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Chapter 1

Introduction

In this chapter we will introduce the most important concepts of this thesis.r3he
section describes the general background of the subject of agaelvasion, and the
solvation of simple ions in particular. The second part gives a shorvievernof the
computational methods that are used to study these systems. A short ititvochfc
density functional theory (DFT) for electronic structure calculations lisdeed by a
description of the Car-Parrinello scheme of molecular dynamics. In the thatibs
we discuss the more practical aspects of simulations of ionic solvation in \watdr,
as the choice of system size, concentrations, temperature, etc. A sBoripdion of
the most common and relevant techniques to analyse simulation results cartbligde
section. Finally, in the fourth and last section of this chapter, we de netbpesof
this thesis and introduce the primary research goals in a preview of thectutijat
are covered in this study.



2 Introduction

1.1 Solvation

1.1.1 Water

Water has always received a very large amount of scienti ¢ attentiommF purely
physical and chemical point of view, water is a special liquid. The religtivigh boil-

ing point and unique solvating abilities are largely due to extensive hydrogeding
between water molecules. The water molecule is dipolar (see gure 1.1) wifioéed
moment of1:86 D! in the gas phase and c&.D in the liquid phasé. The hydro-
gen atoms are relatively electron poor while the oxygen atoms are electronTiac
disperse electron density, oxygen atoms can form hydrogen bonds ledtinos ac-
cepting hydrogen atoms of other molecules. The two formal lone electros ghir
the oxygen atom donate part of their electron density to the hydrogen atuinas
such, form a hydrogen bond. Formation of a hydrogen bond betwatar wolecules
yields an energy a2:6 0:1kcal/mol2 This value, based on very accurate Raman ex-
periments, represents the energy of a single acceptor—donor interaetiveen water
molecules in the liquid phase. Ideally, every water molecule could donatecaegta
two hydrogen bonds, as depicted schematically in gure 1.2. This is indeedase
for pure ice which has a crystal structure that is built up from tetratigdrarrounded
water molecule$. But even in the liquid phase, the water tetrahedrons dominate the
structure of the liquid to a smaller or larger extent, depending on structula-
tions due to the temperature. A snapshot of a typical pure liquid water simukgtion
ca. 300K is shown in gure 1.3. One can identify several tetrahedrally surreahd
water molecules, along with a large number of water molecules that are menfbers o
partial water tetrahedrons.

O—

o+ o+

Figure 1.1: The water molecule. The dark grey sphere represents theecoxgtpm and the
white spheres are the hydrogen atoms. Theand - signs indicate the relative charge
distribution in the molecule.
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Figure 1.2: Schematic representation of hydrogen bonds (dotted libesjeen water
molecules. This structure is replicated in all directionsew more water molecules are
present. The O-H distance in a typical water hydrogen bora.i¢:8 A, with an optimal

O-H-0 angle of 180

Figure 1.3: Snapshot of a simulation of liquid water 300 K. The dotted lines represent
hydrogen bonds.
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The radial distribution function (RDF), that is discussed in more detail itiget.3.2,
allows us to describe the structure of a liquid in a more quantitative way. THesRD
for pure liquid water aBOOK are shown in gure 1.4. The sharp and well-de ned
peaks in the RDFs re ect the structured nature of the liquid. The rst (padk at
1:8 A (the intramolecular O—H peak at0 A is omitted for clarity) is followed by a
very low minimum and represents the hydrogen-bonded O—H pairs. Tineafised
integral of the peak corresponds to exactlpxygen atom an@ hydrogen atoms,
which nicely supports the idea of an average tetrahedral coordinatieveoy water
molecule.

The structure of liquid water is dominated by the hydrogen bond interactrmhthés,
naturally, also affects the dynamical properties of water in many ways. rome
expect that diffusion of water molecules is rather slow for a molecule as swall
water, due to the hydrogen bond network. Indeed, this is the case batast always
bear in mind that the hydrogen bond network is not at all static. Hydrogedsare
continuously broken and formed in the liquid phase of water. This uxidmddaviour
is very important in the analysis of the behaviour of aqueous solvation strelisid
ions and phenomena such as proton transfer, as we will see in subseqapters.

3.0+
2.0
- |
0
1.0
T A T Lo
0.0 1.0 2.0 3.0 4.0 5.0 6.0

distance / A

Figure 1.4: Radial distribution functions of pure liquid water, O—H éthed line), O—O (dotted
line) and H—H (solid line). The intramolecular O—H peakldl A is omitted for clarity.
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Figure 1.5: Water molecules surrounding a positive ion.

1.1.2 lonsin water

Introducing ions into pure liquid water causes a disruption of the natuidiogen
bond network. The water molecules have to rearrange in order to accoabentte
particle. Because of this, hydrogen bonds between water moleculescdentand
this is energetically unfavourable. However, because ions themselvésroahydro-
gen bonds with water, doing so can compensate for the loss of inter-watergen
bonds and result in a negative total free energy of solvation. Theibotitm of this
favourable ion-water interaction depends on the strength and the nurnther loy-
drogen bonds that are formed upon solvation of the ion. These two peaTaEe
determined by the charge and the size of the ion. A high charge results iong str
hydrogen bond, while a smaller charge leads to a weaker hydrogen bamther-
more, the sign of the charge is of importance for the solvation energy. ditiation

of anions is more favourable than that of cations because the layout obtrs®l-
vation shell of anions is more compatible with the natural structure of liquid water
Schematic images of the orientation of the water molecules around positivedon an
negative ions are shown in gure 1.5 and 1.6, respectively. The teffethe size
of the ion is not so straightforward. A large ion disrupts the local water oo

a larger extent, which is unfavourable. Also, the charge is more delodatidarger
ions, leading to weakening of the hydrogen bonds with water. On the oéimet, ka
larger ion can have a larger solvation shell and therefore forms hgdrbgnds with
more water molecules, which is again favourable. The net effect higlggrdis on
the speci c ion and the geometry and size of its solvation shell. The trendeverw
is that large ions have a smaller energy of solvation than small ions.



6 Introduction

Figure 1.6: The rst solvation shell of water around a negative ion.

The common halogen ions; FCI, Br and I , form a very good series to system-
atically study these effects on their solvation in water. The charge and eletgron

con guration are all identical and the only differences between these aoa their
relative sizes and masses. For an idea of the relative strength of theciittesa the

X" (H,0) (X = F, Cl, Br, 1) bond enthalpies are given in table 1.1, accompanied by
the radii of the ion§. The solvation of halogen ions has been studied extensively,
both experimentally and computationally. Most attention is paid to the structuwlal an
dynamical properties of the solvation shell of water molecules. The ionsftar
categorised as being either a 'structure-maker' or a 'structure-lereakhese terms

ion ionic radiusA2  HO%kcal/mol
uoride 1:33 - 262 0:8
chloride 1:81 - 147 0:6°
bromide 1:96 - 11:7 0:4°
iodide 2:20 -10:3 0:F

a. Reference 6
b. Reference 7
c. Reference 8

Table 1.1: lonic radii of the common halogen ions and hydrogen bondgegfor X (H,O).
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re ect the overall in uence that an ion has on the structure of the bulthefwater.
Although the notion is very persistent and, in fact, textbook material, quite seme
cent studied? indicate that the structure making or breaking effect doesn't actually
extend beyond the rst or second solvation shells.

The number of coordinating water molecules and the geometry of the cotiodina
sphere can be probed using X-ray and neutron diffraction experiménie to the
slow nature of these techniques, however, they cannot yield informatidgheody-
namical features. This is better suited to the eld of Fourier Transformahefd (FT-
IR) spectroscopy. Unfortunately, it is very dif cult to isolate the respemf the co-
ordinating water molecules from that of the bulk water molecules. Receinads

in the eld of nonlinear pump-probe spectroscopy offer a very elegahttion to this
problem. Summarised, water molecules directly surrounding the ion are eseited
lectively using a pump laser pulse. Their response is probed, afteliableatime
interval, by a second, probe laser pul8ehe time resolution of pump-probe experi-
ments is currently in the order of femtoseconds, which makes them excellaitédy s
to determine properties such as the residence time and the rotational rd@ienta
time of water molecules in the coordination sphere of an ion. This techniquesraake
large range of dynamical properties now directly experimentally accesaiti@ugh
the technique is not universally applicable to every system and some ioreddiél
direct investigations.

The discussion above on the experimental techniques that are usedytdrsisbl-

vation of ions, forms only a short overview of the possibilities. More detalisdus-

sions on experiments, their advantages, disadvantages and their resgltssented
in the subsequent chapters, since these depend greatly on the systermest. Also,

this allows us to directly compare experimental results and our data sidigibdy-s

Parallel to the numerous experimental studies, computational researdhaalgwo-
vided much insight in the details of aqueous ion solvation. Using moleculanayna
ics (MD), one can follow the motion of atoms and distribution of electrons with a
temporal resolution of femtoseconds. Hence, they provide a direct waywesti-
gate certain properties that can not, or only indirectly, be studied in expeismé
very relevant example is the computational study of the aqueous solvatigm dify
Raugeiet al.,'* which has led to a direct insight in the geometry and dynamics of
the ionic solvation sphere and the importance of electronic effects such gmio
larisability. The choice of computational method and the interaction parameters a
crucial for a proper description of the aqueous solutithdhis is not trivial. For
the description of pure water alone, a multitude of methods has been appligihg
from simple force eld$® to advancedhb initio simulationst* Introducing an ion to
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the system complicates things further. It has been shown that the probbaqneous
ion solvation is sensitive to polarisability of both the water molecules and the'fons,
geometrical constraints on the water model, many-body effects, and maeysuior
tle effects. If any of these are not implemented correctly this may have goesees
for both structural and dynamical features of the system. Although implengealiin
these effects is, indeed, possible, by either using advanced foraa@dils oab ini-

tio type techniques, the required computer power grows accordingly. riaigly, due

to the increase of the availability and power of computer clusters and supptters,
more and more problems lie within reach of computational methods.

Further discussion on the requirements of computational studies is in se@ianf 1
this introduction. Details that are relevant for the speci ¢ systems in this tlaesis
presented in the introductions of the respective chapters.

1.1.3 Acids and bases in water

The discussion, so far, has dealt exclusively with isolated ions in wasssugh, these
systems correspond to solutions where the ions do not directly interactaditiother.
The second part of this thesis extends the studied systems to acidic ansidbatsins

at higher concentrations. We focus on acids and bases that, undenaodriditions,
dissociate completely in water. First we will discuss here the implications of highe
ion concentrations for the system. After that, a short introduction on thetstal
and dynamical features of acidic and basic solutions follows.

An increase in the concentration directly implies a further disruption of theralatu
hydrogen bond network of water. In fact, at concentrations obaaol/l and higher,
almost all water molecules are part of one ionic solvation shell or anotherause

of the relative scarcity of water molecules, the interactions between the nohea

ter molecules and between the ions themselves, become more important. For ever
ion, it is energetically most favourable to have a complete solvation shell wrwa
molecules. However, when the amount of water molecules is no longerisaf to
completely solvate every separate ion, the ions will compete for the water nedecu
that are available. The strength of the hydrogen bonds that the ion canwith
water molecules is a very important factor in this competition. Upon solvation, an
acid or base dissociates in ions with charges of opposite sign. Therdfpending

on the concentration and the charge shielding due to the solvation spheagerf
molecules around the ions, a Coulombic attraction is present between ioywales

ions of equal sign repel each other. This effect can lead to a wide raingtructural
features, from isolated, individually solvated ions, to solvent-separatepairs and
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even direct contact-ion pairs. Formation of large-scale structurel,agiong-living
water-bridged ion networks, can result from the systems goal to optimigeexac-
tions, delicately balancing the attracting and the repelling forces. Brie y suiseth
aqueous solutions of acids and bases offer an almost in nite amount céstiteg and
sometimes surprising properties. This justi es the large amount of resézaitthey
attract.

A very large part of that research has dealt with the nature of the sdleatess pro-
tons in acidic solutions. The proton mobility in water is abnormally high with a value
almost5 times higher than one would expect based on structural diffusion oblggdr
nuclei? The key concept of proton transport in water is that structural diffusie.

the physical translation of positive hydrogen ions, is only partly resptar pro-

ton mobility. A more important contribution is the transport of the positive chtrge

de nes the excess proton with respect to all other present hydromensa Because
this is a purely electronic property, its dynamic behaviour is faster than theléra
tion of hydrogen nuclei, and therefore increases the effective mobilitheproton
species. Ever since Von Grotthuss rst investigafettiis phenomenon, thousands of
papers have discussed the details of proton transfer in water. It isauttiubject to
study experimentally, due to the small time and length scales that are involvgd. On
with the combination of NMR, (nonlinear) IR, Raman, X-ray, neutron diffian and
many other techniques, the microscopic mechanism of proton transferyotiss
process, could be understood in detail. Very recently, ultrafast edrapectroscopy
experiments,” gave unprecedented real-time insights in the kinetics and intermediate
species of this process.

Advanced computational studies have added greatly to the understaridirey de-
tails of proton transfer, because of their unparallelled temporal and bpasialu-
tion. Although the last words on the workings of the Grotthuss process hatvyet
been spoken, and many discussions remain (see e.g. referenc@s, 1Belfollow-

ing overview describes the mechanism in all the detail that we need forresemt
studies?® An excess proton in water is never isolated but always part of a larger
proton—-water cluster, smallest of which is the hydronium iy®H. Two of the most
important larger clusters, especially for the discussion on the Grotthudsamism,

are the Eigen cation 0, (g. 1.7) and the Zundel cation D, (g. 1.8). The
transfer of a proton starts from any8), structure. In the rst step, one of the outer
water molecules loses a hydrogen bond with an external water moleculecaltgss
the O-0 distance of the central water molecule and that outer water molecwde to d
crease by caD:15A. An H5O§ like structure is formed. The proton can now transfer,
without energy barrier, from the rst to the second oxygen atom. Hgdrobonding

of the previously central water molecule with an external water molecule teaals
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Figure 1.7: The Eigen cation, 5O; . Figure 1.8: The Zundel cation, KO .

increase of the O-O distance again, forming a ney@H cluster and completing the
proton transfer. The rate limiting step in this process is the cleavage of tmede
bond in the beginning, which cos&6 kcal/mol and takes approximatelyps un-
der ambient conditions. Receab initio MD simulationg? further elaborate on the
details of the complex behaviour of the hydrated proton, stressing thehfaicthe
description of above process is an idealisation of reality. To think of privéorsfer in
terms of well-de ned structures and transition states can be misleading. loundds
keep in mind that the behaviour of hydrated protons is by nature, verionat. In
concentrated acid solutions, the situation becomes even more complex. fPantsn
fer is affected by the presence of counterions and other excessipramwe will see
in chapter 5 on the solvation of hydrochloric acid. Further details, speoitbe case
of the solution of hydrochloric acid, and the novel insights that our simulgtéam
offer, are discussed in the introduction of that chapter.

Compared to the hydronium ion, there has been a relatively small amountieof in
est in the hydroxide ion OH. Although diffusion of the OH ion is slower than
that of a proton in water, it still is faster than expected for pure structlifasion.
This implies that, like the Grotthuss mechanism for the proton, there is a compara-
ble process that drives OHmobility. However, due to the few studies regarding this
phenomenon, much less is known on the details of the transport of hydrimxid. In

an elegant combination of the restrictions that are imposed by the resulté\fktR)
Raman and IR experiments, and including the results from computationalssttitie
following mechanisnf? as proposed by Agmon, is a very good starting point. Two
of the hydroxide—water clusters that are most important for this mechamesht, &,

and KO, , shown in gure 1.9 and 1.10. Note the structural similarities to the cor-
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Figure 1.9: The H; O, anion. Figure 1.10: The KO, anion.

responding proton—water water clusters in gure 1.7 and 1.8. Starting free local
H7O, cluster, a hydrogen bond with a water molecule in the second solvation shell
of OH breaks. Upon decreasing of the central O—-O distance, the prototbaan,
rierless again, shuttle between the two oxygen atoms. When the protoreteatesf
the former OH ion and the resulting water molecule now hydrogen bonds to an ex-
ternal water molecule, the O-O distance increases again and the trartsfemgkete.

The mechanism shows many similarities to the previously discussed Grotthuss mec
anism. A large difference, however, is the fact that decreasing thedst@nce costs
0:5kcal/mol in addition to th@:6kcal/mol, associated with breaking a hydrogen bond
in liquid water. Hence, the total energy cost amount8:fiokcal/mol. This explains

the slower rate of OH transfer and agrees with experimental and computational re-
sults. In a more receratb initio path-integral molecular dynamics stutfincluding
nuclear quantum effects, an alternative mechanism is proposed thataftaith the
cleavage of a rst-shell hydrogen bond. The authors stress that thitsaites that OH
transport is substantially different than proton transport, unlike the nmesimethat is
discussed above. Evidently, the mechanism of hydroxide transfer is gttlira of
debate and further research is of great importance to resolve the détagsprocess.
The very recent neutron-diffraction experiments by Imbettal2* offer very useful
detailed data on the structural features of the solution of KOH, which ayehedp-

ful for our work and future studies on this subject. Similar to the descriptiche
Grotthuss mechanism, one must remember that the ideal scenarios dekernbeade
very much affected by the presence of other ions in the solution. We willgisihese

in uences in chapter 6 on the solvation of lithium hydroxide. Because ofiihay
similarities between acids and bases, and the mobility of excess protons and OH
ions in particular, concentrations and other simulation parameters havéégtethne
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same in the simulations in this thesis, in order to be able to consistently compare both
systems.

1.2 Theory

After a global introduction of the aqueous solvation of ions, acids andsbiasthe
previous section, we will now motivate the theoretical methods that are seye®
properly study these systems. It is clear that aqueous solvation is a cotopiexA
sound computational study should properly address the following, ribaustive list
of issues:

many-body interactions,

formation and cleavage of covalent bonds,
hydrogen bonding,

polarisability of water molecules and ions,

fast (fs) structural rearrangements.

There are many classical force- elds that aim to incorporate most, iflhot these is-
sues, but this is a very challenging task. It has been shown that simuladitbritese
force- elds can offer very accurate results, but usually their apgibeais limited as
they are optimised for speci ¢ systems or propertidb.initio methods, that explicitly
include the electrons into the calculations, offer a more natural way of dewaiitn
the issues that are mentioned above. In fact, many of the issues aretaebrdtof
the distribution and ow of the electrons in a molecular system. Of courseytgua
mechanics is not the holy grail of computational chemistry. Approximations to the
quantum description are necessary for all but the most simple practigitaions.
Countless studies, however, show the advantagab @iitio over classical methods,
especially where the above-mentioned issues are important. One of the maagjior p
cal disadvantages is the computational costtoinitio based simulations. In terms of
computation power, speed and storage, they do require more resdugcese more
expensive. Indeed a study, such as described in this thesis, woelthbéem unfeasible
10years ago. The fact that it is possible now is not only a result of thenemas in-
crease of computation power, but also, for a large part, due to the élsgabination
of density functional theory and molecular dynamics in the Car-Parrineficoagh?®
as developed by Car and Parrinello in 1985. This approach will be diedus this
section, following the introduction of electronic structure calculations.
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1.2.1 Electronic structure

In theory, all static properties of any system can be determined by solvengntle-
independent Scbdinger equation:

B =E: (1.1)

Here,} is the Hamiltonian operator, with a eigenfunction representing the state of
the system and the eigenvald¢he associated energy. For systems more complicated
than the hydrogen atom, there is no exact analytical solution. Theréfiooeder to
use equation 1.1 for chemically or physically interesting calculations, a nuofber
approximations is needed. In the Born-Oppenheimer approximation wecheéigée

in uence of electronic excited states and assume the electrons to respindta:
neously to translations of the nuclei, due to the relatively small mass of thecglectr
By decoupling the ionic and electronic subsystems we can treat the nuclasagal
particles and restrict the quantum mechanical treatment to the electrons dloae
in uence of the ions on the electronic structure can be incorporated ast@nnal
potential. Within this approximation, the electronic Hamiltonig becomes:

Be=P+0.+9,; (1.2)

where®. and B, denote the electronic kinetic and interaction contributions, respec-
tively, and 0, represents the external potential as function of the positions of the
ions. Even with these approximations, calculation of the electronic multi-dimeadsion
wavefunction ¢ is still computationally challenging for complex and/or large sys-
tems. Density functional theory (DFT) is based on the Hohenberg-Kodore¢m
which states that for a given external potential there is a one-to-orterelzetween
the ground-state electronic wavefunctiop and total electronic density distribution
0-

0 $ 0- (1.3)
For the rest of the discussion the system is assumed to be in the groundRstkte.
tion 1.3 implies that instead of solving the Sgtiinger equation for the many-electron
wavefunction, knowledge of the ground-state electron density is suitdie deter-
mine all properties of the system. Combining 1.1 and 1.3 gives the genemafdor
the functionalF . that relates the electron density and enefgyn the Hohenberg-
Kohn framework2®

Ee( )= h jMej i=Fuc( )+ Va(); (1.4)

with:
Frk ()= Te( )+ Ue( ): (1.5)
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Here, Te( ) is the electronic kinetic energy functional akid( ) is the electronic
interaction energy functional. Kohn and Sham (KS) approached thessipn of
these terms by rst introducing one-electron orthonormal Kohn-Shaitads, such
that:

X

(r)= i(r) i(r): (1.6)

i=1
This equation de nes the electronic density at pairgts the sum over the square of
all N Kohn-Sham orbitals j. The total energy in Kohn-Sham theory is given as:

ES()= Te®( )+ US( )+ Ved () (L.7)
These terms are all expressed here in atomic umits (M = 1). The rst term, the
kinetic energy functional, is:
‘s X
Tem()=- 5 hirfj i (1.8)
i=1
The electronic interaction energy functional consists of a Hartree catitibdue to
classical Coulombic interaction and a non-classical exchange-corre(&©) con-

tribution: 12 M
kscy= = D D)0 :
Ue ( ) > jl’- I’q drdr “+ Exc( ) (19)
Finally, with the expression for the electron-nuclei interaction energy:
Z
Ved ()= (M)Veq (1)dr; (1.10)

wherevey (r) is the potential due to the nuclei, we now have a complete set of equa-
tions that can be solved self-consistently to yield the ground-state erigngyonly
unspeci ed part of the expression is the exchange-correlation griggg. Over the
years, a large number of approximations g has been developed. The local den-
sity approximation (LDA) that is based on the electron density of a homogeneo
electron gas provided good results for various properties in solid stgsegsh How-
ever, it has insuf cient accuracy to be applied quantitatively in most chalsistems.
Only with the development of generalised gradient-corrected approxinsgii®@@A),
accurate prediction of chemical properties became feasible. Thesexapptions
include a dependence on the gradient of the density and, as such, enenmove
exible to suit real-world applications. Still, there is no exact expressiath amedu-
cated choice for the type of exchange-correlation functional is napeks each new
problem. The functional that is used throughout this thesis is the BLY Rtiturad,
developed by Becke, Lee, Yang and Paf® It is very popular for simulations of
liquid wate?® and solvated species, due to the excellent results that are obtained.
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1.2.2 Car-Parrinello molecular dynamics

With DFT we have an ef cient method available for the calculation of the gnargl
forces, optimisation of the geometry, the distribution of the electronic densay, e
However, the real power of computational chemistry lies in the extensioalofilat-
ing static properties to the simulation of dynamical behaviour. Molecular dyrsamic
is a very appropriate technique for this task. Integration of the forcah@muclei
results in their velocities and using, for instance, the velocity Verlet algoﬁfhme
positions of the nuclei are updated. With the new nuclear positions, theaslactr
density changes, which leads to new forces on the nuclei, and so fdrth sGdheme
represents Born-Oppenheimer molecular dynamics and includes an optimisétio
the electronic density for every timestep. As such, this method is quite expensi
and nowadays only feasible for small simulation, either in size or time. In 1085,
and Parrinello presented a revolutionary molecular dynamics scheme thahegnts
costly direct electron density optimisatidh By assigning a ctitious mass to the elec-
tronic degrees of freedom, both the nuclei and the electron density qamopagated
in time, hereby eliminating the need to solve the Kohn-Sham equations every MD
timestep. The following Lagrangian describes this technique:
X 1 X 1 X
Lep(rirs; )= EMM2+ > ih i qi- Ee(ry; )+ j (hi] ji- )
[ i ij

! (.11
Here, M, are the masses of the nuclei andare the ctitious masses associated
with the electronic degrees of freedom,are the position vectors of the nuclei. The
last term represents orthonormality requirements for the wavefunctiontarh the
Lagrange multipliers j are introduced.

To keep the sum oE¢ and the nuclear kinetic energy constant, it must be ensured
that the dynamics of the electron density and the nuclei are decoupled.irOthly
adiabatic limit, where both the electronic kinetic energy and the energy of ttlearu
subsystem are constant, the Car-Parrinello approach yields an @coucdear trajec-
tory. Proper adiabaticity is determined by the choice of the ctitious electrorsmas

A small value requires a small timestep to integrate the equations of motion, which is
more expensive. But a too large value increases coupling of the ionielantitonic
subsystem, causing the electrons to deviate from the Born-Oppenheirfaaesand
resulting in an inaccurate nuclear trajectory. As both options are unb&sirane
must use an optimal value that avoids both extremes. For our simulations, ¢iis ch

is motivated in the discussion of the Car-Parrinello parameters in section 1.3.1.
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The equations of motion that correspond to the Car-Parrinello Lagraaggaifor the
ionic subsystem:

iy @E&(r; )
M, (t)=- ——=; 1.12
i (t) ar (1.12)
and for the electronic subsystem:
i () =- M+ i (1.13)

i .
J

The DFT Kohn-Sham orbitals are usually expanded in plane waves:

1 Oxpax ]
i(N=p= {(G)e* ; (1.14)
G

whereG is a vector in reciprocal space that satis es the periodic boundaryitonsl
andGnax Is the maximum length of th& vectors, determining the basis set size.
is the volume of the simulation cell,; (r) is related to ;(G) by a three-dimensional
Fourier transform. Because of their simple form, these functions areeferignt to
manipulate. One disadvantage however, that is directly related to their sinnpigi$o
that for rapidly oscillating wavefunctions, a large number of plane wareseeded
to properly express the total wavefunction. These situations usually secyclose
to the nucleus. Fortunately, this is often also the region where the electnsitydis
not directly chemically relevant. Therefore, effective core potentialpseudopoten-
tials, can be used to replace the wavefunction near the core by a smoctiofuihat
reproduces the all-electron wavefunction beyond a certain cutoffl (Raae waves
are then only used for the valence electrons beyond this cutoff. Thisitrehsaves a
lot of computational effort, but one must always test the cutoff of theighspotential
for proper energy convergence. For the type of simulations that &sept in this
thesis, these tests consist of comparing geometries and bonding energsesal|
ion—water clusters with all-electron calculations.
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1.3 Simulation details

1.3.1 System setup

In this section we will discuss a number of practical issues that one mustigangion
to when performing Car-Parrinello simulations of aqueous solutions of balams,
acids and bases.

System size

The solvated anions that are studied here, EIT and I induce a structural effect
on their surrounding water molecules. Radial distribution functions shouttirsaef-
fect extends to the second water solvation shell of the ion. For all agusmutions
studied in this thesis we employ periodic boundary condifi®irs eliminate surface
effects and mimic the real solution as best as possible. The size of theipaifypd
replicated simulation box should be chosen such, that it can contain atieasbl-
vation shells of water molecules around the ion, without overlapping with iagier
image. At ambient conditions, this requires approximadywater molecules. In
the simulations of HCI and LiOH, the system size was chosen approximately twice
as large. This allows easier identi cation of local and larger-scale stresfisuch as
proton-water clusters and water-bridged ion networks.

Concentration

The concentration of the single isolated halogen ions is chosen such thante
do not signi cantly in uence their periodic images. This allows us to investigate
their solvation shells without further interference. The concentratione@H@l| and
LiOH solutions is purposely higher, because the direct interaction betiheeions

is actually what we want to investigate. Concentration plays an important role in
these systems and signi cantly in uences the structural and dynamicairésaof the
system. Both solutions are studied at a high and a low concentration. By dompa
the results for these two concentrations we can identify the concentratemtsednd
study the competition for solvation of the present ions.

Temperature control

In the simulations of the solvated halogen ions we use @&Ntsover thermostat to
control the temperature. The use of a thermostat has the practical agivanga the
temperature as a simulation parameter is constant and well-de ned. We dgait

that the thermostat will in uence the dynamical properties of the ionic solvastl,

as our chosen thermostat period is two orders of magnitude shorter thiyptbal
timescale of rearrangements in the solvation shells. The simulations of the solvatio
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of HCI and LiOH involve the dynamics of protons and hydroxide ions. Sthese
dynamics occur on a much shorter timescale, a thermostat might in uence teir b
haviour to a larger extent. Therefore, in these simulations, the temperdttine o
nuclei is not controlled by a thermostat to eliminate unphysical effects.

Car-Parrinello parameters
For the halide ions simulations we chose a valu@@da.u. for the ctitious electron
mass. This choice was based on the good results obtained by Silvestalfior pure
liquid water?® Recent studie®d-32have indicated that for values ofbeyond a certain
threshold the calculated structure and dynamics is in uenced by a coupditvgebn
the ionic motion and ctitious electronic degrees-of-freedom, yielding, fatex, a
less structured radial distribution functions and faster dynamics. Faedgad water
the threshold for is circa700a.u., implying that the results of our calculations with

= 900a.u. fiz. the isolated ion solvations) are affected. However, foE
900a.u. the structure and dynamics of water compare well with experimental data
for bulk water®? This should be considered fortuitous, but suggests that the dynamics
and structure of water around an ionic solute is also reasonably weliilbegavhen
performing simulations with = 900a.u. The simulations of the solvation of HCI
and LiOH were performed with = 700a.u. to eliminate possible unphysical effects.

All hydrogen atoms are assigned the mass of deuterium in order to improee-de
pling of the dynamics of the ionic and electronic subsystem over a longerdpef
time, and allowing for a larger timestep in the numerical integration of the equations
of motion. Although increasing the mass of the water molecules will in uence the
dynamics of water, the effects on dynamics due to the interactions with the ibns w
be much stronger. The net effect, therefore, is assumed negligible.

1.3.2 Analysis techniques

The main output of our molecular dynamics simulations is the trajectory of all the
nuclei in time. For structural analysis the rst and most important tool is tlgafa
distribution function:
istribution functi v X X |
g(r) = Wh (r- ry)i; (1.15)
i i

whereV=N? is the normalisation relative to an ideal gas, ard - rj) is a Dirac
delta function withr; the interatomic separation. Plots of this function give quantita-
tive time-averaged information on the surrounding structure of selectdesp The
geometry of the solvation shell around an ion can be visualised by plottingstne d
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bution of H,O—-ion—H0O angles. Combination of coordination numbers from RDFs
and the angle distribution gives a structurally complete picture of the solvaiteres

of an ion. The quantitative analysis of dynamical properties is intrinsicallyerdd¥
cult. We mainly use correlation functions to gain insight in the dynamical behav

of species that are present in the solutions. These functions giveidsmee times of
water molecules in solvation shells, and allow us to compare lifetimes of hydronium
ions at different concentrations. But eventually it is inevitable to simply wéteh
trajectory as a movie. This analysis technique offers the most direct irigiget be-
haviour of the system of interest. Using his or her chemical and physicatiagm and
knowledge, the observer can identify interesting events, isolate impottantises,
and connect seemingly unrelated properties. These observationsaftethe basis
for further, more quantitative analysis of speci c events or structwatdres.

1.4 Scope of this thesis

This thesis concerns the solvation of simple ions in water. The rst half deiitsa
structured, in-depth study of the solvation of the halogen ions chloridaide and
iodide. We aim to give a consistent picture of the solvation shell of theseiions
water. Although, at rst sight, one could assume that these systems ayéitellalike,
we observe some very distinct but also some subtle differences. Wevitag study
of the solvation of the chloride ion. This project lays down the foundatiorfuidher
studies here. Using CPMD we obtain a detailed description of the directtismiva
shell of water molecules around the ion. This includes both structural wmahadical
features. The next chapter, concerning the uoride ion, builds up@kimowledge
and facilitates a comparison between the two ions. Although many properées ar
indeed alike, there are some major differences. For instance, due to itsrssizalend
the more localised charge, the uoride ion has a much more rigid solvation Jiedi.
allows us to accurately describe the conformation of the coordinatedespherater
molecules. Additionally we can properly follow and describe dynamical tsvirat
take place in the direct vicinity of the uoride ion. The study of the iodide dodes
our walk down the periodic table. The iodide ion is large and its negativegetiar
quite diffuse. This has very clear consequences for its solvation. dlitiat®n shell
surrounding the ion is very disordered, compared to both other halogsn io

In the second part of this thesis we extend our systems quite dramaticallypniNot
are the simulated systems much larger, they no longer concern isolated iisthsve-
study a hydrochloric acid solution at two concentrations. This reseatemés the
current state of these simulations simply due to the increased size of the simulated
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systems. By including multiple chloride and hydronium ions, we are able taabse
large-scale structures, such as the formation of a water-chloride iororiet#lso,

we can analyse the interactions between the positive hydronium ions anedgatve
chloride ions in their competition for complete solvation shells. The transpdhteof
excess protons is of course very much affected by the presence diltrde ions,

and this system allows us to observe the dynamics in detail. This leads to intgrestin
new insights on a molecular level of this very important and widely used chémica
substance. Finally, we focus at the solvation of a basic solution. Using#ut same
framework as our hydrochloric acid simulation, we study the aqueous solofio
lithium hydroxide. Not only is this a much anticipated answer to the almost complete
knowledge vacuum that exists regarding lithium hydroxide, it also allovis dsectly

and consistently compare a basic and an acidic solution.



Chapter 2

Density functional theory based
molecular-dynamics study of aqueous chloride
solvationy

Abstract

The aqueous solvation shell of chloride is studied using DFT-based nhe ety
namics simulations. This method enables us to obtain a detailed understandiag of th
structural, dynamic and electronic properties of the system. Special atténpaid

to the dynamic properties of the rst solvation shell. The results obtaineg derin

good agreement both with experiments and other simulations. Our resultssstiogat

the surrounding shell of water molecules is quite rigid. We observe no ircaef

the chloride ion on the electronic and structural properties of the codndinevater
molecules.

YThis chapter is based on J.M. Heuft and E.J. Meljg€hem. Phys2003 119, 11788.
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2.1 Introduction

Aqueous solvation shells around ions play an important role in many chemiddlia
ological reactions. Due to electrostatic interactions between the ion andldrespd
water molecules a well-de ned shell of water molecules forms around the<inawl-

edge of the structural, dynamic and electronic properties of these sohsht@lis is
essential for a detailed understanding of the behaviour of ions in solution.

To gain more insight in these properties, water solvated ions have beeubjleetsof

a large number of experimerts®’and computer simulations: 8- Both methods,
however, prove to have their dif culties and/or limitations. Most experimetaah-
niques are limited by the fact that information on the solvation shell water mokecule
is clouded by the response of the bulk water molecules. Only recently itd&as b
come possible, using nonlinear spectroscopic techniques, to obtain adiptailee

of the microscopic behaviour of the solvated ion and surrounding waterculeke

on a femtosecond timescale. Dynamic properties such as the residence tirae of w
ter molecules in the solvation shell around ions are now experimentally #ulesSs
Molecular simulations employing empirical force elds that ignore the polaiiggb

of the water molecules have dif culties in describing both the structtr@and the
dynamic® properties of the system. Improving the force elds by including more
interaction sites and polarisability is essential for a proper description ofabra-
tion.>35* The aforementioned problems of molecular simulations employing empir-
ical force elds essentially disappear with the Car-Parrir@lapproach tab initio
molecular dynamics (CPMD). It explicitly takes into account the electronicktra
using density functional theory (DFT) and includes inter- and intra-mddeauterac-
tions, including those arising from the polarisability, in an implicit way. This makes
CPMD an excellent technique for the simulation of aqueous ion solutions.

Here we examine the solvation of the chloride ion in water on molecular length and
time scales, paying special attention to the properties of the rst solvatidh $e
investigate the structural properties, as well as dynamic and electromenies.

2.2 Computational Details

Electronic structure calculations are performed using the Kohn-Shamufatior?®

of DFT5® A gradient correction for the exchange and correlation energy is applie
by the BLYP functionaf”28 This functional is known for its good description of
aqueous systent$.>’ We compared the energy optimised geometries 0of840),
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method Cl (H20) CI' (H20):? CI' (H20)%" CI (H20)? CI (H20)” CI' (H20)
CPMD Epong -14.2 -13.0 -12.9 127 -12.6 -125
ADF  Epong  -13.8 -12.8 -13.0 -12.1 -12.2 -12.4
CPMD Eseq -14.2 -115 -11.7 -12.1 -12.2 -12.0
ADF Esq -13.8 -11.9 -12.1 -10.6 -10.7 -12.8

a. planar conformation
b. non-planar conformation

Table 2.1: Comparison of bonding energies per ion—water hydrogen tzom sequential
energies of solvation for a number of small chloride watestdrs. All values are in kcal/mol.

based package (ADFto determine the validity of parameters in the CPMD calcula-
tions, in particular the plane wave cutoff and the parameters of the psetshdials.

In CPMD the KS orbitals are expanded in plane waves with an energy cfftifRy.

For the static cluster calculations the interactions between the periodic images we
eliminated by a screening technique similar to that of reference 60. Onlyceaédec-
trons are explicitly considered. The interaction between the core andcesddectrons

is taken into account using the semi-local norm-conserving Martins-Troplfeu-
dopotential. The pseudopotential cutoff radiu®is0, 1:10and1:34a.u. for H, O

and CI, respectively. Differences among ADF and CPMD are with@® A for bond
lengths andL:5 kcal/mol for the energies (see table 2.1) and thus we concluded that
this combination of pseudopotential and cutoffs is suitable for this system.

To determine a proper system size for #iginitio molecular dynamics simulation, a
number of chloride-water systems, varying in the number of water molecunkss,
simulated with empirical force- eld based molecular dynamics. The classitaila-
tions were performed with theL _PoLY* package. We used the extended simple point
charge (SPC/E) modk® for the water molecule, in combination with the chloride-
water potential from Smitket al** Systems consisting of one chloride ion a8

64 and 256 water molecules were simulated in an NPT ensemb&0atK under at-
mospheric pressure. The radial distribution functions (RDFs) of thieselations

CPMD 3.4.3, J. Hutter, A. Alavi, T. Deutsch, M. Bernasconi, St. Gokde D. Marx, M. Tucker-

man, M. Parrinello, MPliir Festldrperforschung and IBM drich Research Laboratory 1995-1999

Y ADF 2000.02385° SCM, Theoretical Chemistry, Vrije Universiteit, Amsterdam, The Netimelta
http://www.scm.com . Molecular orbitals are expanded in an even-temhppradruple Slater-type
basis set augmented with 2p and 3d polarisation functions for H and 3dfgmalarisation functions
for O. For Cl an even-tempered Slater-type basis set including 6 2piéuns augmented with 3d and 4f
polarisation functions was used.

“pL_PoLY is a package of molecular simulation routines written by W. Smith and T.Resfken;
copyright The Council for the Central Laboratory of the ResearchnCits, Daresbury Laboratory at
Daresbury, Nr. Warrington (1996).
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Figure 2.1: Radial distribution functions for Cl-H (solid line) and @-dotted line).

showed that the structural in uence of the ion extends till the second tsmivahell
around the chloride ion. A system containi6g water molecules is suf cient to ac-
commodate two solvation shells and was therefore taken as system size iagéetpr
CPMD simulation. The nal con guration from thé&4-water force- eld simulation
was used as the initial con guration for the CPMD simulation.

In the CPMD simulation the edge of the periodically replicated cubic simulation box
was xed at12:59A corresponding to the experimental density. The temperature was
xed at 300K by a No$-Hoover thermostét with a frequency 066:7fs (500cnT 1).

The ctitious electron mass was set @0a.u. We replaced all the hydrogen atoms
by deuterium. The simulation timestep was.u. Q:145fs). There was a proper
decoupling of the dynamical ionic and electronic subsystem: we obseovddfhin

the electronic kinetic energy during the total simulation timéops. The total charge

of a cubic cell is- 1 e due to the presence of the chloride ion. The negative charge
is counteracted by discarding tkke= 0 term in the Ewald summation, essentially
shielding the negative charge by a uniformly distributed positive backgtocharge.

2.3 Results and Discussion

Structure

The radial distribution functions for the CI-H and CI-O distances are shiowg
ure 2.1. The pronounced rst peak and low rst minimum indicate a highlyctired
rst solvation shell. A water molecule is de ned to be inside the rst solvatidrek
if the distance between the chloride ion and a hydrogen or oxygen atonmvitiis
the rst peak of the corresponding RDF. Integration of the rst peékhe RDF plots
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Figure 2.2: Histogram of the coordina- Figure 2.3: Histogram of the coordina-
tion number based on the CI-H distance. tion number based on the CI-O distance.

yields a coordination number &2 and5:8, based on thggy (integrated up to
2:93A) andgco (integrated up t@:76 A) functions, respectively. The distribution
of the coordination numbers based on the ClI-H and CI-O distances is shogvn in
ure 2.2 and gure 2.3, respectively. The average value for the @oation number is
5:0based on the Cl-H distance ab based on the CI-O distance. This last value is
also calculated by Tongraat al®? and close to the experimental value@t’ The
distribution of H-CI-H and O-CI-O angles in the rst solvation shell are show
gure 2.4. The graph shows a maximum arou@ suggesting that the surrounding
geometry is close to octahedral. This is consistent with the calculated catiwdina
number.

abundance / a.u.

L o n 1 n 1 n 1 n | n |
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Figure 2.4: Distribution of the H-CI-H angle (solid line) and O-CI-O #mgdotted line)
within the rst solvation shell.
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Figure 2.5: Mean-squared displacement of the water molecules insiolte@iline) and out-
side the rst solvation shell (solid line).

Dynamics
In order to study the dynamic properties, we looked at the diffusion odefit and
residence time of water molecules. The mean-squared displacement, dapigted
ure 2.5, shows that the diffusion coef cient of the water molecules is higapendent
on the presence of the chloride ion. The diffusion coef cient of the watelecules
in the solvation shell around the chloride ion is approximagtimes smaller than
the diffusion coef cient outside this shell. The ratio of the two diffusion fodents
is computed from the slope of the mean-squared displacement of the wateuiasle
inside and outside the rst solvation shell in tBe 6 ps time interval. The residence
time of a water molecule in the rst solvation shell is the average time that a wa-
ter molecule spends in this shell. Here we used Impey's de nition for the eesig
time 3845
1 X
ng (t) = N [ (nt)  (nO); (2.1)
n=1

where (r;t) is the Heaviside unit step function, whichlisvhen a water molecule is
within the rst solvation shell of the ion an@ otherwise.N; is the average number
of water molecules in this shell. A plot of the time average of this functiog (t))
is shown in gure 2.6. The residence time is de ned as the decay time of the mono-
exponential t of this function, for which we nd a value df2 ps. We estimate the
margin of error at approximatel@ ps. Experimentally, the residence time can be
probed indirectly by pump-probe spectroscopy. Using this techniquprfanet al.
determined a value df2 4 ps by tting the measured transient spectrum to a num-
ber of Brownian oscillator® The time constant. of the Brownian oscillator that
represents the O-H CI© component is assumed to be a measure for the residence
time of a water molecule in the coordination shell. A more direct comparison could
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Figure 2.6: Logarithmic plot of the time  Figure 2.7: Logarithmic plot of the time
averaged residence time correlation func- averaged bond length correlation function
tion as de ned by Impet al.3® 45 (dotted  for the CI-H hydrogen bond length in the
line) and the mono-exponential t (solid rstsolvation shell (dotted line). The solid
line) of this function with a characteristic line is a t of a mono-exponential function
time constant o2 ps. with a time constant of4 ps (see text).

be obtained by relating, to the calculated decay time of the H=CGiond length time
correlation function, de ned as:

1 X
Bu('f):,\Tt ((r;t) 1(r;0)]; (2.2)
1

n=

wherel(r; t) is the distance between the chloride ion and the nearest hydrogen atom
of a water molecule in the rst coordination shell at a particular time. The time av-
erage of this function is shown in gure 2.7, accompanied by the monofexical

t. The characteristic time constant of the t 54 ps, with an estimated error margin

of approximately3 ps. This value agrees, within the margin of error, with the exper-
imental result ofLl2 4 ps. Not only does this result prove that the method used is
well adapted for this system, also the assumption that the correlation time ddestan
an indication for the residence time seems to be valid.

The frequency spectrum of the velocity autocorrelation function of atewatoms

is shown in gure 2.8. A red shift of the O—H stretch vibration (arol28D0crm 1)

of ca. 100cm 1 is observed, when going from the bulk water molecules to the sol-
vation shell molecules. This should be attributed to the strong hydrogeririgpafi

the solvated water molecules to the chloride ion. There was no observaigeh

in the geometry of the solvated water molecules when compared to the bulk water
molecules.
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Figure 2.8: Comparison of the frequency spectra of deuterated wateecutds in the rst
solvation shell (dotted line) and outside this shell (stihie).

Electronic properties

The molecular charge distribution was studied using the method of maximally lo-
calised Wannier functions. It provides an unambiguous route to assigitedimo-
ments to individual molecules in a condensed phase by assuming that theretectr
charge is distributed as point charges located on the Wannier Functiore€NVFCSs).

We nd no direct in uence of the chloride ion on the dipole moment of the water
molecule. The calculated dipole moment of the water molecules inside and outside
the rst solvation shell are equaB:14 0:57and3:15 0:65D, respectively, and
similar to the value o8 D obtained by CPMD-BLYP for pure bulk watérFigure 2.9
shows the distribution of the dipole moment of water molecules inside and outside
the rst solvation shell of chloride. The fact that there is no differeircéne dipole

abundance / a.u.

L AN BTN R
1 2 3 4 5
dipole moment /D

Figure 2.9: Distribution of the dipole moment of water molecules in thet solvation shell
(dashed line) and bulk water molecules (solid line).
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moment has also been observed in a CPMD calculation of the aqueous sobfatio
the bromide ion! Based on the positions of the chloride ion and the surrounding
WFCs we computed the dipole moment for the ion. In most ofltBeampled con-
formations the dipole moment is aroutdD, in accordance with the results of Tobias
et al.>% However, in two cases the dipole moment is as largéasd5 D. A more ex-
tensive sampling of the positions of the WFCs is necessary for a betteedelipole
moment of the chloride ion.

2.4 Conclusions

We report the results of a DFT-based molecular dynamics simulation of treoagu
solvation of one chloride ion. The observed solvation structure agrébsr@sults
from previous simulations and experiments. The results on the dynamicibahat

the system support the idea that the rst coordination shell around tlogidd ion is
relatively rigid. The diffusion coef cient of water molecules in the rstlsation shell

is decreased by a factor of ca.compared to bulk water molecules. We calculated a
value of12 ps for the rst solvation shell residence time, which is in good agreement
with recent pump-probe spectroscopic measurements. In order te atravmore di-
rect comparison between the spectroscopic results and our results, weelé bond
length time correlation function. The decay time of this function is also in goagkagr
ment with the experimental value. Furthermore, our results show that thendyis
very small in uence of the chloride ion on the charge distribution of the doating
shell of water molecules. The dipole moment of coordination shell water atkd b
water molecules is identical. Also the geometry of the water molecules remains un-
changed. However, the frequency spectrum of the water moleculestioasa small

in uence of the chloride ion. The O-H stretch vibration of solvation shell rooles

is red-shifted by ca100cn 1. This effect is attributed to the formation of strong
hydrogen bonds between the chloride ion and the water molecule.
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Chapter 3

Density functional theory based
molecular-dynamics study of aqueous uoride
solvationy

Abstract

We use density functional theory based molecular-dynamics simulations toteiid
agueous solvation of the uoride anion. Our studies are focused onrtesolva-
tion shell and have resulted in detailed information on its structural and dyalmic
properties. The uoride ion leads to the formation of a rigid solvation shelgliqu
tatively consistent with simulation and experimental studies, classifying eaaila
“structure making' particle. However, quantitatively we nd the solvatioelsto be
less structured and more mobile than predicted from empirical force eld stibnka
The in uence on the intramolecular electronical and structural propesfigster are
minimal, as observed for other halogens. We propose two distinct mechdoisting
exchange of bulk and rst solvation shell water molecules.

YThis chapter is based on J.M. Heuft and E.J. Meljg€hem. Phys2005 122, 094501.
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3.1 Introduction

Aqueous solvation of ions plays an important role in a wide range of cheraiwhl
biological systems. The aqueous solvation of simple atomic ions has beerbthe su
ject of numerous experimental and theoretical studies, focusing on smabNater
clusters3®—° bulk solvatiorf-8 3538.62.70-73nd piological application&-8° The in-
teractions between the charged ion and the neighbouring water moleculdwmutag
distinct effect on the structure and dynamics of the water surroundirigithét is well
known that water forms a highly structured network of hydrogen bondiseHiquid
phase. Introducing an impurity such as an ion into the network can sevwereiyce

the local water structure. Depending on a number of factors such adérawaals
radii, charge and polarisability, the solvation of the ion may range from agiyo
bonded, well de ned ion-water complex that enhances the bulk wateronketstruc-
ture, to a situation where the ion binds weakly to the water molecule and strongly
disrupts the bulk water network structure locally. These types of ionsamenonly
referred to as structure makers and breakers, respectively. Irrélsend chapter we
will consider the aqueous solvation of the uoride anion. Experimental datéhe
microscopic properties of aqueous uoride solvation is rather limited, wdsetbae
computer simulation studies appear to yield con icting results for variousqatims.
X-ray diffractiorf! of a dilute uoride solution yields a coordination number4b,

with the position of the rst peak of the uoride-oxygen radial distributiamnfction
at2:62A. Recent computer simulations employing empirical force &€ 82yield

a coordination number of c&, with a sharply peaked radial distribution of the water
molecules around the uoride. In contrast, Monte Carlo simulations basédylomd
gquantum mechanical/empirical force elds (QM/MM) suggest a lower ciatibn

of 4-52.70.83and a broader rst peak of the uoride-water radial distribution func-
tions. Experimental studies of dynamics of the uoride hydration haveigem/data

for the anion self-diffusion and the rotational correlation time of the solvatiag

ter moleculed” Molecular dynamics (MD) simulatiod® > 82yield self-diffusion
values quantitatively similar to the experimental value. These simulations also pro
vide estimates for the residence time of the rst shell water molecules in the r@ing
20- 29 ps. Other aspects of the dynamics of uoride hydration, such as the-water
exchange mechanism between the rst and second solvation shell bayetrbeen
properly addressed.

In this chapter we will study the aqueous solvation of the uoride anion usimg
initio molecular dynamics. We will use density functional theory (DFT) to describe
the interatomic interaction and use the Car-Parrinello approach to perferilinh
simulations. These simulations will provide us with detailed structural, dynamical
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and electronic properties. The viability of this approach has been deratetsin a
number of studies of the hydration of other iorig?® 72 73,84-89

Important advantages of DFT-MD over force- eld MD are that it intriredlg incor-
porates the many-body interactions including polarisation and that it atdomn
the intra-molecular motion and therefore allows for a direct comparison wih-sp
troscopy of intra-molecular vibrations. Additionally, it yields detailed informatim

the electronic properties, such as the energy levels of electronic statéiseacharge
distribution. These advantages also partly apply to QM/MM based simulations of
oride hydratiorf? 70-83However, the QM/MM method still relies partly on empirical
force elds and may yield spurious effects due to coupling of the quantutncéas-
sical regions. Moreover, these QM/MM studies employed the Monte Carlo hetho
and consequently did not yield dynamical properties.

3.2 Computational Details

For the present study of aqueous uoride solvation we followed a similapsas for

our earlier study of the chloride ioff. This allows us to compare the results of the
two ions in a consistent way. Electronic structure calculations are perébusieg

the Kohn-Sham formulatidfi of DFT %® where we employed the gradient-corrected
BLYP functional?”-?8 This functional provides a good description of aqueous sys-
tems®® Molecular dynamics simulations are performed using the Car-Parrinello ap-
proach?® as implemented in the CPMD software packagehe Kohn-Sham orbitals
are expanded in plane waves with an energy cutoff@Ry. Only valence electrons
are considered explicitly, with a semi-local norm-conserving Martins-lliszypseu-
dopotential taking into account the interactions between the core and gadée
trons. The cutoff radius for the pseudopotential®:80, 1:10and1:00a.u. for H, O
and F, respectively. The system consists of one uoride ion@&hdater molecules

in a periodic cubic cell ol2:5® A3, yielding the experimental density. A cell of this
size contains two solvation shells. The temperature of the system during thiasimu
tion is set to300K and controlled by a Na@sHoover thermostét with a period of
66:7fs (500cm 1). It is not expected that the thermostat will in uence the dynam-
ical properties of the uoride solvation shell, as the thermostat period is tders

of magnitude shorter than the typical timescale of the rearrangement of trileu
solvation shell. Overall charge neutrality is achieved by adding a unifarsitipe
background charge to compensate for the negative charge of thigleuimn. All hy-

YCPMD 3.7.1, Copyright IBM Corp 1990-2004, Copyright MRir frestkrperforschung Stuttgart
1997-2001.



34 Fluoride solvation

method F (H20) F (H20)? F (H20),° F (H20)? F (H20):® F (H20)
CPMD  Ebona -26.8 233 236 211 209 -189
ADF  Epong -31.0 -25.8 -258  -22.6 225 201
Gaussiah Epong -26.7 -23.4 -23.5 -21.1 -21.0 -19.0
CPMD Eseq -26.8 -19.9 -204  -16.6 -15.6 -12.8
ADF  Eseq -31.0 -20.5 -20.6  -16.3 -15.8  -13.1
Gaussiah Eseq -26.7 -20.0 202  -165 -16.3  -12.8
Experimental Hseq' -26.2 0.8 -19.2 0.5 -15.3 0.4 -13.9 0.4

a. planar conformation

b. non-planar conformation
c. Reference 66

d. References 7 and 8

Table 3.1: Comparison of bonding energies per bond and sequentiajiesesf solvation for
a number of small uoride water clusters. All values are irakmol.

drogen atoms are assigned the mass of deuterium in order to improve tiegafp
the dynamics of the ionic and electronic subsystem over a longer period qfdirde
allowing for a larger timestep in the numerical integration of the equations of motion
The ctitious mass associated with the plane-wave coef cients is se9@d a.u.
allowing for a timestep 06:0a.u. 0:145fs) in the numerical integration of the equa-
tions of motion. We observe no drift in the electronic kinetic energy duringdted
simulation time 0f20:3 ps, including2 ps for equilibration. We compared energy-
optimised geometries of small uoride—water clusters (H,O)1. 4), obtained from
CPMD, literatur€® and ADF to validate the parameters in the CPMD simulations, in
particular the plane wave cutoff and the parameters of the pseudopotentials 3.1
lists the results. The sequential energies of solvation and total bindingiesef the
uoride—water clusters are withif:6% of the values that were calculated by Baik
al.%6 using a BLYP/6-311++G** basis set. The differences in energies witl Abe
somewhat larger] - 3% for the larger water clusters (> 1). Bond lengths and an-
gles are identical withir2% when compared to ADF and withB% when compared
to Baiket al.

YADF 2002.02, SCM, Theoretical Chemistry, Vrije Universiteit AmstendaThe Netherlands,
http://www.scm.com. Molecular orbitals are expanded in a quadrufliaiter-type basis set augmented
with 2p and3d polarisation functions for H an8d and4f polarisation functions for O and F.
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Figure 3.1: Radial distribution functions for F—H (solid line) and F—@ofted line).

ion RHllA (nR) RH2/A R01/A (nR) ROZIA
F 1:66(:0 3:16 2:66(5:1) 4:53
CI 2:19(5:2 3:69 3:13(5:8 4:84

Table 3.2: Positions and normalised integrals of peaks in the radgtidution functions of
uoride and chloride’?

3.3 Results and Discussion

In this section we will compare our present results for uoride to our fmes DFT-
MD study of the aqueous solvation of chloriffe.

Structure The radial distribution functions (RDFs) for F—H and F—O are shown in g
ure 3.1. Table 3.2 contains a summary of quantitative data from the RDFsjimglu
data for the chloride anion for comparison. Both for the F—O and F—H RBF¢h
peak is pronounced and followed by a deep minimum. This suggests a welkde
rst solvation shell with an almost complete depletion of water molecules between
the rst and second solvation shell. The RDFs also give information onftbetehe
ion has on the water structure on a larger length scale. After the rst tatagpef the
hydrogen RDF, encompassing both hydrogen atoms of the rst shellwatkecules,
the RDF appears structureless. Although the differences are smallyissbat chlo-
ride yields a slightly more structured second solvation shell. This must be &ttlibu
entirely to the larger size of the chloride ion. The difference between thie pdak
positions for CI-H and F—H is a consequence of the difference of thed¥akiVaals
radii of the ions. This explanation also holds for the CI-O and F—O RDFs.
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Figure 3.2: Histogram of the coordina-
tion number based on the F-O distance.

Figure 3.3: Distribution of the H—F-H
angle (solid line) and O—F-0O angle (dot-
ted line) of water molecules in the rst sol-
vation shell.

Figure 3.4: Square pyramidal coordination sphere of uoride. The nuratsccompanying
the H-bonds (dotted lines) are the interatomic distancés in



3.3 Results and Discussion 37

We de ne a water molecule to be in the rst solvation shell if it is within the minimum
beyond the rst peak of a RDF. For the F—O and F—H RDFs this distar&é1A and

2:60 A, respectively. The average coordination number obtained by integrtia

rst peak of the RDF up to this minimum yields a value ®for both the F—O and
F—H RDF. The distribution of coordination numbers based on the F-O déstianc
plotted in gure 3.2 and is sharply peaked:atThe F—H distance based coordination
distribution (not plotted) is virtually the same. These structural data areitptarely
similar to those obtained with a Monte Carlo simulation using a newly develaped
initio based water- uoride potenti&f Compared to two recent QM/MM simulation
studie$§? 70 that yielded a coordination of:5 and a F-O RDF rst peak height of
ca. 3, our data show a slightly more structured coordination, with a peak height of
ca.5. In contrast, when compared to most simulations based on empirical potentials
yielding coordinations of approximate§with F—O RDF rst peak heights of around

8, our simulation shows a signi cantly less structured coordination.

Figure 3.3 provides a picture of the angular distribution of the water moledules
the rst solvation shell. Plotted are the distributions of the H-F-H and O-F+-O a
gles, showing maxima &0 and180 and a minimum neat20 . This distribution
suggests that a square pyramidal structure is dominant over the trigiemalamid
arrangement. A typical square pyramidal con guration is shown in g8 These
observations are consistent with the ndings of QM/MM simulatiéag®

Inspection of the hydrogen bonding of the rst solvation shell water mdkeshows
that they participate rather naturally in the bulk water hydrogen bond nkiwidre
average total number of hydrogen bonds of water molecules in the midamation
sphere is only slightly smaller than in pure bulk wat®B:1 versus3:4, with 50 % of
the hydrogen bonds located within the rst shell &% involving water molecules
from the second solvation shell. Apparently, the ion and its rst coordimasioell
do not form an isolated sphere but it is integrated quite naturally in the isuiiing
highly structured hydrogen bond network, consistent with the common nttan
uoride is a structure maker.

Dynamics

An important characteristic of the solvation dynamics is the vibrational spaabfu
the coordinating water molecules. In gure 3.5 we plot the frequencytsyecof the
velocity autocorrelation function of the rst solvation shell water moleculed that

of the bulk water molecules to study the in uence of the ion on the vibrational motio
The O—H stretch vibration shows a red-shift d@0cnv . This shift is similar to that
observed for chloride, and can be attributed to the relatively strongolygdr bond
with the uoride ion.
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Figure 3.5: Comparison of the calculated frequency spectra of de@énahter molecules in
the rst solvation shell (dotted line) and outside this $ligblid line).

A second important characteristic of the solvation dynamics is the aversigemnee
time of water molecules in the rst solvation shell, and the related exchangeanech
nism of these water molecules with the surrounding. To quantify the regdéene

we employed the time correlation function de ned by Imp&ys shown in gure 3.6,
accompanied by its mono-exponential t. The decay time of this function yields a
residence time 016 ps, with an estimated error margin of approximatelys. Alter-
natively, we considered the F—H bond length time correlation function:

1 X
BF('[)=,\Tt [In(t) 1n(O); (3.1)
1

n=

whereN; is the average number of water molecules in the rst solvation shell and
I'n (1) is the distance between the uoride ion and the nearest hydrogen atowatéa
moleculen in the rst coordination shell at a particular tinte The characteristic
decay time of the exponential t of this function, shown in gure 3.7,168:8ps. The
error margin is estimated at cir&ps.

If we compare these values for the residence time to the rst solvation gsétlence
time observed in our DFT-MD simulation of the solvation of the chloride ari@ms

and 14 ps, respectively, the slower dynamics of the uoride shell is evident. This
conclusion is supported by comparing the slope of the mean squared disglac
function, shown in gure 3.8. While the chloride anion showed a two-folfedénce
between the mobility of water molecules in the shell and bulk water molecules, this
factor is3 in the case of the uoride ion. Our results for the residence time indicate
somewhat faster dynamics than those obtained with empirical force eld simugatio
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Figure 3.6: Logarithmic plot of the time  Figure 3.7: Logarithmic plot of the time
averaged residence time correlation func- averaged bond-length correlation function
tion as de ned by Impeyet al. (dotted for the F—H hydrogen-bond length in the
line) and the mono-exponential t (solid rstsolvation shell (dotted line). The solid
line) of this function with a decay time of line is a mono-exponential t with a char-
16 ps. acteristic time constant df6:8ps.

that yield residence times in the range26k 29 ps384°-82This discrepancy between
DFT-MD and force eld simulations is consistent with the more structured $iolva
shell observed in the force eld simulations, as mentioned above. No iexpe+

tal data for the residence time for uoride solvation shell are available. élawy

the good agreement between DFT-KA@nd experimeri? for the residence time for
chloride (L2 ps) suggests DFT-MD provides a more accurate value for the residence
time than empirical force eld simulations.

hydrogen mobility / a.u.

0 1 2 3 4 5 6 7 8 9 iC
simulation time / ps

Figure 3.8: Comparison of the mobility of the water molecules insidet{gidline) and outside
(solid line) the rst solvation shell.
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The structural analysis indicated that the arrangement of the water isotsation
shell around the uoride was predominantly a square pyramid (see §ute Closer
inspection revealed that in this arrangement one of the water molecule I/ ssune-
what more mobile than the other four. Both the F—H distance and the F—-H4©aing
this molecule uctuate more than for the other coordinating water moleculeghfsor
molecule the F—H distance is on average citcd®@A, but occasionally increases for
short periods to values of up &0 A. Apparently its hydrogen bond with uoride is
weaker than that of the other water molecules. It turns out that this alss lafe in
the water-exchange exchange mechanism between the rst and ssmlwation shell.

In the 20 ps trajectory we observed in totlwater exchanges. Note that, given an
average coordination &, this is consistent with calculated residence timéd.@&ps.
Analysis of the6 exchange processes revealed two distinct mechanisms. Illustrative
shapshots of the rst mechanism are shown in gure 3.9, showing the initjatiate
(a), two intermediate states (b and c¢) and nal situation (d). This mechanism is
sequential process: rst the most mobile rst shell water molecule movesydrom
the uoride up to a F—H distance of approximat@y ( gs. 3.9(a) and 3.9(b)), yield-
ing a 4-fold coordinated uoride ion. Subsequently, a second shellnwatdecule,
initially hydrogen bonded to a rst solvation shell water molecule, rotates $hat
this hydrogen bond is broken and one with the uoride ion is formed ( g9(& and
3.9(d)). During the exchange the othesolvation shell water molecules rearrange,
sometimes forming a tetrahedral-like structure.

The second mechanism proceeds in a more concerted manner and sfiexesitd
relative positions of the entering and leaving water molecule. In the sequeith-
anism the exchange involves two water molecules next to each other, makamgle

of ca. 90 . In contrast, in the concerted mechanism a water molecule approaches
the base of the pyramidal structure and pushes a water molecule at thstemide

of the uoride ion out. Snapshots illustrating this mechanism are depicted in g-
ure 3.10. Figure 3.10(a) shows the predominant ve-fold coordinatfmerse with

one elongated water- uoride hydrogen bond (topmost water moleculegcand sol-
vation shell water molecules rotates, approaches from below, and fohydragen

bond with uoride. At the same time the opposite water molecule leaves the uo-
ride. This exchange involves a short lived intermediate six-fold cootelthstructure

(g. 3.10(b)). The nal con guration is again a 5-fold coordinatedisare pyramid
(g.3.10(c)). Of the6 observed exchanges, the sequential mechanism seems preva-
lent @4 ) over the concerted procesd (). A single exchange process occurred in
0:3-1:0ps.
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(a) (0:0 ps) The situation just before thp) (0:2 ps) Situation during the event.

event, a slightly distorted pyramidal cod@ne hydrogen— uoride hydrogen bond is

dination of5 water molecules. elongated (top-right) while room is cre-
ated for the bottom-right water molecule
to approach.

(c) (0:3 ps) The water molecule at thd) (0:4 ps) Final situation. The water

bottom-right, currently in the second saholecule in the bottom-right has rotated

vation shell, is rotating. It forms a hycompletely and forms a full hydrogen

drogen bond with uoride while the watdyond with uoride. The water molecule

molecule at the top-right is rotating away the top-right has entered the second

from the uoride ion. solvation shell and now forms a hydro-
gen bond with a rst solvation shell water
molecule.

Figure 3.9: Process | of water exchange in the rst solvation shell. Nershindicate the
length inA of H-bonds (dotted lines) and some interatomic distandasH{-dotted lines).
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(a) (0:0 ps) Before the exchange procgb$ (0:4 ps) Situation during the

the F—H bond of the topmost coordinatiegchange. The lower-middle water

water molecule elongates. molecule rotates to form a hydrogen
bond with uoride. This results in a
temporary six-fold coordination sphere.

(c) (0:8 ps) Final situation. The six-
fold coordination is unstable. The top-
most water rotates and moves away from
the uoride to enter the second solvation
shell. A distorted pyramidal structure re-
mains.

Figure 3.10: Process Il of water exchange in the rst solvation shell. Noems indicate the
length inA of H-bonds (dotted lines) and some interatomic distandask{-dotted lines).
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Figure 3.11: Distribution of the dipole moment of water molecules in thiet solvation shell
(dashed line) and bulk water molecules (solid line).

Electronic properties

We quanti ed the molecular charge distribution using the method of maximally lo-
calised Wannier function®:%? We found that in spite of the presence of a uoride
ion, the rst solvation shell water molecules have a dipole moment similar to that of
the other water molecule8:07D and3:10D, respectively, both with a standard de-
viation of 0:3 D. Also, the distribution of dipole moments of the rst solvation shell
and other water molecules is very similar, as shown in gure 3.11. The geexater
dipole moment is equal to the value found in a DFT-MD simulation of bulk Water
(3 D). Earlier studies of the bromid&and chloride anion also found that the ion has
no signi cant in uence on the average dipole moment of water molecules iridgts-v

ity. Based on the positions of the ion and its Wannier Function Centres the dipole
moment of the uoride anion ranges froh06to 0:72D with an average 09:39D.

For comparison, we calculated an average valug Dffor chloride. Either the po-
larisability of the uoride ion is smaller due to its smaller size or the coordination of
water is on average more symmetric, or possibly a combination of both.

3.4 Conclusions

DFT-based molecular dynamics simulations of the aqueous solvation of thigleuor
anion has provided us with detailed information on the in uence of the ion oadhe
vent. The localised negative charge on the ion leads to the formation of alevatd
rst solvation shell. Water molecules form strong hydrogen bonds with l&keened
distribution of bond-lengths, and remain bonded for a relatively long gesfdime,
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typically 16-17 ps. The uoride solvation shell appears to integrate well in the normal
water structure, with all rst shell water molecules having almost the same auaofb
donating and accepting hydrogen bonds as bulk water molecules. Tlusrtaithe
common notion that of the halogen anions, uoride is the strongest structaker.
Analysis of the mechanism by which water exchange between the rsttsmivshell
and its surrounding takes place, shows two distinct processes. Oneaggiloceeds
via a four-fold coordinated intermediate, whereas the other pathway\j@essix-
fold coordinated intermediate, with both mechanisms occurring witlps. As also
found in DFT-MD studies of chloridé and bromidé! solvation, the presence of u-
oride does not give rise to rst solvation shell molecules with a geometrnjharge
distribution different from bulk water molecules. The only distinction appéarrthe
asymmetrical O—H stretch vibration of rst solvation shell molecules. It isgbifted

by aboutl00cn * when compared to bulk water molecules, a feature also observed
in chloride solvation.

When compared to recent force elds simulatién$®82our DFT-MD simulations
show a less structured coordination and shorter rst shell residence tift@s sup-
ports the conclusions from earlier Monte Carlo simulations emploginigiitio uoride-
water force elds®2 7%-83that empirical force elds tend to give rise to a too rigid
uoride solvation shell. Our results may be considered valuable data furduim-
provement of empirical force elds for aqueous uoride solvation.
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Chapter 4

Density functional theory based
molecular-dynamics study of aqueous iodide
solvationy

Abstract

We study the solvation of iodide in water using density functional theorycharsxe-
cular-dynamics simulations. Detailed analysis of the structural and dynaprimad
erties of the rst solvation shell is presented, showing a disruptive inageof the
ion on the local water structure. lodide—water hydrogen bonding is weaik-
pared to water—water hydrogen bonds. This effective repulsivenater interaction
leads to the formation of a quite unstructured solvation shell. The dynamicatef w
molecules surrounding the iodide is relatively fast. The intramolecular stalcnod
electronical properties of water molecules around the ion are not affecte

YThis chapter is based on J.M. Heuft and E.J. Meljg€hem. Phys2005 123 094506.
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4.1 Introduction

The aqueous solvation of halide ions has been the subject of many expelized
theoretical studies. The properties of solvated ions and surrounditey malecules
are important in a large variety of chemical reactions and in biochemicaépses.
Examples are thyroid af iction¥-2°and oxidation reactions by peroxidasés.

The presence of an ion in an aqueous solution may signi cantly in uencéatte
water structure. Liquid water under ambient conditions is known to have layhig
structured network of hydrogen bonds. An ion interferes with this strecad may
in uence the behaviour of water molecules locally. Here, properties asahe ionic
radius and the strength of the ion—water interaction play an important role.

Acknowledging the importance of this subject, systematic studies of halogens a
required to obtain a full understanding of halide ions. In the presemtehwe focus

on a study of the solvation of the iodide ion, employaiginitio molecular dynamics
simulations. Among the halides, iodide has the largest ionic radius and thesteak
ion—water interaction.

X-ray diffraction studies yield coordination numbers that are signi cantigttered,
ranging from6to 9.°/-2°The rst peak of the 1-O radial distribution function (RDF) is
measured to be in the ran8e60- 3:76A. Recent X-ray Absorption Near Edge Struc-
ture (XANES) experiment§® have provided more detailed information on the local
structure of the solvated ion. Itis shown that the I-H—O angle is slightly neadiand

that the spectra can be satisfactorily described by taking into accountshbydra-

tion shell only. Analysi&®! 1920f the O—H stretching vibration in small iodide—water
clusters con rms that iodide forms rather weak hydrogen bonds with ordynall
charge-transfer character. Recent advances in femtosecond macethinonlinear
spectroscopy opened up the possibility to isolate the response of cdordinater
molecules from the bulk and probe their dynamical behaviour. Studies emglihys
technique showed a relatively long correlation time of the I-H-O stretch tidiora
(18 5ps)3 This is associated with a long persistence time of water molecules in
the rst solvation shell of iodide, longer than in that of chloride( 4 ps)/? Surpris-
ingly, measurements of the orientational dynamics in the iodide solvation sbell sh
faster rotational dynamics of the water molecules than in the case of chlodde@:

ride ions1%3 Although these observations are not mutually exclusive, they do indicate
interesting behaviour of water molecules in the vicinity of iodide, and waftattier
investigation.

A large number of studies aimed at the structures of small water—iodide clurisr
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been reported. Of special interest is whether interior or surfacetsmivia preferred.
Numerous experiments (e.g. refs. 8,104, 105) suggest that iodiferprarface
solvation in small water clusters. Theoretical studies con rm the surfabeason

of iodide in clusters up t&4 water molecules, due to its weak interaction with wa-
ter196-1080n a larger scale, interesting effects on the microscopic solvation structure
and ion concentration near the air/water interface are observed botteticathy°

and experimentally©

Various force- eld based computational studies, either employing Monte (sl C)

or molecular dynamics (MD) techniques, of the bulk solvation of the iodide awe h
been reported? 4> 65,8283, 111-11&,ctural data obtained from these simulations in-
clude an I-O RDF rst peak in the range55- 3:78A and an |I-H rst peak in the
range2:55- 2:93A. The rst and second RDF peaks show incomplete separation,
which suggests a diffuse solvation shell. The calculated coordination murabes
from 7:3t0 9:7 based on coordinating oxygen and fr@nto 6:6 based on coordinat-
ing hydrogen. The large range of the coordination numbers shows tleceltifof

de ning a solvation shell due to its diffuse character. The dynamical\iebrof the
solvation has been directly probed in studies of the residence time of watecutese
in the rst solvation shell, that yield values in the range frah7 ps t013:8 ps, de-
pending on parameters of the force- eld.

The relatively large spread in measured and calculated structuralrpesmich as the
coordination number, and lack of a uniform picture of the dynamics of thexgon
shell asks for a detailed high-level theoretical approach to resolve thesistencies
regarding the solvation of the iodide ion. Here, we study the aqueous isdidaion
using the Car-Parrinello approacheb initio molecular dynamics. Density functional
theory (DFT) is used to describe the interatomic forces and thus intrinsicallydes
all electronic and many-body interactions. This approach has been éGpplite
aqueous solvation of other halide ioHs’2 14where it has provided new insights in
the microscopic behaviour of the solvation of halogen ions. For exampleylidat-
ing the mechanism for the shell-bulk water exchange process in the usoidation
shell. We employ DFT-MD to investigate the structural, dynamical and elecabnic
properties of the solvation of the iodide ion in water.

4.2 Computational Details

For the present study of aqueous iodide solvation we followed a similar setup
for our earlier study of the chloridé and uoride ion!'4 This allows us to com-
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pare the results of all ions in a consistent way. Electronic structure ctitmdeare
performed using the Kohn-Sham formulatiérof DFT >> where we employed the
gradient-corrected BLYP-function&l:?® This functional provides a good descrip-
tion of aqueous systeni§.Molecular dynamics simulations are performed using the
Car-Parrinello approact, as implemented in the CPMD software packag&@he
Kohn-Sham orbitals are expanded in plane waves up to an enei@@/Ryf. Only va-
lence electrons are considered explicitly, with a semi-local norm-congelanrtins-
Troullier pseudopotential taking into account the interactions between thand va-
lence electrons. The cutoff radius for the pseudopotentidl$ig 1:10and2:10a.u.

for H, O and I, respectively. The system consists of one iodide ionGdngater
molecules in a periodic cubic cell d2:7 A3, yielding the experimental density. A
cell of this size contains two solvation shells. The temperature of the systengdu
the simulation is set t800K and controlled by a Na@sHoover thermostét with a
period of66:7fs (500cnT ). Overall charge neutrality is achieved by adding a uni-
form positive background charge to compensate for the negativgethe iodide
ion. All hydrogen atoms are assigned the mass of deuterium in order to isnpgesv
coupling of the dynamics of the ionic and electronic subsystem over a |qegied

of time, and allowing for a larger timestep in the numerical integration of the equa-
tions of motion. The ctitious mass associated with the plane-wave coef cierdstis
at900a.u. allowing for a timestep @:0a.u. Q:145fs). We observe no drift in the
electronic kinetic energy during the total simulation time26f4 ps, including2 ps

for equilibration.

To validate our computational approach, in particular the plane-wavef eudfpseu-
dopotential parameters, we compared energy-optimised structures obftaimeour
CPMD simulations, literatufe*'®> and ADF. Table 4.1 lists the results. The se-
guential energies of solvation and total binding energies of the iodideralatters
(n < 4) are within13% of the values that were calculated by Kahal!'® using an
MP2/6-311++G** basis set. The differences in energies with ADF are sintlat
decrease with increasing cluster size. Bond length and angles are itlestiia 5%
when compared to ADF and with#Po when compared to Kiret al. A comparison
with experimental sequential solvation enthalpigisows very good agreement for the
smaller 6 < 4) iodide—water clusters.

YCPMD 3.7.1, Copyright IBM Corp 1990-2004, Copyright MRir fFestidrperforschung Stuttgart
1997-2001.

*ADF 2002.02, SCM, Theoretical Chemistry, Vrije Universiteit AmstendaThe Netherlands,
http://www.scm.com. Molecular orbitals are expanded in a tripl8later-type basis set augmented
with 2p and3d polarisation functions for H an8d and4f polarisation functions for O. A ZORA basis
set augmented withd and4f polarisation functions was used for I.
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method 1 (H,0) I (H20)%% I' (H20)%P I' (H20)%2 I (H20):P I (H20)
CPMD  Epond -9.94 -9.13 -9.64  -9.08 914 -9.98
ADF  Epond -11.1 -10.6 -10.8  -9.82 998 -105
Gaussiah Epona  -10.6 -10.7 -9.67  -9.23

CPMD  Eceq -9.94 -8.32 934 -8.97 814 —125
ADF  Eceq -11.1 -10.0 -10.4  -8.30 -8.44  —-12.0
Gaussiah Eseq -10.6 -10.8 -8.90 -7.90

Experimental Hsed -10.3 0.3 -9.5 0.2 -9.2 0.2 -9.2 0.4

a. planar conformation

b. non-planar conformation
c. Reference 115

d. Reference 8

Table 4.1: Comparison of bonding energies per bond and sequentiajiesesf solvation for
a number of small iodide—water clusters. All values are ialkaol.

Figure 4.1: Radial distribution functions for I-H (solid line) and I-@dtted line).

source R,/A(Nr) Ru,/A Ro/A(nRr)
presentwork 2:61(5:1) 4:10 3:55(6:6)
MCDHO MC* 2:71(6) - 3:64(8:3)
TIP4P MD?  2:77 - 3:71(9:7)
SPC/IEMD  2:70 - 3:60(7:3)

a. Reference 83
b. Reference 113
c. Reference 40

Table 4.2: Positions and normalised integrals of peaks in the radgtidution functions of
iodide.
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Figure 4.2: Histogram of the coordina-
tion number based on the |-H distance.

oxygen coordination number

Figure 4.3: Histogram of the coordina-
tion number based on the [-O distance.

4.3 Results and Discussion

Structure

Figure 4.1 shows the radial distribution functions for I-H and 1-O. Quav#alata
from the RDFs is summarised in table 4.2, accompanied by literature data. The po
sitions of the RDF peaks agrees well with other simulations. The low intensity rs
peak is followed by a high minimum, especially in the I-O RDF. A second peak is
appearing in the I-H RDF but hardly present in the I-O RDF. The incompégiara-
tion of the peaks, in combination with the fact that they are relatively broddam
leads to the conclusion that the solvation shell of iodide is rather unstrdcackdif-
fuse. Based on the RDFs, a rst solvation water molecule is charactdrisad |-H
distance less thaBi26 A or an |1-O distance less thanl5A. Integration of the RDF
rst peaks leads to a coordination number®f and6:6, based on the RDFs of I-H
and I-0, respectively. Most force eld simulations tend to predict higlwardination
numbers ranging frord:7 - 9:7.45:82.112,113Figyres 4.2 and 4.3 show the histograms
of the distribution of the coordination numbers, based on the I-H and |-@ndis
criterium, respectively. Both distributions are very broad, providing nevieence
for a unstructured solvation shell. Consistent with the conclusion of amuatsred
coordination sphere are the H—I-H and O—I-O angle distributions of waikzcules

in the rst solvation shell, shown in gure 4.4. The clearest feature is akpground

80 , for both angle distributions. Smaller peaks are visible atl&0 and150 , for

the H-I-H and O-I-O angle, respectively. None of the features, Veware very
distinct and visual inspection of the solvation shell does not lead to the idatitin

of well-de ned characteristic conformations of water molecules aroungbitide ion.
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Figure 4.4: Distribution of the H—I-H an-  Figure 4.5: The mobility of water
gle (solid line) and O—I-O angle (dotted molecules within (dotted line) and outside
line) of water molecules in the rst solva- (solid line) the rst solvation shell.

tion shell.

The last structural property we investigate is the local hydrogen-betwiark around
the iodide ion. Analysis of the hydrogen bonding of rst solvation sheltevanole-
cules shows that3% of all hydrogen bonds are formed within this shell, while only
37% extend into the bulk water. Previously we found that the coordinationrspiie
uoride integrates naturally into the water hydrogen-bond structure withleatio

of intra- and extra-shell hydrogen bonds. lodide forms more of antmwlsphere of
surrounding water molecules that participate less in the local water strutuedotal
number of hydrogen-bonds of solvation shell water molecules is lower2&ger
water molecule on average. For comparison, solvation shell water molevolesd
uoride have on averag8:1 hydrogen bonds, pure bulk water molecules hawe»

Dynamics

The unstructured layout of the solvation shell is re ected in its dynamichabieur.
During the total simulation time a20:4 ps there arel5 shell-bulk water exchange
processes. Figure 4.5 shows the relative mean-squared displaceimemére and
outer-shell hydrogen atoms. The ratio of the slopes in the linear regiing, islightly
lower than2 for chloride/? indicating faster dynamics. The shell persistence time
correlation functiof® is shown in gure 4.6. The residence time that we calculate
from this function is7:3 ps and is in good agreement with7 ps from force eld MD
simulationé® using the SPC/E model for water. The O—H bond-length correlation
function'*is shown in g. 4.7. The mono-exponential t of this function has a char-
acteristic time constant &9ps. Both our values are consistent with each other within
the estimated margin of error of c&ps. However, Koneshagt al., using the SPC/E
model, calculates a value @B:8ps8? Also, the experimental value d8 5 ps2®
obtained using femtosecond mid-infrared nonlinear spectroscopy reesawith our
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Figure 4.6: Logarithmic plot of the Figure 4.7: Logarithmic plot of the time

time averaged residence time correla- averaged bond length correlation function
tion function (dotted line) and its mono- (dotted line) and its mono-exponential t

exponential t (solid line) with a decay

time

(solid line) with a decay time d:9 ps.
of 7:3 ps.

results. To understand the discrepancy with this latter value, we calcula&etbtia-

tion correlation time of the |

H-O intramolecular O—H bond, which can be com-

pared more directly to the experimental result. The time constant of this diorela
function is9:7 ps, consistent with our calculated residence time. The faster dynamics
of our simulated system might be caused by the difference in concentritiopman

et al. show that the |

H—O vibration correlation time is concentration dependent,

ranging from18to 25 ps for concentrations df to 6 M.

intensity / a.u.

L 1"’7*"*?- .r‘:‘ St .«v‘f‘:‘ P WO
0 500 1000 1500 2000 2500 300C
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Figure 4.8: Comparison of the frequency spectra of deuterated watezentds within (dotted
line) and outside (solid line) the rst solvation shell ofdidle.



4.3 Results and Discussion 53

abundance / a.u.

1 2 3 4 5
water dipole moment / D

Figure 4.9: Distribution of the dipole moment of water molecules in thet solvation shell
(dashed line) and bulk water molecules (solid line).

The asymmetrical O—H stretch vibration of water molecules from the rst swa
shell is blue-shifted by approximateR0 cnr 1, compared to the stretch vibration of
water molecules outside the shell ( g. 4.8). The excellent agreement witexjher-
imentally measured shifé6 cn 1), from double difference infrared spectroscody,
should be considered coincidental, however, since the absolute vdlties wdbra-
tional frequencies do not agree. lodide follows the trend that for asing ion ra-
dius F <CI' <Br <1, the O-H stretching frequency increases due to weakening of
the hydrogen bond with the ion. Chloride— and uoride—water hydrogends are
stronger than inter-water hydrogen bonds, resulting in a red-shiftdd sration.
The blue-shift in the case of iodide indicates that hydrogen bonding witiothes
weaker than the normal inter-water hydrogen bonding. This effecépelsive in-
teraction is possibly the most important reason behind the diffuse chaeaxtdast
dynamics of the solvation shell. The diffusion constant of the iodide ion tkeatai
culate from the mean squared displacemer8 10 ® cn? s 1. This agrees with
the value of2:2 10 ° cn? s that we obtain by interpolation of the experimental
resultd1®to a temperature B00K. We have been unable to discover a well-de ned
mechanism for the bulk-shell water exchange process.

Electronic properties

Dipole moments are calculated using the method of maximally localised Wannier
functions. The dipole moment of the iodide ionlis 1:1 D, with the origin of the
reference frame chosen at the position of the ion. This value nicely ts draltof
increasing dipole moment with increasing ion radius. Chloride and uorides lza
dipole moment of cal D and0:4 D, respectively. As is the case for all other halo-
gens that have been studied, iodide does not affect the dipole momemtafreding
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water molecules. Both inside and outside the coordination sphere thesa tgae
moment of3  0:6 D. A plot of the dipole moment distribution of water molecules
inside and outside the rst solvation solvation shell of iodide is shown in egdir.

4.4 Conclusions

We present the results of a DFT-based molecular dynamics simulation ofltfze so
tion of the iodide ion in water. lodide is the largest of the common halogensasd h
a relatively weak interaction with water. The combination of these factoudtsas a
relatively unstructured solvation shell. The ion has a disruptive in uesrtéhe local
water structure. Water molecules in the rst solvation shell have @fbyhydrogen
bonds on average, signi cantly less than in pure bulk wa3ef)( Also, these hydro-
gen bonds are predominantly located within the rst shell of water moleculés
solvated ion does not integrate well in the natural water structure.

The diffuse character of the solvation shell of iodide is apparent whehoak at
the dynamical behaviour of water molecules in the shell. They are bonded torth
for a relatively short period of time8¢10 ps), compared to other halogen ions. This
indicates that the iodide—water interaction is indeed weak, further proshifh we
can nd in the analysis of the vibrational spectrum of shell water moleculdse
asymmetrical O—H stretch vibration shows a blue-shift in the shell water nekcu
compared to the stretch vibration of water molecules in the bulk. The iodiderwate
hydrogen bond is weaker than the water—water hydrogen bond. Theséntally
the explanation for the unstructured, diffuse and highly dynamical cterraf the
solvation shell of iodide. Due to the unstructured nature of the iodide soivate
have been unable to identify and describe a well-de ned mechanism fehtike-bulk
water exchange process.

The presence of the iodide ion does not induce a geometry or chargeuistr in
shell water molecules different from that of bulk water molecules. This isistent
with the results for the other halogehs/?



Chapter 5

A density functional theory based study of the
microscopic structure and dynamics of aqueous
HCI solutions’

Abstract

The aqueous solvation of hydrochloric acid is studied using density furattibeory
based molecular dynamics simulations at two concentrations. The large simulation
boxes that we use allow us to investigate larger-scale structures such astr-
bridged chloride ion network. We nd a strong concentration depeneléoicalmost
all structural and dynamical properties. Excess protons are mostlgriresth as
Eigen and Zundel structures, either as a direct hydronium-chlorideacsion pair
or a solvent-separated ion pair. Increasing the concentration hasaelatl effect
on the natural hydrogen bonded network of water molecules. Thistaeffedsible
in our studies as a decrease of the persistence time of the solvation shefid &re
chloride ions. Also the number of proton hops, determined by a new andieeled
identi cation procedure, suffers from the breakdown of the natusalrbgen bond
network.

YThis chapter is based on J.M. Heuft and E.J. MefRys. Chem. Chem. Phyz006 8, 3116.
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5.1 Introduction

Aqueous solvation of ions and simple halogenic atid$ 3882 117-12{s an important
issue. In recent years, advances in the eld of nonlinear spectpg$€candab initio
simulation® 123.124have improved our knowledge greatly. However, there still is a
number of incompletely resolved issues that require further research.

Liquid water forms an intricate network of hydrogen bonds. Amongst oihter-
esting features, this network facilitates abnormal proton mobility when a saifrc
excess protons is added. The transfer of excess protons in watéebasstudied
experimentally using a variety of techniques. Macroscopic values fortihermal
proton mobility are accessible from NMR experiméity comparing proton and
oxygen diffusion. These studies, however, provide little information omikeha-
nism of the process or structural features of intermediate species. dinpart of
protons is of course highly dependent on the microscopic structure Gthd. This
structure can be probed by neutron and X-ray diffraction experiméntslalthough
many properties are not directly accessible and can only be studied thdir€be-
oretical models need to be tted to experimentally measured parameters, 8ts res
from these studies are in uenced by the choice of the métfelAlso, diffraction
experiments are relatively slow, and can not resolve fast dynamicakgpses. In
this regime, ultrafast infrared and UV spectroscopy is aptly suited. kiges high
temporal resolution of the dynamical features of intermediates species nbaséd
reactions” 126put the technique is limited to the use of very speci ¢ photoacids.

Computational studies have proven to be invaluable in elucidating many pesper
of aqueous acid solutions and the proton transfer mechanism in particOlara
molecular level, the structural and dynamical properties of this so-callettiiss
proces$d 20:21.127-13%haye peen thoroughly investigated, although discussions re-
main. The issue whether the Zundels(®% ) or Eigen (HO") cation is the pre-
dominant form in which the excess proton is present, continues to receiek atten-
tion.19:120.133,134Thejr role and relative importance in the process of proton transfer
are still debated?-20.128.135,136| this chapter we will address these issues but also
include the in uence of chloride ions, in ab initio based study of the aqueous hy-
drochloric acid solution.

Most computational studies focus on the behaviour of the excess patdiitke water
molecules. But the source of excess protons, in reality, is usually an\ahidh

implies the presence of counterions. The role of these counterions datelesting
for properties of the system as a whole. Relatively few detailed sttfoté3 137,138
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include the counterions explicitly, due to the increase of complexity that they imply.

There is a number of issues that require special attention when settingomppaita-
tional study of these systems. A system consisting of polarisable water nedend
halogen ions, where hydrogen bonds and covalent bonds are cauiguroken and
formed, requires a method that intrinsically includes these features. Bsesiodies
have showh!%6-123.13%hat density functional theory (DFT) based CPMD simulations
are an excellent tool for proper description of these dynamical featéreecond con-
sideration should be the size of the simulation box. The Grotthuss mechanitsalby
involves two solvation shells around a single excess proton, that are botitanp
for the process of proton transfer. The spatial distribution of the chéar@lnterions
with respect to each other and the excess protons is also of interesthaund be
accessible from the simulation. Therefore we have chosen a rathersiangéation
box, including119-113water molecules to solvat&12 HCI molecules. The amount
of water, relative to the number of HCI molecules, determines the structodadiy
namical details of the solvation. The diversity of present species, watlercaies,
chloride ions and excess protons, leads to multiple different interactidresrelative
importance of these can be studied by comparing simulations at differentaaid
centrations. This approach has been applied by Siéaapal. in their rst principles
study of highly concentrated hydrochloric acid solutidf$.Indeed, they nd a dis-
tinct concentration effect on the intermolecular structure of water andtthetsre
of the coordination shells around the charged species, as well as ogriheital
properties, such as hydrogen bond dynamics.

In this chapter we study the aqueous solvation of hydrochloric acid winigitio
based DFT molecular dynamics simulations. Our previous studies of water in the
presence of halogen ioffs!4 14%orm the basis of this investigation. Since the con-
centration is very important for all properties, we compare a dilute and eecrated
system. We examine structural features such as the formation of locahjoretater
clusters, contact-ion pairs and larger networks of water-bridged ideléons. The
dynamical analysis focuses on the lifetimes of transitional species thatesernp in

the solution and the mobility of the solvated excess protons.

5.2 Computational Details

Electronic structure calculations are performed using the Kohn-Shamufatior?®
of DFT>® where we employed the gradient-corrected BLYP-functiGA&f This
function is known for a good description of aqueous systehté.Molecular dynam-
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ics simulations are performed using the Car Parrinello appréaah,implemented in
the CPMD software packageThe Kohn-Sham orbitals are expanded in plane waves
with an energy cutoff off0 Ry. Only valence electrons are considered explicitly,
with a semi-local norm-conserving Martins-Troullier pseudopotential takit@ac-
count the interactions between the core and valence electrons. Thérediaf for

the pseudopotentials &50 1:05and1:34a.u. for H, O and ClI, respectively. The
concentrated solution contaifi® chloride ions,12 protons andL13water molecules
(1:9:4, 5:3mol I" 1) in a body centred cubic (BCC) simulation box with a lattice con-
stant 0of19:54 A. The dilute system consists 6fchloride ions,6 protons andL19
water molecules1(19:8 ca. 2:7 moll- ). The BCC simulation box has a lattice
constant ofL9:56 A. At the start of the simulations, the systems are equilibrated at
350K by simple velocity scaling of the ions. After equilibration the temperature is no
longer controlled, to avoid non-physical effects of a thermostat on thardics of the
simulation. The temperatures of the concentrated and dilute solutioB8are26 K
and332 33K, respectively. For comparison reasons, we performed simulations of
pure water and the solution of a single proton under comparable conditiornigput
parameters. The pure water simulation cont&iasvater molecules in a BCC simu-
lation box with a lattice constant df5:66A. A proton was added to this system for
the separate solvated proton simulation. Both systems where equilibratediagco

to the above mentioned procedure. During the production run, the temyeecdtihne
pure water system i829 31K, the solution of the proton in water 823 31K.

All hydrogen atoms are assigned the mass of deuterium in order to improee-de
pling of the dynamics of the ionic and electronic subsystem over a longerdpef
time, and allowing for a larger timestep in the numerical integration of the equations
of motion. The ctitious mass associated with the plane-wave coef cients isitset
700a.u. allowing for a timestep d@:0a.u. 0:145fs) in the numerical integration of
the equations of motion. All simulation were run for at le28ips after equilibration

to gather data.

5.3 Results and Discussion

A number of de nitions is heeded to enable a consistent analysis of thewstaland
dynamical properties of our simulations of the hydrochloric acid solvatiarst Bf
all, for purposes such as the radial distribution functions (RDFs), tiséipo of a
hydronium ion is de ned as the position of the oxygen atom g@Of. This oxygen
atom will be indicated as O;H For identi cation of the hydronium ion the following

YCPMD 3.7.1, Copyright IBM Corp 1990-2004, Copyright MRir frestkrperforschung Stuttgart
1997-2001.
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criterium is used. A hydrogen atom is associated with a speci c oxygen #tdam
distance to this oxygen atom is less than a speci ¢ value. The oxygen atonimsatiea
three hydrogen atoms around them, are labelled as hydronium. For atidhdric

acid solutions, this distance cutoff was setlé226 A. With this distance cutoff the
number of hydronium ions in a simulation is, on average, equal to the nunfiber o
present chloride ions. The same cutoff was used for the identi catiorydfdmium

ions in our reference solvated proton solution. However, this identi cgbimtedure

is inappropriate for tracking of the excess protons to quantify the hopitey as

it would lead to inconsistent results. The number of hydronium ions catuate
from one timestep to another. This makes consistent correlation functiohnsther
analyses that depend on the history of hydronium ions impossible. Towitbathis
problem we used a more deterministic algorithm of labelling the hydronium ions.
Every timestep, tha oxygen atoms with the smallest total distance to the closest three
hydrogen atoms, are labelled as hydronium. Heris, the number of chloride ions in
the hydrochloric acid solutions, = 1in the case of the solvated proton solution. This
procedure is more strict and facilitates identi cation of proton transfeneszeFor all

but one of the following analyses we used the rst method of hydroniumtidation.

Only the analysis of the hopping rate, at the end of the dynamics section,yentipéo
second identi cation method.

Structure

Radial distribution functions provide information on the time-averaged feairthe
structure of the hydrochloric acid solutions. The structure of the solsexifected by
the presence of the hydrochloric acid molecules. The O-O RDFs, gureshows
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Figure 5.1: O-0O radial distribution functions for the dilute (dasheadelj and concentrated

(solid line) solution. The dotted line represents the O—@Qialadistribution function of the
reference system of pure water.
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Figure 5.2: Cl-H radial distribution func-  Figure 5.3: CI-O radial distribution func-
tions for the dilute (dashed line) and con- tions for the dilute (dashed line) and con-
centrated (solid line) solution. centrated (solid line) solution.

this effect clearly. The height of the peaks decreases and theirasiepabecomes
less clear upon increasing the HCI concentration. This indicates that meagecof
the HCI concentration has a destructive effect on the natural hydrbgeded net-
work of water molecules. The chloride ions induce a characteristic steictuithe
directly surrounding water molecules, very much comparable to the isolalteddeh
solvation’? For both concentrations the CI-H and CI-O RDFs, shown in gures 5.2
and 5.3, are very similar.

The CI-CI RDF ( gure 5.4) shows a clear structure. The two peak$§,aid7:5 A,
correspond to structures where the chloride ions are bridged by ahdéwanwa-
ter molecules, respectively. Representative snapshots of these igsuata shown
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Figure 5.4: CI-Cl radial distribution functions for the dilute (dashkte) and concentrated
(solid line) solution.
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Figure 5.5: Representative snapshot of a Figure 5.6: Representative snapshot of

single-water bridged CI-Cl structure. The a double-water bridged CI-CI structure.

numbers show the lengths of the hydrogen The numbers show the lengths of the hy-

bonds inA, the CI-Cl distance ig¢:83A. drogen bonds iA, the CI-Cl distance is
T:7T1A.

in gures 5.5 and 5.6. The concentration effect is pronounced. Theedgdalution
favours the double water-bridged structure, while the concentrateti@olontains
a larger amount of the single water-bridged structure. The reasonisoeffiect is of
course the relatively smaller amount of water that is present to solvate wedeh

ions, forcing the ions closer together and to share water molecules in theitisn
shells.

The same effect is present between the chloride and hydronium iocen & clearly
seenin the CI—OI§| RDF in gure 5.7. Atlow concentration the peak&0 A, corre-

sponding to the contact-ion pair ( gure 5.8), is very small. This peak is mugefa
in the more concentrated solution. Apparently, due to the relatively smallerrgrabu
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Figure 5.7: CI-OH; radial distribution functions for the dilute (dashed lire)d concentrated
(solid line) solution.
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Figure 5.8: Conformation of a contact- Figure 5.9: Conformation of a solvent-
ion pair with numbers showing the typical separated ion pair with numbers showing
lengths of the hydrogen bonds A The  the typical lengths of the hydrogen bonds
CI-OH; distance i:97A. in A. The CI-OH, distance igh:47A.

water, at higher concentration it is not always possible to independeanitiste both
the protons and the chloride ions, though this would be energetically fab@urThe
Coulombic interactions between both ions now result in the formation of a deiotac
pair. The second peak in the RDF4a6 A, shows the exact opposite behaviour. This
peak corresponds to the solvent-separated ion pair, of which a ezpatise snapshot
is shown in gure 5.9.

Furthermore, from the relatively larger size of the second peak, wenfanthat

the solvent-separated ion pair is dominant over the direct contact-ionytaah has

its in uence on the dynamical properties of the system, as we will see later in the
dynamics section. Finally, the C§H-OI-[§ RDF, gure 5.10, shows a rather uniform
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Figure 5.10: OH; —OH; radial distribution functions for the dilute (dashed lire)d concen-
trated (solid line) solution.
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Figure 5.11: Histograms of the coordina- Figure 5.12: Histograms of the coordina-
tion number based on the CI-O distance tion number based on the CI-H distance
for the dilute (open bars) and concentrated for the dilute (open bars) and concentrated
(lled bars) solution. (lled bars) solution.

distribution of hydronium ions beyongt5 A, with an indication of a small minimum
around5:3 A. However, we were unable to identify uniquely characteristic structures
corresponding to maxima in the RDF due to the uxional character of thedmidm
species.

Integration of the RDFs yields the average number of coordinating watercoiete
around a chloride ion. There is a small dependence on the concentr&tivoride

ions in the concentrated solution are surroundedcbity 0:2 water molecules. In

the dilute solution, the average coordination number is slightly high2r, 0:2. For

this quantitative analysis, the coordination sphere is de ned as the @k pethe
corresponding Cl-H RDF, up to the rst minimum. We chose the Cl-H RDF be-
cause this minimum is more unambiguous than that of the CI-O RDF. Histograms of
the coordination numbers, based both on the CI-O and CI-H distance critara&um
shown in gures 5.11 and 5.12. The histograms both are quite symmetrical, with a
slightly higher peak value for the CI-O histogram. Although the absolute vétues
the coordination number do not differ, within the error-margin, from eattter or

the reference solution of a single chloride iGna trend is de nitely present. Chlo-
ride in the concentrated solution is solvated, on average, by less waterubesidtan

in the dilute solution. This con rms our overall observation that, on averagth

the hydronium and the chloride ions are better solvated separately in thestlute
tion. The inter-ionic distances are larger and their solvation shells contaia wader
molecules. When we compare our results to those from recent EmpiricattRbte
Structure Re nement (EPSR) Monte Carlo (MC) simulations that are cansttdo

data from neutron diffraction experimef8by Botti et al., a number of discrepancies
are apparent. The concentration in their studies is identical to that of aoeotrated
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Figure 5.13: Histograms of the local cluster in which the excess protarspaesent. The

concentrated and dilute HCI solutions are represented &yligd and open bars, respec-
tively. For comparison, the dot- lled bars show the datanfrour reference solvated proton
simulation.

system. While the CI-H and CI-O RDFs are very similar, peak positions in the C|I-Cl
RDF are shifted cal A to larger interatomic distances in our results. Peak positions
for the OH; —OHj are rather similar, however, the structure is much more pronounced
for the EPSR MC simulations. A discrepancy appears for the C[;—GBF, with our
simulations showing no undissociated HCI molecules, yielding a lower chlarader
coordination number of:4. A factor in this could be the fact that in the analysis of
the neutron diffraction experiments, the proton is modelled #8'Hons which limits

the possible proton-solvation structures.

For a more detailed picture of the local structure around the excess pra®need
more elaborate analysis methods than RDFs and simple visual inspection. ,Mostly
we are interested in the type of structure in which the excess proton isnpreke
guantify this we use a simple procedure: a hydronium ion is identi ed a¢ogrd

the aforementioned rst identi cation scheme. Next, the number of water nutdsc
surrounding this hydronium within a certain cutoff distance of the;08 RDF is
counted. The cutoff distance was taken to20@0 A. This value was guided by the
observation from earlier simulations of aqueous protbAg®- 134 14khat typically ap-

system HO+ H50§ H70§ HQOZ Hllog
concentrated 2.57 33.83 50.44 13.14 0.02
dilute 1.71 29.28 51.02 17.95 0.03

reference 1.59 27.38 49.42 21.60 0.00

Table 5.1: Distribution in % of the local structures in which the excesstons are present in
the solutions. The reference system contains a single gxceton and4 water molecules.
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pear in con gurations interchanging between 1) solvated by three watércules
with equal O-O distances of 2:60 A (Eigen structure) and 2) solvated by three
water molecules with one O-O distances of2:4 A and two O-O distances of

2:6 A (Zundel structure). This strictly de ned procedure results in the redati
abundances of local protonic structures, characterised by the nwhparticipating
water molecules, that are present in the solution. These relative almesdfam both
concentrations and the reference system are summarised in table 5.Jaidti&d
in gure 5.13. As there is some arbitrariness in the choice of the cutoff, thee
also shows the results for cutoff distance2d5 A and 2:65A. The table and g-
ure show that, for a cutoff 02:60 A, there is signi cant presence of4®; , H;Oj
and HO} ions, with the smaller clusters dominating. Differences between the di-
luted hydrochloric acid solution and the reference system are small. Gtensytic
trend seems to be present: upon increase of the HCI concentration eenpe of
the smaller HO; cation has grown, at the cost of thg®}; ion. This re ects the ear-
lier observation that the amount of present water is insuf cient to ideallyase both
ions independently. The results for different cutoff distances shaneseariation,
re ecting to a certain extent the intrinsic dif culty to quantify precisely the tela
occurrence of Eigen and Zundel structures. As we will see in the dysaseiction,
the protonic structures are very uxional due to fast proton dynamiende, we ar-
gue that the structural identi cation would be better described by a strarwipled
hydrogen bond network, as suggested by Silkirgt al.1?® Note, that the trend of a
decreasing cluster size with an increasing HCI concentration is preseatl tutoff
distances. Also note that the fact that our results for the referentensyghow signif-
icant presence of both Eigen, Zundel and mixed structures is consigtantsults
of earlier simulationg?- 130134141

Summarising the structural properties yields the following picture. Both ioasgnt
compete for a full solvation shell of water. However, because the anufuwdter is
insuf cient to accommodate isolated solvation of both species, water moleatdes
shared between ions. Of course, this effect is strongest in the doatezhsolution.
The intermolecular water structure is greatly affected by the presence ofttinding
ions.

Dynamics

The presence of the chloride ions is expected to have a distinct efféue alynamical
processes that occur in the hydrochloric acid solution. First we foouke dynam-
ical interaction between the chloride ions and the excess proton structiifesr
behaviour is best visualised by the time evolution of distances between thertao io
Representative plots are shown in gure 5.14 for both concentratioosthe dilute
solution, we rst observe the formation of a short-lived contact-ion pajr 5.8),
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Figure 5.14: This graph shows the time evolution of the Cl-DHlistance of a selected
ion pair during the simulation. The solid line represents@mpair from the concentrated
solution and the dashed line one from the dilute solutiore 3dlid grey line aB:0 A shows
the position of the RDF peak that corresponds to the combagbair. The dashed grey line at
4:6 A corresponds to the distance in a solvent-separated ion pai

around8-9 ps andl0-12 ps. These structures are not stable and slowly diffuse into a
longer-lived solvent-separated ion pair ( g. 5.9), starting arobgs. The concen-
trated solution displays rather different behaviour, the solvent-stguhien pair struc-
ture has almost no lifetime at all, but directly diffuses into the contact-ion pahles
from 14 ps onwards. The larger uctuations in the Cl-QHistance for the solvent-
separated ion pair indicate the large exibility of this structure, while the caritat

pair is much more rigid. Next, we look at the chloride-water network. In the Cl-
CI RDF and by visual inspection of the trajectory of the simulations we obsier
formation of a water-bridged network of the chloride ions. These waidges are
rather stable, based on visual inspection we estimate the lifetime in the order of p
coseconds, up th0 ps. Because the chloride ions are relatively heavy (almost twice
as heavy as a water molecule) they move more slowly than water molecules. Due to
the formation of the network, involving water molecules, we expect this etffesiow
down the water molecules themselves, on average, too.

Experimental NMR studié$® show that, indeed, the mobility of water decreases with
increasing concentration of hydrochloric acid. Using nonlinear spsotimy, Omtaet

al. show that this effect can be fully explained from the rigid nature of ttheation
spheres around the ions. By increasing the concentration of hydrachéid, a larger
amount of the water molecules is part of a chloride ion solvation spherghasdhe
average mobility would decrease. For the two concentrations that arecshetie we
expect a relative decrease in water mobility of approximat&s, based on the NMR
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Figure 5.15: Shell persistence correlation functiShsf water molecules in the rst solvation
shell of chloride in the dilute (dashed line) and conceptigsolid line) solution of hydrochlo-
ric acid. The dotted line represents the reference solwf@single chloride ion in water.

results. Analysis of the mean-squared displacement (MSD) in our simulaimms
no differences for the dilute, concentrated or pure water simulations.eStimated
margin of error of ca30% is too large to allow such a distinction. The concentration
of hydrochloric acid does in uence the shell persistence correlationtian ry , as
de ned in ref. 38, plotted in gure 5.15. Compared to the reference syseesingle
chloride ion in water, this function decays faster for both hydrochlorid aclutions.
The ideal solvation shell around the chloride ion is distorted due to therpresd the
excess protons and the other chloride ions. This causes the solvatintsheave
a more uxional character and, hence, a faster decay of their ctioeléunctions.
Furthermore, the function decays fastest for the concentrated sol@wiacently, the
solvation shell around the chloride ions in the concentrated solution is maienal
than in the dilute solution.

We de ne a proton hop as the transfer of a proton from an identi ed bgidrm ion to
a water molecule that is identi ed as a hydronium ion in the next MD timestep. Ad-
ditionally, the water molecule that receives the excess proton is requireslitotbe
rst solvation shell of the originating hydronium ion. This de nition as it is,very
much dependent on the choice of the de nition of a hydronium ion. Thawehr of
protons in an aqueous solution is very uxional, and an unambiguous idextibn
of hydronium that is consistent in time, is very dif cult to achieve. By nanhiater-
preting oscillatory motion of protons as consecutive proton hops thatrcotisely
contribute to proton transfer, a very large number of proton hops isreéde This
is more a result of the identi cation algorithm than a feature of reality. To isolate
the real proton transfers from one water molecule to another we reqeiresolting
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Figure 5.16: Number of observed proton hops per ps per excess proton atsduarof the
persistent lifetime of the resulting hydronium ion for thencentrated (solid line) and diluted
(dashed line) HCI solution. For comparison we also plotteddame quantity for the solution
of a single excess proton in water (dotted line).

hydronium ion to be detected as such for a speci ed amount of time. The euohb
observed proton hops as a function of the amount of time that the resuliingriiym
ion is required to exist, is shown in gure 5.16. First of all we notice that irnttaiée
graphs, there are two clear kinks, see table 5.2. For all concentratieese kinks
coincide, there is one at ca5fs and one aBOfs.

This leads us to the observation that, using our detection method, there eee thr
types of proton transfer processes, each with its own characteristic timstac.

Our proton hop detection method is susceptible to fast, oscillatory movemera-of p
tons, marking these incorrectly as proton hops that constructively caterib proton
transport. The function in gure 5.16, however, is the tool that we neelldothese

out. By requiring a hydronium, that is the result of a proton transfer, ®ditvleast

30 fs (the time at which the third, slowest, proton transfer mechanism dominates),
we eliminate overcounting the number of proton hops. The slowest proessks

system kink 1 /fs kink 2 /fs proton hops / ps
concentratedl5:8 30:7 0:80
dilute 16:0 29:4 1:85
reference  13:2 30:3 5:75

Table 5.2: Positions of the kinks in gure 5.16 for the various systemsgompanied by the
number of proton hops per ps.
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in a longer living hydronium, so this corresponds to a hydronium ion thesgmthe
proton on in a constructive way. The number of proton hops we obsesieg this
method, is also tabulated in table 5.2, corrected for the total amount of gxwtens
present. The value &:75ps ? for our reference solution of a single excess proton
is in rather good agreement with the previous resuli p§ * by Tuckermaret al.t?®
The number of proton hops in the hydrochloric acid solutions (dillit85ps 1, con-
centrated:0:80 ps 1) is much smaller than in the single excess proton simulation.
Proton transfer is optimal in a pure water solution. The undistorted natydabben
bond network structure facilitates fast proton transport. Introducingacoinants,
such as chloride ions and more excess protons, disrupts the hydrogdaddstruc-
ture to a larger extent, and leads to a decline in the number of proton hopshekn
factor at work here, are the slow chloride ions. As we saw from the RiDEssolvent-
separated ion pair is the dominant form in which the excess proton is prétare
assume that the Grotthuss mechanism of proton transfer still applies incalic
acid solutions, the chloride ions introduce another source of transfexdiment. The
relatively small diffusion constant of the heavy ions, combined with the gthydro-
gen bonding between the chloride ion and water molecules, leads to slomigna
of the solvation shell of the hydronium ion, due to its proximity to chloride. A more
distorted and slowed down solvation shell around the hydronium ion diminigtee
rate of proton transfer severely.

The last in uence on the dynamics of proton transfer we investigate is tamge
lifetime of hydronium ions. We de ne the hydronium persistence correldtiootion:

Tuyo+ (1) = (t)  h(0)i: (5.1)

Here,h(t) = 1if a selected oxygen atom is part of a hydronium ion at timand

0 otherwise. The function is averaged over the number of hydronium mekeamnd
time origins that are spac&b timesteps§ fs) from each other. This function is plot-
ted for both concentrations and the reference excess proton simulatiguia 5.17.
We observe that the trend in the hydronium persistence time is identical tof et o
chloride water shell persistence time. It con rms the increase of relatifat dy-
namics on increasing the concentration of hydrochloric acid. Note thattiequs.1
only takes the persistence of a hydronium into account. This explains eénarsgy
inconsistent observation that for the concentrated solution, the avasayenium
lifetime is shortest while the number of proton hops is smallest, compared to the di-
lute and reference solution. The persistence plot does not includé@iocosdn where
the excess proton is going and therefore only gives information on thenaigrprop-
erties of a hydronium itself. Finally we investigated the vibrational spectriitheo
water molecules. The vibrational spectrum of water is independent obtheeatra-
tion. Headricket al.*® found distinct characteristic vibrations due to the hydronium
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Figure 5.17: Logarithmic plot of the time averaged hydronium persiseeoerrelation func-
tion. The dashed line and solid line represent the dilutedl @ncentrated HCI solution,
respectively. The dotted line shows the correlation fuorcfor the reference solution of one
excess proton in water.

species. The statistical error in the results from our simulations is too largeke ma
this contribution visible over the spectrum of the bulk water molecules.

5.4 Conclusions

DFT-based molecular dynamics simulations of the aqueous solution of Hydriac
acid at high and low concentration in a large simulation box have providedtbhs w
a wealth of information on the structural and dynamical properties of thersyand
especially the in uence of the concentration. The proton appears as Bigt Zun-
del structures in both concentrations. At low concentration the hydroioanorms
mostly solvent-separated ion pairs with the chloride ions, while the direct dsiota
pair increases in abundance if we increase the concentration of tydriccacid. We
observe the formation of a semi-static water-bridged network of chloridg idine
number of water molecules that bridges two chloride ions is strongly coratemtr
dependent, increasing fromto 2 upon decreasing the concentration with a factor
of 2. The dynamical behaviour of the solvation shell of water molecules arthand
chloride ions is relatively fast when compared to the coordination shelhase:
lated chloride ion in water. This effect increases with concentration aod'sskhe
detrimental in uence that the increasing amount of charged speciestths oatural
hydrogen bond network of water. It is also largely responsible for tlaendtic de-
cline of the number of proton hops that we observe by increasing thentmation of
hydrochloric acid.



Chapter 6

A density functional theory based study of the
microscopic structure and dynamics of aqueous
lithium hydroxide solutions

Abstract

We study the aqueous solvation of lithium hydroxide using density functibealry
(DFT) based molecular dynamics simulations at high and low concentratiange L
simulation box sizes allow us to identify larger-scale structures, such ashvatged
lithium and hydroxide ions. The concentration has an effect on almosiraditsral
properties. Upon increasing the concentration we observe a destredfict on the
natural hydrogen-bonded water structure. Furthermore, the cadiimnumber of
water molecules around the ions, as well as the number of bridging water utesec
between ions, and the interionic distances, decreases on an incrélasd.@H con-
centration. We observe a very short lifetime of the hydroxide ion, indicaingry
much delocalised negative charge in hydroxide—water clusters. Thelisgtime of
identi able hydroxide species severely limits our analysis of the dynamicgdgaties
of proton transfer in solvated hydroxide solutions. Throughout thipterave com-
pare results for the aqueous LiOH solvation with those for the HCI solvatidhein
previous chapter.
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6.1 Introduction

Aqueous basic solutions are of great importance in many chemical reactiors
sequently there has been a large amount of research concerningviditiosoof the
hydroxide ion in water. Proton transfer constitutes an important procebese so-
lutions. By combining results from experimental techniques such as NMRyX-
diffraction and computational studies, Agmon proposed a mechanism fqirdien
transfef? in aqueous hydroxide solvations. In that work, the existing idea of hydro
ide proton transfer that closely resembles hydronium-like proton tramsfeacked
by a large number of experimental and computational results to give a tmmisis
and complete picture of the solvation dynamics of the hydroxide ion. It is show
that structural and dynamical features are intimately connected. The alilieeh-
anism, however, contains some uncon rmed details and inconsistencies anith s
data. Therefore, a few years later, Tuckernedal.?® undertook a rigorous computa-
tional study, using state-of-the-art simulation techniques to re-examinértiotusal
and dynamical properties of the solvation of Olh water. They showed that the
process of proton transfer proceeds rather differently for hyidesolvations than
for hydronium solvations. First, a hydrogen bond between the oxygmn af the
hydroxide ion and a rst solvation shell water molecule is broken. Themeak hy-
drogen bond is formed between the hydrogen atom of the hydroxide barssther
water molecule. Finally, a proton is transferred from a solvation shell watéecule

to the hydroxide, completing the proton transfer process. Especially thieriieg of
the process, that starts with a rearrangement in the rst solvation sloelhdrthe ion,
constitutes a large difference with the previously proposed, hydroniuenrli&cha-
nism. Since the introduction of this revised mechanism, it has been embraciee by
community*? and lead to a renewed interest in hydroxide solvaffoft:143-145The
paper by Chert al. describes a very interesting and relevant study on the solvation
of NaOH and KOH in water, over a range of concentrations. Througtmisichapter
we will compare and discuss their and our results.

In studies of the properties of aqueous bases, the hydroxide ion itstlfatly, has re-
ceived most attention. Relatively few studie$*3-14Ginclude a cation for a complete
description of the system. Those studies that include counterions usuatlgrocthe
widely used NaOH and KOH. The aqueous solvation of other basesasuithium
hydroxide, has attracted much less attention. From an experimental peoietothis

can be explained by the practical dif culties of the substance due to its leigb-r
tivity and low vapour pressure. In computational studies, the focus is maosttiie
behaviour of one of the ions in an aqueous environment, either the catioorlthe
hydroxide ion OH . The lithium cation receives much attention because of its appli-
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cations in battery technology (the widely used Li-ion batteries). The smalligind
ion provides a very high energy density, compared to other electric grstogage
technologies. The lithium ion also has some important medical applications. Lithium
in uences neurotransmitter chemistry in nerve cells and increases thegiiod of
white blood cells**’ Both in the technological and medical applications, tHeibn is
the active form of the metal, which makes studies on the properties of thisiipnele
evant. The properties of the aqueous solvation of the lithium cation haveshesdied
using a variety of techniques. Experimentally, neutron diffractiti*°and NMR-5°
offer insight in the structural features of water directly surroundingidime Neutron
diffraction yields one of the most important structural quantities: the coatidin
number, which ranges fror8:3 0:5t0 5:5 0:5, depending on the concentration
of the solution. The average residence time of a water molecule in the rstsov
shell of Li* is approximately30 ps, as measured in NMR experimenhtszurther ex-
perimental studies are limited and do not provide microscopic details on thdisalva
of the lithium ion.

Computational studies can provide a more detailed description of the praypafrthee
lithium ion and the effects on the water molecules that surround the ion. Lithium,
however, is a rather dif cult ion to incorporate in simulations that are basetbrce
elds. Its small size and, consequently, high local charge density leadstooag
polarising in uence on coordinating water molecules. The hydrogen sdmat Li*
forms with water are very strong. For a proper description it is very impot@ac-
curately describe these electronic effects. Some recent purely classicputational
studied$®-153reproduce the experimental data very well. Additionally, they provide
insight in the structure of the solvation sphere and the dynamics of watbaege
mechanisms. Parametrisation of the force elds remains a dif cult subjectetbe

a relatively large number of studi®s'>*-1%6employs QM/MM simulations to evade
this problem. Lyubartseet al. studied the Li ion in water using CPMD in a com-
pleteab initio approach. All simulations roughly agree with respect to the structural
features of the rst solvation shell of the lithium ion. At ambient conditions ¢be
ordination number igl, with a tetrahedral water layout around the ion. The Li€H
distance i22:0 A and the Li-O RDFs show a deep minimum just after the rst peak,
indicating an almost complete depletion of water molecules between the rst and
second solvation shell. The dynamical properties of the solvation sheti@e prob-
lematic to elucidate. Since the Li-B hydrogen bond is so strong, the solvation shell
is very rigid. Usually, feasible simulation lengths are insuf cient to yield acusate
value for the residence time of water molecules in the solvation shell. Modtgesu
however, indicate that this value lies in the ra2§e60 ps. As mentioned above, most
studies focus on only one ion and disregard the role of the counteriomxéeption

is the study of the structure and energetics of small LiOp@HIusterst*”-157 The
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very recent study by Veermaet al.,**” using DFT-BLYP and MP2 level calculations,
determines the number of water molecul@sthat is needed to completely dissociate
a LiOH molecule.

In the present study we investigate the aqueous solvation of LiOH usingb2&dd
molecular dynamics simulations. We study the LiOH solvation at two concentrations
in order to be able to identify concentration effects. In both concentrativater
molecules are almost always member of a rst or second solvation shellithiam

ion. The strong hydrogen bonds are therefore expected to have iaaigreffect

on the dynamical properties of the present water. The concentratiersuah that
complete isolated solvation of both ionic species is not possible due to théwpaoérc
water molecules. This means that the ions must compete for water molecules to |l
their solvation shells. Again, we expect a strong concentration effeitteostructural
features of the solvation of the ions. A large range of conformationaipitites ex-

ists, from direct contact-ion pairs and solvent-separated ion pairs to-imadiged ion
networks. Especially interesting is the comparison with the solvation of hitiroc

ric acid, as presented in chapter 5. The concentrations of the systemsnin aér
solute/solvent ratio are identical to facilitate a direct and consistent coroparis

6.2 Computational Details

Electronic structure calculations are performed using the Kohn-Shamufatiorf® of
DFT > where we employed the gradient-corrected BLYP-functiéhaf Molecular
dynamics simulations are performed using the Car Parrinello appfSaahjmple-
mented in the CPMD software pack3gél'he Kohn-Sham orbitals are expanded in
plane waves with an energy cutoff @D0 Ry. Only valence electrons are consid-
ered explicitly, with a semi-local norm-conserving Martins-Troullier pseaadential
taking into account the interactions between the core and valence electimsut-
off radius for the pseudopotentials @s50, 1:05and0:70a.u. for H, O and Li (all
electron), respectively. The concentrated solution contaihkthium ions, 12 hy-
droxide ions and 13water molecules1(9:4, ca.5:7mol |- 1) in a body centred cubic
(BCC) simulation box with a lattice constant®:1A. The dilute system consists 6f
lithium ions, 6 hydroxide ions and 19water moleculesl(19:8, ca.2:8mol |- 1). The
BCC simulation box has a lattice constantléf.2 A. At the start of the simulations,
the systems are equilibrated 280 K by simple velocity scaling of the ions. After
equilibration the temperature is no longer controlled, to avoid non-phydieaite of

YCPMD 3.7.1, Copyright IBM Corp 1990-2004, Copyright MRir frestkrperforschung Stuttgart
1997-2001.
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a thermostat on the dynamics of the simulation. The temperatures of the catedntr
and dilute solutions ard64 24K and356 24K, respectively. For comparison
reasons, we performed simulations of pure water, the solution of a sindleXige

ion, and the solution of a single lithium cation under comparable conditions and in
put parameters. The pure water simulation cont&ihsvater molecules in a BCC
simulation box with a lattice constant @6:66A. A hydroxide ion was added to this
system for the separate solvated hydroxide simulation. Both systems wduélie e
brated according to the above mentioned procedure. During the produatip the
temperature of the pure water systen329 31K, the solution of the hydroxide ion

in wateris352 32K. The simulation of the solvation of a single lithium ion contains
1 lithium ion and64 water molecules in a cubic simulation box with a lattice constant
of 12:5A to yield the experimental density at ambient conditions. The temperature
is controlled by a Nos-Hoover thermostét at 350K with a frequency o600cnt L.

The thermostat is not expected to in uence the dynamical properties ofyters
because the timescales of the thermostat and the important dynamical peiogse
simulation differ by an order of two. Overall charge neutrality is achiewedduing a
uniform background charge to compensate for the positive charge dithium ion.

All hydrogen atoms are assigned the mass of deuterium in order to improee-de
pling of the dynamics of the ionic and electronic subsystem over a longerdpei
time, and allowing for a larger timestep in the numerical integration of the equations
of motion. The ctitious mass associated with the plane-wave coef cients isitset
700a.u. allowing for a timestep d:0a.u. 0:121fs) in the numerical integration of
the equations of motion. We observe no drift in the electronic kinetic enargpgl

all simulations. All simulations were run for at ledsps. after equilibration to gather
data.

6.3 Results and Discussion

Structure

The position of a hydroxide ion is de ned as the position of the oxygen atoon. F
identi cation of the hydroxide ion the following criterium is used. A hydrogsiom

is associated with a speci ¢ oxygen atom if its distance to this oxygen atom is less
than a certain value. The oxygen atoms that have one hydrogen atonddhem, are
labelled as hydroxide. For all lithium hydroxide solutions, the O—H distaniteffc

was set atl:228A. With this distance cutoff the number of hydroxide ions in a sim-
ulation is, on average, equal to the number of present lithium ions. The catwie

was used for the identi cation of hydroxide ions in our reference sotvatgdroxide
solution. In the following discussion, references to an 'O’ atom includggex atoms
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Figure 6.1: O-O radial distribution functions for the concentratedlitséine) and dilute
(dashed line) LiOH solution. The dotted line representsSQh® RDF for a reference system
of pure water.

both from water molecules and hydroxide ions. Oxygen atoms from hydkdgns
are explicitly referred to as 'OH.

The structural analysis of the LIOH solutions starts with a discussion on thal ra
distribution functions (RDFs). The O—-O RDFs ( gure 6.1) show that highi©H
concentrations have an increasing destructive effect on the natatat metwork, as
expected from the work of Chest al.l4* In comparison to the O—O RDF of a pure
water simulation, also shown in gure 6.1, the effect of the added ions is clear.
The rst peak lowers signi cantly on increasing the concentration andrtbemal
water structure beyond the rst peak is all but gone for the concentisaiition. The
in uence on the structure of water is more pronounced here, for LiOHR b is in
the solutions of HCI. Especially the lithium ions disrupt the natural water nétimor
their direct environment to a larger extent than the chloride ions. Againjstise
to the very strongly hydrogen bonded rst solvation shell of water mdkesaround
lithium. At the studied concentrations, almost all water molecules have one & mor
Li* ions in their second solvation shell. Additional®)-40% (dilute-concentrated) of
all water molecules are part of a rst solvation shell of lithium. Hence, theience of
the lithium ions extends throughout the solution and distorts the entire wateonketw
most notably visible beyond the rst peak in the O—O RDF. Note that this désons
is unrelated to the structure maker/structure breaker issue. The in uenttee entire
water structure is an effect of the concentration alone, and does nefspond to
long-ranged in uences of the Liion. It has been shovif 1°3that the lithium ion has
no in uence on the water structure beyond its rst solvation shell.
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Figure 6.2: Li—O radial distribution func-  Figure 6.3: Li—H radial distribution func-
tions for the dilute (dashed line) and con- tions for the dilute (dashed line) and con-
centrated (solid line) solution. The dotted centrated (solid line) solution. The dotted
line represents the Li-O RDF for the ref- line represents the Li—-H RDF for the ref-
erence system of a single lithium ion in erence system of a single lithium ion in
water. water.

The Li—O and Li-H RDFs of both LiOH solutions and the reference solutioa of
single lithium ion in water, are shown in gure 6.2 and 6.3, respectively. Sthecture

of the rst solvation shell is very clear. Due to the strong hydrogen Isdretween the
lithium ion and the oxygen atoms of water molecules, we see sharp peaks-d@ba L
distance oR:0 A. The very low minima directly after these peaks indicate an almost
complete depletion of oxygen atoms betw@Band3:0 A, suggesting a very rigid
solvation shell. This is consistent with results from all previous stdgi&s:154-156

of the solvation shell of lithium.

The Li—H RDFs are less structured, as is expected because the hyditoges point
away from the lithium ion. In the structure of the Li—O radial distribution funesio
we see a small in uence of the concentration on the height of the rst pedlhe
most dilute reference system has a rst RDF peak valu@, @fhile the most concen-
trated solution has its rst peak maximumatThe concentration has an effect on the
average number of water molecules in the rst solvation sphere aroundntithilo
quantify this in uence we have calculated the normalised integrals of theRIBE
peak for all concentrations. These values are tabulated in table 6.1, lLigumd

2. From the Li—O values, that are most relevant here, we calculate dination
number around!, in agreement with the majority of all simulation and experimental
data?8. 77 154-15¢gr the rest of the discussion a water molecule is de ned to be inside
the rst solvation shell of lithium if the Li-O distance is smaller than the rst mini-
mum in the Li-O RDF. Furthermore, we see that increasing the concentratizes
the amount of rst solvation shell water molecules to decrease slightly #d@ to
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system Li-O (2.7) Li-H (3.2) Li-OH (2.4) Li-Li O-OH (3.2) H-OH (2.5)
concentrated 3.93 9.84 0.44 0.46 (4.1) 4.26 3.57
dilute 4.00 10.26 0.25 0.23 (4.4) 4.54 3.84
reference 4.02 9.54 - - 431 3.93

Table 6.1: Coordination numbers (normalised integrals of the rst RPp&ak) for the most
important atom and ion pairs. The numbers in brackets detheténtegration limit inA.
The reference system is a single lithium ionG# water molecules for the Li-O and Li—H
coordination number. For the O—OHand H—OH integrals, the reference system is a single
OH" ion in 64 water molecules.

3:93 In comparison with our studies on the solvation of HCI, in chapter 5, werebse
the same behaviour. The relatively smaller amount of water that is availablerpe
in the high concentration solution results in a smaller average coordinationemumb
Another observation is, however, that the differences in the coordmatimbers be-
tween the concentrations is smaller than in the case of the HCI solvation. d$e@nre
for this is that the lithium ion forms much stronger hydrogen bonds with water tha
the chloride ion. The energy gain of lling the complete solvation sphere of lthisl
therefore much greater. Consequently, the effect of concentrationabes: the sol-
vation shells of lithium are lled rst, and the remaining water molecules are atségla
for the solvation of the hydroxide ions and the formation of a hydrogerdbd water
network. The histograms of the coordination numbers for the concentrditated
and reference solution are shown in gure 6.4, based on the Li—O disteniterium.

As the minimum in the Li-O RDF is most well-de ned, the histogram based on this
quantity is most important. We observe, for all concentrations, a verpwatistri-

relative abundance

l_Lt—\ | —_1] |
2 3 4 5 6
oxygen coordination number

Figure 6.4: Histograms of the coordination number based on the Li—Cadgs for the con-
centrated (lled bars), dilute (open bars) and referendatsmn (dot- lled bars).
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bution around4, indicative of a very rigid and well-de ned solvation shell. A small
concentration effect is visible. In the most dilute solution, the referengatian of a
single Li* ion in water, there is a small amount of ve-coordinated lithium present in
the solution. This contribution disappears in the dilute LiOH solution. Here,dhe c
ordination is almost exclusively. At the highest concentration, we observe a small
yet signi cant amount of three-coordinated lithium. These observatioms@nsistent
with the notion that the amount of water that is available to solvate a singléobi
steadily decreases with the increase of the LiOH concentration.

The Li-OH RDFs are shown in gure 6.5. The form of the RDFs is qualitatively
identical to the Li—O RDFs, but the minima after the rst peak are more prooedin
as well as the overall structure of the complete RDFs. The concentrafiect &f
mostly present as a difference in the relative amount of direct contaetridisolvent-
separated Li—OH pairs in the solution. From the normalised integrals of the rst
peak (table 6.1, column 3), we observe that almost twice as many contacHsme
presentin the concentrated solutions than in the dilute solution. In agreeiitieour
observations of the HCI solvation, a higher concentration forces thesfiton of more
contact-ion pairs. Again, isolated and complete solvation of each chapgetks is
energetically most favourable. In both solutions, there is an insuf ciembunt of
water for complete solvation of all charged species in the solution. The fanmef
the very strong Li—-OH hydrogen bond becomes increasingly more favourable upon
increase of the concentration.

The lithium ions in the solution form a water-bridged network, comparable tootha
the chloride ions in the HCI solutions. The Li—-Li RDF ( gure 6.6) in combination

10.0-
8.0~

6.0-

a(r)

2.0-

0.0

Figure 6.5: Li-OH" radial distribution functions for the dilute (dashed lirg)d concentrated
(solid line) solution.
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Figure 6.6: Li-Li radial distribution functions for the dilute (dashdithie) and concentrated
(solid line) solution.

with visual inspection of the trajectories of the simulations, allows us to identify the
most important species that are formed. In the concentrated LiOH solutiénvirD
observe a broad peak in the rang@-4:2 A, that is completely absent in the RDF
of the dilute solution. Analysis of the trajectories indicate that the structurectrat
responds to this peak is the water- or hydroxide-bridged Li—Li pair. r&smtative
snapshots of these structures are shown in gure 6.7 and 6.8. Ththéadhe RDF
peak is relatively broad is caused by the presence of both structures goliion.
The hydroxide—lithium hydrogen bond is stronger than the water—lithiunndgah
bond. Effectively, due to the smaller Li—O distances in the hydroxide-bddighium
pair, the lithium ions are drawn closer together by approximadedyA, on average.

Figure 6.7: Snapshot of the water-bridged Figure 6.8: Snapshot of the hydroxide-
Li—Li ion pair. bridged Li—Li ion pair.
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Figure 6.9: Representative snapshot of a lithium ion pair that is bridige a water molecule
and a hydroxide ion.

The rst peak in the RDF is centred aroudd2 A in the dilute solution. More water

is available in this system to solvate the ions, so the lithium ions are not forced as
close together as in the concentrated solution. In fact, the amount of siagge-w
bridged lithium ion pairs is much smaller and if they occur, the Li-Li distance is
larger than in the concentrated solution. The hydroxide-bridged lithiunp&nis al-
most completely absent. Instead, we observe that the Li-Li distance abamately
4:2 A corresponds to a lithium ion pair that is separated by a hydroxide ion aadiea
molecule, as shown in gure 6.9. This structure is also observed in thesodrated
solution, but, apparently it is relatively more stable in the dilute solution. In both
RDFs a broad peak is present around approximaidly This Li—Li distance nicely
corresponds to a lithium ion pair that is bridged by two water molecules, shrown

ure 6.10. Actually, this conformation corresponds to two lithium ions that baes
able to completely Il their solvation shell with water molecules. Due to the relatively
high concentration of ions in both solutions, they cannot easily move fuaivay
from each other. The favourable hydrogen-bond interaction betwegsr molecules
from each solvation shell then makes this structure relatively stable. Alththey

Figure 6.10: Structure of a double water-bridged lithium ion pair.
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0.0

Figure 6.11: O-OH radial distribution  Figure 6.12: H-OH radial distribution
functions for the dilute (dashed line) and functions for the dilute (dashed line) and
concentrated (solid line) solution. The concentrated (solid line) solution. The
dotted line represents the O-OHRDF for ~ dotted line represents the H-OHRDF for
the reference system of a single hydroxide the reference system of a single hydroxide
ion in water. ion in water.

interaction is rather exible, which can be concluded from the relativeatress of
the peak, a number of these structures have been observed duringtiteeength

of the simulation, in both concentrations. Finally, the very last Li-Li RDF pieak
the dilute concentration, arour®lA, is more dif cult to connect to a water-bridged
lithium ion structure, due to limitations of the size of the simulation box. However,
one can easily speculate that inserting an extra water molecule between\eitioso
shells around lithium would result in a Li—Li distance of c@A. This would also
explain the absence of a peak at this value in the concentrated solutido, thedack

of available water molecules to separate two solvation shells.

Figures 6.11 and 6.12 show the O-Oldnd H-OH RDFs, respectively. The coor-
dination numbers, based on the integration of the rst peaks, are shotabla 6.1,
columns5 and 6. The dilute and concentrated LIOH solutions are compared here
to the reference solution of a single hydroxide ion6i# water molecules. Water
molecules surrounding the hydroxide ion point towards the ion with one @fhlge
drogen atoms, so the H-OHRDF is most important here. The structure of the RDF
is identical for all concentrations, a sharp peak arolr@lA, followed by an min-
imum that almost reachdyat 2:5 A. The concentration effect is clearly visible in
the height of the rst peak and, consequently, in the coordination nusnfdre peak
height decreases on increasing the concentration of LiOH in the solutlmmet al.
observed this effect in their studies of the solvation of KOH and Natie saw
the same trend in the rst peak of the Li-O RDF and the reasoning for thgeciau
the same here. A relatively smaller amount of water molecules is present aiesolv
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0.0

Figure 6.13: OH —OH radial distribution functions for the dilute (dashed lirz#)d concen-
trated (solid line) solution.

the hydroxide ion completely. The coordination numbers quantitatively follasv th
trend, decreasing frorB:93 which corresponds very well to literature data,3&7
for the most concentrated LiOH solution. The O—ORDFs qualitatively follow the
same trend of a decreasing RDF peak height with increasing concenttdtamrever,
since the oxygen atom is not directly hydrogen bonded to the ion, and dhaatty
protruding water molecules from the second solvation shell, the rst solvatill

is not so well-de ned. The error margin on the coordination numbers is narger
and therefore they do not display this trend quantitatively.

The OH —OH RDFs are shown in gure 6.13. There are no noteworthy structures
in the concentrated solution but in the dilute solution a very distinct peak droun
4:5 A is visible. Inspection of the simulation trajectories revealed that this maximum
is due to the water-bridged structure of two hydroxide ions, shown inegui 4. This
structure is also observed in the concentrated solution but, accordingdhetrgoeak

in the RDF, it is stabilised more in the dilute solution.

Figure 6.14: Structure of a water-bridged hydroxide ion pair.
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Figure 6.15: Histograms for the local hydroxide cluster for the dilutenfgty bars) and con-
centrated (solid bars) solution. The dot- lled bars show tlistribution of the local hydroxide
cluster in the reference system of one hydroxide ion in water

For insight in the local structure in which the hydroxide ion is present in the-s
tion, we plotted the distribution of the size of these clusters in gure 6.15. Awate
molecule is counted as being part of the hydroxide cluster if the O—@idtance
falls within the rst peak of the O—OH RDF ( gure 6.11). The reasoning behind this
criterium is that these directly neighbouring water molecules can, in pringphéic-
ipate in proton transfer without the need of large structural rearrangesm&here is
some arbitrariness in the choice of this criterium. A smaller criterium would shéft th
distribution left, towards smaller cluster sizes and a larger criterium woulekaser
the average size of hydroxide clusters. Our choice to include the enstesalva-
tion shell is mainly based on our observations, from visual inspection afidlokar
trajectories, that the proton hole is delocalised over the rst solvation shelind a
hydroxide ion. On a more phenomenological basis, this criterium yields &distn
that compares well with the recent stude$**that are mentioned here.

Figure 6.15 shows that, using this criterium, the dominant species in themeéese-
lution of one OH ion in water, is the HO; ion. This observation is consistent with
the average coordination number4fas found in this work and literature. In their
studies of the solvation of KOH and NaO#f, Chenet al. observed approximately

the same distribution of dominant species, wigQd dominant, followed by h O

and H O, . The dominance of this species is also in good agreement with the revised
mechanism of proton transport in hydroxide solvatiéhdn the mechanism of hy-
droxide mobility, as proposed by Agmaéathe smaller HO, and KO, clusters are
dominant. Our results therefore do not support this mechanism directlgugithone
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must keep theaveatof the choice of the criterium in mind.

The concentration effect is not as clear here as it is in the solvation of HG$.
expected that an increase in the LiOH concentration would favour smatieoxige—
water clusters instead of larger clusters, due to the relatively smaller arabwater
that is available. The most concentrated solution shows an increase in thmtamo
of smaller HOj clusters, at the cost of thegh; ion cluster, comparable with the
results for the solvation of NaOHM The dilute LiOH solution, however, shows some
counterintuitive behaviour. Here, the amount of smaller clusternddO; ) is actually
smaller than in the reference solution of a single"Oidn. The proportion of large
clusters ¥ HyoOg) is bigger than in the reference solution. Although the deviations
could be the result of statistical errors and fall within the margin of ernootlzer,
physical explanation could be related to the apparent stabilisation of tletustrhat

is shown in gure 6.14. The OH-OH RDFs ( gure 6.13) show that relatively large
OH —H,0-OH type structures are favoured in the dilute LiOH solution. This same
effect can be the cause for the relatively larger amount of biggeraxyaie—water
clusters.

Dynamics

Because of the relatively short duration of our simulations, we are limited iarthly-

sis of the dynamical behaviour of the solvation of LiOH in water. The hyendagpnds
between the lithium ions and water molecules is so strong that we have abbsatye
very occasional structural rearrangements in the rst solvation shellrad lithium.

This is consistent with previous simulations that estimate the residence time of water
molecules in the rang20-50 ps. Based on these limited water exchange processes we
cannot address the residence time in a quantitative way. The dynamipattes of
proton transfer, however, occur on a much smaller timescale than thatictistl wa-

ter rearrangements. We have analysed the hydroxide persistenetatorr function

that is a measure for the lifetime of a hydroxide ion, as introduced in chajesp&-

tion 5.1). This function, shown in gure 6.16, displays very fast dedsgcording to
these plots, in all solutions the lifetime of a hydroxide ion is never longer Thisn
Compared to the hydronium ion, the hydroxide ion lives much shorter. Thisot
probably an indication of a strong delocalisation of the proton hole in a logal O
cluster. As a consequence of the very short persistent lifetime of thexige ion,

our analysis of the dynamics of proton transfer is limited. Our de nition of @tqm
transfer is a slightly modi ed version of the de nition of a proton transfer ie tHClI
solvation. A proton transfer is characterised by one hydroxide ion thastorms into

a water molecule within one MD timestep, while, during the same timestep, a water
molecule in its rst solvation shell transforms into a hydroxide ion. The nundfer
observed proton hops as a function of the amount of time that the resultilngXige
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Figure 6.16: Hydroxide correlation func-
tions for the concentrated solution (solid
line), dilute solution (dashed line), and
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Figure 6.17: Number of observed proton
hops per ps per proton hole as function
of the persistent lifetime of the resulting

reference OH solution (dotted line). hydroxide ion for the concentrated (solid

line) and dilute (dashed line) LIOH solu-
tion. For comparison we also plotted the
same quantity for the reference solution of
one OH ion in water (dotted line).

ions is required to exist, is shown in gure 6.17. Because the hydroxidgnliéeis

so short, it is not possible to analyse the graph in as much detail as camédalo
this quantity in the HCI solvation. We should conclude that our analysis mettiods o
proton transfer has only limited applicability in the case of hydroxide dynandcs.
method is unable to handle the apparently very fast uxional behaviobydfoxide
dynamics.

To extend our knowledge on the dynamical properties of the hydroxiddigmum
dynamics, the obvious choice would be to increase the total simulation timeset.ong
simulations would enable us to estimate the residence time of water molecules in the
solvation shell of lithium. Also, this would yield an increase in statistics concerning
proton transfer. Longer timescale hydroxide position correlation funstiorclud-

ing intelligent averaging algorithms on the position of the hydroxide, wouldigeo
information on the transport of the hydroxide ion in a more macroscopic \Raye

to the fast uxional behaviour of hydroxide dynamics one could alsorekse the
timestep in the simulation as to increase the resolution of, for example, gure 6.17
and perhaps discover evidence of proton transfer mechanisms thatarcdifferent
timescales, comparable to our results for the solvation of HCI in the previmser.
Furthermore, the dynamical behaviour of the electron density in hydratidgers
and its correlation with nuclear motion would provide advanced insight in tharmy

ics of proton transfer. Finally, it has been shown that the quantum natttine nuclei
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is of great importance in the process of proton tran$fé€ and future studies would
bene t from including these properly. All these options imply a large insesia the
needed computational resources. However, due to the fundamentatamgmiof a
detailed and de nitive understanding of the properties of basic soluttbese would
surely be justi ed.

6.4 Conclusions

We have studied the aqueous solvation of lithium hydroxide using DFTdbrastec-
ular dynamics simulations at high and low concentrations. Large simulationiiex s
allow us to identify larger-scale structures, such as water bridged lithiwhtnarox-
ide ions. The concentration has an effect on almost all structural girege Upon
increasing the concentration we observe a destructive effect on thiehlaydrogen-
bonded water structure. Furthermore, the coordination number of watecoies
around the present ions, as well as the number of bridging water moldmtiesen
ions and the interionic distances, decrease on an increase of the LiQie¢ntm:
tion. In comparison with our previous study of the solvation of hydrochladid,
we see many comparable features. However, due to the differencesiontiveater
and ion—ion interactions, there are some notable qualitative and quantitédfere d
ences. The overall structural features, however, remain intact. Thenlitions form

a semi-rigid water-bridged network while the solvated ions compete to complate the
solvation shells. Due to our short simulation lengths, we are unable to quaetifati
address the dynamical properties of the lithium—water interactions. Regaifuin
proton transport, we observe a very short lifetime of the hydroxide iaficating a
very much delocalised negative charge in hydroxide—water clusteessfdrt lifetime
of identi able hydroxide species severely limits our analysis of the dynanpicah-
erties of proton transfer in solvated hydroxide solutions. Howeverjdaiti cation

of the H/O, , HyO5 and H; Oy ions as the dominant species in the LiIOH solution,
agrees with the results from Chenal.*** in their studies of the solvation of NaOH
and KOH. Consequently, our data support the view that the transpohtanisen the
hydroxide ions is different than that of protofisalthough the somewhat arbitrary
choice of our identi cation criterium does not make this study outright pificthis
revised mechanism.
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Summary

The subject of this thesis is the computational study of solutions of ions in water
ing molecular dynamics. The importance of water is so obvious that resequttie
properties of water does not need any justi cation. Water is a more complak
than its appearance would suggest. This complexity is clear when one sialirs
on the molecular level. The water molecule®is strongly polarised; the hydrogen
atoms have a relatively positive electrical charge, while the central oxggem is
negatively charged. Water molecules can form hydrogen bonds.ewherpositive
hydrogen atoms attract the negative oxygen atoms of other water moleodlegca
versa. In pure water this leads to a structured network of water molechleewevery
water molecule tries to form an optimal amount of hydrogen bonds with its sudro
ing water molecules. A tetrahedral structure of water molecules that arected by
hydrogen bonds is formed. When ions are introduced in liquid water, tiseypd this
natural network of hydrogen bonds. lons themselves, howeverfocemhydrogen
bonds with surrounding water molecules too, and thus induce a chartctstiac-
ture in their direct surroundings. Around the ion a solvation shell of wai@ecules
is formed. The structural and dynamical properties of water molecules irslieib
depend on the charge and size of the central ion. To study these feepesing a
theoretical model, an explicit description of the dynamical behaviour of lgxtren
density is of great importance. The combination of density functional thii)
and Car-Parrinello molecular dynamics (CPMD) offers this possibility pedecighe
electron density, calculated with DFT, is propagated in time together with the move-
ments of the nuclei by the Car-Parrinello equations of motion. This methodys ver
ef cient and yields excellent results for simulations of pure liquid water swoldtions
of ions in water.

In the rst part of this thesis, chapter 2 to 4, the solvation of ions is systeaiBtic
studied using a series of halogen ions, EI" and I . These halogen ions all have
equal charge and outer electron con guration, only their size and mags VMhe
effects on the dynamics and structure of the surrounding water molecibesesult
of these properties of the ion can be compared consistently. Chaptecrzbdsshe
dynamical and structural properties of water molecules in the directwuings of
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the chloride ion. The shell around the chloride ion consists on averaglenoist six
water molecules. The chloride—water interaction is relatively strong; a \waikscule

in the shell around chloride stays there for twelve picoseconds onge/efae strong
hydrogen bond with the chloride ion hinders a water molecule in its mobility. This
mobility lies a factor two lower than that of water molecules in pure liquid water.
Analysis of the structure of the solvation shell shows that the water molefmrfesa
exible octahedral structure around the chloride ion. The ion indeeddada clear
structure in its direct surroundings. This in uence, however, is limited torteshell

of water molecules around the ion. Outside, the normal network of water meteis
almost directly completely restored. The internal geometry, bond lengtharagids,

of water molecules that are bonded to the chloride ion are not distorted. tiAdso
dipole moment of these water molecules is equal to that of water molecules in pure
liquid water. The only discernible intramolecular effect is a decrease irr¢lggéncy

of the O—H stretch vibration of these water molecules. This frequencyedses with

ca. 100cm * as a result of the strong hydrogen bond between the chloride ion and
the water molecule.

The solvation of the uoride ion is the subject of chapter 3. Fluoride is thellsma
est of all halogen ions. This results in a very strong interaction betweeiorthend
surrounding water molecules, stronger than that of chloride. Water meketuthe
solvation shell of uoride stay there for sixteen picoseconds on aeerdgpe strong
hydrogen bonds also lead to a well-de ned geometry of the solvation sHai.cbn-
sists mainly of ve water molecules in a square pyramidal structure with the orid
ion in the centre of the base of the pyramid. Exchange of water moleculestifr®
shell and the rest of the solution proceeds by two different procéisaeare discussed
in detail in chapter 3.

Regarding the in uence on the surrounding water, chloride and uolédgely show
the same behaviour, albeit that the in uence of uoride is stronger andenpoo-
nounced. lodide, the subject of chapter 4, clearly differs in its in weon the sur-
rounding water structure. The iodide—water interaction is much weakerttizdrof
uoride and chloride, weaker even than the normal water—water interactiffec-
tively iodide has a relatively water repelling character. This results in &hyetruc-
tured solvation shell around the ion. Water molecules in this shell move rdyative
fast and their persistence time in the direct vicinity of the ion is short (less1Ban
picoseconds).

Chapter 5 and 6 present the research on solutions of hydrochloriaadilithium hy-
droxide. In the previous chapters isolated ions were studied to examinaitheince
on the surrounding water in a well-de ned way. Chapter 5 and 6, howeescribe
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much more complex systems in which the interaction between several anceuiffer
ions is important. Both hydrochloric acid (HCI) and lithium hydroxide (LiOH)-dis
sociate completely upon solvation in water. A large difference regardiagters 2

to 4 is that, next to negative ions, positive ions are now present in the suoluAid-
ditionally, the concentration of HCI and LiOH is chosen to be higher, making the
interaction between the ions very important. The nature of this interactiongsgron
depends on the concentration of the ions. To study the in uence of theeotration,
both solutions were simulated at two different concentrations.

Upon solvation in water, HCI dissociates into chloride ions and protofi$.(Protons
in water have been studied extensively in scienti c literature. In solutiontopmis as-
sociate with surrounding water molecules to form Eigeg@{) and Zundel (HO3 )
structures. The positively charged proton structures and negatigdehions attract
each other and hence both solvation shells are distorted. One of thejoenses is a
shortening of the persistence time of water molecules in the solvation shelboideh
when the concentration of protons increases. For protons, the efféwoe solvation
shell distortions is mainly visible in an effect on the speed of proton trangfee
above mentioned proton structures are not static, via hydrogen bongsdtom is
transferred from one water molecule to the other with a certain frequéndjluted
solutions this process is very fast because the normal, highly structetenk of
hydrogen bonds is relatively undistorted. This network is distorted to @daxtent
when the concentration of chloride ions increases. A direct effect istlieaspeed
of proton transfer decreases with an increase of the concentratioa.cdiftentra-
tion also is of great importance for the structures on a larger scale thptesent in
the solutions. The protons and chloride ions form a network where watkercoies
connect the ions. When the concentration increases the amount of wadtir dlvail-
able to make these connections, decreases. The in uence on the famnedres are
discussed in detail in chapter 5.

In the sixth and nal chapter aqueous solutions of lithium hydroxide ardistl The
procedure is largely identical to that of chapter 5 to facilitate a consistempadson.
The dynamics of the hydroxide ions (Ohthat form as LiOH is dissolved in water,
however, is much faster than that of protons. This makes studying thesesses
very dif cult. One of the main conclusions is that the negative charge ig maich
delocalised over the water molecules that surround the ions. Comparabéerasthit
in chapter 5, increasing the concentration of LiOH leads to a further disrupf the
network of hydrogen bonds in the solution and the direct solvation shetllseabns.
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Samenvatting

Dit proefschrift behandelt de computationele studie van oplossingeioman in wa-
ter met behulp van moleculaire dynamica. Het belang van water is zo oveliguid
dat het doen van onderzoek naar de eigenschappen van wategliflggivechtvaar-
diging behoeft. Water is een complexere vloeistof dan het uiterlijk in eerdiznities
doet vermoeden. Deze complexiteit wordt duidelijk wanneer je water op molec
lair niveau bestudeert. Het water molecuyl®is sterk gepolariseerd; de water-
stofatomen hebben een relatief positieve elektrische lading, terwijl hetateatrur-
stofatoom negatief geladen is. Watermoleculen kunnen onderling watenstioigen

of -bruggen vormen, waarbij de positieve waterstofatomen aangetrakilen door
de negatieve zuurstofatomen en vice versa. In zuiver water leidt dietogestruc-
tureerd netwerk van watermoleculen waarbij elk watermolecuul probearbptimaal
aantal waterstofbindingen te vormen met zijn omringende watermoleculenbijHier
onstaat een tetéalrische structuur van watermoleculen die door waterstofbruggen ver-
bonden zijn.

Wanneer nu ionen worden ‘g¢roduceerd in vloeibaar water verstoren deze het na-
tuurlijke netwerk van waterstofbindingen. lonen kunnen echter zelfvoedr water-
stofbindingen aangaan met omringende watermoleculen en induceretodaaen
karakteristieke structuur in hun direct omgeving. Rond het ion vormt zéchssl-
vatatieschil van watermoleculen. De structurele en dynamische eigepschagan
watermoleculen in deze schil zijn afhankelijk van de lading en grootte vanemet
trale ion. Om deze eigenschappen te bestuderen met behulp van eestisichor
model is een expliciete beschrijving van het dynamische gedrag van deorkst
dichtheid van groot belang. De combinatie van dichtheids functionaali¢h@FT)

en Car-Parrinello moleculaire dynamica (CPMD) biedt precies deze mogstijkh
De electronendichtheid, berekend met DFT, wordt tegelijk met de bewagiven de
atoomkernen gepropageerd in de tijd door de Car-Parrinello bewegirggdijkingen.
Deze methode is zeer ef ént en geeft uitstekende resultaten voor simulaties van puur
vloeibaar water en oplossingen van ionen in water.

In de eerste helft van dit proefschrift, hoofdstukken 2 t/m 4, wordsaleatatie van
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ionen systematisch bestudeerd aan de hand van een reeks halogeeFio@ en
I~ . Deze halogeenionen hebben allen gelijke lading en buitenste electrongunco
ratie, alleen hun grootte en massa varieert onderling. De effecten opgndenita en
structuur van de omringende watermoleculen als gevolg van deze eigppsthvan
het ion zijn dus op een consistente manier te vergelijken.

Hoofdstuk 2 beschrijft de dynamische en structurele eigenschappevatarmolecu-
len in de directe omgeving van het chloride ion. De schil rond het chloritbéstaat
gemiddeld uit bijna zes watermoleculen. De chloride—water interactie is reltgrkf s
een watermolecuul in de schil rond chloride verblijft daar gemiddeld twédetfse-
conde. De sterke waterstofbinding met het chloride ion belemmert eenmwalecuul
ook in zijn mobiliteit. Deze ligt een factor twee lager dan die van watermoleculen in
puur vloeibaar water. Analyse van de structuur van de solvatatieschiitzadat de
watermoleculen een exibele od@drische omringing rond het chloride ion vormen.
Het ion induceert dus inderdaad in zijn directe omgeving een duidelijketstmjclie
echter beperkt blijft tot de eerste schil van watermoleculen rond heDaarbuiten is
het normale netwerk van watermoleculen vrijwel direct volledig hersteldiniene
geometrie, bindingslengten en -hoeken, van watermoleculen die gebzijidaan het
chloride ion, wordt niet verstoord. Ook het dipoolmoment van deze wetiecculen

is gelijk aan dat van watermoleculen in puur vloeibaar water. Het enigenwaarbare
intramoleculaire effect is een afname in de frequentie van de O—H strekieitvan
deze watermoleculen. Deze frequentie neemt af met ongé@&amm ! als gevolg
van de sterke waterstofbinding tussen het chloride ion en het beulefieatermole-
cuul.

De solvatatie van het uoride ion is het onderwerp van hoofdstuk 3. riddeds het
kleinste van alle halogeenionen. Dit uit zich in een zeer sterke interactientires
ion en omringende watermoleculen, sterker dan die van chloride. Wateuetec
in de solvatatieschil van uoride verblijven daar gemiddeld zestien picowEoDe
sterke waterstofbindingen leiden ook tot een goed gede nieerde geenvemm de
solvatatieschil. Deze bestaat overwegend uit vijf watermoleculen in eevietkiint
pyramidale structuur met het uoride ion in het midden van de vierkante hasis
de pyramide. Uitwisseling van watermoleculen uit de schil en de rest vaplds-o
sing vindt plaats door middel van twee verschillende processen, die rétdedtaan
beschreven in hoofdstuk 3.

Wat betreft de invioed op het omringende water vertonen chloride eridadn grote
lijnen vergelijkbaar gedrag, zij het dat de invloed van uoride sterkedaidelijker
is. lodide, beschreven in hoofdstuk 4, wijkt echter duidelijk af in zijn indlag®
de omringende waterstructuur. De iodide—water interactie is veel zwaldwdie
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van uoride of chloride, en is zelfs zwakker dan de normale water—wiateractie.
Effectief heeft iodide dus een relatief waterafstotende eigenschaprefitteert in
een weinig gestructureerde solvatatieschil rond het ion. De watermateicutieze
schil bewegen relatief snel en hun verblijftijd in de directe nabijheid varidrets
kort (minder dan 10 picoseconde).

De hoofdstukken 5 en 6 presenteren het onderzoek naar oplossiageoutzuur en
lithiumhydroxide. In de voorgaande hoofdstukken zijfispéeerde ionen bestudeerd
om de invloed van deze ionen op het omringende water eenduidig te or#lerz
De hoofdstukken 5 en 6 echter, beschrijven veel complexere systeamsijjuist
ook de interactie tussen verscheidene en verschillende ionen van lelaigwel
zoutzuur (HCI) als lithiumhydroxide (LiOH) splitsen bij oplossing in water vaiied
in ionen. Groot verschil met de hoofdstukken 2 t/m 4 is nu dus dat est nagatieve
ionen, ook positieve ionen aanwezig zijn in de oplossing. Bovendien is reene
tratie van HCI en LIOH veel hoger gekozen waardoor de aanwezige iongrote
mate invloed van elkaar ondervinden. Deze invloed is in sterke mate afljlaniaa
de concentratie van de ionen. Om de invloed van de concentratie te brestzga
beide oplossingen bij twee verschillende concentraties gesimuleerd.

HCI splitst bij oplossing in water in chloride ionen en protonen” JH Protonen
in water zijn al veelvuldig bestudeerd in de wetenschappelijke literatuur.plose
sing binden protonen met omringende watermoleculen om Eig@@XHen Zun-
del (HsO3 ) structuren te vormen. De positieve protonstructuren en negative oflorid
ionen trekken elkaar aan en als gevolg hiervan worden beider solvatualies ver-
stoord. Voor de solvatatieschil van chloride is het gevolg dat de verblijfijdwater-
moleculen in de schil korter wordt naarmate de protonconcentratie toen8grde
protonstructuren is de verstoring van de solvatatieschil vooral duidelijkteffect op
de snelheid van protonoverdracht. De genoemde protonstructurenamijalijk niet
statisch; via waterstofbruggen wordt het proton met een bepaaldgefitg overge-
dragen van het ene watermolecuul naar het andere. In verdutmssimgen verloopt
dit proces zeer snel omdat het normale, gestructureerde netwenatarstofbruggen
slechts weinig is verstoord. Dit netwerk wordt echter in toenemende mat®ued
als de concentratie van chloride ionen groter wordt. Het gevolg is deridalvde snel-
heid van protonoverdracht afneemt bij een toenemende concentratmridentratie
is ook van groot belang voor de structuren op grotere schaal diemhlealr zijn in de
oplossingen. De protonen en chloride ionen vormen onderling een rhetvearbij
watermoleculen de ionen met elkaar verbinden. Als de concentratie toenmssmnt{
de hoeveelheid water die beschikbaar is om deze verbindingen te voahede
consequenties voor de gevormde structuren worden in detail behandedfdstuk
5.
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In het zesde en laatste hoofdstuk worden oplossingen van lithiumhydroggiudeerd.
De aanpak is grotendeels identiek aan die van hoofdstuk 5 opdat dateasap

een consistente wijze vergeleken kunnen worden. De dynamica vanddexide
ionen (OH ) die ontstaan bij het oplossen van LIOH in water, echter, verloopt op een
veel kortere tijdschaal dan die van protonen. Hierdoor is het problechatis deze
processen in detail te bestudererenEvan de belangrijkste conclusies is wel dat de
negatieve lading van OHzeer sterk gedelocaliseerd is over de watermoleculen die
dit ion omringen. Analoog aan de bevindingen in hoofdstuk 5 leidt hetogggh van

de concentratie van LiOH tot een verdere verstoring van het netwerkleavater-
stofbruggen in de oplossing en de directe solvatatieschillen rond de ionen.
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Dankwoord

En af is het.

Niks geen tromgeroffel bij het tikken van de laatste “:wq', triomftrompetterd@a
entertoets blijven stil. Maar dan is het toch echt af.

Gedurende mijn promotietijd hebben velen bijgedragen aan de totstandkonmng va
dit proefschrift, in directe of indirecte zin.

Als eerste wil ik Berend Smit bedanken voor de mogelijkheid om in zijn groep pr
motieonderzoek te doen. Voor de directe begeleiding van dit onderarelktEvert
Jan Meijer veel dank verschuldigd. Ik dank Mike Klein voor de kans eaugende
twee maanden zijn groep in Philadelphia te bezoeken. Met name wil ik oolkdBern
Ensing bedanken die mij daar opving. De discussies met hem over mijnzoeder
Zijn erg nuttig geweest.

Verder was mijn promotietijd ook een ontzettend leuke periode. En dat is teedank
aan mijn collega’'s en vrienden. Het plezier om 's ochtends naar de fadalt@men
kan tenslotte niet altijd een wetenschappelijke grondslag hebben. Altemagusrlijk
Arjen, absoluut de nummer 0 in het lijstje van favoriete kamergenoten entverar-
delijk voor ontelbare leuke momenten in C6.16'. Vervolgens Bart, mijn alleteers
kamergenoot die mij al vroegtijdig leerde dat vier jaar toch heus niet zoginalig
lange periode is om honderd paginaatjes wetenschap vol te tikken. Saseeanties

in Lunteren en Ascona eurden zienderogen op door Elske, die in dstéaperiode
alséén van de weinigen was overgebleven in ons CPMD subgroepje. Depaizes,
samen met Bas en Arjen in haar kamer waren een goed begin van de dpguids
waren sowieso altijd een zeer welkome tijdelijke uitvliucht uit de -overigensurlgku
mateloos intrigerende- wereld der ionen in water. Met Jochem en Abdsemaitijd
wel iets te discusséren, van het paarse kabinet tot de nieuwe XML-standaard. Na ver-
loop van tijd kwam Evert de nerdgelederen versterken. En met veoee 1837, w00t
en lol als natuurlijk onderdeel van de dagelijkse vocabulaire te introdacédet vrij-
wel niemand was het wel en wee van het promoveren, en vaker noglafesuiten,
beter te bespreken dan met Tim, direct na de lunch. Gooitzen wil ik bedamce
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Zijn vertrouwen om mij leuk mee te laten sleutelen aan onze clusters, maar oak omd
hij altijd klaarstond voor een praatje over vanalles of niks.

Soms zou je vergeten dat er leven was buiten de faculteit of de Wildemankk@glu
waren daar dan de regelmatige Imdates met Floor of de wintersportvakanties
vond het geweldig om me met ware doodsverachting van besneeuwgknlegrte
storten in het gezelschap van m'n yo-yo-boarderhomies Erik en Len@&iom dat
ietsje rustiger te doen samen met Thyra, Ellen, Rudmer en Jocelyne.

Zonder mijn ouders lag dit boekje hier niet. De liefde voor de chemie van mijarvad
(en de chemicadin die hij voor mij van het lab op zijn school mee naar huis nam) is
een belangrijke motivatie geweest voor mijn keuze om te gaan promovédrevreek

dat hij trots op me zou zijn geweest. Het vertrouwen van mijn moeder is altijd een
grote steun geweest, alsook haar interesse in alles wat mij maar bezig hieitedns
onmisbaar was de interesse van mijn zusjes, Annemieke en Linda, die zichldigp
herhaalde in de vorm van "Maar wat doe je nou eigenlijk precies?”.

De felbegeerde laatste zin is, vanzelfsprekend, voor Jantien. Zij atheakte pro-
moveren geheel en al de moeite waard.

“ That was wonderful!
Bravo! | loved that!
Ah, that was great!
Well, it was pretty good...
It wasn't bad.
There were parts that weren't very good, though.
It could've been a lot better.
| didn't really like it.
It was pretty terrible.
It was bad!
It was awful!
Boo! Boo!!”
- Statler & Waldorf, The Muppet Show









