Dynamics simulation has proved to be a promi-
singg tool provide such an insight. An accurate calculation of the chemical 
bondingg is incorporated via a DFT-based electronic structure calculations. 
Thee effect of temperature and solvent on the reactive events is implicitly ac-
countedd for via the Molecular Dynamics technique. The implementation of 
DFT-basedd MD as proposed by Car and Parrinello [2] has proven to be ex-
tremelyy efficient. It has successfully been applied to study of a large variety 
off  condensed-phase systems at finite temperature. Applications to chemical 
reactionss include the cat-ionic polymerization of 1,2,5-trioxane [27], or the 
acid-catalyzedd hydration of formaldehyde [28]. 

Ass a first step towards the study of chemical reactions involving alcohols 
wee present in this chapter a Car-Parrinello Molecular Dynamics (CPMD) 
studyy of the hydration of the simplest alcohol (methanol) in aqueous solu-
tion.. Recent experimental work [29] has provided detailed structural infor-
mationn on the solvation shell. Various molecular simulation studies (e.g. 
Ref.. [30-34] have addressed structure and dynamics of both the solute and 
thee solvent. This experimental and numerical work has revealed that there 
iss a distinct solvation shell around the methanol, and that the water struc-
turee is littl e affected by the presence of a methanol molecule. In this chapter 
wee will address these structural properties and in addition consider the dy-
namicss of the methanol and the water molecules in the solvation shell. 

Thiss chapter is organized as follows. First we outline the computational 
approachh and its validation. Then we present the results for the structure 
andd dynamics of a single solvated methanol in water. We conclude the chap-
terr with a summary and discussion. 

2.22 Methods and Validation 

Electronicc structure calculations are performed using the Kohn-Sham for-
mulationn [9] of DFT. [8] We employed the BLYP functional that combines 
thee local density approximation (LDA) with a Becke gradient correction for 
thee exchange energy [11] and a gradient correction for the correlation en-
ergyy proposed by Lee, Yang and Parr [12]. Among the available functionals, 
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thee BLYP functional has proven to give the best description of the structure 
andd dynamics of water. [13,14] All calculations 2 were performed using the 
CPMDD package [35]. 

Thee pseudopotential method is used to restrict the number of electronic 
statess to those of the valence electrons. The interaction with the core elec-
tronss is taken into account using semi-local norm-conserving Martins- Troul-
lierr pseudopotentials. [20] The pseudopotential cutoff radius for the H was 
chosenn 0.50 au. For O and C the radii are taken 1.11 and 1.23 a.u. for both 
thee l=s and l=p term. The Kohn-Sham states are expanded in a plane-wave 
basiss set matching the periodicity of the periodic box with waves up to a 
kineticc energy of 70 Ry. Test calculations snowed that for this structurall  and 
energeticc properties were converged within 0.01 A and 1 kj/mol, respec-
tively.. Frequencies are converged within 1 %, expect for CO and OH stretch 
modess that are underestimated by 3 % and 5 % compared to basis-set limit 
values. . 

Too validate the computational methods outlined above we performed 
aa series of reference calculations of relevant gas - phase compounds with 
thee CPMD package. Energetics and geometry were calculated for methanol, 
water,, two mono - hydrate configurations, and the di-hydrate configuration 
shownn in Fig. 2.1. These calculations were performed using a a large peri-
odicc box of size 10x10x10 A3. The interactions among the periodic images 
weree eliminated by a screening technique similar to that of Ref. [36]. In ad-
ditionn we determined for the methanol molecule both the harmonic vibra-
tionall  frequencies and the frequencies at finite temperature (T= 200 K). The 
latterr includes the anharmonic contributions, and were obtained from the 
spectrumm of the velocity auto correlation function (VACF) of a 3 ps CPMD 
calculationn at E= 200 K. The calculated peak positions can be compared with 
experimentall  spectra. Results of the gas-phase calculations were compared 
withh results obtained with a state-of-the-art atomic-orbital based DFT pac-
kagee (ADF [37]), and with results from MP2 calculations of Ref. [38]. In the 
comparisonn of the energies zero-point energies were not taken into account. 

Complexationn energies and geometries of the methanol hydrates are given 
inn Tab. 2.1 and Fig. 2.1. Deviations among CPMD and ADF are within 
11 kcal/mole for the energies, smaller than 0.005 A for the inter-molecular 
bondss and within 0.03 A for the weaker intra-molecular bonds. This indi-
catess a state-of-the art accuracy for electronic structure methods employed 

Computationall  resources consisted of an IBM-SP and a cluster of state-of-the-art PCs. 
Calculationss were executed in parallel using MPI and amounted to a total of « 10000 hours 
off  CPU-time. 
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Figuree 2.1: Energy-optimized geometries of two water/methanol dimers and a 
trimer.. Distances (A) and angles (degrees) are shown for three computational me-
thods:: CPMD-BLYP (top, present work), ADF-BLYP [37] (middle, present work) 
andd MP2 [38] (bottom). 

inn CPMD. Differences among BLYP and MP2 are within acceptable lim-
its,, with BLYP complexation energies smaller by 4 kj/mole (dimer) and 
100 kj/mole (trimer). These deviations are similar to the comparison of BLYP 
andd MP2 for the water dimer binding energy, [13]  3 where BLYP is 4 kj/mole 
smaller,, with the MP2 energy only 1 kj/mol below the experimental value. 
Assumingg similar differences for the complexation energies bonds in the 
methanoll  hydrates would suggest that BLYP underestimates the methanol-
waterr binding energy by approximately 5 kj / mol. Inter- and intra-molecular 
BLYPP bond lengths are up to 0.02 and 0.06 A longer compared to the MP2 
results,, respectively. 

3MP22 limit estimate. See for example [39] 
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Tablee 2.1: Complexation energies (kj/mol) of methanol hydrates shown in Fig. 2.1. 
Numberss are bare values without zero-point energy corrections and entropy con-
tributions. . 

Complex x 
CH3OHH + H20 (a) 
CH3OHH + H20 (b) 
CH3OHH + 2 H20 

CPMD-BLYPP ADF-BLYPa MP26 

20.22 20.2 24.4 
17.11 17.6 21.0 
58.33 59.6 68.8 

aRef.. [40]. 
aa G2(MP2) method. MP2(full)/6-311+G(d,p) optimized geometries. From Ref. [38]. 

Vibrationall  frequencies are listed in Tab. 2.2. Again comparison of CPMD 
andd ADF is excellent, consistent with the results for the energetics and ge-
ometries.. Comparing the calculated finite-temperature frequencies against 
thee experimental values shows that BLYP tends to underestimate the fre-
quenciess of almost all modes by « 10 %. This trend is a known feature of 
BLYP.. For example similar deviations are observed for BLYP calculation of 
water.. [13] 

Overalll  we conclude that the reference calculations of gas-phase pro-
videss confidence that DFT-BLYP performs with a sufficient accuracy for a 
quantitativee study of methanol hydration. 

2.33 Solvation 

Wee performed Car-Parrinello Molecular Dynamics simulations of the solva-
tionn of a single methanol molecule. We considered two systems: one with 31 
waterr molecules and the other with 63 water molecules, yielding methanol-
waterr solutions with mole ratios of 1:31 and 1:63. In the following they are 
referredd to as the small and large system, respectively. For reference we 
alsoo performed a simulation of a pure water sample of 32 molecules. The 
moleculess are placed in a periodic cubic box with edges of 9.98 A (small 
solvatedd methanol system), 12.50 A (large solvated methanol system), and 
9.866 A (pure water) corresponding to the experimental densities at ambi-
entt conditions. The temperature of the ions is fixed at 300 K using a Nosé-
Hooverr thermostat [42-44]. The fictitious mass associated with the plane-
wavee coefficients is chosen at 900 a.u., which allowed for a time step in the 
numericall  integration of the equations-of-motion of 0.145 fs. The two sys-
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Tablee 2.2: Harmonic and T=200 K vibrational frequencies of gas-phase methanol 
molecule. . 

mode e 

r(OH) ) 
"(CO) ) 
r(CH3) ) 
r(CH3) ) 
(5(OH) ) 
<KCH3) ) 
<5(CH3) ) 
<5(CH3) ) 
^(CH3) ) 
"(CH3) ) 
^(CH3) ) 
zy(OH) ) 

Harmonic c 
i/(cm m 

CPMD-BLYP P 

280 0 
940 0 
1040 0 
1130 0 
1330 0 
1430 0 
1460 0 
1470 0 
2940 0 
2990 0 
3060 0 
3550 0 

- 1 ) ) 
ADF-BLYPa a 

380 0 
950 0 
1050 0 
1130 0 
1340 0 
1430 0 
1460 0 
1470 0 
2910 0 
2950 0 
3020 0 
3590 0 

Anharmonic c 
vv (cm" 

CPMD-BLYP P 

(T=2000 K) 

280 0 
880 0 
980 0 
1070 0 
1270 0 

1320-1430P P 
1320-1430p p 
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Exp.6 6 

270 0 
1034 4 
1075 5 
1145 5 
1340 0 
1454 4 
1465 5 
1480 0 
2844 4 
2970 0 
2999 9 
3682 2 

aa Ref. [40]. 
66 Ref. [41]. 
cc Modes not separated. Broad peak with width listed. 

ternss were equilibrated for 1 ps from an initial configuration obtained by a 
force-fieldd simulation. Subsequently we gathered statistical averages from 
aa 10 ps trajectory of the 31+1 molecule system, from a 7 ps trajectory of the 
63+11 molecule system, and from a 10 ps trajectory of the pure water system. 

2.3.11 Structur e 

Inn Fig. 2.2 we have plotted the radial distribution functions (RDF) of the 
waterr oxygen atoms. The minor variations among the RDF's of the small 
methanoll  system, the large methanol system, and the pure water system is 
ann indication that the local water structure, as measured by this RDF, is at 
onlyy marginally changed by the solvation of a methanol molecule. Note, in 
thiss respect, that for the 32 molecule the first solvation shell constitutes a 
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significantt fraction of the total number of water molecules (see below). 
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Figuree 2.2: Calculated carbon-oxygen (top) and water oxygen-oxygen (bottom) 
radiall  distribution functions for the small (solid line) and large (dashed line) 
methanoll  system. 

Fig.. 2.2 also shows the RDF of the methanol carbon and water oxygens 
forr the small and large methanol system. A pronounced first peak clearly 
indicatess the existence of shell of water molecules at a distance of «3.7 A. 
Comparingg the RDF's of the small and large system shows a noticeable 
difference.. This should be attributed to the limited size of the small sys-
tem.. It suggests that a proper description of the solvation structure of a 
singlee methanol in a cubic periodic simulation box requires at least 50 water 
molecules.. Integrating the RDF for the large system up to the minimum at 
rr  = 5.0 A yields 16 water molecules in the first solvation shell. The definite 
solvationn shell observed in our simulations is consistent with the neutron 
diffractionn data of Soper and Finney [29] who studied a 1:9 molar methanol-
waterr system. Differences in molarity limits a quantitative comparison of 
thee carbon-oxygen RDF, but a qualitative comparison learns that peak posi-
tionss match with the peak values slightly more pronounced in the simula-
tionn results. 

Too analyze the orientational ordering of the water molecules around the 
methanoll  we computed the distribution function of the angle between the 
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C-OH2OO bond vector and the normal to the plane of the water molecules 
inn the first solvation shell. The results show that angle distribution is rela-
tivelyy uniform with a small tendency towards the tangential orientation, a 
featuree occurs for all solvation shell radii in the range of 3.7-5.0 A. Over the 
rangee of 0°-90° the distribution gradually decays, with the value at the tan-
gentiall  orientation (0°) about a factor of 2 larger than at the perpendicular 
orientationn (90°). Qualitatively this seems consistent with data for the orien-
tationall  distribution obtained from neutron-diffraction data [29]. However 
fromm this experimental data it is concluded that the water molecules prefer 
too lie tangential and form a cage around the methanol. Our data do not give 
clearr evidence for a cage-like structure. However, this might be a different 
interpretationn from similar data. Note, in this respect, also that the expe-
rimentall  data cannot be quantitatively compared to our data, as different 
orientationall  distribution functions are employed. 

Too analyze the hydrogen bonding we adopted the definition of Ref. [31]: 
twoo molecules are hydrogen bonded if simultaneously the inter-oxygen dis-
tancee is less than 3.5 Aand the OHO angle is smaller than 30°. From the 
simulationn of the large system we found that the methanol hydroxyl group 
donatess and accepts on average 0.9 and 1.5 hydrogen bonds, respectively. 
Forr a water molecule these numbers are equal and measured to be 1.7 in 
thee simulation of the pure water sample. These results indicate that the 
methanoll  hydroxyl group participates strongly in the hydrogen bonding 
networkk with the a donating behavior similar to water hydrogen and a ac-
ceptingg character somewhat smaller than a water oxygen. 

2.3.22 Dynamics 

Thee time scale (7-10 ps) of the present simulations allows for a reliable ana-
lysiss of dynamical properties occurring on the picosecond time scale. 

Thee velocity auto correlation function (VACF) of the hydrogen atoms 
providess an important measure of hydrogen bonding. Fig. 2.3 shows the 
Fourierr spectrum of the calculated VACF of hydrogen atoms of the wa-
terr molecules in the small and large methanol sample. The three distinct 
peakss correspond to the vibrational (3100 cm- 1) , bending (1600 cm- 1) , and 
librational-- translational (500 cm- 1) modes of the water molecules. The 
mostt important observation is that mutual comparison of the two methanol 
sampless and the comparison of these with the spectrum of the pure wa-
terr sample (also plotted) shows no significant difference, not even for the 
smalll  methanol sample where the solvation shell constitutes half of the wa-
terr molecules in the system. This demonstrates that also the short-time 
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dynamicss of the water molecules is hardly affected by the solvation of a 
methanoll  molecule. 
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Figuree 2.3: Bottom: Calculated Fourier spectrum of the velocity auto correlation 
functionn of the water hydrogens for the small methanol system (solid line), the 
largee methanol system (dashed line), and the pure water sample (dotted line). Top: 
Calculatedd Fourier spectrum of the velocity auto correlation function of the hydro-
genn atom of the methanol hydroxyl group for the large methanol system (dashed 
line)) and for an isolated methanol molecule (solid line). 

Ann indication for the average residence time of a water molecule in the 
firstt solvation shell is obtained by monitoring the trajectories of the indivi-
duall  water molecules. We found that in the large methanol system over 7 
pss 10 water molecules left the region within 5 A from the methanol carbon. 
Fromm this we estimate the average residence time to be of the order of a few 
picoseconds. . 

Fig.. 2.3 shows the Fourier spectrum of the VACF of the hydroxyl H of 
methanoll  obtained from the trajectory of the large system. The spectrum is 
off  limited accuracy due to the relatively short trajectories (7 ps). For compa-
rison,, the calculated spectrum for a single methanol molecule at T = 200 K 
iss also plotted. In solution the OH stretch (von) peak, with a calculated 
gas-phasee position of about 3300 cm- 1, has shifted by » 200 cm- 1 to lower 
frequenciess and has a relatively large width. The shift and width are both 
typicall  characteristics of a hydrogen bond and are also observed in the water 
spectrumm (Fig. 2.3). In contrast to the OH stretch mode, we see that the OH-
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bendingg mode (SOK at 1300 cm-1) is blue-shifted by an amount of 50-100"x 

cm-1.. A comparison with experimental frequency shifts in infrared spectra 
iss limited as, to our knowledge, no experimental data for dilute methanol-
waterr solutions are reported. However, a comparison with measured shifts 
inn liquid methanol [45] shows similar trends for the shift of infrared stretch 
(-3544 cm-1) and bend (+78 cm-1) peaks. The torsional mode (TOHX expected 
too be shifted upward to around 600 cm"1, is not visible in our calculated 
spectraa due to the large statistical errors. 

2.3.33 Discussion 

Wee have studied the solvation of a single methanol molecule in water using 
DFT-basedd Car-Parrinello molecular dynamics simulation. Validation of the 
approachh showed that energetics, structural, and dynamical properties of 
referencee gas-phase compounds were sufficient to expect a quantitative ac-
curacyy of calculated properties. 

Thee calculated solvation structure supports the experimental observa-
tionn [29] that a shell of about 15 water molecules is formed around the 
methanol.. Structural analysis also learns that the hydrogen bonded net-
workk of water is only minimally distorted by the presence of the methanol 
molecule.. This confirms the proposition of Soper et al. [29] that speculations 
thatt the normal water structure is significantly enhanced by the hydropho-
bicc alkyl group is groundless. The calculations showed that methanol OH 
groupp is strongly involved in hydrogen bonding, both as acceptor and as 
donor.. Analysis of the dynamics learns that the average residence time of 
aa water molecule in the first solvation shell is of the order of a few picose-
conds.. The vibrational spectrum of the water molecules is hardly changed 
byy the presence of the methanol, indicating that the short-time dynamics 
iss hardly affected by the presence of the methanol molecule. Vibrational 
analysiss shows that methanol OH-stretch peak is a broad feature that is 
significantlyy red-shifted upon solvation, confirming its hydrogen-bonding 
character. . 

Inn conclusion, from comparison with available experimental data we 
havee shown that first-principle DFT-based molecular dynamics simulation 
providess a reasonable accurate description of the structure and dynamics of 
aa dilute aqueous methanol solution. This opens the way towards the study 
off  chemistry involving methanol and larger alcohols in water. 



Chapterr  3 

AbAb Initio  Molecular  Dynamics Study 
off  Aqueous Solvation of Ethanol and 
Ethylenee 1 

Thee structure and dynamics of aqueous solvation of ethanol and ethylene 
aree studied by density functional theory based Car-Parrinello molecular 
dynamics.. We did not find an enhancement of the structure of the hy-
drogenn bonded network of hydrating water molecules. Both ethanol and 
ethylenee can easily be accommodated in the hydrogen-bonded network of 
waterr molecules without altering its structure. This is supports the conclu-
sionn from recent neutron diffraction experiments that there is no hydropho-
bicc hydration around small hydrophobic groups. Analysis of the electronic 
chargee distribution using Wannier functions shows that the dipole moment 
off  ethanol increases from 1.8 D to 3.1 D upon solvation, while the apolar 
ethylenee molecule attains an average dipole moment of 0.5 D. For ethylene, 
wee identified configurations with 7r-H bonded water molecules, that have 
raree four-fold hydrogen-bonded water coordination, yielding instantaneous 
dipolee moments of ethylene of up to 1 D. The results provide valuable in-
formationn for the improvement of empirical force fields, and point out that 
forr an accurate description of the aqueous solvation of ethanol, and even of 
thee apolar ethylene, polarizable force fields are required. 

lrrhiss chapter is based on: Tïtus S. van Erp, Evert Jan Meijer, "Ab Initio Molecular Dy-
namicss Study of Aqueous Solvation of Ethanol and Ethylene", accepted for publication in 
JournalJournal of Chemical Physics 
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3.11 Introductio n 

Thee study of the solvation of alcohols in aqueous solution is of fundamental 
interestt in physics, biology and chemistry but also of importance in tech-
nicall  applications [26,46-55]. Among the alcohols, ethanol is one the most 
welll  studied compounds. Aqueous ethanol solutions are common in chemi-
call  research and industry applications. Ethanol can be produced by aqueous 
hydrationn of ethylene, that is readily available from natural sources. This 
processs can be accelerated by acid catalysis. The reverse route of decom-
posingg ethanol into water and ethylene is also of importance. For example, 
forr developing countries who do not have a large supply of fossil fuels, de-
hydrationn of ethanol obtained from biomass is often the most economical 
wayy to produce ethylene. As is well known, solvation structures play a cru-
ciall  role in aqueous solution chemistry, where reactive events often require 
aa significant reordering of the water molecules in the solvation shell. The 
solvationn of ethanol and ethylene are therefore crucial in the course of their 
(acid-catalyzed)) interconversion. The aqueous solvation of these molecules 
wil ll  be addressed in the present paper. Elsewhere we report on an ab initio 
molecularr dynamics study of the acid-catalyzed conversion [56]. 

Ethanoll  and ethylene have distinct solvation properties in aqueous so-
lution.. Ethanol is easily soluble as its polar hydroxyl group can partici-
patee in the hydrogen bonded network and the hydrophobic ethyl group 
iss relatively small. In contrast, the apolar ethylene molecule has a much 
weakerr interaction with water and is generally considered to be hydropho-
bic.. Mixtures of water and ethanol have been studied extensively, both ex-
perimentallyy as by molecular simulation. Experimental studies employing 
NMRR [57-61], ultrasonic absorption [62], infrared absorption spectroscopy 
[58,59,63,64],, mass spectroscopy [63,65], X-ray diffraction measurements 
[63,66],, neutron diffraction [66-68], and dielectric relaxation measurements 
[69-72]]  have been performed to unravel the solvation properties of ethanol. 
Molecularr simulation studies using empirical force fields have addressed 
thee equation of state, thermodynamics, and structure and dynamics of sol-
vationn of aqueous ethanol solutions [73-77], The following general pic-
turee of the aqueous solvation in dilute solutions has emerged: the hydroxyl 
groupp participates in the hydrogen-bonded network, while the hydropho-
bicc alkyl group is accommodated in the hydrogen-bonded network of wa-
terr molecules. The nature of hydration structure around the hydropho-
bicc part of alcohols is still a controversial subject. It has been suggested 
[26,46,48,49,51,54,60,61]]  that hydrophobic solutes enforces the network of 
hydrogen-bondedd water molecules around it and decreases their mobility, 
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aa notion referred to as hydrophobic hydration [3,4]. However, recent ex-
perimentall  and computational studies have shown that for small alcohols 
thee structure and dynamics of the water molecules in the solvation shell is 
almostt identical to that of bulk water [67,68,75]. 

Muchh less is known for the solvation of ethylene in water under ambient 
conditions.. Experimental [78] and theoretical [79,80] work addressed the 
clathratee hydrates of ethylene in water. The isolated ethylene-water com-
plexx has been a subject of various studies. In the lowest energy configura-
tion,, the ethylene molecule forms a weak bond with water. An early ab initio 
studyy of Del Bene in 1974 [81] has characterized this interaction as a 7r-H 
hydrogenn bond of a water proton with the TT electrons of the C=C bond. Se-
verall  experimental techniques have been applied to measure the strength of 
thiss interaction, such as the matrix isolation study of Engdahl and Nelander 
[82,83],, the microwave spectra study of Andrews and Kuczkowski [84] and 
thee molecular-beam measurements of Peterson and Klemperer [85]. Re-
centlyy Tarakeshwar et al. [86-88] and Dupré and Yappert [89] have per-
formedd calculations on the ethylene-water complexes with high level ab ini-
tiotio methods. The interaction is weak compared to a hydrogen bonds such 
ass in the water dimer. The role of the ir-H  bond in aqueous solvation under 
ambientt conditions is still an open question. 

Molecularr simulation provides an approach to study the microscopic be-
haviorr of liquids complementary to experimental studies. All molecular 
simulationss studies of aqueous ethanol solutions up to now are based on 
empiricall  force fields that are designed to reproduce a selection of experi-
mentall  data. Obviously, molecular simulations based on these potentials do 
nott provide a picture completely independent from experiment. Moreover, 
thee reliability of the results at conditions that are significantly different from 
thosee where the potential was designed for, may be questionable. Density 
functionall  theory (DFT) based molecular dynamics (MD) simulation, such 
ass the Car-Parrinello molecular dynamics method [2], where the interactions 
aree calculated by accurate electronic structure calculations, provides a route 
too overcome these limitations. This has been demonstrated in studies of liq-
uidd water [14,90,91] and aqueous solvation [92-94]. Important advantages 
off  DFT-MD over force-field MD are that it intrinsically incorporates polari-
zation,, that it accounts for the intra-molecular motion and therefore allows 
forr a direct comparison with spectroscopy of intra-molecular vibrations, and 
thatt it yields detailed information on the electronic properties, such as the 
energyy levels of electronic states and the charge distribution. In a broader 
chemicall  perspective it is important to note that DFT-MD is capable to study 
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chemicall  reactions in solution, where force-field MD would fail completely 
ass it cannot account for the change in chemical bonding. 

Here,, we report on a DFT-based MD simulation of the solvation of ethanol 
andd ethylene. First we describe the simulation methods. Then we show re-
sultss of geometries and energetics of relevant gas-phase complexes, that wil l 
servee as a validation of the numerical methods employed. Subsequently re-
sultss of structure, dynamics, and polarization of the solvated species wil l be 
shown.. We conclude with a discussion. 

3.22 Computational Methods 

Electronicc structure calculations are performed using the Kohn-Sham [9] 
formulationn of DFT [8]. We employed the gradient-corrected Becke-Lee-
Yang-Parrr (BLYP) functional [11,12], that has proven to give a good de-
scriptionn of the structure and dynamics of liquid water [91]. The DFT-based 
MDD simulations of aqueous ethanol and ethylene are performed using the 
Car-Parrinelloo method as implemented in the Car-Parrinello MD (CPMD) 
packagee [35]. Norm-conserving Martins-Troullier pseudopotentials [20] are 
usedd to restrict the number of electronic states to those of the valence elec-
trons.. Cut-off radii for H, O and C atoms were chosen to be 0.50, 1.11 and 
1.233 a.u., respectively both for the l=s and l=p terms. The Kohn-Sham or-
bitalss are expanded in a plane-wave basis, matching the periodicity of the 
periodicc box with waves up to a kinetic energy of 70 Ry. With this basis set 
energiess and geometries are converged within 0.25 kcal/mol and 0.01 A, re-
spectively.. Vibrational frequencies are converged within 1 %, except forr C-O 
andd O-H stretch modes that are underestimated by 3 % and 5 % compared 
too the basis set limit values [93]. In the molecular dynamics calculations, 
thee fictitious mass associated with the plane-wave coefficients is chosen at 
9000 a.u., which allowed for a time step in the numerical integration of the 
equations-of-motionn of 0.145 fs. 

Too validate the computational approach we compared CPMD results for 
energiess and structures of relevant gas-phase molecules and complexes with 
state-of-the-artt atomic-orbital DFT-BLYP calculations performed with with 
thee Amsterdam density functional (ADF) [95-98] code, and other high-level 
quantumm chemical results taken from literature. The gas-phase calculations 
withh CPMD were performed in a large periodic box of 10 A using the 
screeningg technique of Ref. [36] to eliminate the interactions among peri-
odicc images. We have not included zero-point energies in the energies of 
thee gas-phase compounds. This also holds for computed energies taken 
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fromm literature and referred to in the present paper. This, to ensure a proper 
comparisonn between our results and those from literature. 

Thee MD simulations of the solutions were performed for a 'small' and 
aa 'large' system to assess the finite size effects. For the small system a si-
mulationn of 10 ps was performed in a cubic periodic box of length 10.07 A, 
bothh for an ethanol solution of 31 waters and 1 ethanol as for an ethylene 
solutionn of 32 water and 1 ethylene. For the large system 5 ps simulations 
weree performed using a periodic box with bcc symmetry and a volume of 
1977.66 A3. This periodic cell, a truncated octahedron, is in shape closer to a 
spheree than a simple cube, and therefore better suited for liquid simulation. 
Thee large ethanol solution consisted of 63 waters and 1 ethanol, while the 
largee ethylene solution consisted of 64 waters and 1 ethylene. Thee box sizes 
forr both the ethanol and ethylene solutions were set to match the experi-
mentall  densities of the ethanol solutions under ambient conditions. For the 
ethylenee system this wil l be slightly larger than the experimental density, as 
thee effective volume of ethanol is a bit smaller than the combined volume of 
ethylenee + water. However, we do not expect this to give rise to observable 
changess in the calculated properties. For reference we performed 10 ps MD 
simulationss of a single ethanol and ethylene in a periodic cubic box of 10 
AA , and a pure water systems of 32 water molecules in a cubic box of 9.85 
AA for simulation times of 10 ps. For all simulations there was an initial equi-
librationn trajectory of 1 ps. Temperature was controlled by a Nosé-Hoover 
thermostatt [42-44] and fixed at 300 K. 

3.33 Gas-Phase Complexes 

Thee ethanol monomer has two stable conformers very close in energy: the 
symmetricc trans structure and the a-symmetric gauche structure (see Fig. 3.1). 
Thee main distinction is the orientation of the OH bond with respect to the 
CCOO plane. A microwave study [99] has shown that the trans form is slightly 
(0.122 kcal/mol) more stable than the gauche form. Tab. 3.1 lists the most im-
portantt geometric data of the trans and gauche conformers, and compares 
thee CPMD results with ADF calculations, B3LYP calculations [100], and ex-
perimentall  data [101]. CPMD and ADF bond lengths differ at most 0.01 
AA and angles are within 0.5°. Comparing CPMD with B3LYP and experi-
mentall  values yields differences upto 0.03 A and 0.5°, and 0.04 A and 1° re-
spectively.. The calculated energy difference between the two conformers is 
listedd in Fig. 3.2. CPMD, ADF, B3LYP of Ref. [102], and fourth-order Möller-
Plessett perturbation (MP4) [103] predict the trans conformer to be stable 
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Figuree 3.1: Illustration of the trans and gauche conformers of ethanol. 

byy 0.07-0.10 kcal/mol, in good agreement with the experimental value of 
0.122 kcal/mol. In contrast, the B3LYP calculation of [100] yields the oppo-
site,, with the gauche conformer stable by 0.23 kcal/mol. Vibrational fre-
quenciess obtained by a Fourier transform of the velocity auto correlation 

Tablee 3.1: Gas-phase complexes: ethanol gauche and trans monomer. Distances in 
A,, angles in degrees. Our results: CPMD-BLYP and ADF-BLYP, are comparedd with 
B3LYP/6-3111 G(2d,2p) [102] and experimental microwave spectroscopy data [101]. 

Geometry y 
Method d 

< r C H H 
< r C H H 

r OH H 
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< r C H H 
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r OH H 
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>> (in CH3) 
>> (in CH2) 

aCOH H 
«CCO O 

Gauche e 
CPMD D 
0.981 1 
1.455 5 
1.529 9 
1.099 9 
1.100 0 
108.0 0 
113.0 0 

ADF F 
0.971 1 
1.447 7 
1.532 2 
1.097 7 
1.099 9 
108.2 2 
113.1 1 

B3LYP P 
0.961 1 
1.429 9 
1.521 1 
1.091 1 
1.092 2 
108.7 7 
113.0 0 

EXP P 
0.945 5 
1.427 7 
1.530 0 
1.094 4 
1.094 4 
108.3 3 
112.2 2 

Trans s 
CPMD D 
0.980 0 
1.458 8 
1.523 3 
1.098 8 
1.103 3 
108.4 4 
107.6 6 

ADF F 
0.970 0 
1.449 9 
1.524 4 
1.096 6 
1.102 2 
108.4 4 
108.0 0 

B3LYP P 
0.960 0 
1.432 2 
1.515 5 
1.090 0 
1.095 5 
109.0 0 
108.0 0 

EXP P 
0.945 5 
1.425 5 
1.530 0 
1.094 4 
1.094 4 
108.3 3 
107.2 2 
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Figuree 3.2: Relative energies of ethylene-water and ethanol-water in kcal/mol. 
Zero-pointt energies (ZPE) are not included. For ethylene, the energies are rela-
tivee to the separate molecules, whereas for ethanol the separate water and trans 
ethanoll  conformer is taken as the reference value. 3 and 7 indicate the bin-
dingg energies of ethanol and ethylene respectively. 9 is the binding energy be-
tweenn ethylene and the water-dimer. The literature values are: a: MP4-(SDQT)/cc-
pVTZZ [103], b: DFT/B3LYP/6-311G(d,p) [102], c: DFT/B3LYP/6-311G(d,p) [100], d: 
microwavee experiment [99] e: MP2/6-311+G(2df,2p)+BSSE [104], f: MP2/TZ2P++ 
[86],, g: MP2/ 6-311+G(2d,2p) [89], h: CCSD(T) / aug-cc-pVDZ [88], i: Matrix isola-
tionn study [83], j : MP2/aug-cc-pVDZ [87], and k: Matrix isolation study [82]. For 
(e),, (f), (g), and (h) we gave the BSSE-corrected (lowest value) and the non-BSSE 
correctedd values (highest value), (i) and (k) are the experimental values minus the 
ZPEE of [89]. 
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functionn (VACF) of a single ethanol at 300 K yields an OH stretch frequency 
off  3200 cm-1 and a CH stretch frequencies in the range of 2600-2800 cm-1. 
Thiss should be compared to the experimental values of 3653 cm- 1 [102], and 
2800-30000 cm-1 [63,102], respectively. The tendency of BLYP to underesti-
matee frequencies by « 10% is a known feature, and also observed in BLYP 
calculationss of water [91] and methanol [93]. 

Forr the ethanol-water complex we distinguished four complexes, with 
bothh the ethanol trans and gauche conformer acting as proton donor or ac-
ceptorr in the hydrogen bond with water. Tab. 3.2 lists the most important 
geometricc data obtained with CPMD and ADR Fig. 3.2 shows the energy 
differencess for all complexes. As for the ethanol monomer there is excel-
lentt agreement between CPMD and ADF results, with deviations within 
0.022 A and 2° for bond lengths and angles, and the binding energies within 
0.22 kcal/mol. This indicates a state-of-the art accuracy of the electronic-
structuree method employed in CPMD. The CPMD-BLYP calculation pre-
dictss the complex with the water molecule donating a proton to the ethanol 
gauchee conformer to be the most stable, with a binding energy relative to 
thee isolated water and trans ethanol conformer of 4.75 kcal/mol. The com-
plexx with the ethanol trans conformer donating a proton is less stable by 
0.822 kcal/mol. Switching to the other ethanol conformer within either com-
plexx destabilizes the complex by 0.07 and 0.4 kcal/mol, respectively. The 
relativee stability of the ethanol donor and acceptor complexes is similar 
too that for the methanol-water complex where CPMD-BLYP [93] and the 
complete-basis-sett second-order Möller-Plesset perturbation (MP2) estimate 
[105]]  yields the methanol acceptor complex stable by 0.74 and 0.35 kcal/mol, 
respectively.. There are no experimental data for the structure and energe-
ticss of the ethanol-water dimer. The MP2 result of Ref. [104] provides the 
onlyy high-level quantum mechanical study reported in literature. This study 
doess not distinguish between the trans and gauche conformers. Therefore, a 
comparisonn with our results is somewhat limited. For the ethanol acceptor 
configurationn the MP2 and CPMD-BLYP result for the complexation energy 
aree similar. However, for the ethanol donor configuration the MP2 com-
plexationn energy is more than 1.3 kcal/mol larger than the CPMD-BLYP 
results.. Consequently, the MP2 calculations yield an opposite relative sta-
bilit yy of the two water-ethanol configurations, with an energy difference of 
0.922 kcal/mol. It should be noted that in the same study the methanol-
waterr complex with the methanol as hydrogen bond donor is found to be the 
mostt stable, in contradiction with the MP2 basis-set limit result of Ref. [105], 
Thiss suggests that in the Ref. [104] a limited basis set or other factors could 
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Tablee 3.2: Gas-Phase complexes: ethanol-water dimers. Distances in A, angles in 
degrees.. CPMD-BLYP and ADF-BLYP are compared. We differentiate four com-
plexess with the ethanol can be in the gauche or trans geometry and acts as proton 
acceptorr or proton donor in the ethanol-water hydrogen bond. Hn& is the hydrogen 
off  the water that is not involved in a hydrogen bond, Q is the hydroxyl carbon, C2 
iss the methyl carbon and O^ is the water oxygen. 

Geometry y 
H-bond d 
Method d 

r QHH i n H 2 0 

TQJ-JJ in eth. 
rOHH H-bond 

rCC C 
rCO O 
rOO O 

OuiCi i 

aHOHinH20 0 
aCOH H 

aOH-O O 
Geometry y 

H-bond d 
Method d 

rQfirQfi  in H20 
r OH„ 6

inH2° ° 
rQnrQn in eth. 

rOHH H-bond 
r c c c 
rCO O 
rOO O 

rrOOwwCi Ci 
aa HOH in H20 

aCOH H 
aOH-O aOH-O 

Gauche e 
H-acc c 
CPMDD ADF 
0.9944 0.981 
0.9811 0.970 
0.9811 0.971 
1.9344 1.912 
1.5266 1.528 
1.4699 1.457 
2.9244 2.884 
3.6533 3.626 
3.9322 3.920 
104.22 105.0 
107.99 108.4 
172.66 170.2 
Trans s 
H-acc c 
CPMDD ADF 
0.9933 0.982 
0.9788 0.969 
0.9822 0.970 
1.9288 1.929 
1.5211 1.522 
1.4744 1.460 
2.9088 2.989 
3.6411 3.641 
4.0133 4.008 
104.66 105.0 
107.99 108.2 
168.11 168.4 

H-don n 
CPMDD ADF 
0.9811 0.972 
0.9811 0.971 
0.9877 0.978 
1.9888 2.011 
1.5322 1.533 
1.4522 1.440 
2.9788 2.983 
3.7733 3.793 
4.1288 4.033 
104.66 104.9 
108.55 108.7 
172.44 172.8 

H-don n 
CPMDD ADF 
0.9811 0.972 
0.9822 0.971 
0.9888 0.977 
1.9600 1.993 
1.5233 1.526 
1.4544 1.442 
2.9888 2.968 
3.8155 3.764 
5.2299 5.189 
104.22 104.9 
108.99 108.5 
175.00 174.1 
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havee lead to spurious reversal of the relative stability of the two water-
ethanoll  configurations. The CPMD-BLYP hydrogen bond interaction energy 
forr the ethanol-water dimer is of the same order of magnitude as the CPMD-
BLYPP result for the water-water [91], water-methanol [93], and methanol-
methanoll  [106] dimer. Comparison of these three dimers against high-level 
quantumm chemical calculations and experimental values indicates that BLYP 
underestimatess the binding energy by approximately 1 kcal/mol. For the 
ethanol-waterr dimer we could expect a similar difference. Here we should 
addd that going from water, via methanol, to ethanol the dispersion forces 
becomee increasingly important. These are not accounted for in gradient-
correctedd functionals such as BLYP. Correlated methods such MP2 incor-
porate,, to a good approximation, dispersion forces. In Ref. [106] we esti-
mated,, in a comparison of BLYP and high-level MP2 calculations [107] for 
thee methanol-dimer in non-hydrogen bonded configurations, that the ab-
sencee of dispersion interaction in BLYP amounted to an underestimate of 
thee binding energy of «1 kcal/mol. For the ethanol-water dimer this num-
berr could serve as an underestimate. Yet, although by far not insignificant, 
thee magnitude of the deviation is much smaller than the hydrogen-bond in-
teraction.. Therefore, it can be argued that for a study of aqueous ethanol 
neglectingg the dispersion interaction is acceptable. 

Nextt we discuss the ethylene-water complexes. We wil l consider com-
plexess with a single water and a water dimer. The dominant interaction of 
waterr with ethylene is a TT-H bond, where a proton of the water molecule 
bindss to IT electrons of the double C=C bond. There exist two stable com-
plexess between ethylene and a single water molecule, indicated as the EWla 
andd EWlb geometry (see Fig. 3.3). Both geometries have Cs symmetry with 

tt  > 
Figuree 3.3: Illustration of the EWla and EWlb ethylene-water complexes, 

thee plane of the water molecule orthogonal to that of ethylene molecule. In 
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thee EWla structure the water-plane is parallel to the C=C bond, whereas in 
EWlbb it is orthogonal. In Tab. 3.3 we compare the CPMD-BLYP geometries 
withh ADF-BLYP and MP2 [86,89] and coupled-cluster singles and doubles 
(CCSD)) [88] results. Fig. 3.2 shows the energy differences, and compares 
thesee to values reported in literature. Again, the CPMD and ADF results are 
inn excellent agreement, with energies smaller than 0.02 kcal/mol, and ge-
ometriess within 0.01 A and 0.3°, except for the non bonded OHn& distance 
thatt is related to water orientation, a coordinate along which the energy 
surfacee is relatively flat. The BLYP result shows a significant 7r-H binding 
energyy of «1.4 kcal/mol. However, in MP2 [86,88,89] and CCSD [88] cal-
culations,, binding energies are « 1-2 kcal/mol stronger, accompanied by a 
shorterr ir-H  bond with differences of 0.12 A and 0.14 A for EWla and EWlb, 
respectively.. The comparison with the experimental value gives a similar 
picturee with the BLYP underestimating the binding energy by « 2 kcal/mol. 

Tablee 3.3: Gas-Phase complexes: ethylene-water, EWla, EWlb structures (see 
Fig.. 3.3). Distances in A, angles in degrees. CPMD-BLYP, ADF-BLYP and MP2-
TZ2P+++ [86] calculations are compared. H is the water-hydrogen involved in the 
7T-HH bond; H„t, is the other hydrogen of the water molecule. CM is the midpoint of 
thee two carbons of the ethylene molecule. 

Geometry y 
Method d 

r c c c 
rH-CM M 
rO-CM M 

rHn6-CM M 
rOH H 

rOHn6 6 
aHOH H 

EWla a 
CPMDD ADF MP2 
1.3344 1.336 
2.4833 2.485 2.363 
3.4522 3.460 3.301 
3.9099 3.833 3.816 
0.9844 0.975 0.962 
0.9800 0.970 0.958 
104.22 104.5 104.7 

EWlb b 
CPMDD ADF MP2 
1.3355 1.336 
2.5700 2.524 2.383 
3.5277 3.497 3.337 
3.9577 3.881 3.793 
0.9788 0.974 0.962 
0.9766 0.970 0.958 
104.44 104.5 104.7 

Matrixx isolation studies [82,83] have revealed that the complex of ethy-
lenee with two water molecules consists of a water dimer that has one wa-
terr molecule ir-H  bonded to the C=C double bond. Recent high-level MP2 
calculationss have indicated that the presence of the second water molecule 
enhancess the strength of the 7r-H bond [87,89]. From Fig. 3.2 we see that 
BLYPP result are qualitatively in line with this observation, with a binding 
energyenergy of the (water-dimer)-ethylene complex of 2.25 kcal/mol, up from 
1.411 kcal/mol for the single-water binding. However, quantitatively MP2 
andd BLYP compare less well, with BLYP underestimating both the total bin-
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dingg energy as well as the increase from the single-water binding. Again, 
thee experimental value [82,83], that is closer to the MP2 result, shows a sig-
nificantlyy stronger binding than BLYR Both for the water-ethylene and for 
thee (water-dimer)-ethylene complex the differences of BLYP with MP2 and 
experimentt are significant relative to the total binding energy. This absence 
off  dispersion interaction in BLYP will be an important factor contribution to 
thiss discrepancy. 

Overall,, we conclude that the reference calculations provide confidence 
thatt BLYP is capable of a quantitative study of a the aqueous solvation of 
aa single ethanol molecule where interactions are dominated by relatively 
strongg hydrogen bonds. BLYP qualitatively accounts for the weaker 7r-H 
bindingg in water-ethylene systems. However, comparison with MP2 and 
experimentall  data suggest that its strength is significantly underestimated. 
Yet,, for a single solvated ethylene the hydrogen bonds among the solvating 
waterr molecules will be the dominant interaction. Hence, we believe that 
BLYPP will be able to quantitatively describe dilute aqueous ethylene solu-
tions.. Both for ethanol and ethylene the absence of dispersion attraction in 
BLYPP will have some impact, in particular for the coordination around the 
CH22 and CH3 groups, where BLYP only accounts for the steric repulsion. 
Exceptt for the notion of the absence of the dispersion interaction, a better 
understandingg of the performance of BLYP, its agreement and differences 
withh MP2 and experimental results, is desirable. This falls outside the scope 
off  the present work but would be an important topic of future work. 

3.44 Solvation Structure 

3.4.11 Ethanol Solvation 

Fig.. 3.4 shows ethanol-water radial distribution functions (RDFs) of the 
smalll  and large ethanol solutions. The pronounced structure in the hydro-
genn bonding RDFs (HH, OH, HO, OO) are a clear indication of the presence 
off  hydrogen bonds. All RDFs show that the small system gives a good de-
scriptionn of the first solvation shell, while the large system also includes 
thee second solvation shell. The peak positions of the force-field simula-
tionss of Fidler and Rodger [75], indicated by crosses, are close to our results. 
Notee that the good agreement for the CO RDFs, that are potentially sensi-
tivee to a proper description of the dispersion attraction, suggests that the 
absencee of the dispersion interaction in our CPMD-BLYP simulation is of 
limitedd importance for a proper description of the aqueous solvation of the 



3.44 Solvation Structure 41 1 

Figuree 3.4: Ethanol-water RDFs of the ethanol solutions. All insets show both the 
resultss of the small (solid line) and the large system (dashed line). For all graphs 
gABgAB indicates that the first atom A belongs to ethanol and the second atom B be-
longss to water. If the first is a hydrogen, A=H, then always the hydroxyl hydrogen 
off  the ethanol is meant. Q is the carbon bonded to the hydroxyl group, C2 is the 
carbonn of the methyl group. 

hydrophobicc group of ethanol. The position of the first peak of the OH- and 
HO-RDFF indicates that the average hydrogen-bond length is 1.7 A for both 
thee ethanol-donor and -acceptor bond. Integration of the OO-RDF upto the 
firstt minimum r = 3.3 A yields on average 3 water molecules in the first 
solvationn shell of the hydroxyl group, in good agreement with the neutron 
diffractionn value of as 3 [68] . Integrating the methyl-oxygen (C20) RDF up 
too r = 5.7 A indicates that the first solvation shell of the methyl group con-
sistss of approximately 21 water molecules. These coordination numbers are 
off  the same order as the experimental estimation of Petrillo et al. [66], who 
foundd that there are 18  2 water molecules within 4 A from the center-of-
masss of an ethanol in aqueous solution. 
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3.4.22 Ethylene Solvation 

Inn Fig. 3.5 we show the ethylene-water RDFs of the small and large ethylene 
solution.. Both the carbon-oxygen and the intermolecular carbon-hydrogen 

1.6 6 

1.2 2 

0.8 8 

0.4 4 

0.0 0 
1.00 2.0 3.0 4.0 5.0 6.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 

rr  r 

Figuree 3.5: Ethylene-water RDFs of the ethylene solutions. The result for small 
systemm and large system are given by the solid and dashed line, respectively. H 
denotess the water hydrogens only. 

RDFss are shown. Experimental or simulation data for ethylene in aqueous 
solutionn at room temperature were not available. The comparison between 
thee small and large system shows a larger deviation in the first solvation 
shelll  than was found for the ethanol solutions. Apparently the small ethy-
lenee system is not able to accommodate properly the first solvation shell. 
Integrationn the CO-RDF of the large system up to the first minimum at 5.7 
AA yields a hydration shell of 23 water molecules. More spatial information 
cann be extracted from Fig. 3.6 where, for the large system, the distribution 
off  water H-atoms around the ethylene C=C axis is shown. X and Y are 
componentss of the vector joining a water hydrogen and the midpoint of the 
C=CC bond. Here, X is the distance orthogonal to the C=C axis and Y the 
parallell  distance. Note that we used the four-fold symmetry to improve the 
statisticall  accuracy yielding four identical quadrants. The ethylene hydro-
genss are shown to visualize the size of the ethylene molecule, but do not 
indicatee any angle dependence around the C=C axis. The figure shows a 
welll  defined elliptic region with no hydrogens present except for two weak, 
butt clearly visible, peaks in the mid plane Y = 0 at X = . These should 
bee attributed to the presence of it — H bonded configurations. 

3.4.33 Water  Structur e 

Inn Fig. 3.7 the calculated water oxygen-oxygen RDFs of both the ethanol and 
thee ethylene solutions are compared to those calculated for pure water. Note 
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Figuree 3.6: Time and rotational averaged normalized density distribution p(r)/p0 

(withh po is the average hydrogen density) of the water-hydrogens around the sol-
vatedd ethylene molecule obtained from the large system simulation. The rotational 
averagee is about the C=C axis. The four-fold symmetry is imposed so that all qua-
drantss contain the same information. The density regions 1.0 < p(r)/p0 < 2.0 and 
p(r)/pop(r)/po > 2.0 are illustrated by small and large pixels, respectively. 

thatt the first solvation shell contains a large fraction of the total number of 
waterr molecules, especially for the small system. Structural changes due to 
thee solute molecule should therefore be detectable by comparing these sys-
temss with the pure water system. For the ethanol solution we see a small 
dropp of the first peak accompanied by a slight increase at the first minimum. 
Thiss indicates some decrease in the hydrogen-bond structure, when com-
paredd to the pure water. As the small ethylene-water solution is too small to 
accommodatee a fully relaxed water solvation shell, Fig. 3.7 only shows the 
RDFss of the large ethylene system. The RDFs show a similar behavior as for 
thee ethanol solvation, with a slight decrease of the first peak and a small 
increasee of the RDF in the region around the first minimum. The small 
changess in the structure of the solvating water shell around ethanol and 
ethylenee indicate that the hydrogen-bonded water network is very flexible 
andd can easily open up to accommodate small apolar solute groups with-

ii  I I i r 

JJ I I 
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outt significantly changing its structure. Our findings are consistent with the 
neutronn diffraction experiments of Turner and Soper [67] and force-field mo-
lecularr dynamics simulation of Fidler and Rodger [75] who also did not find 
anyy evidence of structural enhancement in the hydration shell of ethanol. 
Turnerr and Soper found that only for larger hydrophobic solutes this effect 
wass experimentally detectable, but even then very small. The same trend 
wass found in a CPMD-BLYP molecular dynamics study of the solvation of 
methanoll  [93]. 

3.0 0 

kk goo 

AA gOH 

goo o 

AA gOH 

liA A U l — II  , , . , , 1—l . . , , , 1 

1.00 2.0 3.0 4.0 5.0 6.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 
rr  r 

Figuree 3.7: Water-water RDFs. Left: the two ethanol solution systems are compared 
withh pure water. Right: the large ethylene solution system is compared with pure 
water.. Thin solid lines indicate the pure water, thick solid lines the small system, 
andd thick dashed lines the large system. 

3.4.44 Hydrogen Bonds 

Too examine the hydrogen bond statistics in the ethanol solution we adopted 
thee definition of Ref. [31]: two molecules are hydrogen bonded if simulta-
neouslyy the inter-oxygen distance is less than 3.4 A and the OHO angle is 
smallerr than 30°. With this definition we found that, for the large system, 
ethanoll  oxygen donates on average 0.9 hydrogen bonds and accepts 1.7. For 
thee small system we found 1.0 and 1.6, respectively. This in consistent with 
thee fact that approximately three water molecules occupy the first solvation 
shelll  of the hydroxy 1 group. For comparison, in a CPMD-BLYP simulation 
wee found that methanol in a dilute aqueous solution donates on average 0.9 
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hydrogenn bonds and accepts 1.5 [93]. From the pure water simulation these 
numberss were measured to be 1.7. 

Forr the ethylene molecule a well defined definition for the TT-H hydrogen 
bondd does not exist. To investigate the influence of the 7r-H hydrogen bond 
onn the solvation structure we looked at the water hydrogen positions rela-
tivee to the C=C axis (see Fig 3.6). Inside the elliptic region around the C=C 
bondd that is depleted of hydrogens we clearly detect near the center-of-mass 
off  the ethylene molecule at a distance of w 2.5 A a region with an increased 
amountt of water hydrogens. Integration over this region with 0 < X < 2.6 
andd 0 < Y < 1 yields a value of 0.42. This implies that approximately 40% 
off  the time a water molecule is oriented towards the double bond, forming 
aa 7T-H bond. 

3.55 Solute Dynamics 

Thee time scale of the present simulations (5-10 ps) allows for an analysis 
off  the short-time dynamics. As we mentioned above BLYP underestimates 
mostt vibrational frequencies by more than 10 %. However, the frequency 
shiftss upon solvation still provide valuable information and allow for a di-
rectt comparison to experiments. Fig. 3.8 shows the spectrum of the velocity 
autoo correlation functions (VACFs) of the ethanol hydroxyl hydrogen for the 
largee ethanol solution and for a single isolated ethanol. The spectrum is of 
limitedd accuracy due to the relative short trajectory. However, the calcula-
tionss show that, upon solvation, there is a clear red shift of about 200 cm- 1 

off  the OH stretch frequency. Experimental data for the OH frequency shift 
off  ethanol in dilute aqueous solution is not available. However, the OH 
redd shift is a typical characteristic of a hydrogen bonded liquid. A com-
parisonn with measured shifts in liquid ethanol, from 3676 cm- 1 [108] to 
33300 cm'1 [109], shows a similar trend. In a CPMD-BLYP simulation of a 
dilutee aqueous solution of methanol we found a similar red shift for the 
methanoll  OH frequency of about 200 cm- 1 

Thee vibrational spectrum of the VACF of the ethylene molecule is not 
shown.. As for the ethanol system there was a limited accuracy due to the 
relativelyy short calculated trajectory. We observed that upon solvation the 
CHH and CC peaks do broaden. However, an estimate for peak shift falls 
outsidee the accuracy of the calculated spectra. The matrix isolation studies 
off  Engdahl and Nelander [82,83] show minor changes in frequencies when 
isolatedd ethylene is compared with the ethylene-water complex, with the 
largestt shift being a blue shift of 12 cm- 1 of the out-of-plane bending mode 
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Figuree 3.8: Spectrum of the VACF of the hydroxyl ethanol hydrogens in the gas-
phasee and in the large aqueous system. 
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3.66 Polarization 

Ass the electronic structure is an intrinsic part of a CPMD simulation, de-
tailedd information about the electronic charge distribution can be obtained. 
Too quantify the charge distribution we used the method of maximally loca-
lizedd Wannier functions that transforms the Kohn-Sham orbitals into Wan-
nierr functions, whose centers (WFC) can be assigned a chemical meaning 
suchh as being associated with an electron bonding- or lone-pair [110, 111]. 
Itt also provides a unambiguous route to assign dipole moments to indivi-
duall  molecules in a condensed phase by assuming the electronic charge to 
bee distributed as point charges located on the WFCs. Obviously, for this 
proceduree to work it is required that the charge distributions of different 
moleculee can be clearly distinguished. This has been demonstrated to hold 
forr liquid water in Ref. [112] where charge overlap of neighboring molecules 
wass rather small. Although we did not perform a similar analysis for the 
systemss of the present study it can be expected that for ethanol-water pairs, 
thatt have a very similar hydrogen bonding, the charge distribution overlap 
wil ll  be equally small. The ethylene-water TT-H bond is much weaker and 
thereforee expected to show even less charge overlap. We therefore believe 
thatt the WFCs provide a meaningful picture of the charge distribution of the 
systemss considered in the present study. 

Tab.. 3.4 list the calculated dipole moments for the gas-phase systems 
andd the average dipole moment for the solvated systems. The latter were 
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Tablee 3.4: Dipole moments obtained by Wannier-ftinction analysis. The liquid wa-
terr value (a) was taken from Silvestrelli et al. [112,113]. In the last column the total 
dipolee moments of the gas-phase complexes are given.The first value for water in 
thee E2W complex is the water closest to the ethylene, the second value is the dipole 
off  the other water molecule. The solvated ethanol and ethylene dipole moments 
aree obtained by taking the average of 28 independent configurations from the cal-
culatedd trajectories. 

complex x 
single-water r 
liquidd water 

ethanoll  gauche 
ethanoll  trans 
gauchee P-acc 

gauchee P-don 
transs P-acc 

transs P-don 
solvatedd ethanol 

ethylene e 
EWla a 
EWlb b 
E2W W 

solvatedd ethylene 

ethanoll  / ethylene 
--
--

1.83 3 
1.66 6 
2.32 2 
1.91 1 
2.13 3 
1.91 1 
3.08 8 
0.00 0 
0.37 7 
0.33 3 
0.51 1 
0.51 1 

water r 
1.82 2 

3.00 (a) 
--
--

2.16 6 
1.91 1 
2.13 3 
2.12 2 
2.97 7 

--

1.95 5 
1.90 0 

2.25,2.17 7 
3.00 0 

total l 
1.82 2 

1.83 3 
1.66 6 
2.76 6 
2.62 2 
2.47 7 
2.29 9 

0.00 0 
2.10 0 
2.02 2 
2.41 1 

obtainedd from 28 independent configurations of the small solvated systems. 
Thee distributions of these dipole moments are shown in Fig. 3.9. For ethanol 
wee observe an significant increase in going from the gas-phase molecule via 
thee water-ethanol cluster to the fully solvated system. This trend is very si-
milarr to what is found for water [112,113] and methanol [106] and may be 
consideredd typical feature of a strongly hydrogen bonding molecule. The 
calculatedd distribution of dipole moments of solvated ethanol shows that 
thermallyy driven fluctuations give rise to a significant variation ranging 
fromm 2.0 D to 4.0 D. 

Alsoo for ethylene we observed a significant change of the dipole moment 
uponn solvation. Being apolar in the gas phase, the average dipole moment 
increasess up to 0.5 D when complexed with the water dimer and in solution. 
Inn solution it exhibits rare fluctuations where the dipole moment reaches 
valuess of up to 1.0 D. Fig. 3.10 shows a typical snapshot where such an 
extremee high value of the dipole moment is reached. The two WFCs of the 
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Figuree 3.9: Dipole moment distribution of the solvated ethylene and the solvated 
ethanoll  molecule. 

ethylenee double bond are located near the middle of the C=C bond, just 
beloww and above the plane of the molecule. In the figure we see clearly 
thatt the upper 7T-WFC is acting as proton acceptor. The n-H bond shifts this 
WFCC further out of plane inducing an ethylene dipole moment orthogonal 
too the plane of the molecule. The snapshot suggests an enhancement of the 
ethylenee polarization by the fact that the n-H bonded water molecule has 
inn turn a rare four-fold hydrogen-bonded water coordination, with three of 
thee waters donating a proton. This should be seen as a manifestation of the 
strengtheningg of the n-H bond upon complexing water molecules with the 
waterr molecule that is 7r-H bonded to the ethylene, a feature found in gas-
phasee MP2 calculations [87,89] and also in the present BLYP calculations, 
andd discussed above in section 3.3. 

3.77 Conclusions 

Wee have studied the solvation of ethanol and ethylene in water by DFT-
basedd (Car-Parrinello) Molecular Dynamics. Validation of the computa-
tionall  approach by comparing structure and energetics of relevant gas-phase 
complexess against experimental results and state of the art quantum chemi-
call  calculations showed that CPMD employing the DFT-BLYP is capable of 
qualitativelyy describing the aqueous solvation of a single ethanol of ethy-
lenee molecule. 

Thee structural properties of the ethanol solvation were in good agree-
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Figuree 3.10: A snapshot of ethylene solvated in water. The figure shows a rare con-
figurationn where the ethylene molecule has a large dipole moment of re 1 D. For 
clarity,, only the ethylene molecule and five water molecules are shown. Carbon 
andd oxygens are dark grey. Hydrogens are light grey. Besides the atoms also the 
WCFss are shown (middle grey). The water molecules have WFCs in both OH bonds 
andd two aside the oxygen corresponding to the lone pairs. Ethylene has four WFCs 
alongg the CH bonds and two out-of-plane WFCs between the carbons correspon-
dingg to the 7T bond. The dashed lines indicate the hydrogen bonds. One the protons 
off  the central water molecules points towards the 'upper' n bond WFC. This is the 
manifestationn of the 7r-H bond in this picture. 

mentt with both neutron diffraction data [67] and force-field MD simula-
tionss [75]. We found that in aqueous solution ethanol accepts on average 1.7 
hydrogenn bonds and donates on average 0.9 hydrogen bonds. For ethylene 
wee found it has approximately 0.4 n-H bonds with a water molecule. Both 
forr ethanol and ethylene the simulations provide no structural evidence for 
hydrophobicc hydration: the structure of the hydrating water shell was not 
enhancedd compared to that of pure water. The calculation even indicated a 
slightt decrease in the structure. For aqueous ethanol the calculated red shift 
off  the hydroxyl vibration upon solvation was consistent with experimental 
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findings. . 
Analysiss of the electronic charge distribution by means of Wannier func-

tionss showed that the interaction with water can significantly increase the 
dipolee moment of the ethanol and the ethylene molecule. The average dipole 
momentt of ethanol increases from 1.8 D in the gas phase to 3.1 D in aque-
ouss solution. Ethylene, that is apolar in the gas phase, attains an average 
dipolee moment of 0.5 D in solution. We identified configurations, with a i\-
HH bonded water molecule that has a rare four-fold hydrogen-bonded water 
coordination,, where the instantaneous dipole moment of ethylene takes val-
uess of up to 1 D. Such configurations with large solute dipole moments may 
alsoo play an important role in activating chemical reactions involving the 
solutess as we have seen in a CPMD-BLYP study of the acid-catalyzed hydra-
tionn of ethene [56]. The strong polarization effect raises questions towards 
thee common consideration of thinking ethylene as a apolar and hydropho-
bicc molecule. The electronic charge analysis also points out the necessity of 
polarizablee force fields for both ethanol and ethylene when dissolved in wa-
ter.. The present results may be considered valuable for the design of such 
force-fields. . 



Chapterr  4 

Hydration/Dehydratio nn Reaction 
betweenn Ethanol and Ethenel 

Wee performed a DFT-based based Molecular Dynamics simulation of the 
acid-catalyzedd hydration of ethylene in aqueous solution under ambient 
conditions.. As this reaction can be considered as a rare event we applied 
aa constrained method. This method yields the free-energy barrier and can 
givee clues how spontaneous events occur. Our simulation confirms the 
Adg33 mechanism at which two bonds are formed simultaneously causing 
aa sudden change in its electronic structure and a flip from negative to posi-
tivee constraint force. The specific structure of the hydrogen bonded network 
playss a crucial role in both the hydration reaction as in the reverse reaction. 
Ass it is not included in the imposed reaction coordinate it leads to hysteresis 
inn a small window of the reaction coordinate. 

4.11 Introductio n 

Hydrationn of ethene (also called ethylene) has been used in industry for 
largee scale production of ethanol since several decades. In the industrial 
processs the hydration of ethylene proceed in a gas-phase pressure recycling 
operationn over solid phosphoric acid catalysts, manufactured by impregna-
tingg silica carriers [114,115]. It may sound surprising that the reverse reac-
tion,, the dehydration of ethanol, is also used in industry for the synthesis 

1Thiss chapter is based on work in progress, to be published as a letter and as a full arti-
cle:: Titus S. van Erp, Evert Jan Meijer, "Ethene Hydration in Acid Solution. Revealing the 
Solvationn Structure of Reacting Pathways" and Titus S. van Erp, Evert Jan Meijer, " Ab Initio 
Study:Hydration// Dehydration Reaction between Ethanol and Ethene" 
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forr ethylene. Although this technology is now only of very limited impor-
tancee because of the current availability of ethylene from more economical 
favorablee petroleum based sources. However, the situation can be different 
forr developing countries, that have scant petroleum resources, but do have 
substantiall  amounts of fermentation ethanol available derived from agri-
culturall  waste products. For them, a vapor-phase dehydration of ethanol 
iss often the most efficient and economical way to produce ethylene [116]. 
Thee presence of the acid is of great importance for both industrial processes. 
Itt allows for a different reaction mechanism, which lowers the activation 
energyy and increases the reaction rates yielding an energetically and eco-
nomicallyy favorable conversion. Baliga and Whalley [117] have measured 
thee hydration of ethylene in dilute aqueous perchloric acid in the range of 
170-1900 C° at 100 bars and estimated a barrier height of 33.3 0 kcal/mol. 
Perchloricc and sulfuric acids are known to be better catalysts than phospho-
ricc acid in terms of conversion. However, industry uses phosphoric acid 
insteadd as side reactions are more suppressed for this catalyst. Still, the ba-
sicc mechanism is roughly same for all acids. The important catalytic group 
off  the acid is the positively charged proton that can easily split off forming 
aa hydronium ion H30+ when solvated in water. Therefore, if one wants to 
studyy the general mechanism of the acid catalyzed hydration in a molecular 
simulation,, it is sufficient, to a good approximation, to limit the presence of 
thee acid by the hydronium only. 

Iff  the catalyst is absent, the reaction barrier is about twice as high. MP2 
calculationss show energy barriers of 57.7 kcal/mol for the hydration and 
67.11 kcal/mol for the dehydration reaction [118]. Consequently, this reac-
tionn wil l only occur under extreme conditions. The non-catalyzed dehy-
drationn reaction is experimentally observed for an ethanol molecule that 
iss strongly vibrational excited via a chemical activation [118,119] or by a 
pulsedd HF [120] or CO2 laser [121]. Theoretical calculations of rate constants 
weree performed in the high temperature regime (700 K- 2500 K) [122] and 
forr the laser induced decomposition of ethanol [123]. These measurements 
andd calculations show that, for these conditions, the dehydration process 
yieldingg ethylene and water is the most favorable unimolecular decomposi-
tionn reaction of ethanol. 

Thee presence of an acid changes the reactive pathway and enhances the 
rate.. If, in addition, the reaction evolves in a solvent, the reaction mecha-
nismm can be very complex as solvent molecules may participate in the re-
actionn process. However, also the gas-phase association reaction between 
H30++ and ethylene, and its reverse, the gas-phase dissociation of proto-
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natedd ethanol, have attracted scientists interest. The gas-phase association 
reactionn is, for example, of importance for astronomical physics. It is be-
lievedd that this process is responsible for the presence of ethanol observed 
inn interstellar clouds [124]. The precise mechanism of this association reac-
tionn is still matter of scientific debates. There is evidence that the gas-phase 
formationn of protonated ethanol C2CH5OHj has a 7r-complex C2H 4H 30+ 

ass an intermediate. In this complex the proton of the hydronium is bonded 
too the 7r-electrons of the double bond of the ethylene. For a single proton, 
computationall  studies to proton affinities have shown that the bridged n-
bondedd structure is more stable than the open ethylene cation [125-128]. 
Likewise,, for the hydronium-ethylene complex, experimental [129-133] and 
theoreticall  [128,132,134] studies have shown the stability of the ?r-bonded 
ethylene-hydroniumm ion molecular associate C2H4H30+ . Therefore, it is 
believedd that the mechanism for the gas-phase reaction between ethylene 
andd the hydronium ion implies an indirect carbon protonation. First, the 
protonn of the hydronium wil l approach the middle of the ethylene forming 
aa bond to the 7r-electrons of thee double bond. In a second stage, this proton 
wil ll  move to a carbon site and the H20 group to the other site forming the 
openn structure of the protonated ethanol. 

Inn general, one has to be cautious to make hard conclusions on the re-
actionn mechanism in a solution based on the knowledge of the gas-phase 
results.. An early experimental study to the acid catalyzed hydration of 
alkeness suggested that this w - complex also existed as an intermediate in 
thee condensed phase [135]. Indeed, also for other alkenes than ethylene, 
thee bridged structure seems to be more stable than the open cation struc-
turee [136,137]. However, when solvation is taken into account energetics 
cann change considerably. Jorgensen and Munroe have shown that the open 
ethylenee cation is getting more and more favored to the bridged structure 
uponn increasing solvation in HC1 clusters [127]. Moreover, measurements 
off  ethylene hydration in concentrated sulfuric acid advocate the proton at-
tachmentt to the alkene directly through the formation of a carbocation [138]. 
Therefore,, the general opinion is nowadays that for the hydration of olefins 
inn the condensed phase the formation of an intermediate 7r-complex is not 
necessary. . 

Reactionss in liquid water are of special interest as the role of the hy-
drogenn bonded network of liquid water in chemical processes is presently 
subjectt of many discussions. In a broader perspective, this reaction can be 
relatedd to other reactions in solvents in which proton transfer plays an im-
portantt role. In this context we can refer to many other Car-Parrinello stud-
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iess (see e.g. [28,139-142]). Of great importance is also the pioneering work of f 
Hyness and co-workers (see e.g. Ref. [143-148]) in which they deal with the 
solventt influence in proton transfer reactions by using a reaction coordinate 
thatt incorporates the degrees of freedom of the solution. More specifically 
relatedd to this work is the ab initio study of Mohr et al [55], in which they 
showedd that the hydrogen bonded network around an ethylene-cation radi-
call  can stimulate or prevent the hydration reaction depending on its precise 
structure.. Recently, we showed that ethylene, usually considered as a hy-
drophobicc molecule, can be induced to instantaneous dipole moments of 
«« 1. D due to the polarization by the surrounding water molecules [149], 
Thiss points out that the presence of the solvent introduces many new effects 
thatt can significantly alter the reaction mechanism in comparison with the 
gas-phasee reaction. 

Molecularr simulation provides an approach to study the microscopic be-
haviorr of liquids complementary to experimental studies. Standard mole-
cularr simulation techniques are based on empirical force fields that are de-
signedd to reproduce a selection of experimental data. Obviously, molecular 
simulationss based on these potentials do not provide a picture completely 
independentt from experiment. Moreover, the reliability of the results at con-
ditionss that are significantly different from those where the potential was 
designedd for, may be questionable. Density functional theory (DFT) based 
molecularr dynamics (MD) simulation, such as the Car-Parrinello molecu-
larr dynamics method [2], where the interactions are calculated by accurate 
electronicc structure calculations, provides a route to overcome these limita-
tions.. Important advantages of DFT-MD over force-field MD are that it in-
trinsicallyy incorporates polarization, that it accounts for the intra-molecular 
motionn and therefore allows for a direct comparison with spectroscopy of 
intra-molecularr vibrations, and that it yields detailed information on the 
electronicc properties, such as the energy levels of electronic states and the 
chargee distribution. The most important advantage is that DFT-MD, in con-
traryy to force-field MD, is capable of studying chemical reactions. The mak-
ingg and breaking of chemical bonds are accompanied with huge changes in 
thee electronic density. The forces in intermediate stages, during the chemical 
event,, cannot be known a-priori, which makes the design of accurate force 
fieldsfields for these situations an almost impossible task. 

Wee studied this reaction in both directions under ambient conditions in 
thee presence of an aqueous solution. We limited the catalytic contribution to 
thee addition of a single H30+ to the solution. The accuracy of the used ab ini-
tiotio method for our system is supported by earlier work, such as the studies 
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off  liquid water [14,90,91] and aqueous solvation [92-94,149], This chapter is 
organizedd as follows: First we wil l discuss the computational method in sec-
tionn 4.2. In section 4.3 we wil l show the specific stages of the reaction when 
thee system is forced over the barrier and estimate the free-energy barrier in 
sectionn 4.4. In section 4.5 we wil l look in more detail to structural changes 
ass function of our chosen reaction coordinate and as function of time when 
thee reaction coordinate is fixed. Then in section 4.6 we wil l apply the Wan-
nierr analysis to obtain more insight in the electronic changes in the system. 
Inn section 4.7 we wil l look at the specific hydrogen bonded network struc-
turee to determine the topology conditions under which the reaction can take 
place.. The conclusions are summarized finally in section 4.8. 

4.22 Computational Methods 

Wee performed MD simulations using the CPMD package [35]. This program 
combiness MD motion of the ions with electronic structure calculations using 
thee Kohn-Sham [9] formulation of Density Functional Theory (DFT) [8] in a 
efficientt way using the Car-Parrinello algorithm [2]. This algorithm treats 
thee basis set coefficients of the Kohn-Sham orbitals as dynamical variables 
andd avoids in this way the expensive self-consistent field calculation, that 
havee to be solved iteratively each time step for ordinary Born-Oppenheimer 
dynamics.. Although the electronic wave function is never in its ground state 
duringg the simulation, it stays sufficient close so that the calculated forces 
onn the ions are close to the true forces and deviations are not systematic and 
cancell  out [21]. For the exchange correlation energy we chose the BLYP func-
tionall  that includes Becke's [11] gradient correction for the exchange energy 
off  the uniform electron gas and the correlation functional of Lee, Yang and 
Parrr [12]. This functional has proven to give a good description of liquid wa-
terr [13,14], for proton transfer [28,139,141,142], for the aqueous solvation of 
alcoholss [93,149], and the aqueous solvation of ethylene [149]. CPMD uses 
aa plane wave basis set, matching the periodicity of the periodic box with 
wavess up to a kinetic energy of 70 Ry. An uniformly distributed negative 
backgroundd charge was added to compensate the positive charge of the pro-
ton.. Pseudopotentials were used to limit the number of electronic states to 
thee valence electrons. Interaction with the core electrons was described by 
semi-locall  norm-conserving Martins-Troullier pseudopotentials [20]. Cut-
offf  radii for H, O and C atoms were chosen to be 0.50 a.u., 1.11 and 1.23 a.u. 
respectivelyy for both l=s and l=p terms. The simulations were performed in 
aa periodic box of length 10.19 A , that matches to the experimental density 
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off  the ethanol solution under ambient conditions. Starting from the ethy-
lenee side of the reaction, the box contained 31 water molecules, one H30+ 

forr the acidity, and one ethylene molecule. Temperature was controlled by 
aa Nosé-Hoover [42-44] thermostat and fixed at 300 K. The fictitious mass 
associatedd with the plane-wave coefficients is chosen at 900 a.uv allowing a 
timee step for the MD ions motion of 0.145 fs. 
AbAb Initio MD simulations are computationally demanding and typical simu-
lationn times are consequently limited to « 10 pico seconds. In view of the 
largee reaction barrier, the chance that within this short period a spontaneous 
reactionn occurs is negligible. To enforce the reaction we use the constrained 
dynamicss method combined with thermodynamic integration (see e.g. [23]). 
Thiss method requires a definition of a reaction coordinate that connects re-
actantt and product side. With the reaction coordinate fixed by constrained 
MD,, the time average constraint force can be measured. Proper integration 
off  this mean force over the reaction coordinate yields the reversible work or 
thee difference in free-energy. By making a series of simulations, each with 
aa different value of reaction coordinate in the intermediate range between 
reactantt and product state, one can numerically approximate this integra-
tionn and obtain the free-energy profile and thus the activation and reaction 
energy.. Recently the corrections to the mean force to obtain the exact free-
energyenergy have been outlined [24,25]. However it has been shown that this 
kindd of corrections to similar systems are of minor importance [28,150]. We 
havee chosen a reaction coordinate Q similar to [28], that controls the transfer 
off  the proton to the ethylene carbon. This reaction coordinate Q is defined 
ass the difference between two distances: Q = |0-H| - |H-C| where O and 
HH are the oxygen and hydrogen of the hydronium ion and the C is one of 
thee carbons from the ethylene molecule. This constraint controls the pro-
tonn transfer from the hydronium ion to the ethylene molecule. This is the 
reactionn step with the highest energy barrier and is the only part of the reac-
tion,, that we force by our constraint. A negative value of Q implies that the 
protonn H is close to the oxygen O forming a hydronium ion HaO"1", while 
positivee value means that the proton is closer to the carbon C. Note that this 
definitionn of Q allows a lot of flexibility . When Q is fixed, the |0-H| and 
|H-C|| distances can still fluctuate in time. This allows the reaction to evolve 
inn a more free way, than if we would have chosen for a more simple reaction 
coordinatee such as the |C-H| distance. In total we performed 21 simulations 
inn which Q was fixed at different values in the range [-1.59 A : 1.59 A ]. 
Thee values close to the transition state around Q = 0 A were performed 
overr simulation times of approximately 10 ps. In this range hysteresis oc-
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curs.. Therefore, performed in this range simulation series with increasing 
andd decreasing Q, in the following indicated by "(hydration)" and "(dehy-
dration)".. For the values \Q\ > .212 A shorter simulation times of 5 ps were 
performed.. In this range there is no hysteresis. All simulation data were 
sampledd after 0.7 ps of equilibration time. 

4.33 Mechanism 

Wee started with a simulation without any constraint at the ethylene side. 
Thee extra proton in solution can be freely transferred along hydrogen bonds 
betweenn water molecules. We waited until a hydronium was formed close 
too the ethylene and then we applied the constraint. Starting point of the 
seriess of simulations was a constraint value of Q = -1.06 A at which a si-
mulationn of 5 ps was performed. In this simulation the selected proton is on 
averagee 2.07 A away from the carbon atom and 1.01 A from the oxygen. In 
panell  A) of Fig. 4.1 we see a particular snapshot of this simulation. One of 
thee other non-constrained hydrogens of the hydronium ion has moved to-
wardss one of the neighboring water molecules. We observed that the proton 
transferss of these hydrogens for this Q value was limited to thee first neigh-
boringg water molecules and that these hydrogens always returned to the 
constrained-oxygen.. Thus, the positively charged proton was not lost in the 
solutionn but remained close to the ethylene. Therefore, extra constraints on 
thee hydronium ion were nott needed. 

Thee Q =-1.06 A simulation was followed by a series of subsequent si-
mulationss where we moved the proton towards the ethene-carbon. Panel 
B)) of Fig, 4.1 shows a snapshot of the simulation Q = 0.0 A (hydration), 
wheree the proton H is forced to stay exactly in between the oxygen and the 
carbon.. Proton transfers of the other non-constrained hydrogens to neigh-
boringg water molecules were no longer observed, indicating that the mole-
cularr bonds between the oxygen and these hydrogens are stabilized. The 
|C-H|| distance is strongly fluctuating in the range [1.24A : 1.58A ]. Bonds 
betweenn atoms in this figure are drawn according to distance dependent 
bondd definitions, that assigns a CH bond when the interatomic distance is 
lesss than 1.31 A and a OH bond when it is less than 1.27 A. The simulation 
moviee for this constraint value shows a constant appearance and disappea-
rancee of the two bonds. In section 4.6 we try the give a more elucidated 
definitionn of a bond not only dependent on the distance. 

Panell  C) of Fig. 4.1 is a snapshot for the constraint value of Q = +0.106 
AA (hydration). The average |C-H| distance is decreased compared to pre-
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Figuree 4.1: Four snapshots from four different simulations, each with a different 
constraintt value for Q. The important atoms and bonds are visualized by ball stick 
representation,, the others by sticks. Dark grey indicate oxygen, white hydrogen 
andd middle grey carbon atoms. The white dashed lines indicate the hydrogen 
bondss between the waters and there is a dashed line that connects the three atoms 
thatt determine Q. The constraint values are, A): Q = -1.06 A, B): Q = 0.0 A (hy-
dration),, C): Q = 0.106 A (hydration) and D): Q = 1.06 A. Each picture shows one 
typicall  time shot of four simulations. 

viouss Q = O.OA (hydration) simulation. However, in this typical snapshot 
thee instantaneous distance is a bit higher than in panel B). The interatomic 
distancess are beyond the distance of what one would normally assign for a 
bond.. Therefore, the constrained-proton looks isolated not forming a bond 
withh either the carbon or the the oxygen atom. In section 4.6 we show how-
everr that this picture is misleading. Contrary to the distance dependent 
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bondd definitions, but based on electronic density, one does can speak of a 
stablee CH bond in panel C) and not in panel B). At the other side of the 
ethylene,, one of the waters out of the solution has formed a bond to the 
otherr carbon. This reaction step happens spontaneously when the reaction 
coordinatee Q is fixed at this value. 

Thee last panel D): Q = +1.06 A, shows that the proton has moved closer 
too the carbon almost at the ideal CH bond length of 1.10 A. At the other 
carbonn the CO bond has remained stable for all Q > 0.106 A and protonated 
ethanoll  has been formed. Subsequently, the protonated ethanol loses one 
protonn at the oxygen site. Apparently the barrier for deprotonation of the 
protonatedd ethanol is small or absent. This is consistent with a recent study 
off  hydrated methanol clusters [151] that show that for the largest cluster 
consideredd (H+CH30H(H20)e) energy differences between configurations 
withh H+ attached to either methanol, water, or the H+ in between methanol 
andd water are very small. The issue of deprotonation of aqueous protonated 
alcoholss is presently under investigation [152]. 

4.44 Energetics 

Thee time-averaged constraint force is plotted in Fig. 4.2. We see that, for 
largee negative and positive Q values, the force is approaching zero. For the 
transitionn region Q « 0 A we detect sudden jumps in the mean force. From 
leftt to right the force chances from negative to positive sign. This is directly 
relatedd to the formation of the CO bond at the other carbon. When we start 
fromm a configuration where this CO bond is established and decrease the 
reactionn coordinate again, this CO bond is not directly broken. The solva-
tionn shell has to rearrange before the reaction wil l occur backwards, which 
givess rise to hysteresis. Similar effects were found in the SN2 reaction be-
tweenn CH3CI and Cl~ [150] and in the acid catalyzed addition of water to 
formaldehydee [28] in aqueous solution. 

Forr the reaction coordinate Q = 0.053 A we found two almost stable 
configurations,, Q = 0.053 A (hydration) and Q = 0.053 A (dehydration). 
Thee Q = 0.053 A (hydration) configuration was stable during the complete 
100 ps simulation. For the Q = 0.053 A (dehydration) configuration the CO 
bondd stayed intact for about 8 ps when suddenly this bond was broken and 
thee constraint force swapped from a positive to negative value. Also in the 
QQ = 0.106 A (hydration) and Q = 0 A (dehydration) simulations, a sudden 
reactivee event was observed after 2 and 3 ps respectively. 

Thee mean force was integrated by taking the stable point values and 
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Q(A) ) 

Figuree 4.2: Top: the averagee mean force as function of reaction coordinate Q. Values 
forr \Q\ > .2 A were obtained after averaging over a MD run of at least 5 ps, for 
\Q\\Q\ < .2 A more than 10 ps simulation runs were applied. Each run started with 
.77 ps of equilibration for which no data was collected. Both direction (hydration) 
andd (dehydration) are indicated by solid and dashed lines respectively. There is 
hysteresiss in a small window with a strong change in the mean force. The arrows 
indicatee that during the simulation run a fli p in the constraint force was observed 
inn the direction of the arrow. Bottom: The integrated curve yielding a free-energy 
barrierr of 23.3 kcal/mol and a reaction energy of 5.3 kcal/mol. 

thee weighted average for the two Q = 0.053 A cases. The obtained free-
energyy barr ier is 23.3 kcal /mol, whi le the reaction energy is 5.3 kca l /mol as 
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iss shown in the lower panel of Fig. 4.2. The barrier is 10 kcal/mol lower than 
thee experimental value of Baliga and Whalley [117], who found a reaction 
barrierr of 33.3 0 kcal/mol. However, static BLYP calculations with per-
chloricc acid in the gas-phase shows a similar barrier of 24.7 kcal/mol [153]. 
Itt is a known feature that DFT tends to underestimate barrier heights to 
somee extend (see for example Ref. [150]). The comparison between our re-
sultt and the gas-phase BLYP calculation of Ref. [153] is complicated by two 
factors.. First of all the mechanism is different, where in the gas-phase reac-
tionn the hydrating water molecule also provides the proton, whereas in the 
ourr solution-calculation the proton providing water and the hydrating wa-
terr are different molecules approaching the ethylene molecule from oppo-
sitee side. Secondly, it should be noted the approximate reaction coordinates 
wee have chosen gives rise to a underestimate of the true reaction barrier. 
Too arrive at a better insight of the effect of the solvent we performed some 
calculationss of protonated hydrated ethylene configurations mimicing the 
mechanismm observed in solution. Preliminary calculations show that for 
aa cluster with a single HsO"1" providing the proton and a single hydrating 
waterr molecule at the opposite side of the ethylene molecule the barrier is 
absent.. A small barrier of ss 4 kcal/mol appears of both the H30+ as the 
hydratedd water molecule are solvated by two water molecules. This sug-
gestsgests that the solvation effects play a significant role increasing the barrier 
inn the order of 20 kcal/mol. Note that these processes are highly unlikely in 
thee gas-phase as they require simultaneous collisions between three or more 
molecules. . 

Obviously,, the catalytic effect is significant as a decrease of 30 kcal/ mol 
impliess an increase to the reaction rate in orders of magnitude. We can make 
ann additional comparison to acid catalyzed hydrations of other alkenes. An 
earlyy measurement of Lucas and Liu [154] showed a reaction barrier of 18.9 
kcal/moll  for the acid-catalyzed hydration of trimethylethylene. This lower 
activationn energy is consistent with the view that larger molecules are better 
ablee to delocalize the charge allowing for a more stable transition state [155]. 

Thee calculated reaction energy in solution of 5.3 kcal/mol is lower that 
thee MP2 value of 9.4 kcal/mol [118,119] and the BLYP-CPMD value of 9.09 
kcal/moll  [149]. However, the latter values are just energy differences and 
doo not take the change in entropy into account. The entropy is higher at 
thee ethylene side, as here is one extra water molecule in solution that can 
freelyy move. This lowers the free-energy at that side and thus decreases the 
free-energyy difference between reactant and product side, or equivalently 
thee reaction energy. 
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4.55 Structural Properties 

Inn Fig. 4.3 we showed two relevant time averaged interatomic distances 
ass function of the reaction coordinate. The distance |CH| is the distance 
betweenn the carbon and the hydrogen, that is partly controlled by the con-
straintt Q. The other distance |CO| is the distance between the other carbon 
andd the closest water-oxygen. Note that this is not always the same oxygen 
ass water molecules move to and away from the ethylene molecule during 
thee simulation. Surprisingly, in the reactive region around Q = 0 A there 
iss no noticeable decrease in the |CH| distance, whereas the mean constraint 
forcee shows a sudden change from a negative to a positive value. The de-
pictedd | CO | distance instead does show a clear and sudden decrease as func-
tionn of Q in this region. The hysteresis effect is also clearly noticeable here, 
whilee for the |CH| curve the (hydration) and (dehydration) values almost 
completelyy coincide. Furthermore, when looking to the |CH| curve, we see 
thatt it is gradually decreasing and it is difficult to pinpoint where a real 
molecularr bond is formed. Finally, for Q > .5 A the distance seems to be 
convergedd to its normal bond length of 1.10 A. 
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Figuree 4.3: Time averaged distances as function of the constrained value Q. Top: 
|CH|| is the distance between the constrained hydrogen atom and carbon atom. Bot-
tom:: |CO| is the distance between the other carbon and the closest oxygen atom 
fromm the liquid water. Note that this oxygen by this definition does not necessarily 
belongg to the same water molecule. The (hydration) and (dehydration) indicate 
thatt the simulation started from the ethylene or ethanol side respectively 

Inn Fig. 4.4 we show the time evolution of these two distances for two 
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specificc 'reactive' simulations: Q = 0.053 A (dehydration) and Q = 0.106 
AA (hydration). Clearly the |CO| distance and the constraint force are strongly 
correlated.,, with the two graphs almost as if they were mirror reflections. 
Thee |CH| distance shows almost no correlation with the constraint force. 
Forr the Q = 0.106 A (hydration) we can detect only a bit more fluctuative 
behaviorr in the reactive time domain. As the constraint force acts on these 
atomss and a fixed reaction coordinate Q allows changes in the |CH| distance, 
onee would expect a stronger effect. Fig. 4.4 shows, however, that the con-
straintt force changes sign, indicating that the proton is now attracted to the 
carbonn instead of to the water oxygen, without influencing the interatomic 
ICHII  distance. 
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Figuree 4.4: constraining force, distances |CO| and |CH| as function of time for two 
'reactive'' simulations: Q = 0.053 A (hydration) and Q = 0.106 A (dehydration). 
Averagee values of each these two simulation runs are depicted in Fig. 4.2 and Fig. 
4.33 as one point each. 

4.66 Electronic Structure 

Fromm the previous we can conclude that, although the constraint force sud-
denlyy changes, the structural changes occur at the other side of the molecule. 

11 1 

Q=0.055 (DEHYDRATION) 

Q=0.111 (HYDRATION) 
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Somehoww the structural changes at that side of the molecule must change 
thee affinity of this proton to form a bond with the carbon or with the oxygen. 
AA change in the electronic structure must be the cause of this phenomenon. 
Too quantify the electronic density distribution we used the method of max-
imallyy localized Wannier functions whose centers (WFC) can be assigned 
withh a chemical meaning such as being associated with an electron bonding 
orr lone-pair [111] and can also be used to calculate individual dipole mo-
mentss of molecules in solution [106,112,113,149]. The dipole moment of a 
singlee molecule can then be approximated as if it consists of point charges 
locatedd at the atom positions and on the WFC positions, at atom positions 
aa positive charge equal to its atom number minus its core electrons and at 
thee WFCs a negative charge of -2 e. The total number of WFCs is the to-
tall  number of valence electrons divided by two and its positions can give a 
clearr insight in the electronic changes of the system during a reaction. From 
ourr series of simulations we took a few snapshots at important points just 
beforee and after a reaction. On these configurations we applied the Wannier 
functionn analysis to detect the electronic changes. We did not make enough 
calculationss to obtain accurate statistical averages, but our aim was to see 
onn a more qualitative level how the electronic structure is changing in the 
reactivee process. Ethylene has in total six Wannier orbitals, four at the CH 
bondss and two, forming the double bond in the middle of the carbons just 
beloww and above the plane of the ethylene molecule. The water molecules 
havee in total four WFCs tetrahedrally oriented around the oxygen, two of 
themm forming the OH bonds and the other two indicating the lone pairs. 
Thee situation for hydronium is more or less the same, but then three form 
ann OH bond and only one WFC is left at the oxygen site. Fig. 4.5 gives in a 
cartoonn illustration of the observed structural and electronic changes of the 
reaction. . 

Panell  1) is the typical situation for Q around -0.5 A. The hydronium OH 
bondd is directed towards the middle of the CC-bond. The WFC below the 
ethylenee plane is attracted by the positive charge of the hydronium and is 
shiftedd slightly towards this proton. This cause an increase of the angle 
a\a\ from 27° to 35° and induces a dipole moment orthogonal to the plane 
off  the ethylene molecule with a strength of approximately 1.9 D. This is a 
significantt dipole moment, approximately equal to a water molecule in the 
gas-phasee [112,113]. The interaction between the hydronium OH bond and 
thee WFC of the double CC bond can be considered as a kind of hydrogen 
bond.. In Ref. [149] we showed that even in a neutral aqueous solution this 
effectt is also significant and can induce instantaneous dipole moments of 
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Figuree 4.5: Cartoon representation of the change of atomic configuration and WFCs 
alongg the reaction path. The solid dark circles are the carbon atoms, the gray circles 
thee oxygen and white circles the hydrogen atoms. The striped circles depict the 
WFCC positions. 

1.00 D to a solvated ethylene molecule. It is not surprising that the effect 
off  the hydronium ion is even stronger. The upper Wannier orbital has also 
movedd a bit downwards to the middle of the CC bond, but this shift is much 
smaller. . 

Stepp 2) is the situation for Q around zero. The constrained proton is in 
thee middle of the carbon and the oxygen. The induced dipole moment is 
noo longer exactly orthogonal as the lower WFC has moved away from the 
middlee and is now closer to the left carbon. a\ has become approximately 
50°° and 0:2 is approximately 120°. Clearly, the proton attack is directing to 
thee carbon site and is not forming a bridged structure. This observation is 
consistentt with the experiments of Nowlan and Tidwell [138] and the calcu-
lationss of Jorgensen and Munroe [127], that indicate that the protonation in 
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aa solution is approaching directly to the carbon site and that the formation 
off  an intermediate 7r-bonded complex is not necessary. 

Stepp 3) is a situation for Q = 0.106 A (hydration), ot\ has increased til l 
50-80°,, while a2 is still around 120-130°. The lower WFC is further away 
fromm the right carbon, which make this side more positively charged. It 
iss a general feature of protonation, that the charge donation to the proton 
comess primarily from the terminal atom rather than the atom bonded to the 
protonn [126]. Incidentally water molecules at the other side approach the 
otherr carbon at distances of 2.6 A, but usually are rejected back unless this 
coincidess with a ideal solvation structure. 

Thiss brings us to step 4), the same Q value, but later in time. The in-
comingg water molecule and the solvation structure around it have found 
aa proper configuration for a nucleophilic attack. The CO distance rapidly 
decreasess and forms a bond. Fig. 4.4 shows that there is a chance that di-
rectlyy thereafter this water is rejected back to the solution. The specific water 
configurationn has decreased the reaction barrier, but this is also true for the 
backwardd reaction. This can induce a sequence of hydration and dehydra-
tionn reactions, but at some moment the situation stabilizes and the water 
getss definitely attached to the carbon. The |CH| distance in this reaction 
processs does not chance that much, but the lower WFC flips over 30-40° 
moree in line to the CH bond, yielding a\ « 100° and a2 « 170° . Whereas 
first,, this WFC was playing part in both the bonding between the two car-
bonss and between hydrogen and the carbon, now its function is only the CH 
bond.. The increase of ai over more than 90° indicates that this WFC does 
noo longer take part in the CC bond. The constraint force on the proton H is 
firstt repulsive with respect to the carbon, while after the transformation it 
becomess suddenly attractive. The fixed constraint Q prevents however that 
thee CH bond wil l fully relax to its rest value. The carbon, the WFC, and the 
protonn are almost in line according to a2 « 170°. This gives a clear indica-
tionn that the CH bond is formed. Moreover, the fact that now only one WFC 
iss positioned in the middle of the two carbons followed by the out-of-plane 
bendingg of the ethylene-hydrogens shows clearly the change from sp2 to 
sp33 hybridizing of the CC bond. 

Thee Wannier analysis shows that both molecular bonds, the CH and the 
COO bond, are formed simultaneously. This indicates that the process occurs 
followingg an Adg3-type mechanism. Conversely, the dehydration reaction 
followss the E2 mechanism, being the inverse of the Adg3. The alternative 
Adg22 hydration and El dehydration mechanisms imply a stable ethylene 
cationn as intermediate. Although, several undergraduate text books use 
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thee El mechanism for the description of the acid catalyzed dehydration of 
ethanoll  (and, similarly an Adg2 mechanism for the acid catalyzed hydra-
tionn of ethylene), the current opinion is that a concerted E2-type mechanism 
moree probably governs the hydration of primary alcohols [5,6]. Consistent 
withh this view are the experiments of Baliga and Whalley that indicate a 
transitionn state for the hydration of ethylene with at least one firmly bound 
waterr molecule [117]. 

4.77 Hydrogen Bonds 

Inn this section we wil l discuss the role of the hydrogen bonded network of 
thee liquid water for this reaction. The constraint values for which we ob-
servedd a spontaneous reaction are: +0.106 A (hydration) and 0.0 A (dehy-
dration),, +0.05 A (dehydration). The spontaneous reaction step that is not 
controlledd by the constraint is the formation or breaking of the CO bond. 
Fromm our simulation with Q = +0.05 A (dehydration) we saw that the pro-
tonatedd ethanol and thus the CO bond was stable for about 8 ps, when sud-
denlyy the OH2 group was split off. We estimate a distance between the 
carbonn and the oxygen of 1.8 A that we call a critical dehydration distance. 
Incidentally,, due to fluctuation in the molecule the CO distance stretches be-
yondd this critical distance as shown by Fig. 4.4. As the vibrational energy 
itselff  is not large enough to break this bond, it must be a specific hydrogen 
bondedd structure that, at a certain moment, pushes the reaction just over 
thee barrier. This happens only when such an extreme fluctuation beyond 
1.88 A coincides with a specific solvation structure. To examine this we com-
paredd a few cases where this critical situation was reached and looked why 
inn one case the reaction was successful and in the other not. The top panels 
off  Fig. 4.6 show two typical cases that are very similar in structure from the 
samee Q = 0.053 A (dehydration) simulation, but at different times. Only the 
importantt molecules and WFCs are visualized. The left situation at t = 3.03 
pss shows an unsuccessful and the right one at t = 8.14 ps shows a successful 
dehydrationn configuration. The |CO| distances are 1.805 A and 1.786 A re-
spectivelyy and the |CH| distances are 1.32 and 1.35 A. The two situations are 
almostt identical except that in the second case the protonated ethanol forms 
threee hydrogen bonds, donating two and accepting one, while in the first 
configurationn there are only two donating hydrogen bonds. We checked 
thisthis for the whole simulation run up to the moment of reaction, and it was 
foundd that OH2 group of the protonated ethanol was constantly bounded 
byy two hydrogen bonds, in which the OH2 group acted as proton donator. 
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Thee times that it also accepted a proton via a hydrogen bond were rare and 
theree was no overlap with the fluctuations larger than 1.8 A, until just before 
thee reaction point at t = 8.14 ps. 
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Figuree 4.6: Four structures obtained from two simulations. Dark grey indicate the 
oxygens,, white the hydrogen, middle gray the carbons and light grey the WFCs. 
Thee dashed lines indicate hydrogen bonds and other weak attracting forces be-
tweenn WFCs and atoms. Top left panel:Q = 0.0529 A (dehydration) at 3.03 ps, top 
rightt panel: Q = 0.0529 A (dehydration) at 8.14 ps. Bottom left panel:Q = 0.106 
AA (hydration) at 1.52 ps, Bottom right panel: Q = 0.106 A (hydration) at 1.97 ps. 

Forr the hydration reaction case Q = 0.106 A (hydration) we estimated 
thee critical hydration distance for the incoming water to be 2.6 A and pos-
tulatedd that the reaction can only be successful when the water approaches 
fromm the other side of the ethylene plane with respect to the hydronium ion. 
Againn we looked closely at similar configurations. At the bottom panels we 
seee two snapshots of the Q — 0.106 A (hydration) simulation, one at 1.52 ps 
andd the other at 1.97 ps. The |CO| distances are 2.63 A and 2.64 A respec-
tivelyy and the |CH| distances are 1.39 and 1.37 A. Although, in both situa-
tionss the attacking water molecule is three times hydrogen bonded, only the 
lastt one was successful. We must conclude that the possibility of a reaction 
iss not simply depending on the number of hydrogen bonds, but depends 
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inn a more subtle way on the precise hydrogen bonded structure. Further 
examinationn of the two panels gives a clue what could be the crucial diffe-
rencee between the two configurations. If we relate the axis between the car-
bonn and the middle water molecule with the hydrogen bonds around this 
water,, we can detect a kind of umbrella structure. We think that the right 
panell  is more favorable as it is much more similar to a tetrahedral structure. 
Inn this case the three outer water molecules position the middle one in an 
ideall  orientation with its free WFC in a perfect line between its oxygen and 
thee (positively charged) carbon of the ethylene. The other situation devi-
atess significantly from the ideal tetrahedral configuration. To restore a more 
tetrahedrall  configuration the central water molecule has to move upwards, 
removingg it from the ethylene molecule and thus leading to a non reactive 
event.. More quantitative, the COO angles in the left panel are from left to 
right:112.0o,, 89.4° and 149.3° and in the right panel they are:105.7°, 98.1° 
andd 118.4°. The latter case is indeed much closer to the tetrahedral structure 
withh angles of 109°. 

4.88 Conclusions 

Wee performed a DFT-based based Molecular Dynamics simulation of the 
acid-catalyzedd hydration of ethylene in aqueous solution under ambient 
conditions.. To overcome the reaction barrier, we used the constrained dyna-
micss method in combination with thermodynamic integration to obtain the 
free-energyy profile along a chosen reaction coordinate. We found a reaction 
barrierr of 23.3 kcal/mol and a reaction energy of 5.3 kcal/mol. This is much 
lowerr than the experimental barrier of 33.3 0 kcal/mol [117], However, 
thee BLYP functional underestimates the reaction barrier to some extend and 
thee approximate reaction coordinate gives probably an additional under-
estimationn of the barrier. A DFT-BLYP calculation of the gas-phase reaction 
showedd a similar barrier of 24.7 kcal/mol [153]. However, the comparison is 
somewhatt misplaced as the mechanism for the reaction is different, where in 
thee gas-phase reaction the hydrating water molecule also provides the pro-
ton,, whereas in the our solution-calculation the proton providing water and 
thee hydrating water are different molecules. Primarily calculations suggest 
thatt the latter mechanism in the gas-phase, involving the H30

+-C2H4-H20 
complex,, has no barrier at all. In that sense, one could say that the solvent 
effectss increase the barrier by about 20 kcal/mol. Though, this process is 
nott so likely in the gas-phase as it requires a simultaneous collision of three 
molecules. . 
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Thee protonation of the ethylene is directly pointed towards the carbon 
sitee without the formation of a 7r-bonded bridged structure as an intermedi-
ate.. Moreover, our simulations confirm the assumption that the reaction fol-
lowss the Adg3 mechanism for which simultaneously two bonds are formed. 
Thee |CH| distance is minimally changing after the reaction has been establis-
hed,, but the constraint force has a sudden change from repelling to attrac-
tingg the proton towards the carbon. We studied this effect by the Wannier 
analysiss of the electronic structure. The WFC participating in the double 
bondd between the carbons has a sudden change and moves away from the 
ethylenee center more in alignment with the CH axis. This indicates a change 
fromm sp2 to sp3 hybridization and the formation of a CH bond. The Wannier 
analysiss gives in this way clear information on how and when molecular 
bondss are formed, which is not possible to achieve from the atomic positions 
only.. Furthermore, we looked at the specific hydrogen bonded network that 
enabless a reaction to occur when the reaction coordinate is fixed close to the 
topp of the free-energy barrier. The increasing constraint value transfers the 
protonn towards the carbon and polarizes the ethylene molecule, yielding a 
positivelyy charged carbonium ion at the other side. This enables the spon-
taneouss formation of a CO bond between that carbon and a water molecule 
fromm the solution. For the dehydration reaction of the protonated ethanol 
wee found that when due to spontaneous fluctuations the CO bond is over 
stretchedd beyond 1.8 A and simultaneous the OH2 group of the protonated 
ethanoll  has more than two hydrogen bonds, the reaction is likely to oc-
cur.. For the hydration reaction we found that the attacking water molecule 
shouldd approach at a distance of 2.6 A. Mostly, this water wil l be rejected 
backk into the solution. However, when this water has three hydrogen bonds 
andd the COO angles are close to the tetrahedral value of 109° the hydration 
cann occur and protonated ethanol wil l be formed. This proves once more 
thee solvation structure participates strongly in the mechanism and is, there-
fore,, part of the true reaction coordinate [143-148]. This study shows that 
thee occurrence of a reactive event depends on the solvation structure in a 
veryy subtle way. Our simulations suggest that the reaction is initiated by a 
numberr of effects, in which both rare fluctuations of the solute molecule as 
thee occurrence of properly structured water groups play a crucial role. 



Chapterr  5 

Transitionn Interface Sampling 
AA Novel Path Sampling Method for  the Calculation of 

I I 
Ratee Constants 

Wee derive a novel efficient scheme to measure the rate constant of tran-
sitionss between stable states separated by high free energy barriers in a 
complexx environment within the framework of transition path sampling. 
Thee method is based on directly and simultaneously measuring the fluxes 
throughh many phase space interfaces and increases the efficiency by at least 
aa factor two with respect to existing transition path sampling rate constant 
algorithms.. The new algorithm is illustrated on the isomerization of a di-
atomicc molecule immersed in a simple fluid. 

5.11 Introductio n 

Thee calculation of rate constants of activated processes dominated by rare 
events,, chemical reactions being a prime example, is still one of the ma-
jorr computational challenges. As transition rates depend exponentially on 
thee activation barrier height, the expectation time for an event can exceed 
currentt computer capabilities by many orders of magnitude. As a result 
mostt chemical reactions cannot be simulated by direct molecular dynamics 
(MD)) methods, except those with very low activation energies. The conven-
tionall  way to tackle this time scale problem is based on transition state the-

lrThiss chapter is based on:Titus S. van Erp, Daniele Moroni, and Peter G. Bolhuis, "A 
Novell  Pathsampling Method for the Calculation of Rate Constants", accepted for publication 
inn Journal of Chemical Physics. Supplemented to this article are the appendixes (5.5.1) and 
(5.5.3). . 
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oryy (TST) and separates the problem in two steps [156-160]. The first step is 
thee calculation of the free energy barrier as function of a reaction coordinate, 
thee second stage is the calculation of the transmission coefficient by samp-
lingg fleeting trajectories departing from the top of the barrier. If the reaction 
coordinatee is well chosen, the top of the free energy barrier corresponds to 
pointss in phase space close to the true transition state, and the transmis-
sionn coefficient wil l have a reasonable value. However, in high dimensional 
complexx systems the choice of reaction coordinate can be extremely difficult 
andd usually requires detailed a priori  knowledge of the transition mecha-
nism.. Consequently, an intuitively chosen but wrong reaction coordinate 
cann result in a very low transmission coefficient, and hence a statistically 
inaccuratee or immeasurable rate constant. 

Chandlerr and collaborators [161-165] devised a method for which no 
priorr knowledge of the system is needed. This method, called transition 
pathh sampling (TPS), gathers a collection of trajectories connecting the reac-
tantt to the product region by employing a Monte Carlo (MC) algorithm. The 
resultingg path ensemble can be used to elucidate reaction mechanisms, tran-
sitionn states and reaction coordinates. The TPS method has been success-
fullyy used on such diverse systems as cluster isomerization, auto-dissociation 
off  water, ion pair dissociation and on isomerization of a dipeptide, as well 
ass reactions in aqueous solution (see Ref. [164] for an overview). Just as 
inn the conventional case mentioned above, an additional second simulation 
iss needed to determine the rate constant within TPS. This simulation com-
biness the path sampling method with the umbrella sampling technique to 
estimatee the probability to reach the product state from the initial reactant 
state.. The final macroscopic rate constant is given by a plateau in the time 
derivativee of a correlation function [163]. In case of two distinct stable states 
thiss plateau region should always exist at times longer than the typical mo-
lecularr relaxation time. However, when reaction pathways are complex and 
exhibitt multiple recrossings, these typical molecular relaxation timescales 
cann be relatively long. In that case the TPS rate constant calculation is com-
putationallyy expensive, as the path length must exceed these timescales. 

Inn this paper we improve the efficiency of the TPS rate constant calcula-
tionn on several points by introducing an alternative scheme for calculating 
reactionn rates, named transition interface sampling (TIS). The first of these 
improvementss is allowing the path length to vary, so that by a well chosen 
definitionn of the stable states we can limit the length of each path to the 
strictt minimum. Secondly, the new method is based on the effective posi-
tivee flux through dividing surfaces or interfaces and is consequently much 
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lesss sensitive to multiple recrossings or diffusive barrier crossings. Thirdly, 
thee number of different types of Monte Carlo moves is reduced, making the 
implementationn of the algorithm conceptually simpler. 

Thiss paper is organized as follows: In section 5.2 we briefly describe the 
existingg algorithms and present the theoretical derivation for the TIS rate 
constantt expression. The implementation of the algorithm is discussed in 
sectionn 5.3. We illustrate the algorithm on a diatomic molecule in a fluid of 
repulsivee particles and make a quantitative comparison to the original TPS 
calculationn in section 5.4. We end with concluding remarks in section 5.5. 

5.22 Theory 

5.2.11 Transition State Theory and the Calculation of Rate Con-
stants s 

Considerr a dynamical system in which transitions can take place between 
twoo stable states A and B. If the barrier between A and B is sufficiently 
high,, the system wil l show exponential relaxation for which the forward and 
backwardd rate constants IZAB and UBA are well defined and can be expressed 
inn terms of microscopic properties. Measuring these rate constants by com-
puterr simulation is traditionally done by the two stage Bennett-Chandler 
(BC)) procedure based on the principles of TST [159,160]. The first step is the 
calculationn of the reversible work or free energy to bring the system from 
stablee state A to the transition state. This free energy F (A) has to be calcu-
latedd as a function of a suitably chosen reaction coordinate A. This A can be 
aa complex function of all particle coordinates r and momenta p: X = \(x), 
withh x = {r,p} . The maximum in F (A) defines the transition state dividing 
surfacee A* [23,166]. By convention, the system is in A if X(x) < A*  and in B 
iff  X(x) > A*. 

Thee main assumption in TST is that any trajectory coming from A and 
crossingg the transition state dividing surface X{x) = X* wil l remain at the 
BB side of the dividing surface for a long time. The reaction rate can there-
foree be expressed as the positive flux through the multidimensional dividing 
surfacee A*. Two equivalent (see Appendix 5.5.1) expressions for this flux are 

kkTSTTST = l i m 1 (0(X* - X(xo))0(X(xAt) - X*)) 
ABAB At-K) At {9{X*  - A)) 

(X{x(X{xQQ)8{X(x)8{X(xQQ)) - X*)6(X(x0))) 

(9(X*(9(X* - A)) 
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wheree xt specifies the set of coordinates and momenta of the system at time 
t,t, the dots denote derivatives with respect to time t, the brackets (...) denote 
equilibriumm ensemble averages and 9{x) and 5(x) are the Heaviside step-
functionn and the Dirac delta function respectively. In the last equality of 
Eq.. (5.1) the connection to the reversible work F(X) is made, and p = l/kBT, 
wheree kB is Boltzmann's constant and T is the temperature. The subscript 
A**  to the ensemble brackets, indicates that the ensemble is constrained to 
thee top of the barrier A*. 

Wee consider the system to be completely deterministic and thus we can 
writee xt = f(xt>,t - t') = f(xo,t), in which ƒ is the time-propagator func-
tion.. Evaluation of the function ƒ (x, t) requires integrating the equations of 
motionn over the time interval t starting with configuration x. Nevertheless, 
thee equations derived in this paper are still valid when applied to stochastic 
dynamics. . 

Evenn when the TST assumption is accurate, it can be extremely difficult 
too find a proper reaction coordinate for which recrossings do not occur. As a 
resultt a wrong choice for the reaction coordinate wil l give a much lower free 
energyy barrier than the real activation free energy and wil l correspondingly 
overestimatee the rate constant. Fig. 5.1 illustrates that Eq. (5.1) overcounts 
trajectories.. One can correct for this overcounting by multiplying the TST 
ratee constant with the transmission coefficient K(t) to obtain the true rate 
constant t 

kkABAB{t)=k{t)=k TT
AAfn{t).fn{t). (5.2) 

Thee calculation of the time dependent transmission coefficient K(t) con-
stitutess the second part of the two stage BC procedure [159,160]. K,(t) be-
longss to the approximate dividing surface A*  [156,158-160] and can be de-
terminedd by taking an ensemble average of many short trajectories starting 
fromm the dividing surface: 

«(*)) = T. \ r ( A ( i 0 ) ö ( A W - A * ) ) . (5.3) 
(\(xo)9(\(x(\(xo)9(\(x00))))))xx..

 X /A* 

Afterr a short molecular time tmo\ the trajectories are committed to a stable 
statee and K(t), and hence kAB(t), become constant: the transmission coeffi-
cientt K, and the rate constant k^B, respectively. It is however important to 
startt sufficiently close to the true transition state dividing surface. Other-
wisee the transmission coefficient wil l be extremely low, making an accurate 
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Figuree 5.1: The thin solid curve show the two dimensional free energy landscape 
inn contour plot. A is the chosen reaction coordinate, q represents all other degrees 
off  freedom. A and B denote the state regions. The vertical line at A*  corresponds 
too the maximum in the free energy function F(A) as is shown at the right upper 
side.. The free energy as function of the ideal reaction coordinate is also shown at 
thee right lower side. This reaction coordinate is a complex function of all degrees 
off  freedom Aj^ eaj = \dea\(\<l)  ar>d the corresponding free energy function has 
itss maximum at the true transition state dividing surface Aj^ eaj = A*, .. This 
truee dividing surface is the dashed curved line. The corresponding free energy bar-
rierr is much more narrow and higher than the artificial barrier due to the incorrect 
reactionn coordinate. Four possible trajectories are shown. The black solid arrows 
indicatee a positive flux through the surface A*  and the white solid arrows indicate 
thee negative fluxes. TST rate expression (5.1) counts all positive fluxes of trajecto-
riess I, II  and III . Consequently non-true reactive events like I and II I  have a artificial 
contributionn to the rate constant and also trajectory II  is overcounted one time. To 
correctt for this, one can calculate the transmission coefficient n. In the TPS equa-
tionn (5.4), if XA = Ajg = A*, trajectories II I  and IV are not counted because of the 
IIA(XO)IIA(XO) term. Trajectories I and II  are correctly counted in the final summation due 
too the cancellation of positive and negative flux terms. 

est imatee of the rate constant problematic or even impossible. In many cases, 
inn part icular for complex condensed matter systems, a sufficiently close re-
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actionn coordinate is difficult to find and requires considerable a-priori know-
ledgee about the system. 

5.2.22 Transition Path Sampling 

Transitionn path sampling (TPS) is developed to overcome the difficulties 
mentionedd above [161-165]. Its main advantage is that no prior knowledge 
off  the transition state is needed. The rate constant in TPS is expressed as the 
timee derivative of a general time correlation function. 

kkAABB W - ^C( t ), C(t) - {hAM) , (5.4) 

inn which HA(X) and hs(x) are the characteristic functions defined by: 

HA{X)HA{X) = 1, it x e A, else HA{X) = 0 
HB{X)HB{X) = 1, iixeB, else 1IB{X)=0. (5.5) 

Inn case of a single order parameter X(xt) describing the transition, the 
phasee space regions A and B are defined by A^ and A#: xt G A if X(xt) < 
XAXA and xt G B if X{xt) > XB- Knowledge of the precise location of the 
dividingg surface A*, A^ < A*  < XB, is not required in TPS. Therefore, the 
orderr parameter A does usually not correspond to the reaction coordinate. 

Thee microscopic expression for the rate constant in Eq. (5.4) is time de-
pendent,, while the phenomenological rate constant is not. However, just 
ass the transmission coefficient K,(t) becomes a constant, the time dependent 
functionn k^QS(t) reaches a plateau after a molecular timescale tmo\. The phe-
nomenologicall  rate constant is equal to the plateau value: UAB = k^QS(T). 
Thiss plateau region should always exist for times T between the molecular 
timescalee and the characteristic reaction time: tmo\ < T <C trxn. In other 
words,, T is larger than the timescale to commit to one of the stable states, 
butt much shorter than the expectation time i rxn of a completely new reactive 
event.. If we take XA = XB = X* and the limit t -> 0+, Eq. (5.4) transforms 
intoo the expression for the positive reactive flux or, equivalently, the TST 
equationn (5.1). For t > 0, however, the reactive flux measured by Eq. (5.4) 
noo longer consists of purely positive contributions. The final rate constant is 
aa sum of positive and negative fluxes, and thus the overcounting of trajec-
toriess in Eq. (5.1) is circumvented. (See Fig.(5.1)). 

Wee can rewrite the time dependent rate constant of Eq. (5.4) into [163]: 

kkrr /B/BSS(t)(t) = ̂ ^l.m, (5.6) 
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wheree HB{T) = max0<t<r hsixt) and {.. .)A,HB(T) denotes an average on 
thee ensemble of paths of fixed length T starting in A and entering B at least 
oncee [163]. These ensemble averages are evaluated using a Monte Carlo 
proceduree employing the shooting and shifting moves [162]. The two factors 
inn Eq. (5.6) have to be evaluated separately. First, a path sampling simula-
tionn is performed to compute (hB{t))A,HB{T) m *he interval [0, T\. The path 
lengthh T must be long enough for the time derivative to display a plateau. 
Subsequently,, one chooses a t' in interval [0, T] and computes C{t') using the 
pathh sampling in combination with an umbrella sampling technique [163]. 
AA drawback of the TPS rate constant calculation is that the function k^^it) 
cann be strongly oscillatory because of recrossings and wil l reach a plateau 
onlyy after a relatively long time. The path length in TPS must exceed the 
typicall  timescale of these oscillations, and consequently, in that case TPS is 
computationallyy costly. 

5.2.33 Transition Interface Sampling 

Justt as the BC and the TPS rate constant algorithms, the TIS method is 
basedd on a flux calculation. In contrast to these schemes, however, TIS mea-
suress the effective positive flux 2, instead of a conditional general flux as in 
Eq.. (5.4) or Eq. (5.1). This implies that only positive terms contribute to the 
rate,, allowing for faster numerical convergence. A flux is normally defined 
throughh a hypersurface in phase space defined by an order parameter, the 
reactionn coordinate. But, similar to the TPS case, we do not want to suffer 
fromm a bad choice of reaction coordinate. Therefore, instead of using a single 
dividingg surface, we introduce a series of interfaces through which we mea-
suree this flux. We then derive an expression that relates the flux through 
aa certain interface to the flux through an interface which is closer to A to 
replacee the expensive TPS umbrella sampling procedure. 

Inn order to formulate a proper flux, we have to divide the entire phase 
spacee into two complementary regions called overall states A and B. These 
statess do not only depend on the position at the time of consideration but 
alsoo on its past behavior. Overall state A covers all phase space points lying 
insidee stable region A, which constitutes the largest part, but also all phase 
spacee points that visit A, before reaching B when the equations of motion 
aree integrated backward in time. Similarly, state B comprises stable state B 
andd all phase points, coming directly from this state in the past, i.e. without 
havingg been in A. It is useful to generalize the characteristic functions in 

2Here,, effective means that the recrossings through the interfaces are not being counted 
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Eq.(5.5)) for an arbitrary phase space region Q 

hn(x)hn(x) = 1, itxeQ, else hn(x) = 0. (5.7) 

Forr each phase point x and each phase space region Q we can determine the 
minimumm (first entrance) times £Q(X) and t^x) needed to reach Q starting 
fromm configuration x by integrating the equations of motion backward and 
forwardd in time, respectively: 

ttbb
nn{x){x) = -max[{t|/»n(/(a:,t)) = lA*<0} ] 

ttffQQ{x){x) = + min[{t\hn{f(x,t)) = lAt>0}],  (5-8) 

wheree the min and max function return respectively the lowest and highest 
valuee of their arguments. In addition, it is useful to define for each phase 
pointt x and each set of two non-overlapping phase space regions {S7i, Q2} 
thee following characteristic functions: 

< ,« , ( *)) = 1 Hhn1(f(x,-tbniljn2(x))) = l, (5.9) 

00 otherwise 

* ni,na(* )) = 1 if'»nl(/(a;,+ 1̂un2(^))) = l, (5-10) 
00 otherwise (5.11) 

Inn words, these functions measure whether a trajectory reaches Q1 before 
Q22 or not. As the system is ergodic, each phase space region will be visited 
inn finite time and thus hb

üuQ2(x) + hb
n2jQl(x) = hf

UuQ2{x) + hf
Q2Qi(x) = 1 

forr any x. Using these definitions the characteristic functions for the overall 
statess A and B are given by 

M * )) = h%B(x), hB(x) = hb
BtA{x). (5.12) 

Thesee states together span the complete phase space, as the system can 
neverr stay in the intermediate region between A and B forever. The overall 
statess A and B do not sensitively depend on the definition of stable state A 
andd B as long as it is reasonably. Of course, the stable regions should not 
overlap,, each trajectory between the stable states must be a true rare event 
forr the reaction we are interested in. In addition, the probability that after 
thiss event the reverse reaction occurs shortly thereafter must be as unlikely 
ass an entirely new event. In other words, the system must be committed 
too the stable states. Therefore, a reasonable definition of A and B requires 
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thatt they should lie completely inside the basin of attraction of the respec-
tivee two states 3 (see also Ref. [165]). Special care has to be taken with this 
conditionn for processes which show many recrossings between state A and 
BB before settling down. Such processes can occur in solution or in dilute 
gasses.. For instance, for organic reactions in aqueous solution, a rare spe-
cificc hydrogen bonded network can lower the bond-breaking barrier and 
initiatee the reaction. If the lifetime of those rare solvation structures is high, 
aa sudden reverse reaction can occur as the barrier for the backward reaction 
iss also lowered by the same amount [167-169]. A similar phenomenon can 
happenn in dilute gasses for which rare spontaneous fluctuations in the ki-
neticc energy are the main driving force. A particle moving from one state to 
anotherr due to a very high kinetic energy as result of sequence of collisions 
cann cross the potential energy barrier several times before it wil l dissipate 
itss energy by a new collision and relax into one of the stable states (see e.g. 
Refs.. [170,171]). These problems can in principle be solved by an adequate 
choicee of the stable state definitions. For instance, the definition can depend 
explicitlyy on the presence of certain hydrogen bonds or on kinetic energy 
terms. . 

Withh our definition of overall states A and B we can write down our rate 
equationn in the spirit of Eq. (5.4): 

(h(hAA(xo)h(xo)hBB(xo)) (xo)) 

wheree the dot denotes the time derivative taken at t = 0. This rate expres-
sionn does not depend on time although the evaluation of the characteristic 
functionss still requires integration of the equations of motion. The transition 
fromm A into B takes place when the system comingg from A wil l cross the in-
terfacee XB for the first time (see Fig. 5.2). After this event the system wil l 
stayy in B. Eq. (5.13) counts therefore only the first crossing through interface 
XBXB and is hence equivalent to the effective positive flux expression 

(h(hAA(x(x00)X{x)X{x00)e(X(xo))S(X(x)e(X(xo))S(X(xQQ)) - XB)) 

* ""  = "  <M^) > "  (5-M ) 

vv 1 {hA{x0)B{XB - X{xo))0(X{xAt) - XB)) 
== h m — jz—-.—TT . 

At-* oo At (hA(xQ)) 

3Inn general, A and B are defined in phase space, but for most practical cases configuration 
spacee might be enough. 
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Figuree 5.2: Example of phase space regions in TIS. Thin solid curves denote the 
freee energy contour lines. q\ and q2 are two arbitrary projections of the degrees of 
freedom.. A and B are the two stable states. The dots on the three shown trajectories 
indicatee the positions of the systemm at successive time steps. The overall state A and 
BB are indicated by black and white dots respectively. Only one trajectory starts in 
AA and ends in B and is therefore a true reactive event. The system changes from 
statee A into B when it enters region B for the first time. It can leave stable region B 
shortlyy thereafter, but never go back to A in a short time. The stable regions have 
too be chosen to fulfil l that condition. 

Notee the similarity with Eq. (5.1). Strictly speaking 0{\B - X(x0)) is re-
dundantt in Eq. (5.14) as hA{x0) = 0 if 6{\B - \{x0))  ̂ 1. The last expres-
sionn in Eq. (5.14) is most suitable for a numerical approach with At as the 
timee step in a molecular dynamics simulation. Evaluation of Eq. (5.14) re-
quiress counting all phase space points which at t = 0 are just about to cross 
interfacee XB in one time step and wil l enter region A before B when inte-
gratingg backward in time starting from x0. Unfortunately, Eq. (5.14) is not 
veryy efficient from a computational point of view because only a very small 
fractionn of phase points close to interface A# actually belong to A, leading 
too poor statistics. We can enhance the statistical accuracy by relating the 
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fluxflux through A# to the flux through an interface closer to A. We therefore 
introducee a set of n non-intersecting interfaces Ai , A2, A3,... Xn, each inter-
facee A,; closer to A than the next interface Aj 11 (see Fig. 5.3). We define the 
correspondingg phase space regions Q,\x = {x\\(x) > Aj} . In this way Q\B is 
equivalentt to our stable state B, while Q\A is the phase space outside stable 
statee A. By introducing the following definition 

limm -TT& W (x0) 6{Xi - X(x0))9(X(xAt) - A*)), (5.15) 
Ai->00 At ' A ' 

A,, 3 A4 

Figuree 5.3: Example of the division of the phase space by interfaces. A and B are the 
stablee state regions with interfaces \A and XB- The interfaces Ai.. . A6 correspond 
too a calculation of Eq. (5.18) with n — 6. The dashed lines are the sub interfaces in 
between.. Four trajectories are shown corresponding to a V{\4\X3) ensemble calcu-
lation.. On each trajectory the z0 time slice is indicated with a circle. Black circles 
correspondd to hAQ {XQ) = 0 and white circles correspond to h?A ü (x0) = 1. 

Eq.. (5.14) reduces to 

kkABAB = (*A,XB) / (hA)  (5.16) 
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wheree {$A,\i) denotes the effective positive flux through interface X{. The 
ratee constant is thus equal to the effective positive flux through interface 
XBXB with the condition the trajectories came directly from A. Note again 
thatt ($A,\A) / ( 'M) is equal to the TST rate expression in Eq. (5.1) in case 
A**  = XA = A#. The effective flux {$A,\i) c an n o w ^e related to the effective 
fluxx {$A,Ai_i ) through an interface Af_i closer to A by (see Appendix 5.5.2) 

( *M(XO) )) = (hf
nx ,A(X0))A x (QA^IXO)) , (5.17) 

wheree {...)*  denotes the ensemble average over all phase space points 

xx00 for which ^A i - i ^o ) ^ 0. The factor ( h  ̂ AM ) Â<Xi_1 = 'P(Xi\Xi-i) is 
thee conditional probability that a trajectory, coming from A, passes Aj, given 
thee fact that it has passed the interface A»_i at an earlier time. By recursively 
substitutingg Eq. (5.17) into Eq. (5.16) the rate constant can be expressed as a 
productt of conditional probabilities: 

== {-^r^nf[n^+iMn^B\xn) (5.i8) 
\n>A)\n>A) i=1 

Thiss expression is the central equation for TIS (In Appendix 5,5.3 we show 
howw Eq. 5.17 can also be used to derive an alternative expression for the 
transmissionn coefficient allowing a more efficient computation than Eq. 5.3). 
Insteadd of just calculating the individual terms in the product of Eq. (5.18) 
wee can equivalently determine a continuous crossing probability function 
V(X\X\)V(X\X\) for A between Ai and A#. This is reminiscent of umbrella samp-
lingg where a free energy difference is usually estimated as a function of a 
continuouss parameter A [23], When calculating the ensemble average for 
V{X{\Xi-i)V{X{\Xi-i)  we can also evaluate ^(AlAj-i ) for interfaces A between Aj_i 
andd Ai by dividing the phase space into a finer grid of sub interfaces (see 
Fig.. (5.3)). In this way we acquire useful information without significant 
extraa cost, and, in addition, a measure for the convergence of the ensemble 
averages.. The final monotonically decreasing crossing probability function 
P(A|Ai)) can be obtained by matching the histograms from the different en-
semblee simulations. Techniques commonly applied in umbrella sampling 
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suchh as overlapping windows between two successive ensemble averages 
andd the use of biasing functions can also be employed here. 

5.33 The Transition Interface Sampling Algorith m 

Inspectionn of Eq. (5.18) clearly shows that the TIS rate constant calculation is 
alsoo a two step procedure. The first step, the effective flux {$ AM ) / {hX) c an 

bee computed by simply running a MD simulation starting with a configura-
tionn in A and counting the number of effective crossings. For an interface Ai 
closee enough to stable state A one can obtain a statistically accurate value. 

Thee second part of the calculation consists of evaluating the product of 
thee V{\i+\  |Ai) ensemble averages for the different interfaces Â  in Eq. (5.18). 
Heree we need to sample all paths from region A to either A or Sl\i+l  that 
exhibitt at least one crossing with interface Â . The Monte Carlo moves in TIS 
aree very similar to the shooting move used in the TPS algorithm. The main 
differencee is that the backward and forward integration is abandoned as 
soonn as the edge of either A or Q\i+l  is reached. If the new path is accepted 
theree is only one phase point x along this path for which §AX(X) ^ 0, 
definingg phase space point x$. The shifting moves that were required in 
thee original TPS implementation to enable proper sampling and improve 
statisticall  accuracy are here unnecessary. 

Too bootstrap the sampling procedure we first generate an initial path that 
startss in A, then crosses the interface Aj and finally ends in either A or £l\i+l 

(seee for more details on initial path generation Ref. [165]). The phase space 
pointt XQ is then defined as the first crossing point of this path with interface 
Aj.. Further, let r = int(t/At) be the discrete time slice index, and rb = 
int(tint(tAA(xo)/At)(xo)/At) and T? = in t (^un (xo)/At) the forward and backward 

terminall  time slice indices, respectively. Including XQ, the initial path then 
consistss of AT<°) = rb + T? 4- 1 time slices. With these definitions in mind is 
thee TIS algorithm as follows: 

1.. From the current path with length N  ̂ choose a random time slice r, 
withh -rb <r  < TA 

2.. Change all momenta of xT&t  by adding small random displacements 
6p6p from a Gaussian distribution. Make sure the total momentum is 
conservedd [165] 

3.. In case of a constant energy (NVE) simulation, rescale the new mo-
mentaa to the old energy value and continue with step 4. In case of 
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constantt temperature (NVT) accept the new momenta (else reject the 
wholee TIS move) with a probability [23]: 

min n , « pp ( # £ ( * & ) - £ ( * < & ) ) ) 

Here,, E(x) is the total energy of the system at phase space point x. 

4.. Integrate equations of motion backward in time by reversing the mo-
mentaa at time slice r, until reaching either A or ^A i+1 • Reject in case of 
ft\ft\i+i+ ii  e l s e continue with the next step. 

5.. Integrate from time slice r forward until reaching either A or ft\i+1. 
Rejectt if the entire trial path does not cross interface A ,̂ else continue 
withh the next step. 

6.. Accept the trial path with a probability 

mm m 1, , jVW W 

wheree N  ̂ is the length of the new path. If accepted, replace the old 
pathh with the new one. 

7.. Reassign XQ to be the first crossing point with A j and sample the value 

off h  ̂ >A(xo) to measure ^(Ai+i|Af). 

8.. Repeat from step 1. 

Ass usual in Monte Carlo schemes, any rejection along this route implies 
countingg the old path again in the ensemble average. The acceptance prob
abilitiess at step 3 and step 6 are required to satisfy the detailed balance con
ditionn (see e.g. Ref [23]). 

Insteadd of generating a complete path and then accepting or rejecting 
accordinglyy to the probability at step 6, it is more efficient to determine a 
maximumm path length in advance. Before embarking on the time consuming 
fourthh and fifth step, we first take a uniform random number a between 0 
andd 1 and determine the maximum allowed path length by: 

N$N$axax=mt(NM/a).=mt(NM/a). (5.19) 

Inn this way we can directly stop the integration and reject the TIS move as 

soonn the path length N  ̂ exceeds the maximum N âx. In the course of the 
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TISS simulation the path-length fluctuates. This also means that the average 
pathh length becomes automatically shorter when changing from ensemble 
averagee V(\i+i\Xi)  to ensemble average V(Xi\Xi-i) closer to A. 

Thee algorithm presented here does not require shifting moves because 
theree is only one unique xo phase point along each pathway. However, one 
couldd consider the use of path-reversal moves as they have negligible com-
putationall  cost and can sometimes facilitate ergodic sampling [165]. 

5.44 Numerical Results 

5.4.11 The Model 

Wee tested the TIS algorithm on a simple diatomic bistable molecule im-
mersedd in a fluid of purely repulsive particles. Such a system has previously 
beenn used in illustrating TPS rate constant calculations [163] and is therefore 
aa good starting point for a comparison between the two methods. The sys-
temm consists of N particles in 2 dimensions with interactions given by a pair-
wisee Lennard-Jones (LJ) potential truncated and shifted at the minimum, 
oftenn referred to as the Weeks-Chandler-Andersen (WCA) potential [172] 

VWCA(T)VWCA(T) = 4e[(r/<7)-12 - (r/a)~6]  + e if r < r0 (5.20) 

00 if r > r 0 , (5.21) 

wheree r is the interatomic distance, and ro = 21/6tr. Throughout this section 
reducedd units are used so that e and o, respectively the LJ energy and length 
parameters,, as well as the mass of the particles are equal to unity. The LJ 
unitt of time (mcr2/e)1/2 is therefore also unity. In addition, two of the N 
particless are interacting through a double well potential 

Vdw{r)Vdw{r) = h 
__ (r-r0- w)2 

wwl l 
(5.22) ) 

Thiss function has two rninima separated by a barrier of height h correspon-
dingg to the two stable states of the molecule: a compact state for r = ro and 
extendedd state for r = ro + 2w. For a high enough barrier, transitions be-
tweenn the states become rare and the rate constant is well defined. Hence, 
thisthis system provides a useful test case for the TPS and TIS algorithms. 

Thee system is simulated at a constant energy E in a simulation square 
boxx with periodic boundary conditions. The total linear momentum is con-
servedd and is set zero for all trajectories. The equations of motion are inte-
gratedd using the velocity Verlet algorithm with a time step At — 0.002. As 
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inn Ref. [163] we focus here on the computation of the rate constant for the 
isomerizationn reaction of the dimer from the compact state to the extended 
state.. In the following section we describe general simulation details. In 
sectionn 5.4.3 we discuss the results for a system with a high enough bar-
rierrier to avoid recrossings. Subsequently, we reproduce the simulations from 
Ref.. [163] in section 5.4.4. These results do show recrossings, and we discuss 
thee consequences for TPS and TIS. 

5.4.22 Methodology 

Thee TPS rate constant calculation evaluates the two factors in Eq. (5.6) sepa-
ratelyy as explained in section 5.2.2. The first term in Eq. (5.6) is the ratio be-
tweenn the plateau value of the reactive flux correlation function (KB {T))A,HB{T) 

andd the correction (/ÏB(£'))A,HB0O- The second term C{t') requires an um-
brellaa sampling simulation in the form of a series of window calculations. 
Ann order parameter is chosen to define the characteristic functions of the sta-
blee states and to partition phase space in windows for the umbrella samp-
ling.. Besides shooting and shifting Monte Carlo moves to generate new 
pathss in the transition path sampling we also employ a diffusion move that 
shiftss the path by one time slice in arbitrary direction. This move is compu-
tationallyy very cheap but increases the statistics of the correlation functions. 
Inn all our simulations we therefore set the percentages for shooting, shifting 
andd diffusion to 5%,10% and 85%, respectively. The parameters involved 
aree always gaged such that the acceptance ratio is around 40% for shooting 
andd shifting moves, ensuring an optimum efficiency of the sampling [163]. 

Thee TIS method involves a direct determination of the flux and the cal-
culationn of thee crossing probability functions V(\i\Xi-i) between a series of 
successivee interfaces as given by Eq. (5.18). The flux term in Eq. (5.18) is 
computedd by means of a straightforward MD simulation starting in state A 
andd counting the number of effective positive crossings through interface 
Ai,, i.e. when the trajectory is directly coming from A. The second term in 
Eq.. (5.18) is computed using the TIS algorithm of section 5.3. The basic re-
quirementt is a definition of a set of interfaces partitioning the phase space. 
Betweenn these interfaces we defined a finer grid of sub-interfaces to con-
structt the crossing probability function V(X\Xi). As in the TPS calculation 
wee adjusted the momentum displacement for the shooting move to give an 
acceptancee of about 40%. 

Manyy parameters are involved in the two methods and to compare the 
relativerelative efficiency we measured the CPU-time required for an arbitrary fixed 
errorr of 2.5% for each step in both the TPS and TIS calculations under the 
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samee computational conditions (lGhz AMD Athlon). In both methods the 
finalfinal rate constant consists of a product of factors which have to be calcu-
latedd independently. For each factor we performed M simulation blocks of 
NN Monte Carlo cycles and adjusted N such that after M block averages the 
relativee standard deviation of each term in Eq. (5.4) and (5.13) was 2.5%. The 
totall  CPU-time is given by summing the individual 2.5% error CPU-times 
forr each factor. The final error in the rate constants is obtained by the stan-
dardd propagation rules using all simulation results (i.e. not only the ones 
forr the 2.5% error CPU time calculation). 

5.4.33 System wit h High Energy Barrier 

Thiss system had a total number of particles N = 25, and a total energy 
EE = 25. The square simulation box was adjusted to give a number density 
off  0.7. The barrier height was h = 15 and the width-parameter w = 0.5, so 
thatt the minima of Vdw (r) were located at r ~ 1.12 and r ~ 2.12 while the top 
off  the barrier was at r ~ 1.62. In the TPS rate calculation we defined stable 
statess A and B as r < TA = 1-5 and r > TB = 174, respectively We com-
putedd the correlation function (hB{t))A,HB(T) using TPS with a fixed path 
lengthh T = 2.0. The correlation function is shown in Fig. 5.4 together with 
itss time derivative, the reactive flux. The latter function clearly displays a 
plateau.. Next, we chose four different t' = 0.1,0.3,1.0,2.0 and performed 
umbrellaa sampling simulations using 8 windows to calculate C{i!). In each 
windoww we measured the probability to find the path's end point r(t') at a 
certainn value of r. These probability histograms were rematched and nor-
malized.. The final probability functions are shown in Fig. 5.5. Integration 
off  the area under the histogram belonging to region B leads to C{t') and 
finallyy to the rate constant [163]. In Tab. 5.1 we give the values of the dif-
ferentt contributions to the rate constant given by Eq. 5.6, together with the 
ratee constant. We report the average relative computation time needed to 
reachh the 2.5% error (see section 5.4.2) in Tab. 5.2. 

Forr the TIS calculations we use the same order parameter r and the same 
definitionn for region B, i.e. interface XB is set at r = 1.74. Stable state A was 
definedd by setting A^ = Ai at r = 1.24. This interface is closer to the basin of 
attractionn than the TPS stable state definition but yields a higher flux term 
($A,AI)/CM )) and gives better statistics. Note that the different definition of 
stablee state A does not change the final rate constant, as the overall state A 
doess not sensitively depends on this definition. The flux term is calculated 
byy straightforward NVE MD. As A^ is equal to Ai every positive crossing of 
thiss interface is counted in the flux because all trajectories must by default 
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comee directly from A. The conditional crossing probabilities ^(Aj+ilAi ) in 
Eq.. (5.18) are calculated for n = 5 interfaces between the stable states (see 
Fig.. 5.6). Between these interfaces we impose a finer grid to obtain the 
entiree crossing probability function. The results for each stage and the final 
ratee constant are shown in Tab. 5.1. The rate constants of both methods 
agreee within the statistical accuracy showing that the TIS method is correct. 

Figuree 5.4: TPS correlation function (hB(t))A,HB(T) (top) and its time derivative 
(bottom)) for the system with high energy barrier. The error is comparable to line 
thickness. . 
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Figuree 5.5: TPS probability distributions P(r, t') for four t t11 = 0,1, 0.3,1.0,2.0 for the 
highh energy barrier. The probability P(r, t') is the chance that a path of length t' 
andd starting in A will have the end point conformation with a diatomic distance r. 
Thee graph is the result of the matching of eight window calculations. These eight 
windowss are defined as r < 1.19,1.18 < r < 1.28,1.27 < r < 1.35,1.34 < r < 1.40, 
1.399 < r < 1.47, 1.46 < r < 1.54, 1.53 < r < 1.75, r > 1.74. The errors on the 
histogramm points are within the symbol size. 

Inn Tab. 5.2 we give the relative computation time to reach the 2.5% error for 
eachh term. 

Inn comparing both methods we have to recall that the efficiency of TPS 
dependss strongly on the choice of t'. On the one hand the umbrella calcu-
lationn of C{t') is much faster for low values of t'. But on the other hand the 
errorr in the correction term (/iB(i'))A,HB(T) increases for lower t'. As a result 
theree is an optimum t' for the error/CPU-time ratio, in this case approxi-
matelyy at t' = 0.3. Even for this optimized situation the TIS calculation is 
aboutt two times faster. One could object that the correlation function in Fig. 
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TPS S 

t' t' 

0.1 1 
0.3 3 
1.0 0 
2.0 0 

TIS S 

(h(hBB(T))(T))AAB B 
{hB(t'))AB {hB(t'))AB 

0 0 
3 3 
5 5 
2 2 

(*AM)/(h(*AM)/(h AA) ) 
5 5 

C(i ') /10-13 3 

1 1 
2 2 

3 3 
9 9 

V(XV(XBB\Xi)/lO-\Xi)/lO-yó yó 

1 1 

kA->B/10~kA->B/10~13 13 

5 5 
1 1 
4 4 
5 5 

kkAÂ B̂B/io-/io-10 10 

2 2 

Tablee 5.1: Comparison of rate constants for the high energy barrier, computed with 
TPSS at different £' and TIS. Contributing factors from Eq. (5.6) and Eq. (5.18) are also 
given. . 

5.44 has reached a plateau for t = 1.5 already, reducing the TPS computation 
timee by a factor 3/4. But the choice for a path length T = 1.5 cannot be taken 
withoutt a-priori knowledge. The first term in Eq. (5.6) implicitl y depends 
onn the path length T. Changing T would alter the ensemble and might re-
sultt in a different shape of the flux correlation function. We did not check 
thiss in detail, but we believe that T cannot be chosen much smaller with-
outt introducing systematic errors. Furthermore, we emphasize here that we 

TPS S 

t' t' 

0.1 1 
0.3 3 
1.0 0 
2.0 0 

TIS S 

(h(hBB(T))(T))AB AB 

{h{hBB{t'))AB {t'))AB 
11.0 0 
0.2 2 
0.1 1 
0.1 1 

Wl l 

0.01 1 
0.01 1 
1.7 7 
0.03 3 

W2 2 

0.05 5 
0.14 4 
1.7 7 
1.8 8 

W3 3 

0.1 1 
0.28 8 
0.9 9 
4.5 5 

W4 4 
0.04 4 
0.13 3 
0.6 6 
4.4 4 

W5 5 
0.23 3 
0.58 8 
3.0 0 
15.3 3 

W6 6 
0.27 7 
0.43 3 
2.6 6 
8.0 0 

W7 7 

1.3 3 
0.19 9 
6.4 4 
20.3 3 

W8 8 

0.01 1 
0.02 2 
0.2 2 
0.6 6 

Total l 

13.01 1 
1.98 8 
17.2 2 
55.03 3 

( ^ A , A I ) / ( ^ )) IntAi IntA2 Int A3 Int A4 IntAs Total time 
0.077 0.265 0.09 0.15 0.21 0.215 1 

Tablee 5.2: Comparison of CPU-times required for the 2.5% error at each stage for 
thee system with high energy barrier. The times are renormalized to the TIS total 
computationn time. Wl to W8 denote the different windows used in the calculation, 
Intt Ai to Int A5 denote the interface ensemble calculations. 
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Figuree 5.6: TIS crossing probability V(\\\i) = (An^)*^* , as function of A = r 
forr the system with a high energy barrier. The function is computed by matching 
thee five interface ensemble calculations. These interfaces were chosen at: Ai = 
1.24,, A2 = 1.34, A3 = 1.40, A4 = 1.46 and A5 = 1.52. The error on the points is 
withinn symbol size. The inset is an enlargement in linear scale of the last part of the 
function.. We clearly detect a horizontal plateau when approaching As. 

putt much more effort in optimizing the TPS algorithm by tuning t', the win-
dows,, the ratio between shooting, shifting and diffusion moves than we did 
forr TIS. 

Figuree 5.7 shows the histograms of path lengths for each TIS ensemble 
calculationn and shows why TIS is faster. Sampling paths of fixed length 
withh TPS results in spending unnecessary computation time inside the ini-
tiall  and final stable regions A and B. In the TIS algorithm instead every path 
iss adapted to its minimum length. Bringing the interface in closer to A re-
ducess these transition times. TIS optimizes itself during the simulation. 
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Figuree 5.7: Histograms P(L) of path length L for each ensemble, computed for the 
systemm with the high energy barrier. Inset (a) is an enlargement of the bottom left 
area,, where windows 2,3,4 display a second peak. They represent that small frac-
tionn of paths that are able to cross all the interfaces up to the rightmost interface and 
doo not have to return to A (cf. the trajectories with the white circle in Fig.3). Inset 
(b):: average path length in each window. At variance with TPS the TIS algorithm 
adaptss the path length to the ensemble. In going from interface 5 to interface 1 one 
getss closer to state A and the path length shortens accordingly. 

5.4.44 System wit h Low Energy Barrier 

Inn order to compare with previous results, we adopted the parameters from 
Ref.. [163]. The total number of particles was N = 9, the total energy was 
EE = 9 and the square simulation box was adjusted for a number density 
off  0.6. The barrier height is h — 6 and the width-parameter is w = 0.25. 
Minimaa are at r ~ 1.12 and r ~ 1.62, while the top of the barrier is at 
rr ~ 1.37. This barrier is much lower than in the previous section resulting 
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inn more frequent transitions. An approximate rate constant could even be 
achievedd by straightforward MD simulations. 

Forr the TPS calculations we defined the stable states A and B by r < 
TATA = 1-30 and r > r# = 1-45, respectively [163]. Using standard TPS si-
mulationn we computed the correlation function (&#{*)) A,HB(T) with a total 
pathh length T = 2 (shown in Fig. 5.8). Next, we measured the probability 

Figuree 5.8: TPS correlation function {h,B(t))A,HB(T) (top) and its time derivative 
(bottom)) for the system with low energy barrier. The error is comparable to line 
thickness. . 
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histogramss to find the paths end point at a certain order parameter value r 
forr four different times t' = 0.1,0.4,0.8,2.0, using five windows [163] (see 
Fig.. 5.9). As described in the previous section, matching the probability his-

ii  ' 1 1 r 

11 1.2 1.4 1.6 1.8 
r r 

Figuree 5.9: TPS probability distributions P(r, t') for four f = 0.1,0.4,0.8,2.0 for the 
systemm with low energy barrier P(r, t') as in Fig. 5.5. The graph is the result of the 
matchingg of five window calculations. These five window calculations are denned 
ass r < 1.22, 1.21 < r < 1.26, 1.25 < r < 1.30, 1.29 < r < 1.46, r > 1.45 The errors 
onn the histogram points are within the symbol size. 

togramss and subsequent integration leads to C(t'). The resulting final rate 
constants,, shown in Tab. 5.3, are comparable with the results of Ref. [163], 
butt more accurate. We wil l discuss these values after giving the results of 
TIS. . 

Fig.. 5.10 shows that fast recrossings can occur for a low barrier, implying 
thatt r alone is not sufficient as an order parameter to define the stable states 
inn the simulations. Apparently, this does not effect the TPS results much, 
butt it is very important for TIS because of the assumption that stable region 

10 0 

 KT5 

-in n 
-10 0 
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TPS S 

t' t' 
0.1 1 
0.4 4 
0.8 8 
2.0 0 

TIS S 

(hBWYlAB (hBWYlAB 

2 2 
7 7 
3 3 
1 1 

(*A,X(*A,X }}) ) 

3 3 

C{t')/1Q-C{t')/1Q-5 5 

7 7 
1 1 
5 5 

2 2 

2 2 

kkAÂ B̂B/io-/io-5 5 

4 4 
3 3 
7 7 
9 9 

kkAÂ B̂B/lO-/lO-5 5 

6 6 

Tablee 5.3: Comparison of rate constants for the low energy barrier computed with 
TPSS at different t' and with TIS, including the contributing factors from Eq. (5.6) 
andd Eq. (5.18), respectively. Computation times are reported in units of the TIS 
CPU-time. . 

BB is really stable and recrossings do not take place. To ensure the stability of 
thee TIS stable states we chose a new order parameter that not only depends 
onn the inter-atomic distance r in the dimer but also on a kinetic term, given 
byy r. The stable states can then be defined by 

EEdd(r,r)(r,r)  = - + Vdw{r) 

xx e Atir < 1.37 and Ed(r,r) < 1.5 
xeBiirxeBiir > 1.37 andEd(r,r ) < 1.5, (5.23) ) 

wheree Ed is the sum of the kinetic and potential energy of the dimer that has 
aa reduced mass of 1/2. In the {r,r}  plane these stable states form a D-shape 
andd an inverse D-shape regions for A and B respectively (see Fig. 5.11). 
Crossingg the interface A^ or A# implies that the vibrational energy is de-
creasedd below the threshold, Ed = 1.5. This threshold is made low enough 
too make fast recrossings to the other state unlikely. However, if we would 
havee chosen it too low the paths would have become very long. We eva-
luatedd the crossing probability function in Eq. (5.18) f or n = 3 interfaces. 
Thee entire crossing probability function was obtained by partitioning the 
phasee space in sub-interfaces of the form r = A and Ed(r,r)  = A as shown 
inn Fig. 5.11. Note that in TIS multidimensional or multiple order parame-
terss can be used in one simulation without a problem. This is more difficult 
inn TPS, where a proper mapping of the complete phase space is required. 
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Figuree 5.10: Intra-molecular distance of the dimer as function of time from a 
straightforwardd MD simulation for the system with the low energy barrier. Hori-
zontall  dashed line at 1.37 corresponds to the top of the potential barrier. Horizontal 
dashedd lines at 1.3 and 1.45 correspond to the TPS state definitions of Ref. [163]. In-
setss are enlargements of four typical events on a scale of 10. 1) and 4) correspond to 
truee reactive events, A -> B and B -» A respectively while 2) and 3) are non-true, 
fastt recrossing events. In particular, event 3) shows capricious behavior with many 
crossingss of the barrier. The figure shows a clear separation of timescales, £moj ~ 1 
andd £rxn ~ 1000. 

Fig.. 5.12 shows the final rematched crossing probability. The monotonically 
decreasingg function tends to reach a plateau on approaching the last inter-
face.. The last two values are not exactly equal but differ by 0.03%, indicating 
thatt a small fraction of the paths crossing the one but last sub-interface still 
succeedd to return to A without crossing A#. This difference is comparable 
withh the chance of a new independent transition (given by the rate con-
stant).. Note that without the kinetic energy definition for the stable states 
Eq.. (5.23), the final crossing probability and thus the rate constant would 
havee been overestimated by a factor 5/4. 
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Figuree 5.11: One calculated path of the low energy barrier system shown in the 
{r,r}{r,r}  plane. The vertical solid lines are the interface Ai,A2 and A3. The curves A^ 
andd XB are the boundaries of the TIS stable states. The dashed lines are the sub-
interfaces.. The path starts at the dot on XA and crosses the barrier three times before 
dissipatingg its energy and relaxing into state B. 

Forr the effective flux ($A,AI  ) / (hji)  calculation we performed MD simu-
lationss as described in section 5.4.2. In contrast to the high barrier case, Ai is 
nott equal A^, and not all positive crossings with Ai are effective crossings. 
Wee counted only the first crossing when the system left region A and waited 
untill  the system fell back to region A before counting a new crossing. As the 
MDD trajectory sometimes displayed a spontaneous transition to region B, 
wee stopped the simulation and started again by replacing the system in a 
randomizedd configuration of A. Tab. 5.3 shows the final values and the cor-
respondingg errors of these calculations. The relative computation time for 
eachh term is detailed in Tab. 5.4. 

Iff  we compare the final results of Tab. 5.3 we see that the efficiency of TIS 
iss more than nine times better than the TPS efficiency for t' = 2, and more 
thann two times better than TPS value for t' = 0.8. But the TPS t' = 0.1 and 
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Figuree 5.12: The crossing probability "P(A|Ai) for the system with the low energy 
barrier.. The function is computed by matching ensemble calculations with inter-
facess Ai at r = 1.20, A2 at r = 1.26 and A3 at r = 1.32. The inset is an enlargement 
off  the final part. The function is converging to a plateau but has not yet reached it. 
Thee different values of the last points are due to the presence of fast recrossings.The 
errorr is inside the symbol size. 

t't' = 0.4 efficiencies are about 20 % better than TIS. When we compare the 
ratee constants, however, we notice that the TPS results for different t' do not 
agree.. Among the TPS rate constants only the t' = 2 case is consistent with 
thee TIS result. We believe that the t' = 0.1 and t' = 0.4 results suffer from 
systematicc errors. For instance, for the shorter paths the TPS simulations 
mightt not be completely ergodic. Another explanation might be that a path 
lengthh of T = 2 is too short to allow convergence of the reactive flux. In the 
TISS calculation the average path length in the three interface simulations, 
fromm the closest to B to the closest to A, is, respectively, 7.4, 4.3, and 0.63; 
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TPS S 

a a 
0.1 1 
0.4 4 
0.8 8 
2.0 0 

{h{hBB{T))AB {T))AB 
{h{hBB{t'))AB {t'))AB 

0.68 8 
0.4 4 
0.28 8 
0.35 5 
TIS S 

Wl l 
0.03 3 
0.09 9 
0.21 1 
0.28 8 

W2 2 
0.009 9 
0.03 3 
0.07 7 
0.38 8 

W3 3 
0.01 1 
0.04 4 
0.11 1 
0.93 3 

W4 4 
0.1 1 
0.25 5 
1.5 5 
7.27 7 

W5 5 
0.001 1 
0.01 1 
0.04 4 
0.14 4 

Total l 
0.83 3 
0.82 2 
2.21 1 
9.35 5 

^ L ZZ intAi IntA2 IntA3 Total 
O.olss 0.085 0.45 0.45 1 

Tablee 5.4: Comparison of CPU-times required for the 2.5% error at each stage for 
thee system with the low energy barrier. The times are renormalized to the TIS total 
computationn time. 

muchh longer than the TPS path length (see Fig.5.13). It is therefore surpri-
singg that the TPS approach with the simple stable state definition and very 
shortt paths still gives approximately the right rate constant. And indeed, 
whenn we computed the TPS correlation function with the TIS state defini-
tionstions Eq. (5.23), we found that the path length had to be at least T = 20 to see 
aa plateau. We think that TPS works even with the simple state definitions 
andd the short paths because both positive flux and negative flux terms con-
tributee to Eq. (5.6). The TPS algorithm collects many paths of which some 
aree not real transitions, but fast recrossings. The cancellation of positive and 
negativee terms of these fast recrossing paths ensure the (almost) correct fi-
nall  outcome. In TIS each path must be true transition event and contributes 
ass a positive term in rate equation (5.18), enhancing the convergence. This 
explainss that the CPU time for the TIS calculation despite the much longer 
pathss is still comparable with TPS one for low t'. We note that the path en-
semblee using the more strict stable state definition is of course more useful 
inn the analysis of the reaction mechanism. 

Forr a more accurate comparison of the computation time we must keep 
thee systematic errors lower than the statistical errors. In other words, we 
havee to make sure that the results are converged. To test the convergence 
off  the flux correlation function in TPS we can derive the following equality 
fromm Eq. (5.6): 

(h(hBB(t'))(t'))AA,H,HBBmm c(<) 
(h(hBB(t"))A,H(t"))A,HBBmm c(t"Y v • 
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Figuree 5.13: Path length distribution P{L) for each interface ensemble in the low 
energyy barrier system The inset shows the average path length in each ensemble. 

Thiss equation is valid for any t', t" < T if T is large enough. We found that 
thee equality does not hold for the system with the low barrier, indicating 
thatt T is too low in the TPS calculation. Further examination of the flux 
correlationn function (hB{t'))A,HB(T) reveals that the apparent plateau has in 
factt a small positive slope. Calculations for higher values of T suggest that 
onee has to increase the path length at least to T = 8 to convergence to a 
plateau.. With this in mind we think that the TIS computation is about a 
factorr five more efficient than the TPS algorithm for the model system with 
thee low barrier. 
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5.55 Conclusion 

Wee developed a novel method, named transition interface sampling, for the 
calculationn of rate constants based on transition path sampling concepts. 
Justt as the original transition path sampling, the new method enables the 
calculationn of rate constants of transitions between stable states separated 
byy high free energy barriers without prior knowledge of the reaction co-
ordinate.. The new algorithm is different in spirit from the rate constant 
calculationn that was introduced in Refs [162,163]. In TPS the time corre-
lationn function {hA{xo)hB(xt))/(hA) is determined for a single time using 
ann umbrella sampling scheme followed by a calculation of the reactive flux 
prefactorr in a separate path sampling simulation. The path length used in 
thiss simulation has to be long enough for the plateau to be reached. The TIS 
methodd advocated here calculates the flux correlation directly by measur-
ingg the fluxes through a number of different interfaces and relating the flux 
throughh one interface to the next one. The big advantage of a flux instead 
off  a correlation function is that trajectories going through the interfaces all 
contributee to the rate whereas in TPS there are recrossings to be counted. In 
addition,, the new method improves the original TPS method on a several 
otherr points. Once the interface is reached, the integration of motion can 
bee stopped instead of going all the way to region B. In this way the TIS 
algorithmm adapts itself to the optimal path length. One does not have to 
optimizee the new method as much as TPS, where one has to find the opti-
mall  if value and a proper balance between shooting and shifting. Besides 
beingg faster, the concept of calculating a flux comes natural with the rate 
constantt definition, and implementation of the algorithm is hence simpler. 
Also,, multidimensional or even discrete order parameters can easily be im-
plementedd in TIS. In the illustrative example we showed that we can obtain 
ann increase in efficiency of at least a factor of two to five with respect to the 
TPSS method used in Ref. [163]. 

However,, one has to be more careful in the definitions of the stable states, 
meaningg that stable states have to be really stable. In TPS the choice of stable 
statess is a bit more flexible as the final rate constant consists of cancellation of 
positivee and negative terms. In section 5.4.4 we showed how this problem 
forr TIS can be solved by defining stable regions that explicitly depend on 
kineticc energy terms. 

Inn summary, we believe that the TIS algorithm can make the rate con-
stantt calculation of many processes feasible that were hitherto difficult to 
obtain.. For instance, chemical reactions in solution, isomerization of clus-
terss and conformational transitions in biomolecules. In a future publication 
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wee wil l report on these, more complex, applications. 

5.5.11 Appendix A: Proof of Flux Equivalence 

Heree we prove that l im A M 0 ië6>(A*  " A)0(A(At) - **)  = 'xsix ~ A*)0(A) by 
showingg that 

limm -L [d\ [dX0(X* - X)0{X(At) - A*)o(A, A) = 
At^OAt^O At J J 

fdXfdX fdX X5{X - \*)0(\)a(\, A) (5.25) 

forr any arbitrary function a(A,A). Here we used the short hand notation 
AA = X{x0), A = X(xo), and X(At) = X(XAI)-

Inn first order of At we can write 

0(A**  - X)0(X(At) - A*) = 0(A*  - A)<9(A + AtX - A*) , (5.26) 

whichh is only non-zero for A > 0 and A* - A*A < A < A*. Thus, we can 
rewritee the first part of Eq. 5.25 as: 

limm -L Jo00 dA f dAa(A,A) = 
At^oAtAt^oAt Jo A*-AeA 

At->00 At J0 J\*-At\ I V ' ' ^ m!!  dXm 

m=l m=l 

X=X* X=X* 

==  J0°° dAa(A*,A)A + ö(A* ) = JdX f dXX5{X - X*)0{X)a{X, X) 

(5.27) ) 

Inn the second line, we have used an infinite Taylor expansion and in the last 
linee we have dropped all terms of order ö(At) and higher. The equality 
derivedd here justifies the change between ^#(A* - A)0(A(A£) - A*) and 
X6{XX6{X - A*)0(A) , which is used in Eqs. 5.1 and 5.14. 

5.5.22 Appendix B: Flux Relation 

Inn this appendix we show how the effective flux ®A,\i c an he related to the 
effectivee flux ®A,\i-i through an interface Aj_i closer to A. If at time t = 0 
aa trajectory passes interface Xi while having started in A some time earlier, 
theree must always be an unique time when it passed interface Aj_i for the 
firstt time. Therefore we can write: 

*A,A<< M = ^A,X, (*o) / ' dt ÏA^iX-t) (5.28) 
Jo Jo 
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andd hence, 

JJQQ
0000dt^dt^AtXiAtXi__ll(x.t)^A,x(x.t)^A,x ii(xo)e(t(xo)e(tbb

AuilXiAuilXi (xo)(xo) -1)) 

== yo d*  {^x^M^A^MOit^ixt) - t)) 

== (QA^W J™ dt$A,Xi(xt)e(tbA[jnXi(xt) - t)} 

== {^A,X i^0)jQ
 K dt$A,Xi(xt)) 

== (QA^-AXOM^XO)) . (5.29) 

Thee one but last equation follows because for each phase point x and phase 

spacee region Q it can be shown that t > t^x) =» ̂ (/(x^t))  <t=> olt^ifix^t))-

tt J = 0. We rewrite the last expression of Eq. (5.29) as a different ensemble 

average: : 

{^AX^Mhd^Axo)){^AX^Mhd^Axo))  = 

( * ^ - i ( *0 )S& A i ,A ( *0 ) )) ._ , u 
==  <*^(*o)> X<*^^) > 

==  (hLj^)* x
 (QA^^M) , (530) 

wheree (...) $A denotes the ensemble average over all phase points x o for 

whichh $A,Xi-i (%o) ¥" 0- The last equality gives rise to Eq. (5.17). 

5.5.33 Appendix C: Alternativ e Transmission Coefficient 

Forr some systems, the free energy calculation combined with the calculation 
off  a transmission coefficient wil l be more efficient than path sampling. For 
instance,, if one wants to know the free energy profile as function of a cer-
tainn reaction coordinate, it is more efficient to use this information instead of 
calculatingg the crossing probability function, which would require a compa-
rablee additional computational effort. Of course, an accurate rate constant 
cann only be obtained for systems for which the transmission coefficient is 
nott too small. Else, the free energy approach wil l fail and the path sampling 
techniquee is required. 
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Iff  one uses the free energy calculation in combination with a transmis-
sionn coefficient, then usually the free energy calculation is the computatio-
nallyy most expensive part. However, if the barrier crossings are diffusive 
withh many recrossings of the transition dividing surface, then the Bennet-
Chandlerr expression of the transmission coefficient (5.3) can be very inef-
ficient.ficient. For those cases, Ruiz-Montero et al. [173] designed an alternative 
transmissionn expression to improve the efficiency. 

Thee effective positive flux formalism derived in this chapter, allows also 
ann alternative expression for the transmission coefficient. Starting with Eq. 
5.166 and with the use of Eq. 5.29 we can write: 

ABAB~~ (hA) ~ (hA) ~ 

(h(hAA)) ~ (S(x-\')) x 

(ff  (A - A')) (0(A*  - A)) (A(J(A - A")g(A)) _ 

(A<5(AA  - A*)0(A)) X <M  X (<?(**  - A)) 

{{hhW„-W„- 66MM khkhL,*}L,*} xx.. „  <0(A« - A)) x ^ | r  ( 531) 

(A*(A) V V Cu> > 

Heree we have used Eqs. (5.15) and (5.25) in the second line and the 
substitutionn of the TST rate constant (5.1) in the last line. Using the fact that 
(0(X*(0(X* — A)}  « (h^) we can write for the transmission coefficient: 

(h(hbb
AAnn 6(\)\hf

n ) 

(X0(X))^ (X0(X))^ 

Thiss expression is more efficient than Eq. (5.3) as it only exists of positive 
termss and therefore enhances the convergence. It also limits the number of 
acquiredd integration steps. The calculation is performed by taking a set of 
independentt configurations with A = A* obtained from the free energy cal-
culation.. For each configuration, we consider a set of random velocities of 
alll  particles in the system taken from the appropriate Maxwell-Boltzmann 
distributionn for constant temperature NVT or constant energy NVE. Then, 
onlyy if A > 0 we start integrating the equations of motion backward in time. 
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Now,, if the crossing is diffusive, there is big change that this backward in-
tegrationn wil l rapidly cross A*. As for that case hb

A n m = 0, we can directly 
stopp the integration. This decreases strongly the total number of integration 
stepss compared to Eq. (5.3), where we need to perform the integration til l 
reachingg either reactant or product side for both A > 0 as A < 0. Besides, if 
thee backward integration does end up in A without recrossing A*, then this 
trajectoryy is likely to have a high kinetic energy and thus also the forward 
integrationn wil l probably not be trapped on the barrier. It would therefore be 
interestingg to compare this method with that of Ref. [173] that was precisely 
designedd for diffusive barrier problems. 





Chapterr  6 

Non-Catalyzedd Hydration of Ethylene 
AA Combination of Born-Oppenheimer  Dynamics and 

\ \ 
Transitionn Interface Sampling 

Wee applied the new method of transition interface sampling in combina-
tionn with Born-Oppenheimer dynamics on the direct gas-phase hydration 
off  ethylene. This method is an improvement of the original transition path 
sampling,, that is designed for the calculation of rate constants for systems 
forr which transition state theory does not work. The direct hydration of 
ethylenee implies the breaking of the ethylene double bond and the water 
OHH bond making the reaction barrier high. The sampled paths show very 
differentt behavior and seldomly cross the barrier via the saddle point of the 
potentiall  energy surface. 

6.11 Introductio n 

Thee direct hydration /dehydration reaction between ethylene and ethanol 
withoutt a catalyst can occur under extreme conditions. Experimental mea-
surementss and theoretical calculations show that ethanol dehydrates into 
ethylenee and water, when it is strongly chemically activated [118,119] or vi-
brationall  excited by a laser [120,121,123]. Park et al have calculated rate 
constantss in the temperature range of 700-2500 K by very accurate ab initio 
methodss within the context of transition state theory [122]. However, if the 

lrrhiss chapter is based on work in progress, to be published as a letter: Titus S. van 
Erp,, Evert Jan Meijer, "Non-Catalyzed Hydration of Ethylene. A Combination of Born-
Oppenheimerr Dynamics and Transition Interface Sampling" 
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systemm has many saddle points and temperatures are high, it is very uncer-
tainn that the transition state theory is accurate. To overcome these problems 
Chandlerr and co-workers proposed the transition path sampling method 
(TPS)) [164]. Transition interface sampling (TIS) improves strongly the effi-
ciencyy of TPS and it is conceptually more transparent as it needs only one 
typee of Monte-Carlo (MC) move [174]. The TPS method uses two types of 
MCC moves, the shooting and shifting move. The TIS method uses only an 
adaptedd shooting moves at which the path length is variable. This allows 
too reduce the number of integration steps to the strict minimum. Shifting 
movess are redundant in the TIS sampling method. Besides a more effi-
cientt calculation of the rate constant, the analysis of the sampled paths of 
thee TIS algorithm, yields more useful information about the reaction me-
chanismm than TPS [174]. Geissler et al successfully applied the path samp-
lingg technique in combination with the Car-Parrinello (CP) method for the 
protonn transfer in a small water cluster [141] and for the autoionization in 
liquidd water [142]. With the same techniques, Ensing and Baerends have 
studiedd reaction paths for the chemical reaction between iron(II) and hydro-
genn peroxide in aqueous solution [175], Here we apply the TIS sampling 
techniquee to the hydration reaction of ethylene in combination with Born-
Oppenheimerr Molecular Dynamics (MD). 

6.22 Theory and Methods 

Thee basic concept of TIS theory is that besides stable definitions for A and 
BB also overall states A and B are introduced as indication of the reactant 
andd product state. A particle is no longer assigned to one state on basis of 
itss instantaneous position, but on its position in the past. Using these state 
definitionss the TIS rate constant no longer depends on time. This means in 
practicee that the path length of the sampled paths can be limited to the strict 
minimum.. The TIS expression for the rate constant is: 

(MO)MQ) )) <«^) ... , 
kABkAB ~ VÏÏ  "  1M~ i=1 W"*/*^  ( ] 

Thee last part of Eq. 6.1 allows the computational calculation for rare events 
inn a similar way as in umbrella sampling. The expression consists of the 
fluxx ($A,\O) I ( 'M)

 o ut °f stable region A times the product of the condi-
tionall  probabilities yi{i  &)  • These are the probabilities for a particle 

comingg from A to cross interface A; given that it has crossed interface A»_i 
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Figuree 6.1: Left:illustration of the two order parameters OC and OH. Right:all 89 
sampledd paths projected in the OC-OH square. Ai is the interface, Ao and A2 are 
thee boundaries of stable state A: (ethylene+water) and B: (ethanol) respectively. 
Thee large black dot at the corner of interface Ai is the true transition state, the 
smalll  black dots represents the highest potential energy points (the barrier crossing 
points)) for these paths. 

before.. We calculated this conditional probability for one interface between 
thee stable states. The definitions of the stable states and interface, depending 
onn two order parameters (the distances O-C and O-H), are given in Fig. 6.1. 

Ass the dynamics involves large fluctuations in the electron density due 
too the bond breaking and forming, we used the BO dynamics method of 
thee CPMD package [35]. We did not use the 'on the fly ' Car-Parrinello (CP) 
algorithm,, that was not stable under these conditions. The time step was 
0.733 fs and after each 5 time steps the algorithm checked if the system has 
reachedd either A or B. Each path was accepted according to the Metropo-
li ss MC algorithm. Temperature of the Boltzman-weights was 1000 K. After 
eachh shooting move we continued the BO dynamics at a constant energy 
alongg the path. 

6.33 Results and Conclusion 

Fromm a total of 387 shooting moves we collected 89 different paths with the 
conditionn of starting in A and crossing the interface Ai at least once. We 
foundd a value 82 % for the conditional probability to reach B. In Fig. 6.1 
thesee 89 paths are projected in the {O-C, O-H}  plane. The small dots indicate 
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Figuree 6.2: Four very different pathways taken from Fig. 6.1. The small dots are 
thee same as in Fig. 6.1. The large dot indicates the highest potential energy point 
off  the given path. The potential and kinetic energy at this barrier crossing point are 
alsoo given for these four paths. 

thee potential maximum barrier height for each path (for a better view see 
Figg 6.2 where these points are also depicted). As we see, most path cross 
thee barrier at a point not closely to the transition state (the large dot at the 
cornerr of the interface Ai), that is the saddle point (60.1 kcal/mol). Fig. 6.2 
showss four typical, but very different pathways from Fig. 6.1. The big dot 
indicatess the point of barrier crossing of the corresponding path. The barrier 
heightt and the kinetic energy at this point are also given in Fig. 6.2. 

Additionall  interface ensemble calculations with interfaces closer to re-
gionn A are needed complete the rate constant calculation with the TIS me-
thod.. However, we can already draw the conclusion that the pathways of 
thiss system and with this temperature have very different character and sel-
domlyy reaches their highest potential energy close to the transition state. 
Thiss implies that rate constants are not reliable when calculated within the 
contextt of transition state theory. 
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Samenvatting g 

Ditt proefschrift gaat enerzijds over het bestuderen van chemische reacties 
viaa computer simulaties en anderzijds draagt het ook bij aan het verbeteren 
vann deze methodes. Het probleem van computer simulaties is dat deze 
overr het algemeen 'duur' zijn. Hiermee wordt bedoeld dat de berekenin-
genn zeer lange rekentijden in beslag kunnen nemen. Zelfs op supercomput-
erss kan een naïeve implementatie van een scheikundige berekening jaren 
rekentijdd vergen. Dit is zeker het geval voor zogenaamde ab initio simu-
laties,, waarbij de krachten op iedere tijdstap via een quantum mechanische 
berekeningg worden verkregen. Ab initio moleculaire dynamica (MD) onder-
scheidtt zich hiermee van de standaard force-field MD simulaties, waarin de 
krachtenn op de nuclei of op de moleculen worden berekend via een em-
pirischee potentiaal. Dit is gewoonlijk een functie van de relatieve afstanden 
enn oriëntatie tussen atomen en moleculen. Er wordt hierbij vanuit gegaan 
datt de kracht op een deeltje (een atoom of een molecule) beschreven kan 
wordenn als de som van alle paar-interacties tussen dit deeltje en de an-
deree naburige deeltjes in het systeem. Deze force-fields worden gewoonlijk 
gevondenn door een standaard-functie te gebruiken met een paar vrije vari-
abelenn die dan weer gefit kunnen worden aan experimentele data of aan de 
uitkomstenn van theoretische berekeningen aan kleine moleculaire clusters. 
Nadatt deze empirische potentialen zijn ontwikkeld, worden alle krachten 
inn het systeem volledig gedetermineerd door de posities van de atomen en 
moleculen.. Dit heeft het voordeel dat, als deze empirische potentialen een-
maall  bekend zijn, er geen tijdrovende quantum mechanische berekeningen 
meerr hoeven worden uitgevoerd. De aanname dat de kracht afgeleid kan 
wordenn uit de onderlinge positie binnen paren van deeltjes, leidt meestal 
tott een vrij nauwkeurig resultaat. Er zijn echter situaties waarin dit minder 
hett geval is. Zo kan de onderlinge kracht tussen twee watermoleculen sterk 
beïnvloedd worden door de aanwezigheid van een derde watermolecule. Een 
nauwkeurigee beschrijving van water vereist derhalve ook complexere force-
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fields,fields, zoals polarizable force-fields en three-body potentials of zelfs four - body 
potentials.potentials. Ab initio methoden rekenen de krachten direct goed uit doordat 
zee gebaseerd zijn op een volledige berekening van de elektronenstructuur. 
Err moet echter wel een prijs voor betaald worden, aangezien ab initio MD 
aanzienlijkk duurder is dan force-field MD. Echter, als men het proces van een 
chemischee reactie wil bestuderen, is ab initio MD bijna altijd noodzakelijk, 
omdatt force-field MD hier meestal volledig faalt. Bij het vormen en breken 
vann chemische bindingen vinden er namelijk grote en plotselinge veran-
deringenn plaats in de elektronische structuur. Men kan derhalve onmogelijk 
aa priori voorspellen hoe de krachten tussen ionen veranderen gedurende 
ditt proces. Dit maakt het ontwerpen van accurate empirische potentialen, 
diee ook werken tijdens de daadwerkelijke scheikundige transformatie, een 
haastt onmogelijke taak. Daarnaast is de informatie over de elektronische 
toestandd ook zeer welkom, aangezien het zeer veel inzicht verschaft in het 
ontstaann van moleculaire bindingen. Tot voor kort was het echter niet goed 
mogelijkk complexe systemen aan te pakken met ab initio methoden vanwege 
tee grote computationele kosten. Alleen berekeningen aan reacties met een 
kleinn aantal moleculen in de gasfase behoorden daardoor tot de mogelijk-
heden.. De meeste chemische reacties, in de industrie, in de natuur en in 
laboratoriumexperimenten,, vinden echter niet plaats in de gasfase, maar in 
eenn oplosmiddel, zoals bijvoorbeeld water. Het is een bekend gegeven dat 
chemischee reacties geheel anders kunnen verlopen in oplossing dan in de 
gasfase,, maar voor een goede beschrijving van bijvoorbeeld vloeibaar wa-
terr zijn op zijn minst zo'n twintigtal watermoleculen vereist, hetgeen een 
zeerr zware berekening vergt. In 1985 kwam echter een doorbraak. Car en 
Parrinelloo bedachten een nieuw algoritme dat deze ab initio berekeningen 
velee malen deed versnellen. Dit bracht de mogelijkheid om veel grotere 
systemenn te bestuderen, waarin veel meer deeltjes interageren. De huidige 
techniekk is in staat om de dynamica van systemen met ongeveer 30 wa-
termoleculenn te simuleren over een tijdspanne van zo'n tien pico (=10-12) 
seconden.. Dit is net genoeg om chemische reacties in water goed te kunnen 
bestuderen. . 

Dee hoofdvraag van het proefschrift was dan ook het onderzoeken van 
hett effect van water als oplosmiddel op het chemische proces en in het bij-
zonderr op chemische processen met alcoholen. Water heeft een zeer unieke 
structuurr doordat het waterstofbruggen kan vormen. Het verkrijgt daar-
doorr een structuur die sterk doet denken aan een kristal. Het is een soort 
vann tetraëdrische netwerk waarbij ieder watermolecule gemiddeld met vier 
anderr watermoleculen verbonden is via een waterstofbrug. Alcohol heeft 
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dezelfdee eigenschap als water, aangezien het een hydroxylgroep heeft, waar-
doorr het ook in staat is om waterstofbruggen te vormen. Dit maakt dat de 
kleinee alcoholen uitstekend oplosbaar zijn in water. Naast de hydroxylgroep 
bestaann alcoholen echter nog uit een zogenaamde alkylgroep, die minder 
interactiee heeft met water en daarom ook wel hydrophoob genoemd wordt. 
Doorr deze tegenstrijdige haat-liefde verhouding tussen alcohol en water, 
hebbenn mengsels tussen alcoholen en water een grote wetenschappelijke 
belangstellingg verkregen. Naar gelang de alcoholconcentratie en het type 
alcohol,, bestaat er een grote verscheidenheid aan moleculaire structuren. In 
onss onderzoek hebben we gekeken naar zeer verdunde oplossingen van al-
coholen,, waarbij een enkel alcohol wordt omgeven door een zogenaamde 
oplosschill  van watermoleculen. De structuur van de eerste oplosschil van 
watermoleculenn rondom het alcohol is van cruciaal belang voor het bestud-
erenn van chemische reacties. Het initiëren van een reactie vereist namelijk 
vaakk een gehele herordening van de watermoleculen in deze oplosschil. 

Inn hoofdstuk 2 hebben we de structuur en de dynamica van deze oplo-
seigenschappenn voor het kleinste alcohol, het methanol molecule, bestudeerd. 
Uitt onze bevindingen blijk t dat het methanol molecule niet is staatt in om de 
typischee waterstructuur te veranderen. De hydroxylgroep van het methanol 
gedraagtt zich niet veel anders dan een watermolecule, doordat het water-
stofbruggenn kan maken met de naburige watermoleculen. De methylgroep 
blijk tt klein genoeg en wordt gemakkelijk opgenomen in de open ruimtes 
vann dit waterstofbrug-netwerk. 

Hoofdstukk 3 gaat over de oplossingsstructuur van ethanol en ethyleen. 
Aangezienn de hydratatie-reactie van ethyleen naar ethanol een belangrijk in-
dustrieell  proces is, kan dit hoofdstuk ook gezien worden als een belangrijke 
voorstudiee voor deze reactie. Al zijn ethanol en ethyleen een stuk groter dan 
methanol,, ook hier lijk t de waterstructuur nauwelijks te veranderen. Een 
belangrijkee conclusie is derhalve dat de tetraëdrische structuur heel flexibel 
iss en dat het water hydrophobe groepen gemakkelijk opneemt zonder sterk 
vann structuur te veranderen. Daarbij blijkt water een sterk polariserende in-
vloedd te hebben op de oplosmoleculen. Zelfs het neutrale ethyleen verkrijgt 
eenn aanzienlijk dipool moment, met zeldzame uitschieters van maar liefst 
11 Debye. Deze zeldzame uitschieters worden veroorzaakt door structuren 
waarbijj  meerdere watermoleculen samenwerken met als gevolg een zeer 
sterkee polariserende invloed op het ethyleenmolecule. 

Hoofdstukk 4 gaat vervolgens over hydratatie / dehydratatie- reactie tussen 
ethyleenn en ethanol. We gebruiken hier de methode van geconstrainde dy-
namicaa om de reactie te forceren. Hierdoor wordt het systeem als het ware 
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stapjee voor stapje over de reactie- barrière heen getild, terwijl ondertussen 
dee hoogte van deze barrière gemeten wordt. Een nadeel van deze methode 
iss dat de informatie over het spontane reactie-verloop gedeeltelijk verloren 
gaat.. Aangezien echter slechts een stukje van de reactie wordt geforceerd en 
sommigee delen van de reactie spontaan verlopen, kan er toch veel over het 
reactieprocess geconcludeerd worden. Zo vinden wij dat het reactieproces 
viaa het Adg3 mechanisme verloopt, waarbij twee bindingen tegelijkertijd 
gevormdd worden. De precieze vorming van een binding is ook niet altijd 
evenn duidelijk. Vaak wordt er een binding toegekend louter op basis van 
dee afstand tussen twee atomen. We laten hier zien dat dit niet altijd opgaat 
enn dat er structuren zijn van dicht op elkaar gesitueerde atomen waarbij 
err geen sprake is van een binding, terwijl tussen twee verder van elkaar 
verwijderdee atomen juist wel een binding blijkt te zijn. Specifieke analyse 
vann de elektronenstructuur door middel van zogenaamde Wannier analyse 
laatt dit zien. Bovendien blijken de gevonden waterstructuren, zoals ze zijn 
gevondenn in hoofdstuk 3, ook hier een zeer belangrijke invloed te hebben 
opp de spontane chemische processen die niet door onze constraint worden 
geforceerd. . 

Hoofdstukk 5 was eigenlijk een niet gepland stuk onderzoek en is dus 
eigenlijkk een typisch geval van spin-off. Omdat de constraint methode de 
reactiee toch op een onnatuurlijke wijze forceert, wilde ik de transition path 
samplingsampling methode toepassen, die meer natuurlijke reactie-paden genereert. 
Tijdenss de bestudering van de methode kwam ik echter op nieuwe ideeën, 
terr verbetering van deze methode. Dit hebben we vervolgens uitgewerkt tot 
eenn geheel nieuwe methode, die we tot transition interface sampling hebben 
gedoopt.. Deze methode blijkt , afhankelijk van het te bestuderen systeem, 
enkelee malen sneller te zijn dan het originele transition path sampling algo-
ritme. . 

Tenslottee laat hoofdstuk 6 de resultaten zien waarbij ab initio MD met 
transitiontransition interface sampling wordt gecombineerd om de directe (zonder kata-
lysator)) gasfase-hydratatie van ethyleen te bestuderen. De meeste berekenin-
genn aan deze reactie gaan er vanuit dat transition state theory een goede be-
naderingg voor deze reactie is. Dit houdt in dat er vanuit gegaan wordt 
datt bijna alle paden over het laagste punt van de barrière gaan, het zoge-
naamdee zadelpunt of de transitie-toestand. De reactie-paden die ik met de 
pathpath sampling methode heb gegenereerd zijn echter zeer verschillend van 
elkaar,, laten een zeer grilli g karakter zien en gaan zelden via de transitie-
toestandd naar de andere kant van de barrière. Hieruit volgt dat de in het 
verledenn berekende reactieconstanten voor dit systeem, die gebruik maak-



Samenvattingg 125 

tenn van deze transitie-toestand aanname, zeer twijfelachtig zijn. 
Concluderendd laat dit proefschrift zien dat de invloed van het oplosmid-

dell  op de chemische reactie zeer belangrijk is en dat zeldzame structuren, 
vann waterstofbrug-gebonden watermoleculen, een sterk polariserende in-
vloedd kunnen hebben, hetgeen een reactie sterk kan beïnvloeden. De nieuwe 
methodee van transition interface sampling verbetert de oude methode van 
transitiontransition path sampling aanzienlijk en kan helpen om deze reacties verder 
tee onderzoeken. 



eh...Sorryeh...Sorry ...maybe I missed it, 
...but...but what does this contribute 

toto the unification theory? 
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