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ABSTRACT OF THE DISSERTATION 

 

Ab Initio Study of the Structure and Dynamics  

of Solvated Highly Charged Metal Ions 

 

 

by 

 

Stuart A. Bogatko 

 

Doctor of Philosophy in Chemistry 

 

University of California, San Diego, 2008 

 

Professor John Weare, Chair 

 

The influence of highly charged cations on the structure and dynamics of the 

aqueous phase is investigated by performing Ab Initio Molecular Dynamics (AIMD) 

simulations on the Fe3+ and Ca2+ cations and the CaCl2, FeOH2+ and AlOH2+ species all 

solvated by up to 64 waters.  A detailed comparison between results of Fe3+ and a 

previous study of the Al3+ ion reveal significant changes in the hydrogen bond structure 

of 1st and 2nd hydration shells between the two systems.  Differences are also noticed in 

the dynamics of the 2nd hydration shell.  An orbital interaction is observed between Fe3+ 



 xx 

and water that is not observed for Al3+.  The results of the Ca2+ AIMD simulation show a 

more tetrahedral H-bonding structure relative to 3+ cations.  Solvent exchange between 

the coordinating waters of Ca2+ and bulk proceeds via the associative interchange 

mechanism.  Ambient and high temperature (near critical, 650K) simulations of the CaCl2 

system show that the Ca2+ and Cl- ions exist as solvent separated ion pairs under ambient 

conditions while at 650K the Ca-Cl contact pairs are formed.  This is accompanied by a 

significant disruption of the hydrogen bond structure of the solvent.  The [FeOH]2+ and 

[AlOH]2+ aqueous species are found to display a significant labilizing effect due to the 

presence of the hydroxide species in the 1st hydration shell.  A uniform destabilizing of 

all 1st shell waters is observed for the AlOH2+ species while for the FeOH2+ species some 

hydrating waters feel a stronger effect determined by their position relative to the OH- 

species. 

 



1 

 
 
 

Chapter 1 
 

Methods of Calculation 
 

 

1.1 Introduction 

 

 Density Functional Theory1,2, DFT, has been widely applied to calculations of 

electronic structure of atoms and molecules3.  This method offers an efficient solution to 

the electronic Schrödinger equation without sacrificing accuracy.  The implementation of 

Density functional Theory with fast and accurate numerical methods has greatly 

increased computational speed and has allowed this theory to be applied to systems 

which are approaching realistic sizes (e.g. hundreds of atoms).  The development of a fast 

molecular dynamics scheme by Car and Parrinello4 has provided a means of simulating 

the time evolution of a system described using DFT.   

Many good reviews provide detailed descriptions of DFT and it’s applications3,5, 

the plane wave approach to DFT6 and the Car-Parrinello Molecular Dynamics 

Algorithm7.  A detailed description of these are beyond the scope of this work and only a 

brief introduction to each is provided in the following sections.  



 2 

1.2 Density Functional Theory 

 

In Density Functional Theory the electron density is found by self consistent 

solution of the equation: 

                                                                      eq. 1.1 

where v(r) is the external potential and FHK[ρ] is the Hohenberg-Kohn functional1 which 

contains the electronic kinetic energy T[ρ] and electron-electron interaction Vee[ρ] 

functionals. 

                                                     eq. 1.2 

 

The reference kinetic energy functional, T[ρ], has the simple form in equation 1.3: 

                                                                                  eq. 1.3 

 

and the electron-electron interaction functional, Vee[ρ], is expressed by: 

                                                   eq. 1.4 

where J[ρ] is the coulomb interaction defined by: 

 

                                                   eq. 1.5 

 

and Exc[ρ]  is an exchange-correlation term which compensates for errors in the form of 

the kinetic energy term and nonclassical electron-electron effects.   

 



 3 

1.3 Pseudo-Potential Plane-Wave DFT 

 

Pseudo-Potential Plane Wave Density Functional Theory, PSPW-DFT, is 

motivated by the representation of the electron density in a plane-wave basis whose size 

of is determined by the frequency of spatial oscillations of the electronic density.  The 

plane wave representation of a Kohn Sham orbital and Fourier Transform Pair are given 

by equations 1.6 and 1.7, respectively. 
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In these equations Ω is the volume of the unit cell. The summation limits N1, N2 and N3 

explicitly define the real space and reciprocal space grids (i.e. 
321
iii

r  and 
321
iii

G ).  

Equation 1.6 can be written in a more simple form as a sum over plane wave basis 

functions:   

!
=

•

"
=
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0

)(
1

)(
G

G

riG

nn
eGr ##        eq. 1.8 

where the summation limit, Gmax, is defined by an energy cutoff Ecut such that |Gmax|2 < 

2Ecut.   
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Using this form the total electron density is expressed by: 
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   eq. 1.9 

where the summation is over double the number of plane wave basis functions, 2Gmax, 

used in equation 1.8. 

 In order for the plane wave approach to be computationally practical the size of 

the plane wave basis must be less than several hundred thousand6.  For a slowly varying 

density this can be easily achieved.  However, rapid oscillations are common in the 

electron density near the atomic core. This requires an unreasonably large plane wave 

basis to accurately be described.  To keep the plane wave basis at a reasonable size the 

core potential of an atom, a, is replaced by a smoothly varying pseudo-potential, psV
)

, such 

that the valence density remains intact and possesses the same structure as the atomic 

valence 6,7.  The pseudopotential operator is given in equation 1.10: 

a
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                                                                          eq. 1.10 

in which the projector functions, a

n
p~ , are defined by equation 1.11 using a reference 

potential, )(~ rv
a  (equation 1.12), and a linear transformation, Ta

, such that the matrix 

a

nn
U

'
is diagonal (equation 1.13).  
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The pseudo-potential energy is separable into local and nonlocal contributions shown in 

equations 1.14 and 1.15. 

)()(~)()(~ *
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GnGvdrrnrvE
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a
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,,

*                                                                                              eq. 1.15 

in which the a

n
c ! are defined by: 

!=
G

a

n

a

n GpGc )(~)( *

"" #                                                                                               eq. 1.16 

 

The representation in a plane wave basis allows the transformation of the kinetic 

energy into: 

2

,

2 )(][ GGT
n

Gn

s
!" #=                   eq. 1.17 

The coulomb interaction is similarly transformed into a sum over plane wave basis 

functions in equations 1.18 and 1.19. 

!=
G

h
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"              eq. 1.19 

 

Under the plane wave implementation, the system is spatially periodic resulting in 

interactions between the charges and their periodic images. This requires careful 

attention, i.e. Ewald summation decomposition6,8, when evaluating terms such as the ion-

ion interaction defined in equation 1.20. 
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where the terms a

v
Z , b

v
Z , ε and L are the valence charges of atoms a and b, a constant 

close to 1, and a lattice vector, respectively.   

 

Using the plane-wave implementation, the exchange-correlation energy is 

computed on a real space grid.  For systems which exhibit significant overlap between 

the valence and core states the exchange and correlation energies are significantly non-

linear making it impossible to treat the core and valence states separately 7.  This has lead 

to the development of so called Non-linear Core Correction9 in which the density and 

exchange correlation energies are modified by including a term representing the core 

density.  This method leads to great improvements in the simulation of systems 

containing transition metals atoms. 
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1.4 Car-Parrinello Molecular Dynamics 

 

The Car-Parrinello Molecular Dynamics Algorithm4 simultaneously update the 

ionic and electronic degrees of freedom by use of the extended Lagrangian defined in 

equation 1.21: 

! 

L = µ ˜ ˙ " 
n

˜ ˙ " 
n

n

# +
1

2
M

a ˙ R 
a

a

#
2

$ E ˜ " 
n{ }, R

a{ }[ ]

+ ˜ " 
n

˜ " 
m
$%

nm( )&nm

nm

#
                                         eq. 1.21 

in which 

! 

E ˜ " n{ }, R
q{ }[ ]  is the DFT energy, µ  is a fictitious mass used to propagate the 

electronic degrees of freedom and the 
nm

! are lagrange multipliers used to ensure that the 

electronic structure remains orthogonal.   

The equations of motion are generated by the equations 1.22 and 1.23: 

aa
R

L

R

L

dt

d

!

!
=

!

!

&
                                                                                                        eq. 1.22 

nn

LL
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d

!"

"

!"

"

&& ~~
=                                                                                                   eq. 1.23 
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1.5 Analysis of solvent structure and dynamics 
 

The results of simulations of disordered aqueous systems are difficult to analyze, 

many degrees of freedom have to be to considered and there are few parameters with 

which to establish solvent structure and changes therein.  The electronic structure in most 

of the systems can be highly de-localized leading to difficulties in interpretation in terms 

of chemical concepts requiring a localization procedure to transform the DFT orbitals 

into a form which resembles the atomic valence structure.  In the presence of highly 

charged ions a significant influence on solvent structure is observed as a disruption of the 

bulk water hydrogen bond network.  This disruption takes the form of the so called 

hydration shells and may persist for many angstroms.  The strength and geometry of the 

hydrogen bonds in the hydration shells of charged species are considerably different than 

bulk water hydrogen bonds.  As a result, water reactivity and mobility in the presence of 

these species is also affected. 

 

Wannier-Boys representation 

 

 Analysis of the electronic structure of disordered, perdiodic systems is difficult.  

The DFT molecular orbitals are typically not localized and concepts such as bonding, 

lone pair orbitals and valence structure are not easily accessible with this method.  The 

interpretation of the electronic structure can be facilitated by a unitary transformation of 

the molecular orbitals into a maximally localized representation to produce to so called 

Wannier Boys Orbitals (WBO)10-12. 
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The main requirement is that the spread, S, of the WBOs be minimized in real space as in 

equation 1.24 where n indicates the nth WBO. 

22

n

n
n

rrS !="                                                                                                     eq. 1.24 

 

Hydrogen bonding  

  

In the aqueous phase a hydrogen bond results from the interaction between a 

hydrogen atom on a water molecule and a lone pair of an oxygen atom on a neighboring 

water molecule.  Following the work of Brown13 a hydrogen bond occurs if the 

separation of the water molecule’s oxygen atoms, rOO, is less than 3.2Å and the angle, θ, 

made by the shared hydrogen atom and the two oxygen atoms is greater than 140º.  A 

schematic of a hydrogen bond is provided in Fig. 1.1 in which rOO and θ are indicated.  A 

hydrogen bond can be decomposed into a donor bond and an acceptor bond.  The donor 

hydrogen bond originates from the water which donates the hydrogen atom while the 

acceptor hydrogen bond comes from the water which donates the lone pair.  In the 

hydrogen bond illustrated in Fig. 1.1 the water at r1 is participating as a donor and the 

water at r2 is participating as an acceptor bond.   
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Figure 1.1:  A schematic showing two waters H-bonded 
in the presence of a metal species. 

 

A hydrogen bond network may be characterized as ‘Trigonal’ or ‘Tetrahedral’ 

depending on the number of the coordinating waters.  In a fully trigonal hydrogen bond 

network each water molecule coordinates three neighboring water molecules with two 

donor hydrogen bonds and one acceptor hydrogen bond.  In a fully tetrahedral hydrogen 

bonding network each water molecule coordinates four neighboring water molecules with 

two donor and two acceptor hydrogen bonds.  The two types of H-bonding networks are 

illustrated in Fig. 1.2. 

 

 

 

 

 

 

 

Figure 1.2: Trigonal (A) and Tetrahedral (B) hydrogen bonding structures. 

(A) (B) 
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Radial Distribution Functions and Running Integration Numbers 

 

 The average structure of aqueous systems can be analyzed in terms of the atom 

pair distributions in the form of radial distribution functions )(rG!" for atoms α and β.  

The radial distribution is defined in equation 1.25 in terms of the nαβ(r), average number 

of β atoms observed at a distance from atom α within the interval !
"

#
$
%

&
+' rrrr ((
2

1
,

2

1 , and 

nid(r), the average number ideal gas atoms found in the same interval8. 

)(/)()( rnrnrG
id

!"!" =                                                                              eq. 1.25 

 

Thus, for a system with behaves as an ideal gas )(rG!" =1 while for real systems 

)(rG!" may vary a great deal from 1.  Oscillations of the radial distribution function in 

aqueous systems indicate structural changes which enhance or decrease the density 

relative to an ideal gas. 

The number of β atoms surrounding α atoms within a radius r! is provided by 

integrating the radial distribution function from 0=r  to rr != . The so called running 

integration number )(rN!"  is defined by: 

!
"

="
r

id
drrnrGrN

0

)()()( #$#$                                                                                 eq. 1.26 
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Correlation functions 

 

 The velocity, residence time and H-bond autocorrelation functions allow the 

computation of the vibrational density of states, coordination lifetimes and H-bond 

lifetimes of the simulated species, respectively.  In general an autocorrelation function 

has the form of: 

)0()()( AAC
AA

!! =                                                                                                  eq. 1.27 

For the velocity autocorrelation function )(!A  are the velocity coordinates of the 

simulated ions.  For the residence time autocorrelation function14,15 and the H-bond 

autocorrelation function16, we use, for atom pairs α and β, the definition given by 

1)( =!A  if β is coordinated to α, otherwise 0)( =!A .                                               

For the residence time autocorrelation function coordination is defined as β residing in 

the 1st coordination sphere of α. For the H-bond autocorrelation function coordination is 

defined by satisfying the H-bond criterion of Brown et al.13. 

 The velocity autocorrelation provides the vibrational density of states (DOS) 

while the residence time and H-bond autocorrelation functions are used to estimate 

lifetimes coordination states by assuming the decay of the correlation function has the 

form: 

!!
"

#
$$
%

&
'=

l
(

(
( exp)(C                                                                                                      eq. 1.28 

 
( ))(ln !

!
!

C

"
=

l
                                                                                                           eq. 1.29 
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1.6 Details of the Simulations  

 

 In this work, gas phase geometry optimization calculations of Fe(H2O)6
3+, 

Al(H2O)6
3+ and H2O are performed to help analyze effects due to metal coordination and 

hydration. These calculations are performed with the same level of theory as the Fe3+ 64 

water and 64 water simulations (PBE96).   

All of the Ab Initio Molecular Dynamics simulations of this work are performed 

using the PSPW option of NWChem.  The PBE96 exchange correlation functional17-19 is 

used in a 12.414 Å cubic simulation cell (density near 1g/cm3) with periodic boundary 

conditions.  The charged systems are neutralized by including a homogeneous negative 

background.  Following the prescription laid out by Kleinman and Bylander20 Hamann 

pseudopotentials21 are made fully nonlocal and used to describe the O and H cores of 

solvent waters.  Plane wave energy cutoffs of 40 Hartrees for the wavefunction and 80 

Hartrees for the density are used.  The system is propagated in time using a Car-

Parrinnello Molecular Dynamics (CPMD) scheme4 with a time step of 0.169 fs and a 

fictitious orbital mass of 750 a.u. In order to slow the OH bond dynamics the hydrogen 

atoms are replaced with deuterium. Calculation of the initial ground state orbitals is 

performed using the Conjugate-Gradient on Grassman Manifolds Method22. The 

temperature is controlled by coupling the electronic and ionic degrees of freedom to 

separate Nosé-Hoover thermostats23 resulting in an ion temperature of 300K and a 

fictitious electron kinetic energy on the order of 10-4 Hartrees per electron.  In many 

previous AIMD simulations24-26 the use of thermostats is limited or avoided altogether in 
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favor of collecting data in the microconical ensemble and controlling temperature by 

rescaling the ionic velocities.  The Canonical ensemble is chosen here because the length 

of the simulations are so great that a significant amount velocity rescaling and quenching 

of the electronic degrees of freedom would be required to ensure a constant temperature 

and that the electrons remain in the ground state.   

Two AIMD simulations of Bulk water described in Chapter 2 are performed as a 

baseline for discussions on solvent structure.  The 12ps and 10ps simulations consiste of 

64 and 33 waters, respectively, with double occupation of the electronic orbitals.   

In Chapter 3, the hydrated high spin (3d5) Fe3+ system containing one Fe3+ ion, 64 

water molecules and 517 electrons is investigated.  To simulate the open shell valence of 

Fe3+, a 5↑ spin ordered ion, separate orbitals are assigned to the spin up and spin down 

electrons.  A Nonlocal Troullier-Martins pseudopotential27 is used for the Fe3+ core.  A 

nonlinear core correction9 for the Fe3+ pseudopotential is included in order to address the 

nonlinearity of the exchange-correlation energy.  The system is allowed 2ps of 

equilibration time before 30ps of simulation data is collected.  The results are compared 

to the 17ps AIMD simulation of the Al3+- 64 water system found in Ref. 28. 

 The details of the simulation of the hydrated Ca2+ ion are described in Chapter 4. 

This study consists of a single Ca2+ and 64 waters simulated at 300K.  The initial 

geometry is taken from the Fe3+ AIMD simulation with the Fe3+ replaced by Ca2+.  A 

total of 5ps of equilibration time is followed by 33ps of data collection.  The Non-local 

Troullier-Martins Pseudopotential is used for the Ca2+ core. 
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 In Chapter 5, the study of the aqueous CaCl2 species is carried out by performing 

two AIMD simulations at 300K and 650K.  In both simulations the Ca2+ and Cl- cores are 

replaced by non-local Troullier-Martins Pseudopotential.  The 300K simulation consists 

of 1 Ca2+ ion, 2 Cl- ions and 62 water molecules in a cubic box of length L=12.414Å.  

The initial geometry is taken from a geometry from the Ca2+ AIMD simulation with two 

waters replaced by Cl- ions.  Molecular dynamics trajectories are collected for 26.5 ps 

after ~2ps of equilibration.  The 650K simulation consists of 1 Ca2+ ion, 2 Cl- ions and 64 

waters in a cubic box of length L=18.12Å.  The initial geometry is generated in Classical 

Molecular Dynamics simulation after which Ab Initio Molecular Dynamics trajectories 

are collected for 21ps after ~2ps of equilibration. 

 The study of the aqueous FeOH2+ and AlOH2+ species is reported in Chapter 6. 

This study consists of two AIMD simulations at 300K.  In the FeOH2+ simulation the 

Fe3+ core is replaced by non-local Troullier-Martins pseudopotentials.  A geometry from 

the Fe3+ AIMD simulation is used as a starting point with one H+
 removed from the 1st 

hydration shell.  The geometry is equilibrated for ~1ps after which 23ps of data is 

collected.  In the AlOH2+ simulation the Al3+ core is replaced by a Hamman 

Pseudopotential.  A geometry from the FeOH2+ simulation is used, with the Fe3+ 

replaced by an Al3+, and equilibrated for 3ps after which 29.42ps of molecular dynamics 

data is collected. 
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Chapter 2 
 

Simulating Water with AIMD 
 

 

2.1 Introduction 

 

In order to provide an accurate representation of the solvent initial calculations on 

single water molecules are performed in which the level of calculation is tested. The 

planewave basis is varied between 35 and 90 Hartrees (H) and the convergence of the 

electronic structure of a single water molecule and the interaction energy of a hexaqua 

cluster are analyzed.  The results show that a planewave basis corresponding to a cutoff 

of 80 Hartrees (H) is expected to provide an accurate description of water electronic 

structure and water-water interactions while simultaneously maximizing the efficiency of 

the calculation.  In this Chapter, the size of the solvent is also considered. Two bulk water 

AIMD simulations with 33 and 64 waters are simulated at 300K for 10 and 12ps, 

respectively, and the O-O, O-H and H-H radial distribution functions are computed. Very 

little structural differences are observed between the 33 and 64 water simulations.  The 

O-O residence time and H-bond correlation functions are generated showing that the 33 
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water simulation enhances the O-O and H-bonding lifetimes.  All the results of these 

water simulations are presented in Table 2.1 and discussed in more detail below. 

 

2.2 Single Water Electronic Structure 

 

Energy calculations on a single water molecule and a cluster of 6 waters are 

performed in which the planewave energy cutoff is changed from 35H to 90H.  The 

orbital energies for a water molecule are shown in Fig. 2.1, relative to the 90H orbital 

energies. The orbital energies are found to converge at a wavefunction cutoff of 65 H.  

This suggests that an energy cutoff 65 H is sufficient to describe the electronic structure 

of H2O.  However the interaction energy computed for a cluster of 6 water molecules is 

presented in Fig. 2.2 as a function of the planewave basis.  We see that the interaction 

energy does not converge until roughly 80 H demonstrating that this value is a better 

suited cutoff for simulation of the aqueous phase. 
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Figure 2.1: Relative orbital energies calculated for a single water  

as a function of planewave basis. 
 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Interaction Energy of a cluster of 6 water molecules calculated a 
s a function of the planewave basis. 
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2.3 Size of the Simulation 

 

AIMD simulations of 64 and 33 waters are performed. Table 2.1 shows the 

average number of H-bonds per water, the average O-O distance and O-H…O angle of 

H-bonded waters.  We observe that the waters in both simulations posses on average 3 H-

bonds with identical O-O distances of dOI-OII=2.83±0.08Å and nearly identical O-H…O 

angles (θO-H…O=160.39±4.71º and 160.58±4.71º for the 33 water and 64 water 

simulations, respectively).  The distances are consistent with the values tabulated by 

Brown et al.1 who find dOI-OII=2.60Å to 2.86Å and θO-H…O=158º to 178º.  A more detailed 

analysis is provided using the O-O, O-H and H-H radial distribution functions. These are 

presented in Fig. 2.3A, Fig.2.3B and Fig.2.3C, respectively.  The large peaks at 2.75Å, 

~1.0Å and ~1.5Å, respectively, describe the average O-O distance of H-bonded waters 

and the O-H and H-H distances of a water molecule.  We see that the local structure of 

the solvent is essentially converged with the simulation of 33 waters.  However at larger 

distances, 3.2Å-4.0Å, small differences are observed which suggest that the long range 

structure may be slightly affected by simulation size. 

 

Table 2.1:  Structure and Dynamic Parameters  
of the 64 H2O and 33 H2O simulations. 

 
 

No. 
waters 

ps H-Bonds / 
Water 

dOI-OII 
(Å) 

θO-H…O  
(º) 

τOO τH-Bond 

64 12 3.08 2.83±0.08 160.58±4.71 4.19±0.61 1.35±0.27 
33 10 3.03 2.83±0.08 160.39±4.71 5.14±0.95 1.25±0.21 
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Figure 2.3: The O-O (A) O-H (B) and H-H (C) radial distribution functions computed 
for the 64 (blue) and 33 water (red) AIMD simulations. 
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2.4 Dynamics 

 

 Analysis of the motions of the waters in the 33 water and 64 water simulations are 

presented in figures 2.4 and 2.5.  This analysis is performed by computing the O-O 

residence time correlation function and the H-bond correlation function followed by the 

decay constant (Chapter 1).  The average lifetimes of the O-O coordinations, τOO, and H-

bonds, τH-Bond, are provided in Table 2.1. These are estimated by calculating the average 

decay constant. 

Fig. 2.4A and Fig. 2.4B present the O-O correlation function and the H-bond 

correlation function, respectively.  These figures show that a significant difference is 

observed in the dynamics of the 33 and 64 water simulations.  In particular, the O-O 

correlation function of the 33 water simulation decays more slowly than the 64 water 

simulation.  The H-bond correlation function converges to values comparable to the 64 

water simulation past 4ps.  However, in the region between 0.5ps and 4ps the 33 water 

simulation shows a slower decay. 

At each point in Fig. 2.4 A and B the “lifetime” of the O-O coordination and the 

H-bond coordinations are computed (Chapter 1).  These points are plotted in Fig. 2.5 A 

and B for the O-O and H-bond coordinations, respectively.  The average values of the 

lifetimes are provided in Table 2.1.  The curves clearly show that the O-O coordination 

lifetimes of the 33 water simulation are significantly longer than these for the 64 water 

simulation.  This is also reflected in the average O-O coordinations of 5.14±0.95ps and  

4.19±0.61ps for the 33 and 64 water simulations, respectively.  The average H-bond 
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lifetimes of the 33 water and 64 water simulations are 1.25±0.21ps and 1.35±0.27ps, 

respectively.  These average values are both consistent with the picosecond timescales of 

H-bond lifetimes reported in the literature2.   

The curves of Fig. 2.5B clearly show that the H-bond lifetimes are increased in 

the 33 water simulation between 0.5ps and 4.0ps. They converge to the 64 water lifetimes 

past 4.0ps.  This shows a significant difference in the H-bond dynamics on the 0.5-4ps 

time scale between the two simulations. 

 
Figure 2.4: The O-O (A) and H-bond (B) autocorrelation functions 

computed for the 64 water (blue) and 33 water (red) AIMD simulations. 

(A) 

(B) 
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Figure 2.5: Lifetimes computed from the O-O residence time  
and the H-bond autocorrelation functions. 

(A) 

(B) 
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2.5 Conclusions 
 

 The electronic structure of a single water molecule is shown to be converged at 

65H, thus producing accurate water molecular orbitals.  However, calculations of the 

interaction of a cluster of 6 water molecules reveal that a larger cutoff of 80H is required.  

By taking advantage of the plane wave representation (Chapter 1) we decided to employ 

plane wave energy cutoffs of 40H and 80H for the electronic wavefunctions and 

densities, respectively. 

 The 33 and 64 water simulations show very similar structure.  However, the O-O 

and H-bond correlation functions reveal that significant differences in the dynamical 

properties of the two systems are present.  The results presented in this Chapter show that 

a 64 water simulation will provide a better representative of the solvent dynamics. 
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Chapter 3 
 

Structure and Dynamics  
of the High Spin Fe3+ Ion 

 
 

3.1 Introduction 

 

Hydrated highly charged (charge !  2+) metal ions 1 are frequently encountered as 

important constituents in chemical processes.  They play critical roles in for example 

mineral formation and extraction 2, the stability of surfaces and nanoparticles 3,4, as 

partially solvated ions activating biochemical reactions 5-7 and in the transport of toxic 

materials 8.  The mechanisms of these processes are dependent on the interaction of the 

solvated metal ion with surrounding ligands, such as the polarization of the hydrating 

waters, disturbance of the bulk hydrogen bond structure in the hydration region, the 

formation of ion pair species and activation of neighboring bonds. Therefore, a 

fundamental understanding of the structure and dynamics of the solvation shells 

surrounding an ion is critical to the interpretation of aqueous chemistry.  
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The detailed structure of the hydration region surrounding an ion is difficult to 

observe. Experimental methods such as X-Ray absorption, X-Ray and Neutron scattering 

resolve important space and time averaged structural features 9-30.  Dynamical properties 

such as ligand exchange rates in the 1st and 2nd hydration shell may be indirectly observed 

by NMR and infrared spectroscopy 31-34. Recently, new XAS measurements have been 

reported that are sensitive to the electronic interactions of ligand molecules with the cores 

of the hydrated ions 35,36. 

Singly charged ions are known to have a fairly well ordered 1st hydration shell 

with water structure returning to bulk structure beyond this region 1,31.  The properties of 

regions beyond the 1st shell are less well determined 17-23,28. A 2nd hydration shell in 

which the structure is significantly different from bulk water is expected for highly 

charged ions.  The largely Coulombic nature of the ion-water interactions leads to an 

increased stability of the hydration shell with increasing ionic charge and decreasing 

ionic radius.  Evidence of this is found in cation hydration enthalpies, which correlate 

well with Z2/reff , where Z is the cation charge and reff is the effective ionic radius 1.  

However, even for ions of the same charge there may be substantial differences in 

chemical properties.  For example the Al3+ ion is similar to the Fe3+ ion in charge and 

radius (54 and 65 pm for Al3+ and high spin Fe3+, respectively) 1, both exhibit an 

octahedral 1st hydration shell 1,31 and the existence of a 2nd hydration shell has been 

determined experimentally 12,18,22-25,27,28.  However, the hydrolysis constants, 2.16 and 

4.97 (pK), and exchange rate, 1.6E2 and 1.29 (s-1), for Fe3+ and Al3+ are significantly 

different 1,31. These dramatic differences in properties must be related to the valence 

electronic structure of the transition metal Fe3+ ion. Consistent with this, recent XAS 
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experiments demonstrate ‘orbital mixing’ between 1st shell waters and the transition 

metal ions Fe3+ and Cr3+ while no interaction is observed for Al3+ 35. To understand these 

behaviors a more detailed theory, that takes into account the differences in valence 

electronic structure of the ions, is required. 

Direct simulation methods (e.g., molecular dynamics (MD) and Monte Carlo) 

methods provide the most reliable finite temperature interpretation of condensed fluid 

systems. Conventional molecular dynamics (CMD), in which the interaction potential is 

formulated in terms of easily evaluated two-body interactions, has been very successful 

31,37 in treating relatively weakly interacting systems (e.g., hydration of singly charged 

ions). However, a major limitation to the broader application of CMD is that it is difficult 

to account for many-body effects (e.g., density and distance dependant strong 

polarization, possible solute-solvent electronic interactions, proton exchange, etc.) which 

are important in more strongly interacting systems 38-43. Quantum interference effects 

such as bond saturation and Jahn-Teller distortions also are difficult to capture with 

phenomenological potential as in CMD.  

Here we report 1st Principle MD Simulations of the Fe3+-H2O system.  In this 

method the interaction potential is calculated directly from the electronic Schrödinger 

equation using Density functional Theory 44-46 and contains all many body interactions. A 

previous Ab Initio Molecular Dynamics (AIMD) study of this system 38 produced good 

first shell structure.  However, the small simulation cell (L=10Å, 32 waters) and short 

sampling time (7ps) used in this calculation limited their interpretation of 2nd shell 

properties.  The present study addresses both these problems by including 64 waters in 

the simulation and collecting data for 30ps. We also perform a detailed comparison of the 
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results obtained with the results of an Al3+-64 water AIMD simulation by Bylaska et al. 47 

and discuss differences in structure, dynamics and valence electronic structure. 

 

3.2 Structure 

 

The Fe-O and Al-O radial distribution functions are plotted in Fig. 3.1. Tables 3.1 

and 3.2 contain the structural parameters from the 1st and 2nd hydration shells of Fe3+ and 

Al3+, results from the 64 water AIMD simulation and experimental observations.  The 

computed gas phase structure parameters for the Fe(H2O)6
3+ species are dFeO=2.11Å, 

dOH=0.96Å, θHOH=107.6°, for  the Al(H2O)6
3+ species dAlO=1.94Å, dOH=0.96Å, 

θHOH=107.4° and for a vacuum water molecule ligand dOH=0.95Å, θHOH=105.5°.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1: Radial distribution functions gMO(r) and running integration number nMO(r) 
for the Fe3+ (red) and Al3+ (blue) simulations, T=300K, ρ=1g/cm3. 
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The 1st Hydration Shell 

 

The 1st shell peak position of 2.10Å and the average Fe-OI distance of 2.12Å (σ = 

0.088Å) are slightly larger than 1st shell Fe-OI distances obtained experimentally, 1.94–

2.08Å (Table 3.1). This is consistent with our DFT gas phase calculations.  The gas phase 

Al3+-O distance is identical to that determined by the AIMD study of Bylaska et al 47 and 

is also slightly larger than experimentally determined values.  The 1st shell OH distance 

and HOH angle agree well with the only available first shell data from a triply charged 

ion neutron diffraction experiment of the Cr3+ ion 10 (dOH = 0.99Å and θHOH = 108-114°). 

Relative to gas phase H2O the 1st shell water OH bonds are elongated by 0.04Å and HOH 

angle is increased by ~2°.  Relative to the gas phase [Fe(H2O)6]3+ and [Al(H2O)6]3+ water 

ligands additional hydration shells lead to a lengthening of the OH bond in the hydrating 

water by about 0.03Å.  No significant effect from additional hydration is observed in MO 

distance (M = Fe3+ or Al3+) and HOH angle for 1st shell waters.   

The average tilt of a 1st shell water, the angle formed between a plane containing 

the H-O-H plane and the vector connecting the central ion, can be deduced from neutron 

scattering.  For the triply charged ions Cr3+ and Fe3+ this angle has been estimated at 34° 

and 41°, respectively 10,12. In these calculations of tilt angle the average ion-oxygen and 

ion-hydrogen distances extracted from the scattering intensities are used with a 

reasonable estimate of the HOH angle and OH distance to compute the tilt angle.  Using 

the values from Table 3.1 with dFeH=2.75Å our data yield an average 1st shell water tilt 

angle of 33.4° (vs. the observed angle of 41°). This is slightly larger, 4.4°, than the value 

computed for the Al3+ 1st shell of 27.8° (Table 3.1). These values suggest that the 1st shell 
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waters of Fe3+ and Al3+ experience differing ion-water interactions and H-bonding 

interactions with other hydrating waters. 

It is possible, by computing the distribution of tilt angles of 1st shell waters, to 

discuss the relative motion of the 1st shells of the Fe3+ and Al3+ systems.  Instead of using 

the method employed in diffraction experiments to calculate tilt angles, which relies on 

the M-O and M-H radial distribution functions and an estimate of the water geometry, the 

dipole tilt angle may be used.  In this estimate of tilt the angle between the M-O vector 

and the dipole direction of the water molecule is used to provide a tilt angle which can be 

evaluated at every time step.  The average ‘dipole tilt’ angles for Fe3+ and Al3+ 1st shell 

waters are Ө=30°, σ = 15 and Ө=24°, σ = 13° respectively.  These are lower but 

consistent with the method used to generate the values in Table 3.1.  The generated 

distribution of 1st shell water ‘dipole tilt’ angles is presented in Fig. 3.2.  We see that the 

distribution is broad and flat with a slow decay to zero at ~80° for Fe3+ (red data points).    

The 1st shell dipole tilt distribution for Al3+ (blue data points) is more narrow and biased 

towards smaller values of tilt relative to the Fe3+ data.  This suggests that the 1st shell 

waters of Fe3+ are less restricted than the 1st shell waters of Al3+.  
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Table 3.1: Fe3+ and Al3+ 1st shell properties and bulk water values. 

 
a values taken from Cr3+ study 10 which performs a detailed analysis of 1st shell water geometry.  

[1] this work. [2]47.  [3]12,23-25,27,28,48 and private communication with Dr. Robert Mayanovic 

[4]18,22. [5] unpublished AIMD of 64 H2O at 300K. 
 

Average 

parameters 

Fe3+ 

[1] 

Al3+ 

[2] 

Fe3+ exp 

[3] 

Al3+ exp  

[4] 

64H2O 

[5] 

Temperature 

(K) 
300 327 ---- ---- 300 

Collection time 

(ps) 
30 ps 17.34 ps ---- ---- 12 

d(M-O) Å 2.12 1.94 1.94 – 2.08 1.88-1.902 ---- 

σ(M-O) Å 0.088 0.074 0.077-0.09 0.04 – 0.1 ---- 

d(O-H) Å 0.99 0.99 0.99a 0.99a 0.967 

σ(O-H) Å 0.04 0.038 ---- ---- 0.027 

θ(H-O-H) º 107.21 107.35 108-114a 108-114 a 105.45 

σ(HOH) º 5.47 5.44 ---- ---- 5.19 

Tilt !   º 33.4 27.8 41 34a ---- 
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Figure 3.2: The broad and flat distribution of 1st shell tilt angles for Fe3+ (red) compared 
with the narrow distribution for the 1st shell of Al3+ (blue). (normalized counts per degree, 
bin size 4.5º). 

 

To further interpret the interactions leading to the structure in the hydration shell, 

in Fig. 3.3 the tilt angle (Fig. 3.3A), OH distance (Fig. 3.3B), density of donor (Fig. 

3.3C), and acceptor (Fig. 3.3D) hydrogen bonds from 2nd shell waters are plotted for the 

1st shells of Fe3+ and Al3+ vs. distance of separation of the hydrating water from the ion 

center (rM-O). The criterion d(OI-OII) ≤ 3.2 Å and ! (OIHI…OII) ≥140º are used to define a 

hydrogen bond.  As explained in Chapter 1 donor and acceptor bonds are defined as 

follows: A donor H-bond is formed when a water molecule (the donor) makes an H-bond 

to a neighboring water (the acceptor) by coordinating its OH bond to the neighboring 

water’s lone pair. In a standard strength H-bond the proton is associated with the donor. 
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An acceptor bond is formed by a water molecule sharing a lone pair with a neighboring 

molecule. 

At short M-OI bond distances (strong water-ion interaction) the 1st shell tilt angle 

is small (Fig. 3.3A), the OH bonds are slightly lengthened (Fig. 3.3B), the 2nd shell 

coordination is predominantly donor bonds from 1st shell waters to 2nd shell waters (Fig. 

3.3C) and there are very few acceptor bonds from the 2nd shell to the 1st shell (Fig. 3.3D). 

As the M-O distance increases the 1st shell tilt increases and OH bond length decreases 

similarly for both Al3+ and Fe3+.  There is also a decrease in donor bonding from the 1st to 

the 2nd shell and an increase in acceptor bonding to the 1st shell waters for both species.  

The decrease in donor bonding is slightly more prominent for the Al3+ data. The increase 

in acceptor bonding is very small in the Al3+ data and very prominent in the Fe3+ data, as 

access to the water lone pairs increases with tilt.  The behavior of 1st shell tilt, OH 

distance and hydrogen bond coordination all support the idea of a strong metal-water 

interaction inducing a trigonal or dipole orientation (in which each 1st shell water 

coordinates two 2nd shell waters via donor H-bonds) when the water is as close as 

possible to the metal ion.  For large M-O distances higher tilt angles lead to near 

tetrahedral coordination (in which each 1st shell water coordinates three 2nd shell waters 

via 1 acceptor and 2 donor H-bonds). This type of near tetrahedral bonding between the 

1st and 2nd shells is more common in Fe3+ than in Al3+ suggesting a more structured 2nd 

shell for the Al3+ system.   
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Figure 3.3: Distribution of Fe3+-OI (red) and Al3+-OI (blue) 1st shell average tilt angle 
(A), OH distance (B), donor (C) and acceptor (D) hydrogen bond density per water (to 
2nd the shell) as a function of normalized M-O distance plotted over the normalized 
distribution of M-O distances per bin for each system (M = Fe3+, Al3+; bin size 0.02).  
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The 2nd Hydration Shell 

 

For triply charged metal ions the presence of a well ordered 2nd shell trigonally 

bonded to the six 1st shell waters is consistent with x-ray and neutron data 10,12,13,16,18-

21,23,28,49 and supported by prior calculations 38,47,50.  In a perfect trigonal structure the 2nd 

shell would contain exactly 12 hydrating waters interacting with the 1st shell via acceptor 

bonds and with the bulk waters (e.g. waters beyond the 2nd shell) via donor bonds 

resulting in 3 H-bonds per water. The 2nd shell in the Fe3+ system is associated with the 

peak at ≈ 4.2Å in Fig. 3.1.  The average structure of the 2nd hydration shell is presented in 

Table 3.2.  The average Fe-OII distance (4.30Å, σ = 0.30Å) and OI-OII distance (2.70 Å, σ 

= 0.15) are consistent with experimental values in the 2nd shell (Fe-OII ≈ 4.09-4.8Å, OI-

OII ≈ 2.62-2.84Å) while the number of waters (CNII = 13.3, σ =1.3) is larger than the 

ideal value for a trigonal structure (CNII = 12) 12,23-25,28.  Compared with the 2nd shell of 

Fe3+ the Al3+ 2nd shell has a smaller average Al-OII distance, a similar OI-OII distance and 

contains less waters (CNII=12).   

An example of the structure of the 2nd shell of the Fe3+ system is given Fig. 3.4 

where the 1st shell is partially obscured by a transparent surface.  The light blue water of 

the figure identifies a 13th water interacting via a donor bond to the 1st shell.  The 

remaining orange waters show some tendency to coordinate to neighboring 2nd shell 

waters in addition to the expected trigonal structure. In the Al3+ simulations there are no 

donor bonds to waters in the 1st hydration shell.  
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These results do not agree with 2nd shell structure determined by conventional 

molecular dynamics 39,51,52 40,53,54 which predict average 2nd shell coordination numbers 

ranging from 12 to 15 depending on the particular potential that is implemented. 

 

 

Table 3.2: Fe3+ and Al3+ 2nd shell properties and bulk water values. 

 

Average 

parameters 

Fe3+  

[1] 

Al3+  

[2] 

Fe3+  exp 

[3] 

Al3+ exp 

[4] 

64 H2O 

[5] 

d(OI –OII) Å 2.70+ 2.68 2.62-2.84 2.683-2.73 2.83 

σ(OI-OII) Å 0.15+ 0.14 0.038-0.058 0.02 – 0.09 0.16 

d(M-OII) Å 4.30 4.09 4.09 – 4.8 4.01-4.15 ---- 

σ(M-OII) Å 0.30 0.23 0.01-0.02 0.22-0.33 ---- 

!OI-HI-OII º 163.37+ 163.8 180a 180a 160.58 

σ!OI-HI-OII º 8.66+ 8.19 ---- ---- 9.42 

H2O 2nd shell 13.3 12 12a 12a ---- 

 

+ for trigonal 1st – 2nd shell coordination (for Fe system). a a 12 coordinate trigonally coordinated 

2nd hydration shell was invoked to fit their data.[1] this work. [2]47. [3]12,23-25,27,28,48 and private 

communication with Dr. Robert Mayanovic [4]18,22. [5] unpublished AIMD of 64 H2O at 300K. 
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Figure 3.4: H-bond interaction between 2nd shell waters and the 1st shell. 
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3.3 Electronic structure of solvating waters 

 

The electronic structure information generated by AIMD provides a basis for 

interpretations of the interactions in the system in terms of molecular bonding and 

possibly connection with spectroscopic measurements.  However, the Kohn-Sham DFT 

implemented in AIMD are based on delocalized molecular orbitals (KSO). For systems 

of this size (517 orbitals) these are difficult to interpret. As explained in Chapter 1 Boys 

and others have shown that it is possible to obtain an equivalent density by performing a 

unitary transformation on the occupied KSO to form the maximally localized Wannier-

Boys orbitals (WBO)55-58. The WBO provide a representation of the electronic structure 

which can be interpreted in terms of local bond formation. In Figs. 3.5 A and B the WBO 

are calculated for a single frame roughly 7 picoseconds into the Fe3+ 64 water AIMD 

simulation. For comparison the WBO are also analyzed for a single frame of the Al3+-64 

water and the 64 water simulations.   

It has been proposed that the near trigonal configurations of solvating waters 

should result in a rehybridization of the first shell water oxygens towards sp2 21.  The 

HOH angle for sp2 hybridized water would be greatly increased to 120º and should be 

easily detectable in our data.  The maximum HOH angle detected in our 1st shell data is 

108°, which is not consistent with sp2 hybridization.  The spin up and spin down WBO 

plotted in Fig. 3.5 A and B support sp3 hybridization for 1st shell, 2nd shell and bulk 

waters. 
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Figure 3.5: Spin up (A) and spin down (B) bonding and lonepair Wannier-Boys orbitals 
for the 6 1st shell waters (yellow and light green), one 2nd shell water (purple and light 
blue) and one third shell water (dark green and dark blue) showing sp3 configuration.  
Surfaces are generated from a contour of constant |φ| = 0.3 for each orbital.  Occupation 
of spin down 3d valence of the Fe3+ ion is indicated by circles in (B). 
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There is a small but significant contribution to the spin down electronic structure 

on the Fe3+ metal center (circled in Fig. 3.5B). To study this further we performe a 

detailed analysis of the metal ion water interactions in terms of the positions of the 

centers of the WBO relative to the oxygen center of water molecule (Wannier-Boys 

Function Center, WFC).  This has been demonstrated by Lightstone et al.59 to be an 

effective representation of Metal-water interactions.  If there is a significant impact of the 

presence of the ions on the electronic structure of a water molecule the location (distance 

from the O center to the WFC, dO-WFC and the angle formed by the WFC and the O 

center, θWFC-O-WFC) of the WFCs in the molecule should be altered relative to those found 

in bulk water. The results of this analysis are shown in Table 3.3.  The inset defines the 

angles and distances for the bonding (BO) and lone pair (LPO) orbitals.  The table 

presents the average values of dWFC and θWFC-O-WFC, over the 1st hydration shell, 2nd 

hydration shell and bulk regions for the Fe3+-64 water spin up (α) and spin down (β) WB 

orbitals, the Al3+-64 water, and the 64 water (i.e. bulk water) doubly occupied orbitals. 

For all tabulated the standard deviation, σ, is given in parenthesis.  

The electronic structure of the waters in the 1st hydration shell is considerably 

perturbed by the presence of the ion. The spin up (α) and down (β) dO-WFC of Fe3+ and the 

restricted dO-WFC of the BOs of Al3+ are shortened by ~0.02Å relative to the bulk water 

values (Table 3.3). The θWFC-O-WFC angles for the 1st shell spin up BOs of Fe3+ and 

restricted WBO of Al3+ are close to the bulk values.  The dO-WFC for the 1st shell water 

spin up Fe3+ and the restricted Al3+ LPOs are close to bulk water values. An increase of 4º 

is observed for the spin down θWFC-O-WFC of the BO WFCs of Fe3+. The θWFC-O-WFC of the 

α spin LPOs for Fe3+ and the restricted Al3+ LPO are slightly smaller than the bulk 
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values.  The down spin LP WBO show considerably more interaction with the Fe3+ ion 

core. The do-wfc for the 1st shell spin down LPO WFCs of Fe3+ (0.38Å) is lengthened by 

0.05Å relative to bulk water and the θWFC-O-WFC angle (92º) is decreased by ~23º. 

Beyond the 1st shell no difference between the spin up and spin down positions of 

the WFCs is observed. The waters in this region have dO-WFC distances for BO and LPO 

WFCs which are very close to those of the 64 water simulation. There are small 

differences in the θWFC-O-WFC angle for the BO and LPOs for the 2nd hydration shells and 

bulk regions of Fe3+ and Al3+ when these are compared to θWFC-O-WFC of the 64 water 

simulation which reflects some influence of these ions. This suggests that the electronic 

structure of the waters in the 2nd shell and beyond have returned to bulk-like electronic 

structure and hybridization and is consistent with recent measurement and theoretical 

results performed on weakly interacting charged ions in electrolyte solutions36,59. 
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Table 3.3:  Electronic structure for the solvation shells represented by spin up (α), spin 
down (β) or restricted (r) Wannier-Boys Function Centers.  

 

 

 

 

 

 
  1st hydration shell 2nd hydration shell Bulk 

  do-wfc θwfc-o-wfc do-wfc θwfc-o-wfc do-wfc θwfc-o-wfc 
  BOa LPOb BO LPO BO LPO BO LPO BO LPO BO LPO 

Fe3+ α 0.48 

 

0.32 

 

106 

 

112 

 

0.50 

 

0.33 

 

104 

 

118 

 

0.50 

 

0.33 

 

103 

 

119 

 

Fe3+ β 0.48 

 

0.38 

 

110 

 

92 

 

0.50 

 

0.33 

 

104 

 

118 

 

0.50 

 

0.33 

 

103 

 

119 

 

Al3+ rc 0.48 

 

0.34 

 

106 

 

110 

 

0.50 

 

0.33 

 

103 

 

117 

 

0.50 

 

0.32 

 

103 

 

119 

 

64 

H2O 

r  0.50 

 

0.33 

 

106 

 

115 

 

a. Bonding orbital 
b. Lone pair orbital 
c. Doubly occupied (restricted) orbital 
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The electron density for the WBO, of the same configuration as above, for a 

selection of bonds is illustrated in Fig. 3.6. The orbitals are plotted based on a scale of -

0.1 (blue) to 0.1 (red) on a plane containing the oxygen atoms involved and/or the central 

ion (all WBO orbitals are filled).  The 1st shell spin down LPO orbital that showed the 

most distortion in Table 3.3 and evidence of charge transfer is illustrated in Fig. 3.6A. In 

this case we clearly notice the interaction of the lone pair with the virtual d electron 

valence orbital. This character is not displayed by the spin up lone pair (Fig. 3.6B) or the 

Al3+ restricted lone pair (Fig. 3.6C).  This is consistent with the do-wfc distances in Table 

3.3 from which a delocalizing metal-water interaction for spin down 1st shell Fe3+ waters 

is suggested.  The LPOs from the 2nd shell are illustrated in Fig. 3.6D, Fig. 3.6E, and Fig. 

3.6F. The similarity of LPOs illustrated in D and E suggests that the effect of the 

localized spin on Fe3+ ion is confined to the 1st shell. 
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Figure 3.6: Cross-sections of the Lone Pair Wannier-Boys orbitals (LPO) in the 1st 
hydration shell of Fe3+ (spin down (A), spin up (B)) and Al3+ (C) and the 2nd hydration 
shell of Fe3+ (spin down (D), spin up (E)) and Al3+ (F). 
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Recently Näslund et al.35 reported x-ray absorption spectra which they assigned to 

transitions from the O 1s core orbital of a hydrating water to the open spin down states of 

a transition metal or Al ion hexaqua complex. The WBO description provides a local 

view of the bonding but is difficult to interpret in terms of spectral properties. To provide 

information about these interactions we use the KS molecular orbitals calculated for the 

gas phase Fe(H2O)6
3+ in a perfect octahedral structure (the same cut off parameters as in 

the AIMD calculations are used). In the octahedral solvation shell the Fe3+ valence 

atomic orbitals interact with the orbitals of the hydrating waters to form spin up and spin 

down orbitals with t2g and eg symmetry. The 53 filled molecular orbitals of Fe(H2O)6
3+ 

are illustrated in Appendix I where spin up eg (orbitals 7 and 8) and t2g (orbitals 13,14 and 

15) orbitals and spin down eg (orbitals 39 and 40) hybrid MOs show strong interaction 

with the Fe3+ ion valence structure.  The highest filled down spin orbitals with significant 

d contributions are the two eg MO’s.  Naslund et al.35 assign the spectrum to transitions 

from the core O of a hydrating water to a MO at least partially interacting with the 

surrounding water O. In our calculations this would be the bonding t2g symmetry MOs 

orbitals originating from the , and the xy yz xzd d d orbitals.  The delocalization of these 

down spin states suggests that there is charge transfer from the LP hydrating waters to the 

Fe3+ ion center.  This is consistent with the long dWFC-O length for these orbitals (.38 vs. 

.33 for bulk water). Because of the absence of a 3d valence shell in Al3+ these interactions 

do not occur.  
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3.4 Hydrogen bonding   

 

A charged ion in an aqueous solution forms strong primarily ionic bonds with 

neighboring waters creating a structure in 1st hydration shell that breaks the structure of 

the solution. The metal water bond is stronger than the H-bonds in solution and the 

motion of the 1st shell hydrating waters is hindered.  A strong enough interaction (2+ and 

higher ions) can inhibit the waters in the 1st shell from forming acceptor bonds to other 

waters in the 2nd hydration shell leading to trigonal structure. 

The length of Fe3+ 1st shell waters donor bonds to the 2nd shell waters are 

consistent with observed values (2.62-2.84Å, Table 3.2) and show significant shortening 

and an increased hydrogen bond angle relative to bulk water suggesting stronger H-bond 

formation in this region60.  There is also a small contribution to the Fe3+ 1st-2nd shell 

interactions from an acceptor type (dOI-OII=2.94Å, σd=0.17Å ; θ=157.41º, σθ=9.92º) of 

H-bond.  These interactions have a smaller average hydrogen bond angle and a larger 

average H-bond distance than the donor type of coordination. This is correlated with the 

large tilt angle at large M-O distances of 1st shell waters shown in Fig. 3.3A and 3.3D. 

The trigonal type H-bonding between the 1st and 2nd shell waters of Fe3+ is similar to the 

Al3+ system.  However, for Al3+ the dOI-OII distance is shorter and the acceptor type 

coordination, which is responsible for ~2% of the 1st-2nd shell H-bond coordination for 

Fe3+, is not present in the Al3+ simulation (i.e. less than 0.01% of the total 1st-2nd shell H-

bonding). 
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By decomposing the radial distribution of H-bonds in terms of acceptor and donor 

bonds originating from a water in the 1st or 2nd shell hydration shells or from the bulk it is 

possible to characterize the shell by shell contribution to the H-bond structure, to identify 

differences between ion hydration shell structures and to observe the transition from the 

1st shell trigonal structure to the tetrahedral structure of bulk water 47. This decomposition 

is illustrated in Fig. 3.7 for the Fe3+ and Fig. 3.8 for the Al3+ 64 water simulations.  The 

metal-oxygen radial distribution functions are also plotted to provide information on the 

likelihood of finding a water at that position.  Four regions, r1, r2, r3 and r4, are identified.  

The region r1 coincides with the 1st hydration shell.  Region r2 corresponds to the 

excluded region between the main features of the 1st and 2nd shells.  Region r3 contains 

the 2nd shell and region r4 is assigned for the remaining water structure beyond the 2nd 

shell.   

For Fe3+ the 1st hydration shell, region r1, displays a significant amount of 

acceptor coordination to waters in the 2nd shell (blue dashed line in Fig. 3.7A) and the 

bulk (green dotted line).  However, the majority of the 2nd shell coordination is observed 

in the1.6-1.8 donor bonds formed to the 2nd shell waters (blue dashed line in Fig. 3.7B).  

This shows that although tetrahedral coordination is present in the 1st shell it remains 

primarily trigonally coordinated to the 2nd shell.  Relative to the Fe3+, the 1st hydration 

shell of Al3+ displays significantly less acceptor coordination to water in the 2nd shell 

(blue dash lines in Fig. 3.8A) and bulk (green dotted lines) while the donor coordination 

(blue dashed lines in Fig. 3.8B) is greater.  This implies that the 1st shell of Al3+ possesses 

a more trigonal character than Fe3+.   
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In the 2nd hydration shell of Fe3+, region r3, the acceptor coordination to the 1st 

shell shows a trigonal coordination at short Fe-O distances.  In a perfect trigonal structure 

each 2nd shell water coordinates one 1st shell water.  The values greater than one observed 

near ~3.5Å suggest that a small number of waters possess a bridged structure in which 

they are coordinating two 1st shell waters simultaneously.  The acceptor bonding from 2nd 

shell waters (blue dashed lines) implies that 2nd shell to 2nd shell H-bonds are common 

throughout the 2nd shell of Fe3+.  The acceptor coordination to bulk waters increases 

dramatically throughout the 2nd shell.  These are consistent with a tetrahedral structure 

more prominent at larger Fe-O distances.  The primarily trigonal structure is also evident 

by the ~1.2 donor bonds to bulk waters while tetrahedral character is displayed by the 

donor bonding to the 2nd shell (blue dashed line) and the 1st shell (red solid line).  The 

Al3+ 2nd shell shows increased acceptor coordination to the 1st shell and decreased 

acceptor coordination to the 2nd shell and bulk waters relative to the Fe3+.  The donor 

bonding to the bulk is increased while a decrease in donor bonding to the 2nd shell and to  

the 1st shell is observed.  These observations clearly show that both the Fe3+ and Al3+ 

display a predominantly trigonally coordination hydration region.  However, the Fe3+ ion 

shows increased tetrahedral  structure.  

For waters beyond the 2nd shell, region r4, H-bonding approaches those in the bulk 

water calculation (3.1 total H-bonds/water or ~1.6 donor or acceptor bonds) and suggests 

that the solvent structure has returned to that of bulk water.  

 
 
 

  
 



 

 

52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7:  H-bond structure described by the distribution of acceptor (A) and donor (B) 
bonds per water originating from waters in the 1st shell (red solid lines), 2nd shell (blue 
dashed lines) and the bulk (green dotted lines) for the Fe3+ 64 water simulation. 
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Figure 3.8:  H-bond structure described by the distribution of acceptor (A) and donor (B) 
bonds per water originating from waters in the 1st shell (red solid lines), 2nd shell (blue 
dashed lines) and the bulk (green dotted lines) for the Al3+ 64 water simulation. 

 
 



 

 

54 

3.5 Analysis of the 1st shell vibrational structure  

 

The vibrational density of states (DOS) reflecting potential interactions between  

species33,34,61,62 in the solution may be generated from simulation data by taking the 

temporal Fourier transform of the velocity autocorrelation function63.  These results may 

be compared to the IR data.  In this work, the DOS for the simulations are computed 

using the velocity coordinates of the Fe3+-64 water (30ps), Al3+-64 water (17ps) and 64 

water (12ps) simulations. The data is smoothed by averaging 11 data points (a frequency 

range of about 10 cm-1) for the Fe3+, Al3+ and 64 water systems. Assignment of the bands 

to the motions of the water molecule is discussed in many I.R. studies 33,64. For D2O, the 

bending (v2, the fluctuation of the D-O-D angle) vibration occurs at 1209 cm-1 and a 

combination of bending and libration (v2 + vL) occurs at 1555 cm-1.  A large band (stretch 

band) at 2504 cm-1 contains three features at 2400 cm-1 (2v2), 2600 cm-1 (v3) and 2500 

cm-1 (v1) while a v1 + v2 band also occurs at 3840 cm-1.  The very low wavenumber range 

(0-750 cm-1) is the domain of the librational (vL) or collective motion of many water 

molecules and is difficult to interpret.  Band centers are estimated in a range determined 

by the width at Half Max for the bend (v2) and stretch (v1,2v2,v3) bands. The 1st shell 

vibrational DOS (Fig. 3.9) is also calculated using the velocity coordinates of the six 1st 

shell waters of Fe3+ and Al3+.  Both data sets are normalized such that the area under the 

two peaks is set to 1.  The choice of 1 is arbitrary. However, the areas under the curves 

are nearly equal because all the simulations contain nearly equal number of degrees of 
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freedom.  Only shifts in peak positions and differences in relative intensities are expected 

to be observed for the different systems.62. 

In our computed spectra we can identify the bending band (v2) and the stretch 

band (v1,2v2,v3). The v2+vL and v1+v2 bands are unresolved in all simulations.  We 

observe the libration domain (vL) (~0-750 cm-1) but do not observe any significant effects 

of ion solvation.  The bend and stretch bands from the vibrational DOS computed for the 

64 water molecules solvating the Fe3+ ion and the 64 waters solvating the Al3+ ion show 

negligible shift relative to those computed for the 64 water simulation suggesting the 

presence of the ion has little effect on the bulk vibrational properties.  The 1st shell waters 

interact directly with the 3+ ion and are the most sensitive to the ion-water interaction.  

The DOS for the 1st shell waters of Fe3+ and Al3+
 is given in Fig. 3.9. Band centers are 

given in Table 3.4 for the 1st shells of Al3+, Fe3+ and the 64 water AIMD simulation and 

the results of a bulk water IR study 64.  The 1st shell water bending band (v2) is found to 

be centered at 1170 cm-1 and 1196 cm-1 for Fe3+ and Al3+, respectively.  The v1,2v2,v3 

band is broad and centered at 2032 and 2057 cm-1 for Fe3+ and Al3+.  In Table 3.4 Δv2 and 

Δv1,2v2,v3 are the shifts of the Fe3+ and Al3+ band centers relative to the corresponding 

bulk water AIMD values.  These values under the bulk water column indicate the shift of 

this simulation relative to the experimental values.  The Fe3+ 1st shell v2 and v1,2v2,v3 

bands are red-shifted by 19 and 230 cm-1, respectively, relative to that of the 64 water 

simulation (v2  = 1189 cm-1, v1,2v2,v3 = 2262 cm-1).  The Al3+ 1st shell v2 band shows a 

negligible blue shift of 7 cm-1 but an appreciable red-shift of 205cm-1 for the v1,2v2,v3 

band.  In our AIMD simulation, a large red-shift of roughly 240 cm-1of the bulk water 

stretch band is observed relative to the experimental data.  This has been discussed 
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elsewhere and results from the inclusion of gradient corrections to the exchange-

correlation functional 38,50,65. The curves in Fig. 3.9 also suggest that the stretch band is 

roughly similar for these systems.  This is not surprising since it has been observed in 

various alkali-halide and alkaline-earth chloride salts that variation in I.R. spectra is 

related to the number of coordinating water molecules 62.  Our results suggest that this 

may also be true for the more highly charged 3+ ions. 

These results are also consistent with recent experimental and theoretical 

investigations. An IR study of 1st shell waters carried out by Bergstrom et. al. estimates 

that the first shell OD stretch of three trivalent cations (Al3+,Cr3+ and Rh3+) has a 

frequency of 2200 cm-1, a redshift of ~300 cm-1 relative to bulk D2O 33. The Fe3+-32 

water, 7ps Car-Parinello Molecular Dynamics study of Amira et al. 38 predicts the 

frequency shift of Fe3+ 1st shell waters at 180 cm-1. These authors have also performed 

Car-Parinello MD study of Al3+ and 32 waters for 10ps 50 in which the 1st shell frequency 

shift is estimated to be in the range of 120 cm-1 to 210 cm-1.   
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Figure 3.9: The vibrational density of states of the 1st shells of Fe3+ (red) and Al3+ (blue).  
Bending (v2) bands are centered at 1170 and 1196 cm-1, the stretch (v1,2v2,v3) bands are 
centered at 2032 and 2057 cm-1 for Fe3+ and Al3+, respectively.   

 

 
 
Table 3.4: Peak positions computed from the vibrational density of states the 1st shell 
waters of Fe3+ Al3+ from Car-Parinello simulations, a 64 water simulation and 
experimental values 64 . Δ denotes shifts of the v2 or v1,2v2,v3  bands.  
 

 Fe3+ Al3+ H2O I.R. 
v2 1170 1196 1189 1209 
Δ v2 -19 7 -20+  

v1,2v2,v3 2032 2057 2262 2504 
Δ v1,2v2,v3 -230 -205 -242+  

+ The shifts of the H2O AIMD simulation is relative to the experimental I.R. study 
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3.6 Dynamics 

 

The waters in the 1st hydration shell are tightly bound to the ion center. Their 

observed 1st shell oxygen residence times (ie., 10-5-10-3s for Fe3+ and 0.78-6s for Al3+) 

and hydrogen residence times (10-7s for Fe3+ and 10-3s for Al3+) are well out of the range 

of these simulations 31 and no exchanges between the 1st and 2nd hydration shells are 

observed in our 30ps of simulation time.   

The binding time of a water molecule in the 2nd shell of Fe3+ has not been directly 

measured.  However, IQENS experiments have placed an upper limit of 5ns from their 

2nd shell water-proton binding times measured for Fe3+ and other trivalent metals 16,66,67.  

NMR based estimates of 2nd shell binding times of 128 ps 32 for Cr3+ have been reported. 

The simulations for the Al3+ system predicts transfers occurring on a picosecond time 

scale 47.  It is reasonable to assume that the Fe3+ 2nd shell waters would have a shorter 

lifetime than either Cr3+ or Al3+ systems, both of which have much longer 1st shell 

lifetimes (Fe3+ (10-3 sec), Al3+ (1sec) and Cr3+ (~105 sec))31.  The reaction mechanism of a 

2nd shell - bulk water transfer may proceed via an associative, Ia, exchange mechanism, 

which begins with a bulk water entering the 2nd shell, an dissociative, Id, mechanism 

which begins with a water leaving the second shell, or an intermediate mechanism, II, in 

which there is no discernable intermediate structure1.  In the two studies mentioned above 

Bleuzen et al. proposed an Ia, mechanism for Cr3+ 32 and Bylaska et al. identified from 

limited simulation data a dissociative, Id, mechanism for Al3+ 47.   
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In this work these mechanisms can be identified by analyzing the M3+-O distances 

of the waters involved along a particular trajectory.  For an Ia event the entering water 

approaches the average M3+-OII distance before the exiting water begins its escape.  For 

Id exchange the M3+-OII distance of the exiting water will be greater than the 2nd shell – 

bulk water boundary before the entering water begins its approach.  In Figures 3.10 and 

3.11 the trajectories of Id and Ia 2nd shell-bulk exchanges are shown.  In both figures the 

initial, intermediate and final configurations are illustrated (Panel A) and the Fe-O 

distance is plotted against simulation time (Panel B).   

In the Id transfer of Fig. 3.10 the water (colored orange) is initially coordinating 

the 1st shell with a water (colored green) nearby in the bulk (Fig. 3.10A.1 corresponding 

to 3.10B at 20-20.5ps).  Figures 3.10A.2, 3.10A.3 correspond to 20.65ps and 20.8-21.4ps 

of the trajectory.  The leaving water (colored orange) crosses the 2nd shell-bulk water 

boundary (~4.8 Å) before the incoming water (colored green).   

An associative, Ia, exchange involving three waters is represented in Fig. 3.11.  

Here a water (colored green) initially in the bulk (Fig. 3.11A.1) moves into the 2nd shell 

and displaces a 2nd shell water (colored blue) (Fig. 3.11B at 8.5-9.2ps).  The displaced 

water moves to coordinate a nearby 1st shell water in a donor orientation allowing it to 

remain in the 2nd shell (Fig. 3.11A.2 and Fig. 3.11B at 9.5-11ps).  After a rotation (Fig. 

3.11B at 11-11.3ps) the displaced water acceptor coordinates to the 1st shell, moving a 

third water (colored orange) into the bulk (Fig. 3.11A.3, Fig. 3.11B at 11.3-12ps).  The 

Fe-O distances plotted in Fig. 3.11B show that this all occurs within the 2nd shell very 

close to the average Fe-OII distance. The associative mechanism identified here could not 
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occur in the Al3+ system due to the inability of 1st shell waters to form acceptor bonds to 

the 2nd shell.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Three snapshots of the initial, intermediate and final configurations of a 
dissociative 2nd shell-bulk water transfer are illustrated in panels A.1, A.2, A.3 
respectively and the Fe-O distance is plotted against simulation time in panel B. 
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Figure 3.11: Three snapshots of the initial, intermediate and final configuration of an 
associative 2nd shell-bulk water transfer are illustrated in panels A.1, A.2, A.3 
respectively and the Fe-O distance is plotted against simulation time in panel B. 
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3.7 Conclusions 

 

Because of its extreme environmental68 and technological importance there have 

been a number of attempts to simulate the Fe3+-H2O system using a variety of methods, 

i.e. effective two-body potentials53, two and three-body potentials with conventional 

molecular dynamics, hydrated-Ion-Models (HI) which use separate potentials for 1st shell 

and 2nd shell waters32,69-71, QM/MM approaches and 1st principles molecular dynamics38. 

All of these approaches have contributed to the understanding of this complex system. 

However, each method has significant limitations. For example the effective two-

body/three-body potential methods tend to predict incorrect structures, and HI models 

and QM/MM approaches treat sub regions of the hydration shell with different levels of 

theory and, therefore, cannot be reliably used to treat systems in which the boundaries of 

the system are crossed (e.g. as in ion pair formation). AIMD methods which are based on 

an “on the fly” solution to the Electronic Schrödinger equation avoid these problems but 

are extremely expensive computationally. Nevertheless, AIMD approaches appear to 

provide the most effective parameter free and generalizable predictions of the system 

behavior.  

Results of an AIMD simulation of the Fe3+ ion and 64 water molecules in a 

periodic simulation cell at a temperature of 300K and density near 1 g/cm-1 have been 

reported in this Chapter. These simulations are for much longer times and large system 

sizes than has been previously performed38.  The 1st principle method provides a 

parameter free prediction of both the bond and electronic structure of the system.  The 
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results obtained are compared with the results of a previous AIMD study of the Al3+ ion 

and 64 waters 47 and an 64 pure water AIMD simulation. Simulations for the Fe3+ ion 

show the presence of stable 1st and 2nd hydration shells with occupation numbers and 

average distances consistent with experiment.  The stable 6-coordinate 1st hydration shell 

has a Fe-OI distance of 2.12±0.088Å (experimental result 1.94–2.08Å) and average tilt 

angle of 33.4°.  The average coordination number of the 2nd shell is 13.3 with average Fe-

OII distance of 4.30±0.30Å (experimental coordination number 12 and Fe3+-OII =4.09-

4.80Å) with an OI-OII distance of 2.70±0.15Å.  The Al3+ system 1st shell also contains 6 

waters with a smaller average Al3+-OI distance of 1.94±0.074Å (experimental result 1.88-

1.902Å) and average tilt angle of 27.8°.  The Al3+ 2nd shell is smaller with an average of 

12 waters at 4.09±0.23Å (experimental coordination number 12 and Al3+-OII=4.01-

4.15Å) and with a smaller OI-OII distance of 2.68±0.14Å suggesting a stronger H-bond 

interaction between the 1st and 2nd shells.  The average 1st shell waters OH distance, 

0.99Å, and HOH angle, 107°, of Fe3+ and Al3+ are nearly identical. The range of motion 

of the water molecules in the 1st shell is suggested by the tilt angle distribution of the 1st 

shell waters. The 1st shell waters of Fe3+ have a broad and flat distribution of tilt angles 

while the distribution for the 1st shell of Al3+ is narrow and biased towards smaller angles.  

This is consistent with the 1st shell of Fe3+ readily form acceptor bonds from 2nd shell 

donor waters while the 1st shell of Al3+, whose waters are restricted to a smaller tilt 

angles, do not form these bonds. 

Analysis of the electronic structure via the WBOs shows the spin down LPOs of 

the Fe3+ 1st shell waters show significant differences compared to the spin up LPO of the 

Al3+ 1st shell waters LPOs.  These appear as a result of the rehybridization of the 3d 
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valence and the 1st shell LPOs to form the t2g and eg hybrid MOs.  The spin up hybrid 

MOs receive contributions from the Fe3+ spin up 3d and the 1st shell water L.P. atomic 

orbitals while the spin down hybrids receive only contributions from the spin down 

atomic LPOs.  WB transformation of the spin down hybrid orbitals will produce localized 

atomic contributions including the Fe3+ atomic orbitals.  Another result is that the 

occupation of these spin down hybrid MOs will result in a charge transfer to the Fe3+ 

center.  This is not observed in the spin up WB orbitals since the Fe3+ spin up 3d valence 

is fully occupied.  This is not observed in the Al3+ system since it has no d- valence 

structure.  Our results are consistent with a recent XAS study 35 on Fe3+, Cr3+ and Al3+ 

aqueous solutions which observes that oxygen core 1s orbitals of 1st shell waters are 

excited into d-type valence states for the Fe3+ and Cr3+ systems whereas no similar effect 

is observed in Al3+ aqueous systems.  We also notice that there is no spin-dependant 

electronic interaction in the region beyond the 1st shell of Fe3+. 

Analysis of H-bond distributions shows significant acceptor coordination in the 1st 

shell of Fe3+ from donor waters in the 2nd shell.  The presence of these acceptor H-bonds 

are responsible for 2nd shell occupation numbers larger than 12 for Fe3+. On the other 

hand the Al3+ 2nd shell contains 12 waters and is consistent with nearly pure trigonal 

planar H-bond geometry.  There is also more intra-2nd shell H-bonding occurring in the 

Fe3+ than in Al3+ 2nd shells suggesting an earlier onset of tetrahedral or bulk-like H-

bonding in this system.  Differences in 1st-2nd shell H-bonding influence the structure of 

the 1st shell waters.  A wider distribution and larger average 1st shell tilt angle observed 

for Fe3+ is consistent with earlier onset of acceptor coordination, relative to the trigonally 
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structured Al3+ 1st shell.  A greater amount of H-bonding to the 2nd shell and a wider tilt 

angle distribution is consistent with a weaker 1st shell M-O bond for Fe3+. 

The Fe3+ and Al3+ 1st shell v2 bands (bending vibration) show small shifts relative 

to bulk water while the v1,2v2,v3 bands (stretch bands) are red-shifted by 230 cm-1 and 

205cm-1 respectively in reasonable with the experimental estimate33 of 300 cm-1.   

The 2nd shell and bulk waters are observed to exchange via Id or dissociative and 

Ia or associative mechanisms on a time scale of 1-2 ps.  The dissociative mechanism 

proceeds by breaking and forming H-bonds to donor waters in the 1st shell and is similar 

to the dissociative mechanism observed in the Al3+ simulation. In the associative 

mechanism an additional step occurs in which an H-bond to an acceptor in the 1st shell is 

formed.  The appearance of the exchange mechanism in Fe3+ is a result of the availability 

of 1st shell waters to form acceptor bonds to the 2nd shell and does not occur in the 

trigonally structured 2nd shell of Al3.   
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Chapter 4 
 

Structure and Dynamics  
of the Hydrated Ca2+ Ion 

 
 

4.1 Introduction 

 

The hydrated Ca2+ ion is encountered in many important chemical systems.  It is 

found in abundance in the earth’s crust, living organisms 1,2 in ground- and seawater 3. It 

is used in industrial processes such as solidification and stabilization of waste4,5, and 

provides essential biochemical functions such as in bone tissues and muscle contraction 

2,3,6,7.  In freshwater systems the Ca2+ ion possesses structured 1st and 2nd hydration shells 

and in many minerals and proteins containing the Ca2+ ion, hydrating water molecules are 

present.  These hydrating water molecules can provide structural or reactive roles in the 

local chemistry of these systems.  Therefore a detailed understanding of the structure and 

dynamics of the hydrating waters near the Ca2+ ion is highly desired.   
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The results of X-Ray diffraction8-15, Neutron diffraction16,17 and X-Ray 

absorption18-22 experiments predict the aqueous Ca2+ ion possesses 1st shell coordination 

numbers (CN) ranging from 5.5-10.5 waters with Ca-O distances from 2.26Å to 2.49Å.  

Due to very high labilities of hydrating waters, experimental measure of residence times 

of waters in the 1st hydration shell can only provide an upper bound of 10-8 s 23,24 and 

observation of the reaction mechanism of exchange with the 2nd shell are beyond the 

scope of present technologies.  The structure of the 2nd shell is even less well known. X-

Ray and Neutron diffraction estimate of 2nd shell Ca-OII distances fall within 3.7Å to 

4.5Å, 2nd shell coordination numbers within 7 to 20 waters and are highly sensitive to the 

concentration and location of counter ions as well as temperature. 

As a result of the lack of accuracy in experimental results and the subsequent 

difficulty in interpretation, many researches have turned to Conventional Molecular 

Dynamics (CMD) simulation to offer additional insight.  Unfortunately, the predictions 

of CMD simulations 12,13,18,25-33 display wide range of solvent structure.  The 1st shell 

coordination numbers, 5 to 10 waters, 1st shell Ca-O distances, 2.38Å to 2.51Å, 2nd shell 

coordination numbers, 9.6 to 27 waters, and 2nd shell Ca-O distances, 4.27Å to 5.53Å, 

show a sensitivity to the choice of classical pair potential used.   

High level Ab Initio methods have therefore been performed.  Car-Parrinello Ab 

Initio Molecular Dynamics studies 34-38 have predicted coordination numbers ranging 

from 5 to 8 water molecules and Ca-OI bond lengths from 2.36-2.68Å.  While predictions 

of AIMD have been consistent with experimental data, there is still very little discussion 

of dynamical properties such as solvent exchange and structural information on the 2nd 

hydration shell.  Bako et al. 34observe a 2nd hydration shell at Ca-OII distances within the 
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range 3.5 to 5.0Å in their simulation consisting of a Ca2+ ion solvated by 54 waters.  

Ikeda et al. 35 predict an associative mechanism for water exchange between 1st and 2nd 

shells in their simulation of Ca2+ and 64 waters with 1st shell coordination number 

constraints.  Hybrid QM/MM studies by Schwenk et al.39-42 in which the Ca2+ ion and 1st 

hydration shell are modeled with Hartree Fock and DFT methods while the remaining 

waters are modeled by CMD have predicted a 1st shell of roughly 8 waters at Ca-OI 

distance of 2.48Å.  A 2nd shell of 18 and 19 waters at 4.53Å and 4.68Å for HF and DFT 

QM regions, respectively, is observed and exchanges with the 1st shell proceeds 

dissociatively for the HF 1st shell and associatively for the DFT 1st shell. 

In this study a total of 38 ps of Ab Initio Molecular Dynamics (AIMD) 

trajectories are generated describing the Ca2+ ion solvated with 64 water molecules at 

ambient temperatures and pressures.  All atoms are treated with the same theoretical 

model: Pseudo-Potential Plane Wave Density Functional Theory using the Car-Parrinello 

Molecular Dynamics algorithm.  The significant size of our simulation allows for a fully 

solvated 2nd hydration shell providing for a realistic model of this structure.  We observe 

solvent exchange between the 1st and 2nd hydration shells and numerous exchanges 

between the 2nd hydration shell and the bulk region.  Analysis in terms of the Eigen-

Wilkins exchange mechanism, in which an exchange is realized as a transfer of a bulk 

water molecule to the 2nd shell and from the 2nd shell to the 1st shell (and vice versa), 

offers insights into solvent exchange mechanism.  The influence of the local H-bond 

structure is analyzed.    
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4.2 Structure 

 

 The Ca2+ ion with the 1st and 2nd hydration shells are shown in Fig. 4.1A and Fig. 

4.1B, respectively.  A hydrogen bond (a.k.a. H-bond) is identified by the criteria d(O1-

O2) ≤ 3.2 Å and ! (O1H1…O2) ≥140º.  A donor H-bond is formed by the water which 

donates a proton while an acceptor H-bond is formed by the water which donates a lone 

pair.  The 1st hydration shell waters are oriented with their dipoles towards the Ca2+ 

center.  They coordinate the 2nd shell mostly via donor H-bonds.  The structure of the 

hydration shells can be visualized by the Ca2+-O and Ca2+-H radial distribution functions 

(GCaO(r), GCaH(r)) which gives the relative probability of finding an oxygen or hydrogen 

atom, respectively, at a distance, r, from the Ca2+ center.  The running integration 

numbers (NCaO(r), NCaH(r)), which give the average number of waters found within a 

sphere of radius r around the Ca2+ center, are also computed.  The GCaO(r), GCaH(r) and  

NCaO(r), NCaH(r) functions, generated from the 33ps of our simulation, are provided in 

Fig. 4.2.  The structural properties of the hydrating waters of the 1st and 2nd shells are 

analyzed below.  The results are summarized in Tables 4.1, 4.2 and 4.3 in which the 

results of other theoretical and experimental investigations of the hydrated Ca2+ ion are 

also given.   
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Figure 4.1:  (A) Ca2+ ion with 7 coordinate 1st hydration shell.   
(B) the 1st shell is trigonally coordinated by 13 waters in the 2nd shell.   

Box 1 indicates trigonally coordinated 2nd shell waters and Box 2 indicates tetrahedral 
coordination to the 1st shell. 
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The 1st Hydration Shell 

 

The 1st shell of the Ca2+ ion is identified by the first peaks in GCaO(r) and GCaH(r)  

at r = 2.49Å and r = 3.09Å, respectively (Fig. 4.2).  The number of coordinating water 

molecules in the 1st hydration shell is estimated by evaluating NCaO(r) and NCaH(r) at the 

first minimums of GCaO(r) and GCaH(r), i.e. at 3.18Å and 3.73Å respectively. These give 

the oxygen and hydrogen 1st shell coordination numbers, CNO and CNH, of roughly 7 and 

15 respectively or, equivalently, ~ 7 water molecules.  The 1st shell coordination 

numbers, Ca-O and Ca-H distance, water geometries and tilt angles can also be analyzed 

directly from the trajectories generated by the simulation (Table 4.1).  We find that on 

average 6.67±0.24 oxygen atoms and 14.86±0.67 hydrogen atoms are within 3.18Å and 

3.73Å of the Ca2+ center, respectively.  The average Ca-O and Ca-H distances for the 1st 

shell waters are 2.51±0.07Å and 3.12±0.11Å, respectively.  The plane containing a 1st 

shell water is tilted by an average of 33º relative to the vector connecting the Ca2+ center 

and the water oxygen atom. We observe that the 1st shell water geometry is not altered 

relative to the average geometry of a bulk water molecule obtained from our AIMD study 

of bulk water (dOH = 0.97±0.01Å; θHOH = 105.5±2.6º). 

A wide range of 1st shell structure estimates from Neutron Diffraction 16,17, 

infrared 43, X-Ray Diffraction 8-15 and X-Ray Absorption 18,20-22 are reported in Table 4.1.  

These predict 5-10 1st shell oxygen atoms at Ca-O distances within 2.26-2.49Å and 14-21 

1st shell hydrogen atoms with Ca-H distances within 2.94-3.15Å.  Tilt angles of 1st shell 

waters range from 34-38º.  Although our results estimate 1st shell Ca-O and Ca-H average 

distances which are slightly longer than the experimentally obtained values, our model 
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predicts a 1st shell structure sensitive to the coordination state (Table 4.2 below) which is 

consistent with the wide range of the 1st shell structure parameters observed.   

Our structure predictions of CNO, Ca-O distance, 1st shell water tilt angle and 

water geometry are consistent with the results of other Car-Parrinello molecular 

dynamics studies of the hydrated Ca2+ ion 34,35,37,38.  However, our results do not agree 

with the hybrid QM/MM studies 31,39-42 who predict 7.6-10 1st shell waters or with the 

Conventional Molecular Dynamics (CMD) studies 12,13,18,25-33 that predict 5-10 1st shell 

waters. 

The 1st shell coordination number is observed to fluctuate throughout the 33ps of 

simulation time.  The system is 7 and 6 coordinate for roughly 70% and 30% of the 

molecular dynamics simulation, respectively. A negligible contribution from an 8 

coordinate species is also observed which accounts for <0.5% of the collected data. The 

tilt angles and Ca-O distances for water molecules in the 1st hydration shell are computed 

for the 6 and 7 coordinated Ca2+ ion and given in Table 4.2.  We see that the waters of the 

7 coordinated Ca2+ species possess elongated Ca-O bonds by ~0.1Å relative to 6 

coordinate species.  This is in agreement with the crystal structure study of Einspahr and 

Bugg 6 and with the increase observed by Bertini et al. in the Ca2+ ionic radius as CNO 

increases 3.  The average 1st shell tilt angle decreases by ~4º when CNO increases from 6 

to 7.  For the 6, 7 and 8 coordinated hydration shells, we observe no significant changes 

in the average 1st shell water dOH distance and θHOH angle. 
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Figure 4.2: The GCaO(r), GCaH(r) radial distribution functions and NCaO(r), NCaH(r) 
running integration numbers for the Ca-O and Ca-H pairs, respectively. 
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Table 4.1:  Structural Parameters of the 1st hydration shell from AIMD simulation and 

the results of other theoretical and experimental studies. 
 

First 
Hydration 

Shell 

This work Theory Experiment 

CNO 6.67(0.48) 5.1-10e, 
6f, 

7.6-10g, 
5-8h 

5.5(0.1)-10.0(0.1)a, 
6b, 

5.1-8c, 
6.6(0.4)-10.5(0.2)d 

CNH 14.86(1.336) 12.8-16e 13.7(0.2)-14.5(0.2)a, 
16-21d 

d(Ca-O) 2.51(0.13) 2.38-2.51e, 
2.40f, 

2.38-2.51g, 
2.36-2.68h 

2.39(0.02)-2.46(0.03)a, 
2.26(0.006)-2.47(0.02)c, 
2.43(0.008)-2.49(0.01)d 

d(Ca-H) 3.12(0.22) 3.01-3.65e, 
2.98-3.2h 

2.98(0.01)-3.07(0.03)a, 
2.94(0.04)-3.15(0.02)d 

Tilt º 33 40.2-40.7e, 
15-50h 

34(9)-38(9)a 
 

d(OH) 0.97(0.03) 0.968(0.015)e --- 
θ(HIOIHI) 105.52(5.19) 99.47(5.79)e, 

105.8h 
--- 

a 16,17,b43,c8-15,d18,20-22,e12,13,18,25-33,f14,44,g31,39-42,h34,35,37,38 
 
 
 
 

Table 4.2:  Ca-O distance and tilt angles of waters 
of the 6 and 7 coordinate 1st hydration shells. 

 
CNO

I d(Ca-OI) Tilt θ I 
6 2.46(0.10) 36 
7 2.54(0.14) 32 
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The 2nd Hydration Shell 

 

In Fig. 4.2 the 2nd hydration shell is indicated by the peaks situated near 4.6Å and 

5.1Å in the GCaO(r) and GCaH(r) radial distribution functions, respectively.  Average 

structural parameters of the 2nd shell are presented in Table 4.3.  An average of 

16.53±0.81 2nd shell waters coordinate the 1st shell with average Ca-O and OI-OII 

distances of 4.65±0.21Å and 2.83±0.08Å, respectively.  Analysis of the 1st-2nd 

coordination reveals that 2nd shell waters coordinate the 1st shell in a mostly (81%) 

trigonal H-bonding structure (Fig. 4.1B Box 1) with OI-OII = 2.81±0.08Å and θO-H…O = 

161.43±4.63º, slightly stronger than the H-bonds formed in the bulk water simulation 

(2.83±0.08Å; θO-H…O = 160.58±4.71º).  The remaining coordination (19%) results from 

2nd shell donor coordination to 1st shell acceptor sites (Fig. 4.1B Box 2) with OI-OII = 

2.91±0.08Å and θO-H…O = 159.24±4.78º.  These H-bonds are significantly weaker than 

bulk water H-bonds.  The 2nd shell OH distance and HOH angles are nearly identical to 

those of the 1st shell and consistent with the bulk water simulation.   

Our prediction of 2nd shell Ca-O distance of 4.65±0.21Å is consistent with the 

Car-Parrinello molecular dynamics study of Bako et al 34.  Most of the theoretical 

predictions of 2nd shell structure parameters in Table 4.3 result from CMD simulations.  

Although the OI-OII values predicted by CMD are consistent with this work, the 2nd shell 

Ca-OII distances and coordination numbers show a wide range from 4.3Å to 5.5Å and 9.6 

to 27, respectively.  In comparison, we predict an average of 15.7-17.4 waters at 4.4Å to 

4.6Å. This is a strong indication that the secondary hydration properties are not 

adequately described by CMD methods. 
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In Table 4.3 we see that the experimental 2nd shell structural data predict a wide 

range in values of 2nd shell coordination number (~7-20 waters), Ca-OII distance (3.7-6Å) 

and OI-OII distance (~2.8-3Å).   

In Table 4.4 the structure of the 2nd shell in terms of OI-OII, Ca-OII and CNO
II is 

estimated from our data for the 6 and 7 coordinate 1st hydration shells.  We observe that 

increasing from a 6 to a 7 coordinate 1st shell elongates the OI-OII and Ca-OII average 

distances by 0.04Å and 0.17Å, respectively.  The 2nd shell coordination number is 

increased by ~2 waters for a 7 coordinate 1st shell suggesting that the 2nd hydration shell 

possesses a fluxional structure.  This is in qualitative agreement with the wide range of 

experimental 2nd shell structure relative to what is observed for 3+ cations 45. 

 
Table 4.3:  Structural Parameters of the 2nd hydration shells from  AIMD simulation and 

the results of other theoretical and experimental studies. 
 

Second 
Hydration 

Shell 

This work Theory Experiment 

CNOII 16.53(1.62) 9.60-27e 

19-20g 
18.7-20.3a, 

6.7(0.2)-14c, 
d(Ca-O) 4.65 (0.41) 4.27-5.53e, 

3.5-5.0h 

4.53-4.68g 

3.7-6a, 
4.14(1.4)-4.55(0.23)c 

d(OH) 0.97 (0.03) 0.963(0.016)e --- 

θ(HIIOIIHII) 105.54 (5.20) 102.76(5.55)e --- 
d(OI-OII) 2.83(0.16) 2.77-2.92e 2.81(0.03)-2.85(0.03)a, 

2.8(0.2)-2.99(0.01)c 
a16,17,c8-15,e12,13,18,25-33,g31,39-42,h34,35,37,38 
 

Table 4.4:  1st-2nd shell O-O distances, 2nd shell Ca-O distances and coordination 
numbers of the 2nd hydration shells corresponding to the 6 and 7 coordinate 1st hydration 

shells. 
 

CNO
I D(OI-OII) d(Ca-OII) CNO

II 
6 2.80(0.16) 4.40(0.40) 15.72(1.49) 
7 2.84(0.16) 4.57(0.38) 17.47(1.62) 
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Tilt Angle of Hydrating Water Molecules 

 

The dipole-tilt, i.e. the angle formed between the M-O vector and the dipole 

vector describing the plane of the water molecule, is computed as a function of Ca-O 

distance. The results are presented in Fig. 4.3 (red diamonds). For comparison the dipole-

tilt angle distributions for the solvated hexaqua charge 3+ ions Fe3+ (green triangles) and 

Al3+ (blue squares) are given (Chapter 3).   

When a water molecule is planar the average tilt angle approaches zero while a tilt 

angle un-correlated with the Ca-O distance approaches an average of 90º.  We see in Fig. 

4.3 that the water molecules in the 1st hydration shell of Ca2+ display tilt angles very 

strongly correlated with Ca-O distance.  Near Planar or trigonal geometries are observed 

at short Ca-O distances and the average tilt angle increases with Ca-O distance.  This is 

also observed for 1st shell waters of 3+ charged metals.   For Ca2+ there is a feature that 

peaks near 3.25Å in which solvating waters show average tilt angles near 90º.  This 

feature is not present in the 3+ charged systems.  The waters in the 2nd hydration shell of 

Ca2+ show average tilt angles between ~60º near 3.75Å and ~90º near 5.5Å.  The tilt 

angles of 2nd shell waters of the 3+ charged systems range from 30º to 90º within their 

respective 2nd hydration shells, i.e. roughly 3.5Å to 4.75Å -4.8Å.   

The analysis of average tilt angles relative to M-O distance suggests that the 1st 

shell tilt angles of Ca2+ show roughly the same distribution as 3+ charged metals.  In 

particular, at smaller M-O distances the average tilt angle approaches a trigonal geometry 

and at larger M-O distances average tilt angle increases to roughly 50º.  For waters in the 

2nd shell the average tilt angles are very different for Ca2+ and the 3+ metals.   
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The 2nd shell tilt angles for the 3+ cations show significant sensitivity to M3+-O distance 

with roughly a 60º difference in tilt between 4.8Å and 3.5Å while the Ca2+ 2nd shell 

shows only a ~30º difference. This suggests that the 2nd shell tilt angles of Ca2+ present 

only a weak correlation with Ca-O distance and implies a much less restricted orientation 

for 2nd shell waters of Ca2+.  

 

 

Figure 4.3:  Distribution of Tilt angle for waters hydrating the Ca2+ system (red 
diamonds).  For comparison the tilt angle distributions for Fe3+ (green triangles) and Al3+ 

(blue squares) hydrating waters are included. 
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4.3 Hydrogen Bonding 

 

In general the hydrogen bonding structure of bulk water is significantly altered 

upon the insertion of an ionic species into the bulk tetrahedral network.  For a cation 

charge of +2 or more the formation of 1st and 2nd hydration shells are observed8-17,24,45-47.  

For waters nearest to the cation in the 1st hydration shell the tetrahedral network is 

disrupted in favor of a trigonal-like structure with the dipoles pointing towards the ion 

and the hydrogens forming donor bonds with the 2nd shell waters.  The 1st-2nd shell H-

bonding is typically stronger than that observed in bulk water which leads to the 

persistence of the trigonal-like H-bond coordination into the 2nd shell and the observation 

of water mobility and coordination lifetimes which differ from bulk water 24,45,46,48.  The 

transition from the trigonal-like 1st shell H-bond structure to the bulk-like tetrahedral 

structure may occur over many angstroms.  However, for the Ca2+ ion the tetrahedral 

structure is observed in the 1st and 2nd hydration shells (Fig 4.1B) suggesting that the 

transition to bulk structure occurs very early and that the H-bond structure is weakly 

influenced by the cation and the waters in the 1st hydration shell. 

 

Hydrogen Bond Density Distribution  

 

In Fig. 4.4 the H-bond density is presented as a function of a water located at a 

Ca-O distance = x.  The density is decomposed into contributions from coordination to 

waters residing in the 1st shell (solid red lines), in the 2nd shell (broken dashed lines) and 
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from waters residing beyond the 2nd shell (dashed dotted lines).  Each contribution is 

further decomposed into acceptor (Fig. 4.4A) and donor (Fig. 4.4B) H-bond distributions.  

For reference, the H-bond distributions have been plotted over GCaO(r) (solid light-grey 

background).   

Four regions, r1, r2, r3 and r4, are identified in Fig. 4.4.  In each of them the H-

bond density distributions display notable features.  The region r1, ranging from 2.12Å to 

3.18Å, coincides with the 1st hydration shell.  Region r2 corresponds to the minimum 

region between the main features of the 1st and 2nd shells, i.e. from 3.18Å to 3.75Å.  

Region r3 contains the 2nd shell ranging from 3.75Å to 5.39Å.  The remaining water 

structure beyond the second shell, i.e. beyond 5.39Å, is assigned region r4.   

The H-bonding in the 1st shell, region r1 is mostly due to coordination to the 2nd 

shell.  At short Ca-O distances the density of donor bonds to the 2nd shell approaches a 

pure trigonal structure with each 1st shell water donor coordinating two 2nd shell waters 

(Fig. 4.4B blue dashed lines).  As the Ca-O distance increases the trigonal coordination is 

disrupted by the onset of acceptor bonding to waters in the 2nd shell (Fig. 4.4A blue 

dashed lines).  Small contributions due to coordinating other 1st shell waters (red solid 

lines) and to waters beyond the 2nd shell (green dotted lines) are observed as the Ca-O 

distance approaches 3.18Å.   

In region r2 significant changes are present in the average H-bond density.  This 

suggests that even small motions of water molecules in this region are associated with 

significant changes in H-bond coordination.  A water moving across region r2 in the 

direction of increasing Ca-O distance will, on average, break 1 donor H-bond to a water 

in the 2nd shell (Fig. 4.4B blue dashed line), form 1 donor H-bond to a water beyond the 
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2nd shell (Fig. 4.4B green dotted line) and form 1 acceptor bond to a water in the 1st shell 

(Fig. 4.4A solid red line).  In region r2 three peaks with roughly the same magnitude of 

0.6 H-bonds per water are centered at 3.23Å.  These correspond to the donor bond 

density to the 1st shell (Fig. 4.4B solid red line), the acceptor bond density to the 2nd shell 

(Fig. 4.4A blue dashed line) and the acceptor bond density to waters beyond the 2nd shell 

(Fig. 4.4A green dashed line).  This suggests the presence of a coordination state in which 

a water molecule forms a donor H-bond to the 1st shell and acceptor H-bonds to the 2nd 

shell and the bulk.  This observation of water molecules with their Hydrogen atoms 

effectively pointed towards the nearby Ca2+ ion indicates that the structure in region r2 

shows significant departures from a trigonal H-bonding structure. 

In the region r3 the total hydrogen bonding density returns largely to bulk 

structure with values of ~1.5 total donors and ~1.7 total acceptor bonds per water.  The 

donor bond density from 2nd shell waters displays a slow decrease from 0.5 at 3.75Å to 

0.3 at 5.00Å and a slight upturn to 0.5 at 5.39Å (Fig. 4.4B blue dashed line).  The 

acceptor bond density to 2nd shell waters increases from 0.2 to 0.5 with a plateau of 0.3 

H-bonds per water near 4.5Å (Fig 4.4A blue dashed line).  The donor bond density to 

waters beyond the 2nd shell is roughly constant at ~1 (Fig 4.4B green dotted line) while 

the acceptor bond density (Fig. 4.4A green dotted line) increases from 0.3 at 3.75Å to 0.9 

at 5.39Å.  From 3.75Å to 4.0Å the acceptor coordination to 1st shell waters (Fig. 4.4A red 

solid line) is roughly 1.1.  A value of acceptor bond density to the 1st shell greater than 1 

is possible only for configurations in which a 2nd shell water coordinates two 1st shell 

waters simultaneously.  
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In region r4 the H-bond density from 1st shell waters vanishes rapidly.  The donor 

H-bond density from 2nd shell waters peaks at 5.7Å with 0.6 H-bonds per water and 

converges slowly to zero.  The acceptor bond density from 2nd shell waters continues to 

increase to a maximum of 0.7 at 6.1 Å then slowly approaches zero.  Near 7.5Å – 8.0Å 

the H-bond density to 2nd shell waters is less than 0.1 suggesting that these waters are not 

coordinating to either the 1st or 2nd shell. 

From the above analysis it appears that the Ca2+ ion imposes a trigonal-like H-

bond structure locally resulting in the formation of 1st and 2nd hydration shells.  The 1st 

shell is predominantly coordinating the 2nd shell via donor H-bonds.  Significant acceptor 

coordination is also present.  The amount of donor and acceptor coordination is found to 

be proportional to the Ca-O distance.  Small Ca-O distances promote a trigonal-like 

structure while large Ca-O distance allows tetrahedral type 1st-2nd H-bonding.  A 

dramatic shift in H-bond coordination is observed as the Ca-O distance increases into the 

‘excluded region’ r2.  Donor coordination to the 2nd shell is abruptly and sharply 

decreased concurrently with sharp increases in donor coordination to waters beyond the 

2nd shell and acceptor coordination to the 1st shell resulting in a net change of ~1 H-bond 

per water.  The donor coordination to the 1st shell abruptly jumps to 0.6 at 3.25Å in 

association with increased acceptor coordination to waters in the 2nd shell and beyond.  

This clearly indicates that the onset of tetrahedral coordination occurs early.  
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Figure 4.4:  H-bond structure described by the distribution of acceptor (A) and donor (B) 
bonds per water originating from waters in the 1st shell (red solid lines), 2nd shell (blue 
dashed lines) and the bulk (green dotted lines) for the Ca2+ 64 water simulation. 
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Hydrogen Bonding and Water Tilt Angles 

 

 The orientation of water molecules hydrating 2+ and 3+ charged metals is heavily 

influenced by interaction with the central ion.  This interaction competes with H-bonding 

interactions with the solvent waters of the 2nd hydration shell and beyond.  Comparison of 

Fig. 4.3 and Fig. 4.4 shows that features of the tilt angle distributions can be related to 

features of the H-bond distributions.  For waters in the 1st shell of Ca2+, i.e. in region r1, 

the low tilt angles observed at short Ca-O distance strongly correlate with a trigonal H-

bonding structure, i.e. forming donor bonds to two waters in the 2nd shell.  As the Ca-O 

distance increases the donor coordination to waters in the 2nd shell decreases and acceptor 

coordination to waters in the 2nd shell increases signaling the break down of the trigonal 

in favor of the tetrahedral H-bonding pattern.  The large tilt angle of 1st shell waters, 

which increase from ~20º to ~60º with increasing Ca-O distance, makes the formation of 

these acceptor bonds possible.   

In the region between the 1st and 2nd hydration shells, region r2, the waters are 

competitively forming trigonal and tetrahedral coordination states.  A significant amount 

of trigonal structure remains evident by the large value of acceptor coordination to 1st 

shell waters and donor coordination to waters in the 2nd shell and beyond.  However, 

tetrahedral structure is also observed in this region by the donor coordination to the 1st 

shell and acceptor coordination to waters in the 2nd shell and beyond.  The resulting 

average tilt is composed of two competing coordination geometries, one of low average 

tilt (trigonal) and one of relatively high average tilt (tetrahedral) angles.  The tilt angle 

distribution in this region shows a feature near 3.23Å with magnitude ~90º surrounded by 
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a roughly constant distribution of tilt angles ~55º.  The high tilt feature coincides with the 

peaks observed at 3.23Å in the H-bond density from which a water molecule is asserted 

to be donor coordinating a water in the 1st shell and acceptor coordinating waters in the 

2nd shell and beyond the 2nd shell (box 2 of Fig. 4.1B). 

In the 2nd hydration shell, region r3, although there is still trigonal structure 

present the tetrahedral H-bonding is significant.  Near 3.75Å a significant amount of 

acceptor coordination to waters in the 1st shell is present with significant donor 

coordination to waters beyond the 2nd shell.  At 5.5Å the trigonal structure effectively 

vanishes along with any acceptor coordination to 1st shell waters.  This transition 

coincides with an increase in average tilt angle from ~55º at 3.75Å to ~90º at 5.5Å.   

In region r4 the H-bonding structure returns to tetrahedral structure and the tilt 

angle has converged to ~90º.   

 

4.4 Dynamics 

 

Eigen-Wilkins Mechanism 

 

One of the simplest yet most important reactions in aqueous geochemical systems 

is the transfer of a solute species from the bulk solution to a contact position in the 1st 

hydration shell of a labile ion or reactive surface.  The preference of a salt solution to 

exist with the charged species separated by solvent or as bond forming contact ion pairs 

is determined by the strength in which the charged species imposes their hydration 
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structures on the solvent 20,23,24.  Reactions with labile ions have been extensively studied 

by Eigen and others 23,24,45,49,50. The putative general mechanism (Eigen-Wilkens 

mechanism) for these reactions follows Scheme 4.1. 
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Scheme 4.1:         SA                     SB                     SC             SD 

 

In Scheme 4.1 Mm+ is a metal species of charge +m and Lx- is the reactant ligand of 

charge –x.  SA represents Lx- in the bulk water separated from Mm+ by more than two 

waters. In SB Lx- is outside the 2nd shell separated from Mm+ by two waters.  SC 

describes the Lx- species in the 2nd shell separated by a single water from Mm+ (a.k.a. 

outer sphere complex) and SD is the contact pair ML(m-x)+ (a.k.a. inner sphere complex).   

The Eigen-Wilkins transfer mechanism can be classified as associative, 

dissociative or interchange (A, D, I) according to the mechanism of transfer between the 

2nd and 1st hydration shell 23,24,45.    The metal species Mm+ is written as [M(H2O)n]m+ 

below to explicitly include the 1st hydration shell in the following discussion.  For the 

transfer of a species Lx- into the species [M(H2O)n]m+ the associative, A, mechanism 

passes through a reactive intermediate with coordination number increased by 1, 

[M(H2O)nL](m-x)+, before forming the [M(H2O)(n-1)L](m-x)+ product species.  The rate 

determining step in A mechanisms is the bond making between Mm+ and Lx- species.  A 

dissociative, D, mechanism passes through a reactive intermediate with a coordination 

number decreased by 1, [M(H2O)(n-1)]m+, before forming the [M(H2O)(n-1)L](m-x)+ product.  
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The rate determining step in the D mechanism is the bond breaking between Mm+ and a 

coordinating H2O molecule.  In between the A and D mechanisms is the interchange, I, 

mechanism which describes exchanges in which bond breaking and bond making are of 

similar importance.  The I mechanism is refined into IA and ID for associative interchange 

and dissociative interchange mechanisms, respectively.  These apply to reactions in 

which bond making, IA, or bond breaking, ID, are observed to play a greater role in the 

exchange process. 

In this study we analyze the exchange mechanism between a solvent water and a 

1st shell water (i.e. Lx- = H2O in Scheme 4.1).  This transfer mechanism allows in some 

cases a broader discussion of the transfer mechanism of charged species.  As discussed 

by Richens 24, the ligand transfer rate for a general Lx- species cannot proceed faster than 

the rate of water exchange when the water exchange mechanism is dissociative.  For an 

associative mechanism, there is no similar rule and ligand transfer rates may vary relative 

to the water exchange rate considerably.  

  

1st shell-2nd shell exchange 

 

Within the 33 picoseconds of simulation data collected in this study two 

exchanges of water molecules are observed between the 1st shell and the bulk region.  

The trajectories of the transferring water molecules are given in Fig. 4.5A and Fig. 4.6A.  

Selected configurations chosen to represent the stages of the Eigen-Wilkins exchange 

mechanism are presented in Fig. 4.5B and Fig. 4.6B.  In both trajectories the reacting 

species are the 7 coordinate [Ca(H2O)7]2+ complex and a water ligand whose trajectory 
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begins with the SB species of the Eigen-Wilkins mechanism.  In Fig. 4.5 and Fig. 4.6 the 

incoming water is colored green while the exiting water is colored yellow.  The labels B, 

C and D correspond to the steps SB, SC and SD of the Eigen-Wilkins exchange 

mechanism, respectively (Scheme 4.1).  TS denotes the transition state between the SC 

and SD species.   

 The trajectory in Fig. 4.5 describes an exchange in which the Eigen-Wilkins 

mechanism is followed remarkably well.  The transition from SB to SC of the incoming 

water (green) occurs when the water moves into the 2nd hydration shell and forms H-

bonds to the 1st shell.  This state is observed to be stable for ~10ps before the exiting 

water (yellow) passes through the first TS at ~12 ps leaving a 6-coordinate  [Ca(H2O)6]2+ 

intermediate.  This very quickly reacts with the incoming water that passes through the 

second TS at ~14ps returning the 1st hydration shell to a 7-coordinate [Ca(H2O)7]2+
 

species.  The leaving water is stably coordinated to the 1st shell for 5ps before the 

transition to the SB species occurs with its transfer out of the 2nd hydration shell.  



 

 

95 

 

 
 
Figure 4.5:  (A) The trajectories of an exchange between a bulk water and a 1st shell 
follow the Eigen-Wilkins mechanism closely.  (B) Snapshots from the simulation data.  
The incoming water (green) and the leaving water (yellow) are labeled as B,C and D 
corresponding to the steps of the Eigen-Wilkins mechanism of scheme 4.1.  TS is the 
transition state between the C and D states and indicates a dissociative exchange 
mechanism. 
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The trajectory of Fig. 4.6A and Fig. 4.6B shows the incoming water (green) is 

initially at step SB of scheme 4.1.  Not long after this water transfers to the 2nd hydration 

shell (i.e. SC) a 1st shell water passes through the first TS near ~21ps and is transferred to 

the bulk region skipping the SC step directly to the SB step leaving a 6-coordinate 

[Ca(H2O)6]2+ intermediate.  This intermediate is stable for ~10ps before the 2nd shell 

water passes through the second TS at ~28ps and is transferred to the 1st shell forming the 

7-coordinate [Ca(H2O)7]2+
 species.  The trajectory of Fig. 4.6 describes an exchange in 

which the transition from SD directly to SB occurs and a water molecule is transferred 

from the 1st shell to the bulk without finding a stable configuration within the 2nd shell.   

Figure 4.6:  (A) The trajectories of an exchange between a bulk water and a 1st shell 
water. (B) Snapshots from the simulation data.  The incoming water (green) and the 
leaving water (yellow) are labeled as B,C and D corresponding to the steps of the Eigen-
Wilkins mechanism of scheme 4.1.  TS is the transition state between the C and D states 
and indicates a dissociative exchange mechanism. 
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In both trajectories the first TS corresponds to the formation of the 6-coordinate 

[Ca(H2O)6]2+
 intermediate (at 12 ps in Fig. 4.5A and 21 ps in Fig. 4.6A) while the second 

TS (at 14ps in Fig. 4.5B and 28 ps in Fig. 4.6B) forms the 7-coordinate [Ca(H2O)7]2+
 

again.  The formation of a 6-coordinate intermediate is consistent with a dissociative D 

mechanism.  However, in both exchanges the incoming water molecule is H-bonded to 

the 1st shell (the SC-state of scheme 4.1) prior to the first TS crossing though it is not 

observed to play a significant role in the formation or stabilization of the transition state.  

This is consistent with the definition of dissociative Interchange, Id, as the exchange 

mechanism.   

Although there are only two exchanges observed in our data, numerous 

trajectories are detected in which waters approach the transition state for 1st-2nd shell 

transfer and return to the initial state.  These trajectories provide valuable sampling of the 

H-bond coordination in the region between the 1st and 2nd hydration shells in Fig. 4.3. In 

particular, region r2 shows that ~1 H-bond to the 1st shell and ~1 H-bond to the bulk 

region are broken as a water is moves towards the Ca2+ ion.  This is stabilized by 

increased coordination to the 2nd shell.  In the reverse direction, from SD to SC ~1 donor 

H-bond to the second shell is broken followed by forming ~1 acceptor bond to the 1st 

shell and 1 donor H-bond to the region beyond the 2nd shell.  This suggests that waters 

which transfer between the 1st and 2nd hydration shells undergo considerable H-bond 

rearrangement making and breaking H-bonds with water molecules in the 1st and 2nd 

hydration shells and in the bulk region.  Therefore it is clear that local H-bond structure 

in the hydration shells and the bulk region play an important role in solvent transfer. 
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2nd shell-bulk exchange 

 

An important part of the Eigen-Wilkins mechanism is the transition from a 

weakly interacting encounter complex, SB in scheme 4.1, to a 2nd shell water interacting 

directly with the 1st shell via H-bonds, SC.  Significantly shorter lifetimes are expected 

due to the 2nd shell waters being less strongly bound relative to a 1st shell species.  

Nevertheless, an energetic barrier must be overcome in order for a water to cross into the 

2nd hydration shell from the bulk region or vice versa.  This barrier is closely related to 

the differences in H-bonding structure between bulk water and the 2nd shell.  In particular, 

the H-bond densities of Fig. 4.4A and Fig. 4.4B show that a water moving from region r4 

into r3 will, on average, suffer the loss of ~0.3 acceptor bonds to waters in the 2nd shell, 

~0.2 acceptor H-bonds to waters beyong the 2nd shell and ~0.2 donor bonds to waters in 

the 2nd shell.  These are stabilized by an increase of ~0.75 acceptor bond to waters in the 

1st shell, and slight increases of ~0.2 donor bonds to waters in the 1st shell and ~0.1 

acceptor bonds to waters in the bulk. 

  Throughout the 33ps of simulation roughly 48 transfers between the 2nd shell and 

bulk are detected.  Of those 48 events, 35 are observed to form stable coordination states 

lasting many molecular collisions.  The lifetime of the 2nd shell coordination state ranges 

from 1ps to the entire simulation time.  The average 2nd shell occupation lifetime and the 

average H-bond lifetime between the 1st and 2nd shell are computed and presented in 

Table 4.5 below.  The average residence time of a water in the 2nd shell is computed by 

defining a 2nd shell coordination state to be one which persists for a time longer than 
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τcutoff.  This allowed us to remove the many trajectories which enter the 2nd shell and 

quickly leaves without finding stable configurations.   

For comparison we have computed the 2nd shell residence time autocorrelation 

function, RTD(t), as described by Brunne et. al and others 29,51. and the H-bond 

autocorrelation function, HB(t) described by Rapaport et al. 52.  The lifetime for a 2nd 

shell water or 1st-2nd shell H-bond is found by calculating the decay constant of the auto-

correlation function, ACF(t): 

 

! 

" =
#t

ln ACF(t)( )
                                                                                                       eq. 4.1  

 

For our analysis we have computed the decay constant for each value of window 

size, t, for RTD(t) and HB(t) autocorrelation functions.  These values are plotted in Fig. 

4.7 for rtd(r).  We observe that the initial value is 4.8ps and increases with the correlation 

function window until reaching ~14ps when the window size reaches ~7.5ps.  The decay 

constant remains at ~14ps until the window size reaches ~15ps after which in continues 

to increase and reaches a maximum value equivalent to the total simulation time.  The 

average decay constant computed from this data is ~17ps.  This is consistent with the 

average lifetime of a 2nd shell water computed for the three values of τcutoff of 0.5ps, 1.0ps 

and 2.0ps, i.e. 9.4ps, 9.8ps and 10.6ps, respectively.  The average lifetime of an H-bond 

between 1st and 2nd shell waters is 3.4ps, 4.5ps and 6.4ps computed by taking only H-

bonds lasting longer the τcutoff values of 0.5ps, 1.0ps and 2.0ps, respectively and 3ps and 

by computing the H-bond autocorrelation function.   
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Figure 4.7:  The decay constant calculated for the 2nd shell residence time autocorrelation 
function, RTD(t) computed for each value of the window, t.   
The plateau at 7.4-15ps gives  ~14ps for the residence time. 
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From the 2nd shell residence times given in Table 4.5 we can make an estimate of 

4.8x1010s-1 to 1x1011s-1 for the transition rate from B to C, i.e. k12 and by symmetry k21.  

This can be compared with the O-O residence time computed from our bulk water 

simulation which gives an O-O coordination lifetime of ~4ps, or a rate of ~2.5x1011 s-1.  

Thus the rate of exchange between the bulk and 2nd hydration shell of Ca2+ is slower than 

the water – water exchange rate in bulk water.  The calculated H-bond lifetimes are less 

than the calculated residence times for waters in the 2nd shell suggesting a 2nd shell H-

bond structure in which a water may explore multiple 1st shell H-bond coordination 

configurations.   

 

Table 4.5:  Lifetime (ps) of 2nd shell occupations and 1st-2nd H-bonds computed by 
averaging all lifetimes which last longer than τcutoff for cutoff = 0.5ps, 1.0ps and 2.0ps 

and from the residence time and H-bond correlation functions, τcorr. 
 
 

Lifetime τcorr τ0.5 τ1.0 τ2.0 
2nd shell ~16.9±3.3 9.4 9.8 10.6 
H-bond ~3 3.4 4.5 6.3 
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4.5 Conclusions 

 

Ab Initio Molecular Dynamics of the Ca2+ ion and 64 waters are performed for 38 

total ps (5 ps equilibration and 33 ps production at 1atm and 300K).  A 1st hydration shell 

composed of an average of 6.67±0.24 waters is observed at an average Ca-O distance of 

2.51±0.07Å  with an average tilt angle of 33º.  The coordination number of the 1st shell is 

observed to fluctuate between 6 and 7.  A 2nd coordination shell of 16.53±0.81 waters is 

present at an average Ca-O distance of 4.65±0.21Å and average OI-OII distance of 

2.83±0.08Å.  The Ca-OI distance and tilt angles of the 1st shell waters and the Ca-OII 

distance and 2nd shell coordination number are observed to be influenced by the 1st shell 

coordination number, consistent with observations 3,6. 

Although the majority of the 1st-2nd shell H-bonding structure is trigonal, 

significant donor coordination to the 1st shell is also observed suggesting that the 2nd 

hydration shell displays tetrahedral or bulk structure.  In the excluded region between the 

1st and 2nd hydration shells the H-bonding structure appears more complicated.  Here the 

donor coordination to the 2nd shell decreases rapidly while donor coordination to the bulk 

region and acceptor coordination to the 1st shell increase rapidly with Ca-O distance.  In 

addition to this the donor coordination to the 1st shell and acceptor coordination to the 2nd 

shell and bulk regions are observed suggesting that water molecules can be found with 

their hydrogen atoms oriented towards the 1st shell. 
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Two exchanges between the 1st and 2nd hydration shells are observed and 

analyzed in terms of the Eigen-Wilkins exchange mechanism.  In the first of the two 

exchanges the Eigen-Wilkins mechanism is followed closely while in the second 

exchange an intermediate step is skipped.  Both exchanges proceed via dissociative 

mechanisms.  Analysis of the average H-bond density in the region between the 1st and 

2nd hydration shells shows that these water molecules coordinate waters in the 1st and 2nd 

hydration shells and bulk waters very readily.  A total of roughly 1.2 H-bonds are formed 

or broken when a water molecule moves between the hydration shells.  The 

decomposition into H-bond density from the 1st and 2nd hydration shells and the bulk 

region shows that the amount of H-bond restructuring is considerable.  Roughly 1.38 total 

acceptor bonds are formed to waters in the 1st shell and bulk region, 1.15 total donor 

bonds are created between the 1st shell and bulk region and 1.28 donor bonds to the 2nd 

shell are broken.  A water molecule moving from the 1st to 2nd hydration shells therefore, 

on average, breaks ~1 H-bond and forms ~2 while moving from the 2nd to 1st hydration 

shell a water breaks ~2 H-bonds and forms ~1 H-bond.   

We observe 35 transfers between the 2nd shell and bulk regions.  The lifetime of a 

water in the 2nd shell is estimated to be between 9.4-14ps.  The rate computed from the 

lifetimes, 4.8x1010s-1 to 1x1011s-1, is slightly slower than for the water-water exchange in 

bulk water simulation which is consistent with the existence of an energetic barrier 

between the bulk region and 2nd hydration shell. 
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Chapter 5 
 

Ion Association in  
Aqueous Ca2+ - Cl- System 

 
 

5.1 Introduction 

 
The association of the Ca2+ ion with counter-ions present in solution, such as Cl-, 

forms an important component of the aqueous chemistry of this ion and can play 

important roles in geochemical and biochemical processes1,2.  Under ambient conditions, 

the ion pair Ca-Cl exists as solvent-separated species in which both the ion and counter 

ion have fully formed hydration shells.  Contact-ion pairs are known to be present under 

elevated temperatures when the charged species are poorly screened by the severely 

disrupted H-bond network of the solvent water 3.  This has been observed in X-Ray 

Absorption Fine Structure, i.e. XAFS, experiments of aqueous solutions under ambient 

and supercritical conditions4 5-7.  While XAFS is an experimental method of choice for 

providing structural data of high temperature systems the long range solvent structure and 

mechanisms of motion in these environments are still not accessible.  Therefore, 

molecular dynamics (MD) simulations have been employed in order to aid in the 
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development of a consistent model of solvent structure 5-10.  However, the use of these 

methods to simulate high temperature systems has in many cases led to contradictory 

results.  In particular, MD has predicted the formation of contact ion pairs for 

temperatures and pressuses in which XAFS shows no evidence for the formation of these 

species4,5,11,12.  According to Fulton4, this is because the standard intermolecular 

potentials used, while adequate for ion-water interactions, was not developed for a 

description of ion-ion interactions.  This has stimulated interest in applying Ab Initio 

Molecular Dynamics (AIMD) methods towards the study of ion pairing in aqueous 

environments.  Petit et al has recently demonstrated for the highly concentrated aqueous 

LiCl systems that AIMD13,14 produces results consistent with experimental data.  

Todorova et al. have investigated aqueous CaCl2 under ambient conditions and confirm 

the stability of solvent separated ion pairs at 1Molal CaCl2 while contact ion pairs are 

found to be present at higher concentrations (2 Molal CaCl2). 

In this study we perform AIMD simulations of the 1Molal CaCl2 aqueous solution 

under ambient (300K) and high temperature (near the critical point of water, 650K) 

conditions by computing the many-body potential directly from the Electronic 

Schrodinger equation via Pseudopotential-Planewave Density Functional Theory (PSPW-

DFT) and forces via the Car-Parrinello Algorithm.  Our results are in agreement with 

experimental studies which predict a transition from solvent separated ion pairing under 

ambient conditions to the contact ion pairs formed under high temperature conditions.  

We observe that this transition occurs via the breakdown of the H-bond structure of the 

solvating waters in the 1st and 2nd hydration shells of the ions. 
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5.2 Structure 

 

 In Fig. 5.1 configurations from the CaCl2-water AIMD simulations under ambient 

(Fig. 5.1A) and high temperature (Fig. 5.1B) conditions are shown.  In the ambient 

temperature simulation the Ca2+ and Cl- species are observed to exist as solvent separated 

ion pairs each possessing fully formed hydration shells (Fig. 5.1A) with coordination 

numbers consistent with experimental data (Chapter 4).  At high temperature we observe 

the formation of Ca-Cl contact ion pairs in which the Cl- ions reside in the 1st hydration 

shell of Ca2+ (Fig. 5.1B).  The structure of the hydration shells of the Ca2+ and Cl- ions 

are further analyzed in Figures 5.2 and 5.3 in which the Ca-O, Ca-H, Ca-Cl, Cl-O and Cl-

H radial distribution functions are provided.  These functions show that in both the low 

and high temperature simulations a 1st hydration shell exists for both the Ca2+ and Cl- ion.  

A 2nd hydration shell is also well defined in the low temperature simulations but is not 

well structured in the high temperature system.  The average structure of the 1st and 2nd 

hydration shell of the Ca2+ and Cl- ions are discussed in more detail below.  Structural 

data is presented in Tables 5.1 through 5.8.  In Figures 5.4 and 5.5 the tilt geometries of 

the hydrating waters of Ca2+ and Cl- are described as a function of the Ca-O or Cl-O 

distances.   
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Figure 5.1: Snapshots from the CaCl2 water simulations at 300K (A) and 650K (B)  

in which solvent separated and contact ion pairs are formed, respectively. 
 

The 1st Hydration Shell 

 

Aqueous CaCl2 at 300K 

 

The Ca-O, Ca-H and Ca-Cl radial distribution functions presented in Fig. 5.2A 

show a 7 coordinate 1st hydration shell with a peak near Ca-O=2.5Å and Ca-H = 3.1Å.  

The Ca-Cl radial distribution function shows no occupation of the 1st hydration shell, 

consistent with solvent separated Ca2+ and Cl- species.  The minimum between the 1st and 
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2nd hydration shells occurs at Ca-O=3.32Å  and Ca-H=3.82Å.  Using these values as 

cutoff M-O and M-H distances we find that the Ca2+ ion possesses, on average, 6.94±0.3 

oxygen atoms and 15.17±0.61 hydrogen atoms at a distance of 2.52±0.08Å and 

3.15±0.11Å, respectively, consistent with a 7 coordinate 1st hydration shell for the Ca2+ 

ion (Table 5.1).  These results agree with coordination numbers (CNs) observed 

experimentally in which the Ca2+ ion is expected to be fully hydrated, i.e. without 

forming contact ion pairs4,ref.  The average tilt angle, computed from the angle formed 

between a line connecting the Ca-O atoms and a line bisecting the water molecule’s 

bending angle, is 32.81±8.67º.  This value is smaller than but still consistent with 

experimental XAFS observations of 34º - 51º(Jalilehvand).  The geometries of waters in 

the 1st hydration shell agree with the bulk water geometry computed from our 64 water 

AIMD simulation (Chapter 2). The 1st shell water OH bonds are significantly shorter than 

those observed in the 1st shell of 3+ cations (Chapter 3) suggesting that the Ca2+ ion-

water interaction is weaker than the interaction with 3+ ions.  As observed in Chapter 4, 

the hydrated Ca2+ species is found to exist in 6, 7 and 8 coordinate states. This is also 

observed in the Ca2+ 64 water AIMD simulation and is consistent with the XAFS 

experiment Jalilehvand et al.15 who observe 6-9 coordinate Ca2+.  The 1st shell radius and 

average 1st shell water tilt angles for each of the coordination states are provided in Table 

5.2.  We observe that the tilt angles of the 1st shell waters are roughly equal for the 6 and 

7 coordinate 1st hydration shell but increase by ~6º for the 8 coordinate 1st shell. 
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Concerning the Cl- ion, the Cl-O and Cl-H radial distribution functions provided 

in Fig. 5.3A show a 6 coordinate 1st hydration shell with peaks at Cl-O=3.2Å and Cl-

H=2.25Å.  The Cl- 1st shell structural parameters are presented in Table 5.3.  These are 

computed using the location of the minimum between the 1st and 2nd hydration shells at 

Cl-O=3.88Å and Cl-H=2.95Å.  The 1st hydration shell of Cl- is composed of 6.86±0.50 

oxygens and 5.93±0.40 hydrogens at an average distance of 3.30±0.13Å and 2.35±0.12Å, 

respectively.  This is consistent with the 6-10 coordinate 1st shell observed 

experimentally 16,17.  For waters hydrating chloride ions the tilt angle is defined as the 

angle formed between the Cl- ion and the H-O bond of hydrating waters.  The waters in 

the 1st shell are tilted with average angle of 157.17±6.97º which is in accord with 

experimental results that predict nearly linear geometries18,19.  The water geometries of 

the 1st shell of Cl- are in agreement with our bulk water values suggesting that the 

strength of the Cl…H-O interaction is consistent with bulk water H-bonding interactions.   

Table 5.1: Structure of the Ca2+ 1st hydration shell from 300K and 650K simulations 
compared with experimental and theoretical ambient and high temperature results. 

 
 

Ca2+1st shell CaCl2 
(300K) 

CaCl2 
(650K) 

Exp 
Ambient 

Exp 
HT 

Theory 
Ambient 

Theory 
HT 

CNOI 6.94±0.3 3.77±0.47 6.8 2.8-5.9 3.9-8.05, 
6-7 5.9 

dCaO 2.52±0.08 2.73±0.17 2.435-2.461 2.321-
2.370 3.4,2.39 2.35 

CNHI 15.17±0.61 10.62±1.12 16.4-17 --- 8-16.2 --- 

dCaH 3.15±0.11 3.42±0.25 2.93-2.97 --- 
3.45-

3.78,3.01-
3.03 

--- 

Tilt* 32.81±8.67 48.28±12.47 34-51 --- --- --- 
dOH 0.97±0.01 0.96±0.02 --- --- 1.01 --- 
HOH 105.50±2.69 105.42±3.41 --- --- --- --- 

CNCl --- 2.00 0.4-1.2 0.8-1.7 0.27-2.7 ~2 

dCaCl --- 2.70±0.09 2.727-4.90 2.674-
2.698 3.6-4 ~3 
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Figure 5.2: Radial distribution functions for the Ca-O (red), Ca-H (blue) and Ca-Cl 

(Orange) atom pairs from data collected at 300K (A) and 650K (B).
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Figure 5.3: Radial distribution functions for the Cl-O (red), Cl-H (blue) atom pairs  
from data collected at 300K (A) and 650K (B). 
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Table 5.2:  Ca-O distances and tilt angles of waters  
of the 6, 7and 8 coordinate 1st hydration shells at 300K. 

 
 

CNO
I % d(Ca-OI) Tilt θ I 

6 21 2.46±0.06 31.48±8.21 
7 64 2.53±0.08 31.94±8.55 
8 15 2.59±0.09 37.53±9.25 

 

 

 
Table 5.3: Structure of the Cl- 1st hydration shell from 300K and 650K simulations 
compared with experimental and theoretical ambient and high temperature results. 

 
 
 
Cl- 1st shell CaCl2 

(300K) 
CaCl2 
(650K) 

Exp 
Ambient 

Exp  
HT 

Theory 
Ambient 

Theory 
HT 

CNI 6.86±0.50 8.98±0.94 6,5.8-10.8 2.5-4.9, 
9.9 

7.4-
10.5,5.7,7.2 

5.2-8,7-
7.8,7-7.8 

dClO 3.30±0.13 4.11±0.35 3.25,3.10-
3.34 

3.9 3.22-
3.24,3.13,3.

21 

2.75-3.2 

CNHI 5.93±0.40 1.84±0.62 4.4-6.4 2.5-5.2 3.6-7.2,4.4 --- 
dClH 2.35±0.12 2.49±0.13 2.18-2.29 2.33-2.39 2.23-

2.25,2.13 
--- 

Tilt* 157.17±6.97 107±16 near linear non- 
linear 

--- --- 

dOH 0.97±0.01 0.96±0.01 --- --- --- --- 

HOH 105.39±2.73 104.78±3.26 --- --- --- --- 
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Aqueous CaCl2 at 650K 

 

The Ca-O, C-H and Ca-Cl radial distribution functions computed from the 650K 

AIMD simulation of aqueous CaCl2 are presented in Fig. 5.2B.  The peaks at Ca-O=2.5Å 

and Ca-H=3.0Å signal the presence of a well defined 1st hydration shell.  The large peak 

of the Ca-Cl function centered on ~2.7Å clearly shows the Cl- anion present in the 1st 

hydration shell of the Ca2+ ion.  The minimum between the 1st and 2nd hydration shells at 

Ca-O=3.68Å and Ca-H=4.41Å is used to compute 1st shell properties, shown in Table 

5.1. We observe an average of 3.77±0.47 oxygen atoms at a Ca-O distance of 2.73±0.17Å 

and 10.62±1.12 hydrogen atoms at 3.42±0.25Å.  Both chloride ions reside in the 1st shell 

at 2.70±0.09Å suggesting a 6 coordinate Ca2+ species composed of 4 waters and 2 

chloride ions.  These results are consistent with the observations of XAFS experiments, 

which predict the formation of contact ion pairs at high temperature with Ca-Cl distances 

within 2.674-2.698Å 4.  As suggested by the large average tilt angle of 48.28±12.47, the 

1st shell waters are significantly less constrained than those of the 300K simulation.  The 

average 1st shell water OH distance is slightly shortened relative to bulk waters but is 

very similar to the gas phase geometry of a water molecule (dOH=0.95Å, θHOH=105.5°). 

The larger tilt angles and short OH bonds observed at high temperature are in agreement 

with a disruption of the H-bonding network which leaves the solvent water in an under-

coordinated or vacuum-like state3,20. The 1st shell of the Ca2+ species is observed to 

fluctuate over many coordination states.  In Table 5.4 the coordination numbers with the 

corresponding Ca-O distances and tilt angles of 1st shell waters are provided.  Similarly to 

the 300K 1st shell data (Table 5.2), a correlation with higher coordination and increased 
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Ca-O distance is observed.  The values are all significantly larger than the ambient results 

suggesting a decreased stability of the 1st hydration shell at high temperatures.  The tilt 

angles are larger than those calculated at 300K. They show significant correlation with 1st 

shell coordination numbers.  A significant increase in Ca-Cl distance is noticed with 

increased water coordination.  This suggests that at close Ca-Cl distances the water 

molecules are weakly bound to the Ca2+ species relative to when the Ca2+ is less 

effectively screen by the Cl- ions at larger Ca-Cl distances. 

The Cl-O and Cl-H radial distribution functions computed for the 650K AIMD 

simulation are presented in Fig. 5.3B.  The peaks at Cl-O=3.2Å and Cl-H=2.3Å suggest 

that a 1st hydration shell is present but is not well defined.  No clearly defined minimum 

is observed from which a 1st shell boundary can be determined.  The distances Cl-

O=5.32Å and Cl-H=2.89Å are chosen to compute the average 1st shell structure of Table 

5.3. Relative to the 300K results the Cl- ions possess increased oxygen coordination 

(8.98±0.94 oxygens at 4.11±0.35Å) and decreased hydrogen coordination (1.84±0.62 

hydrogens at 2.49±0.13Å).  These values are consistent with the results of XAFS and 

Neutron diffraction experiments under high temperature conditions which predict 

increased Cl-O bonds and decreased 1st shell coordination4,18,19.  The tilt angle of the Cl- 

1st shell waters is decreased by ~50º compared to the 300K results, consistent with an 

increased non-linearity of 1st shell tilt angles observed experimentally18.  At high 

temperatures, the water geometry displays a contracted OH bond, both consistent with 

decreased H-bond coordination. 
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Table 5.4:  Ca-O distances and tilt angles of waters  
from the 2 to 6 coordinate 1st hydration shells at 650K. 

 
 

CNO
I % d(Ca-OI) Tilt θ I d(Ca-Cl) 

2 6 2.66±0.14 38.62±0.22 2.64±0.08 
3 35 2.61±0.12 44.51±11.19 2.65±0.07 
4 38 2.66±0.13 46.67±11.86 2.70±0.08 
5 16 2.78±0.19 49.70±12.90 2.77±0.11 
6 5 2.86±0.21 55.12±13.83 2.94±0.15 

 

The 2nd Hydration Shell 

 

  Aqueous CaCl2 at 300K 

 

The 2nd hydration shell of Ca2+ ion is described by the peaks in the Ca-O and Ca-

H radial distribution functions (Fig. 5.2A) at 4.7Å and 5.12Å, respectively.  The Ca-Cl 

radial distribution function displays a broad feature centered near 7.0Å.  Shallow minima 

at Ca-O=5.60Å and Ca-H=6.15Å mark the boundary between the 2nd hydration shell and 

the remaining solvent.  The average structure of waters which reside in the 2nd hydration 

shell is reported in Table 5.5. The results show that the 2nd hydration shell of the Ca2+ ion 

is composed of on average 18.90±0.79 waters at Ca-O distance of 4.79±0.22 Å.  These 

are coordinating the 1st shell with average OI-OII distance of 2.83±0.08 Å suggesting a H-

bond strength similar to what is found in the bulk water AIMD simulation at 300K 

(Chapter 2). The Ca-OII and OI-OII distances are in agreement with the results of the 

XAFS+Molecular Dynamics study performed by Jalilehvand et al.15.  However, our 

AIMD results suggest a larger 2nd hydration shell compared to the reported 11 coordinate 



 121 

2nd shell. Jalilehvand et al. also predict 2 Cl- ions at a Ca-Cl distance of 4.90Å while the 

current simulation results predict 0.06±0.12 Cl- ions at a considerably larger distance of 

5.39±0.08Å.  The water geometries for the 2nd shell of Ca2+ are equivalent with our bulk 

water results, consistent with a return to bulk water structure in the 2nd hydration shell.  

The influence of the 1st shell coordination state on the 2nd shell structure is discussed in 

Table 5.6 which provides the OI-OII, Ca-OII and Ca-Cl distances and 2nd shell 

coordination numbers relative to each 1st shell coordination state observed.  While the OI-

OII distance does not appear to be affected by the increase in coordination number, the 2nd 

shell radius increases significantly.  The 2nd shell coordination number is only slightly 

influenced by the 1st shell coordination number.  At 300K the Cl- ions reside near the 2nd 

hydration shell of Ca2+.  The Ca-Cl distances in Table 5.6 show an increase in Ca-Cl 

distance as coordination number increases. 

 

 
Table 5.5: Structure of the Ca2+ 2nd hydration shell from 300K and 650K simulations 

compared with experimental and theoretical ambient and high temperature results. 
 

 
Ca2+  

2nd shell 
CaCl2 
(300K) 

CaCl2 
(650K) 

Exp. 
Ambient 

Exp. 
HT 

Theory 
Ambient 

Theory 
HT 

CNOII 18.90±0.79 13.33±1.13 11(2) --- 17.4-20 14.8 

dCaOII 4.79±0.22 5.51±0.38 4.58(5) --- 4.60-4.66 4.65 

dOH 0.97±0.01 0.96±0.01 --- --- --- --- 
HOH 105.50±2.69 104.43±3.12 --- --- --- --- 

OI-OII 2.83±0.08 2.87±0.10 2.89 --- 2.71 --- 
CNCl 0.06±0.12 --- 2 --- --- --- 

dCaCl 5.39±0.08 --- 4.90(10) --- --- --- 
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The Cl-O and Cl-H radial distribution functions in Fig. 5.3A display peaks near 

Cl-O≈5.0Å and Cl-H≈3.5Å.  The peak in the Cl-O distribution is an indication of a 2nd 

hydration shell while the one observed in the Cl-H distribution is mainly due to the 2nd 

hydrogen of a water in the 1st hydration shell.  The minima in the Cl-O radial distribution 

at Cl-O=5.9Å and 3.88Å are used to compute the structure of the 2nd hydration shell.  The 

results are presented in Table 5.7.  We see that the 2nd hydration shell of the Cl- ions is 

composed of 21.65±1.10 waters at an average distance of 5.07±0.27Å.  These molecules 

coordinate the 1st shell via H-bonds with an OI-OII distance of 2.83±0.08Å which are of 

the same strength as bulk water H-bonds (Chapter 2).  The coordination number strongly 

suggests that the structure of the 2nd hydration shell of Cl- is a bulk tetrahedral structure 

with three 2nd shell waters coordinating each 1st shell water.  Although no experimental 

data on the 2nd hydration shell of Cl- is available in the literature, the molecular dynamics 

simulations of Zhu et al.20 predict 25 waters at 3.8-6.2Å.  While our 2nd shell coordination 

number, ~22, is significantly less than theirs our Cl-OII is consistent with their range of 

values. 

 

Table 5.6:  1st-2nd shell O-O distances, 2nd shell Ca-O distances and coordination 
numbers of the 2nd hydration shells corresponding to the 6, 7 and 8 coordinate  

1st hydration shells at 300K. 
 
 

CNO
I D(OI-OII) d(Ca-OII) CNO

II d(Ca-Cl) 
6 2.82±0.08 4.74±0.24 20.00±0.77 6.75±0.31 
7 2.83±0.08 4.86±0.23 20.19±0.82 6.77±0.29 
8 2.85±0.08 4.93±0.22 20.24±0.87 7.10±0.31 
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Table 5.7: Structure of the Cl- 2nd hydration shell from 300K and 650K simulations 
compared with experimental and theoretical ambient and high temperature results. 

 
 

Cl- 
2nd shell 

CaCl2 
(300K) 

CaCl2 
(650K) 

Theory 
Ambient 

Theory  
HT 

CNII 21.65±1.10 --- 25,24.5 7-26,18.8-19.3 

dClOII 5.07±0.27 --- 3.8-6.2,4.95 4.2-7.5,5.2-5.7 
dOH 0.96±0.01 --- --- --- 

HOH 104.46±3.01 --- --- --- 
OI-OII 2.83±0.08 --- --- --- 

 
 

 

Aqueous CaCl2 at 650K 

 

 In Fig. 5.2B the Ca-O and Ca-H radial distribution functions for high temperature 

date display peaks near 5.2Å indicating the presence of a 2nd hydration shell.  The Ca-Cl 

radial distributions show no occupation of the 2nd hydration shell.  A Ca-O distance of 

6.73Å is chosen to represent the boundary between the 2nd hydration shell and the bulk 

region.  The average structural properties are provided in Table 5.5.  The 2nd hydration 

shell is composed of, on average, 13.33±1.13 waters at a Ca-O distance of 5.51±0.38Å.  

These are coordinating the 1st shell with average OI-OII distance of 2.87±0.10 Å.  The 

water geometries for the 2nd shell of Ca2+ exhibit contracted OH bonds, shorter by 

~0.01Å than results obtained from the bulk water AIMD simulation suggesting a 

breakdown of the solvent H-bond structure.  No experimental data are available for the 

high temperature structure of the 2nd hydration shell of Ca2+.  Molecular Dynamics results 

predict ~15 waters at 4.65Å, which is significantly under-coordinated relative to our 

AIMD results.   



 124 

The 2nd shell OI-OII and Ca-O distances and 2nd shell coordination number are 

provided in Table 5.8 for each 1st shell coordination state.  Like the ambient data, no 

significant influence of 1st shell coordination number on the OI-OII distances appears.  

The 2nd shell Ca-O distances and coordination numbers are not strongly correlated with 

the 1st shell CN. 

The Cl-O and Cl-H radial distribution functions obtained from the 650K 

simulation (Fig. 5.3) show no evidence of the formation of a 2nd hydration shell.  This 

observation is consistent with a weak effect on solvent structure.  Interestingly, molecular 

dynamics simulations of zhu et al.20 have predicted a 7-26 coordinate 2nd hydration shell 

of Cl- located in the range of 4.2-7.5Å. 

 

 

 
Table 5.8:  1st-2nd shell O-O distances, 2nd shell Ca-O distances and coordination 

numbers of the 2nd hydration shells from the 2  to 6 coordinate 
1st hydration shells at 650K. 

 
 

CNO
I D(OI-OII) d(Ca-OII) CNO

II 

2 2.87±0.09 4.87±0.32 9.08±0.79 
3 2.86±0.10 5.32±0.38 12.19±1.01 
4 2.87±0.10 5.61±0.44 15.42±1.17 
5 2.89±0.09 5.72±0.40 14.08±0.98 
6 2.85±0.10 5.70±0.82 12.22±0.89 
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Tilt Angle of Hydrating Water Molecules 

 

The distributions of dipole tilt angles as a function of Ca-O distance for the 

ambient and high temperature simulations are shown in Fig. 5.4.  Also shown for 

reference is the Ca-64 water distribution. The distributions of OH bond tilt angles are 

computed as a function of Cl-O distance. The results are presented in Fig. 5.5 for the 

ambient and high temperature simulations. 

 

Aqueous CaCl2 at 300K  

 

We observe that dipole tilt angles of waters in the 1st hydration shell show a 

significant dependence on the Ca-O distance.  Low tilt angles with planar geometry are 

observed at short Ca-O distances while tilt angles ~50º are found for waters near 3Å.  In 

the 1st hydration shell the tilt angle distribution under ambient conditions shows close 

agreement with the Ca-64 water simulation.  This is consistent with a fully hydrated Ca2+ 

ion.  In the region between the 1st and 2nd hydration shells the dipole tilt angle distribution 

is also very similar to the distribution from the aqueous Ca2+ simulation.  A major 

exception to this is that the waters hydrating the Ca2+ do not show the prominent peak 

centered at 3.2Å in the aqueous Ca2+ simulation.  Throughout the 2nd hydration shell the 

tilt angle distribution increases from ~60º to 80º.  The tilt angle values in this region are 

slightly less than those of the aqueous Ca2+ simulation suggesting that the presence of the 

Cl- ions near the surface of the 2nd shell, influence the tilt orientation of 2nd shell waters of 

Ca2+.   



 126 

 

Beyond the 2nd hydration shell the tilt angle distributions approach 90º showing that the 

waters are not influenced by the local structure of the Ca2+ ion. 

   

 
 
 
 
 
 
 
 
 
 
 

Figure 5.4: Dipole tilt angle distributions for the water hydrating the Ca2+ species for 
the CaCl2 300K and 650 K AIMD simulations and the Ca2+ 64 water simulations. 

 

The 300K distribution of OH bond tilt angles in Fig. 5.5 contains a large peak 

centered at ~3.0Å which overlaps with the 1st hydration shell of Cl-.  The values of these 

tilt angles are large, 150º to 160º, and indicate nearly linear Cl-…H-O coordination 

throughout the 1st hydration shell.  The 2nd hydration shell waters and beyond display tilt 

angles of 110º to 120º signifying that 2nd shell water tilt orientation is not significantly 

affected by the presence of the Cl-. 
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Figure 5.5:  Cl- oriented OH bond tilt angle distributions for the CaCl2 300K and 650K 
AIMD simulations and the Ca2+ 64 water simulations. 

 

 

Aqueous CaCl2 at 650K  

 

As with the 300K CaCl2 and Ca2+ simulations, the dipole tilt distribution of the 

650K CaCl2 simulation (Fig. 5.4) shows 1st shell waters with planar-like low tilt 

geometries at short Ca-O distances while larger tilt angles are observed as Ca-O distance 

increases.  The tilt angle distribution is slightly higher than the 300K hydrating waters 

confirming that the waters are weakly restricted relative to 300K aqueous CaCl2 and Ca2+ 

water simulations.  Similarly to the ambient data, the tilt angle peak centered at 3.2 Å for 
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the aqueous Ca2+ simulation is not observed in the 650K data.  In the region between the 

1st and 2nd hydration shells the tilt angle distribution rises significantly from 50º to 80º 

and then from 80º to 90º throughout the 2nd hydration shell.  The large tilt angle values 

observed at high temperature are consistent with the presence of the Cl- ions in the 1st 

hydration shell.  The coordination of the Cl- ions cause surrounding waters to rotate such 

that the OH bonds are pointing towards the Cl- ion.  The computed tilt angles of these 

waters may, thus, be very large.  As with the 300K simulation data, the tilt angle 

distributions beyond the 2nd shell show that the waters in this region are not influenced by 

the presence of the Ca2+ ion. 

 The OH bond tilt angle distribution of waters hydrating the Cl- ions (Fig. 5.5) 

shows a peak of 145º at Cl-O≈3.0Å.  The angle quickly approaches between 100º and 

110º at farther Cl-O distances.  The values are significantly nonlinear compared with the 

300K data and suggest a more disordered 1st hydration shell for the Cl- species as a result 

of the decreased H-bond coordination and the formation of Ca-Cl ion pairs. 

 

5.3 Hydrogen Bonding 

 

As demonstrated in chapter 4, the presence of the Ca2+ ion significantly disrupts 

the local water structure resulting in the formation of 1st and 2nd hydration shells.  The H-

bond structure within and between these hydration shells may be significantly different 

with respect to the bulk water.  For highly charged metals the formation of a trigonal H-

bond network, in which the 2nd shell coordinates 1st shell waters via acceptor bonds, is 
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observed (chapters 3 and 4).  The transition from a trigonal-like structure local to the Ca2+ 

ion to a tetrahedral or bulk-like structure is observed by plotting the acceptor and donor 

H-bond densities as a function of the distance from the metal center.  The H-bond density 

is further decomposed into contributions originating from a water molecule in the 1st 

hydration shell, the 2nd hydration shell and beyond.  These are calculated and presented 

for the ambient and critical CaCl2 in Figures 5.6 and 5.7, respectively.  To reveal the 

effects of Cl- coordination on the local H-bonding structure the coordination to the Cl- is 

similarly decomposed and shown in Fig. 5.8. 

 

Aqueous CaCl2 at 300K  

 

The majority, 88%, of the 1st-2nd shell coordination is via donor hydrogen bonds 

with an average OI-OII distance of 2.81±0.08 Å and O-H…O angle of 161.31±4.62º.  

These are slightly stronger than the H-bonds (2.83±0.08Å; θO-H…O = 160.58±4.71º) 

computed from our bulk water simulation (Chapter 2).  The remaining 12% of the 1st-2nd 

coordination results from acceptor bonds to donor waters in the 1st shell.  The OI-OII 

distance, 2.92±0.07 Å, and O-H…O angle, 157.44±4.89º, suggest that these bonds are 

significantly weaker than bulk water H-bonds.   

In Fig. 5.6 the donor and acceptor H-bond bond densities are plotted over the Ca-

O radial distribution function.  We see that the 1st shell waters of the Ca2+ ion (region r1) 

are coordinating the 2nd shell predominantly via donor bonds (Fig. 5.6B).  At short Ca-O 

distances the donor bond density approaches 2.  As the Ca-O distance increases the donor 

bond density decreases and the acceptor bond density to 2nd shell waters increases (Fig. 
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5.6A).  This suggests that the 1st shell adopts a trigonal-like H-bond structure at short Ca-

O distances while a tetrahedral or bulk-like H-bond structure is expected at larger Ca-O 

distances.  This is consistent with the discussion of the water tilt angle distributions in the 

1st hydration shell. In particular the low-tilt geometries at short Ca-O distances 

correspond with a trigonally structured 1st shell while higher tilt angles allow the 

formation of acceptor bonding with the 2nd shell and the onset of tetrahedral H-bond 

structure. Compared to the results of the aqueous Ca2+ simulation (Chapter 4) the H-bond 

density distributions of 1st shell waters are found to be very similar suggesting that at low 

temperature the 1st-2nd shell H-bonding is not significantly affected by the presence of the 

Cl- ions. 

In the region between the 1st and 2nd hydration shells (region r2) the donor bond 

density to 2nd shell waters decreases rapidly as the Ca-O distance increases.  The acceptor 

bond density to 2nd shell waters also decreases across this region.  These decreases are 

compensated by large increases in acceptor bond density to waters in the 1st shell and 

donor bond density to waters in the bulk region.  Smaller increases in acceptor bond 

density to waters in the bulk region and donor bonds to 1st shell waters are also noticed.  

The features observed in the Ca2+ simulation at 3.23Å, suggesting that a water molecule 

is in a high tilt orientation forming a donor bond to the 1st shell, are not prominent in the 

CaCl2 simulation data.  The absence of these features clearly indicates that the chloride 

ions are influencing the H-bond structure between the 1st and 2nd hydration shells 

suppressing certain 1st shell coordination states. 
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In the 2nd shell (region r3) roughly 0.8 acceptor bonds per water to the 1st shell are 

present.  This number falls rapidly to zero at ~5.5Å near the outer edge of the 2nd shell.  A 

significant amount of donor coordination to the 1st shell, 0.2 donor bonds per water, also 

exists and reaches zero near 5.5Å.  Roughly 0.4 acceptor bonds and 0.4 donor bonds per 

water are formed between waters within the 2nd shell.  This clearly indicates that a 

significant amount of bulk-like H-bond structure is formed in the 2nd hydration shell.  

Donor coordination to waters beyond the 2nd shell is fairly constant (0.8 donor bonds per 

water) revealing that a large component of trigonal structure remains within the 2nd shell.  

However, the acceptor coordination to bulk waters increases monotonically across the 2nd 

shell to a maximum value of 0.8 acceptor bonds per water near 5.5Å which is consistent 

with an increasing amount of tetrahedral structure.  Compared with the results of the 

aqueous Ca2+ simulation the 2nd shell of the CaCl2 300K system possesses a decreased 

amount of acceptor coordination to waters beyond the 2nd shell due to the presence of the 

Cl- ions which compete with the 2nd shell waters for coordination of nearby waters.  

Another interesting result is found in the acceptor distributions to 1st shell waters.  

Although the Ca2+ simulation shows configurations in which a 2nd shell water acceptor 

coordinates two 1st shell waters simultaneously, this is not observed in the CaCl2 acceptor 

bonds to 1st shell waters. 
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Figure 5.6: H-bonding acceptor (A) and donor (B) distributions originating from waters 
in the 1st shell (red), 2nd shell (blue) and bulk region (green) of Ca2+ obtained from the 

CaCl2 300K AIMD simulation. 
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Aqueous CaCl2 at 650K  

 

Donor coordination to the 2nd shell contributes to 92% of the total 1st-2nd shell 

coordination with OI-OII distances of 2.86±0.10 Å and O-H…O angles of 156.51±4.90º, 

suggesting that the H-bonds are weaker than those observed at 300K.  The remaining 8% 

acceptor coordination, with OI-OII distance of 2.97±0.08Å and O-H…O angle of 

153.81±4.90º, are also significantly weaker. 

   The acceptor bond densities in the 1st shell are found to be near zero (Fig. 5.7A).  

The 1st shell waters (region r1) form 0.2 to 0.4 donor bonds to the 2nd shell and nearly 

zero donor bonds to waters beyond the 2nd shell (Fig. 5.7B).  In the 2nd hydration shell 

(region r3) the donor bond density to 2nd shell waters is a constant (0.2 donor bonds per 

water).  A peak of 0.4 acceptor bonds to the 1st shell near 4.3Å and a broad and flat 

distribution of acceptor bonds from the 2nd shell are present.  At 5.0Å the acceptor and 

donor bond density to waters in the bulk region increase suggesting that 1st-2nd shell 

coordination is of a trigonal structure.  At 6.0Å both the total acceptor bonding and total 

donor bonding converge to 0.2.  This is a very large decrease compared to the 1.5 H-

bonds per water observed in the CaCl2 simulations at 300K.  At high temperatures the 

water is confirmed to be poorly H-bond structured and unable to effectively screen the 

charges of the Ca2+ and Cl- ions. 
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Figure 5.7: H-bonding acceptor (A) and donor (B) distributions originating from waters 
in the 1st shell (red), 2nd shell (blue) and bulk region (green) of Ca2+ obtained from the 

CaCl2 650K AIMD simulation. 
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Cl- Coordination 

 

 The differences observed between the H-bond density distributions in the CaCl2 

and aqueous Ca2+ AIMD simulations suggest that the Cl- ion is influencing the solvent 

structure in the 1st and 2nd hydration shells of Ca2+.  In order to investigate this further the 

coordination of the Cl- ion to waters in the 1st and 2nd hydration shells as a function of Ca-

O distance is analyzed and presented in Fig. 5.8.  The results show that at both low (Fig. 

5.8A) and high temperatures (Fig. 5.8B) a significant amount of Cl- coordination occurs.  

At 300K the 1st shell waters possess only small amounts of Cl- coordination (0.1 to 0.2 

Cl- bonds per water).  However, a peak at 3.1Å suggests a significant amount of Cl- 

coordination to 1st shell waters.  Near 3.5Å, while the 2nd shell begins, Cl- coordination 

increases dramatically to ~0.14-0.18 Cl- bonds per water then gradually decreases to 0.12 

and 0.08-0.1at 5.0Å and 6.5Å, respectively. 

The peak observed at 3.1Å in Fig. 5.8A suggests that 1st shell waters which 

exhibit extended Ca-O bonds display increased coordination to the nearby Cl- ion.  The 

H-bond structure in this region (region r2 of Fig. 5.6) coincides with the onset of 

significant H-bond restructuring via the breaking of H-bonds to 2nd shell waters.  This 

leaves the waters in a position to coordinate the Cl- and a net decrease of H-bond density 

for waters in this region is observed.  Results of this include a decreased donor 

coordination to the 2nd shell waters and acceptor coordination from the 1st shell (relative 

the aqueous Ca2+ AIMD simulation).  The donor coordination to the 1st shell waters is 

also suppressed. 
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Figure 5.8: Chloride coordination density computed for 300K (A) and 650K (B)  

CaCl2 AIMD simulations. 
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5.4 Dynamics 

 

 A total of 7 waters are observed to move between the 1st and 2nd hydration shells 

of Ca2+ in the 300K CaCl2 simulation while ~50 transfers are detected in the 650K 

simulation data.  The lifetimes of waters in the 1st and 2nd hydration shells of Ca2+ and the 

average 1st-2nd shell H-bond lifetimes are presented in Table 5.9.  Included in the table 

are the lifetimes computed from the molecular dynamics simulations of Zhu et al.20, 

Guardia et al3. and Rapaport et al21.   The values obtained for the aqueous Ca2+ simulation 

are also included.  The lifetimes of 1st shell waters show a significant shortening when the 

Cl- ions are present.  A decrease of 2nd shell and 1st-2nd shell H-bond lifetimes are also 

noticed.  This suggests that Cl- anions decrease the stability of the hydration shells.  At 

increased temperature the lifetimes of the 1st and 2nd shells and 1st-2nd shell H-bonds are 

decreased in agreement with the breakdown of the H-bond structure observed in the H-

bond density distributions. 

 
 
 

Table 5.9: Lifetimes (ps) of waters in the 1st and 2nd hydration shells and of H-bonds 
between 1st and 2nd shell waters computed from the CaCl2 650K, 300K  

and aqueous Ca2+ 300K AIMD simulations. 
 

 τI τII τHB(I-II) 
CaCl2 650K 2.2±0.7 4.9±2.7 0.2±0.1 

CaCl2 300K 39±3.7 15.7±3.0 1.8±0.4 

Ca2+- 64w 300K 74.2±6.1 16.9±3.3 3.4±1.5 

Theory Ambient 
 

25.9 7.2 4.3-4.7 (1+ cations) 
1-10 (bulk water) 

Theory HT 9.8 3.1  
0.3-0.4 (+1 cations) 
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1st  shell exchange 

 

Aqueous CaCl2 at 300K 

 

 The 7 water molecules which transfer between the 1st and 2nd hydration shells in 

the CaCl2 300K AIMD simulation are analyzed in Figures 5.9-5.11.  Panel A presents the 

Ca-O distances plotted as a function of simulation time.  Panel B illustrates snapshots 

chosen to represent stages of the transfer process.  These transfers are discussed below 

using the Eigen-Wilkins exchange Mechanism (chapter 4). 

In Fig. 5.9 the water molecule colored green is transferred from the 2nd hydration 

shell into a 1st hydration shell resulting in a 7-coordinate [Ca(H2O)7]2+ species.  The 

water is initially forming an acceptor bond to the 1st shell (Fig. 5.9B) corresponding to 

state SC of the Eigen-Wilkins Mechanism.  The transition state (TS) occurs when the 

incoming water breaks the H-bond to the 1st shell while the final state is reached when the 

water coordinates the Ca2+ ion and forms donor bonds to the 2nd shell.  

In Fig. 5.10 the water molecule colored green is transferred from the 2nd hydration 

shell to the 1st shell resulting in an 8 coordinate [Ca(H2O)8]2+ species.  The incoming 

water is initially forming an acceptor bond to the 1st shell which corresponds to state SC 

of the Eigen-Wilkins Mechanism.  The transition state (TS) is reached after 5ps when the 

H-bond is broken.  This state is stable for ~5ps until two waters (colored blue and yellow) 

are transferred from the 1st to the 2nd hydration shell.  The transition state TS of the 1st 

water to exit (colored blue) occurs near 10 ps when the Ca-O bond is broken.   
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Although the transition state of the 2nd exiting water (colored yellow) appears to be not 

well defined the TS is assigned to when the green 1st shell water rotates to form a donor 

bond to the yellow water while it resides in the 1st shell.  Both of the exiting waters are 

stably coordinated in the 2nd hydration shell corresponding to state SC of the Eigen-

Wilkins Mechanism.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.9: Trajectory of the CaCl2 300K AIMD simulation of a 2nd shell water which 
inserts into 1st shell resulting in a 7-fold 1st hydration shell of the Ca2+ ion.
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Figure 5.10: Trajectory of the CaCl2 300K AIMD simulation in which a water (green) is 
inserted into 1st shell resulting in an 8-coordinate 1st shell [Ca(H2O)8]2+ stable for ~5ps 
before two waters (yellow and blue) transfer to the 2nd shell leaving a 6-coordinate 1st 
shell [Ca(H2O)6]2+. 



 141 

In Fig. 5.11 two incoming waters are transferred from the 2nd to the 1st hydration 

shells.  The first transfer (colored blue) is initially donor coordinating the 1st hydration 

shell of a 6 coordinate [Ca(H2O)6]2+ species.  This corresponds to state SC of the Eigen-

Wilkins Mechanism.  The transition state (TS) is reached near 14ps when the H-bond is 

broken.  The Ca-O bond is formed near 15ps leading to a 7 coordinate [Ca(H2O)7]2+ 

species.  Shortly after, a water (colored yellow) leaves the 1st shell.  This water reaches 

the TS near 16ps inserts into the 2nd shell forming state SC of the Eigen-Wilkins 

Mechanism and leaving a 6 coordinate [Ca(H2O)6]2+ species.  The 2nd incoming water 

(colored green) is initially acceptor coordinating the 1st hydration shell.  This water 

reaches it’s TS simultaneously with the exiting water (colored yellow) (~16ps) and 

inserts into the 1st shell creating a 7-coordinate [Ca(H2O)7]2+. 

To conclude, the Figures 5.9-5.11 discussed above depict the transfers between 

the 1st and 2nd hydration shells of the Ca2+ from the 300 K CaCl2 simulation.  As opposed 

to the mechanism of the aqueous Ca2+ 64 water simulation (chapter 4), from which an Id 

mechanism is proposed, the transfers occurring in this system show no clear evidence of 

associative or dissociative character and for this reason the interchange I mechanism is 

the most appropriate.  This suggests that the chloride ions exert considerable influence 

not only on the H-bond structure but also on the dynamics of waters in the 1st and 2nd 

hydration shells. 
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Figure 5.11: Trajectory of the CaCl2 300K AIMD simulation in which two 2nd shell 
waters (blue and green) are transferred into a 6-coordinate 1st shell.  In the process a 1st 
shell water (yellow) is transferred to the 2nd shell resulting in a 7-coordinate 1st shell. 
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Aqueous CaCl2 at 650K 

 

In Fig. 5.12 the trajectories of 6 waters from the CaCl2 650K AIMD simulation 

are analyzed, 3 of them transfer into the 1st hydration shell of Ca2+ while 3 transfer out.  

Unlike the trajectories of the CaCl2 300K or the Ca2+ 64 water AIMD simulations  the 

trajectories of Fig.5.12A do not appear to describe the formation of stable intermediates 

(i.e. lasting for many picoseconds) and transfers occur directly between the bulk region 

and the 1st hydration shell and vice versa.  In Fig. 5.12B we see that the 1st hydration shell 

is initially a 5 coordinate Ca(H2O)3(Cl)2 species. At 5.5 ps, a 1st shell water (colored light 

blue) fluctuates out to a Ca-O distance of ~4Å leaving a 4 coordinate Ca(H2O)2(Cl)2 

species for roughly 0.5ps.  During this time (i.e. at 6.5ps), another 1st shell water (colored 

yellow) moves away leaving a 3 coordinate Ca(H2O)(Cl)2 species for ~0.25ps before an 

incoming water (colored purple) and the light blue water return the 1st shell to form the 5 

coordinate Ca(H2O)3(Cl)2  species.  The light blue water leaves the 1st shell at 6.8ps and 

inserts into the bulk region.  This is quickly followed by an exchange between a leaving 

1st shell water (colored purple) and an incoming water (colored blue) which inserts into 

the 1st shell at 7ps.  Finally the insertion of a final water (colored green) into the 1st 

hydration shell is observed forming again the Ca(H2O)3(Cl)2 species. 

The trajectories presented in Fig. 5.12 depict an extreme environment in which 1st 

shell coordination is quickly fluctuating.  Waters are transferring into and out of the 1st 

hydration shell at sub-picosecond time scales and no stable intermediates corresponding 

to the Eigen-Wilkins Mechanism are observed.   These results, taken with the poorly 

structured hydration shells in the radial distribution functions and the lack of structure in 
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H-bond density distributions, suggest a severe disruption of the local structure 

demonstrating the key role of the long-range structure of the solvent (e.g. the formation 

of 1st and 2nd hydration shells) in the mechanisms of solvent exchange. 

Fig. 5.13 shows trajectories of two Cl- ions from the equilibration phase of the 

CaCl2 650K AIMD simulation.  The oxygen trajectories are presented in red for 

reference.  These trajectories show the insertion of the chloride ions into the 1st hydration 

shell of the Ca2+ ion.  The first Cl- ion to enter the 1st shell is colored yellow while the 

second one is green.  The first Cl- is initially forming the A intermediate of the Eigen-

Wilkins mechanism.  Near 3.0ps it quickly forms state C with no intermediate B.  State C 

is stable for roughly 0.25ps before the TS is crossed and the Ca-Cl bond is formed at 

4.0ps.  The trajectory of the 2nd Cl- ion to enter the 1st hydration shell (colored green) is 

very similar.  Initially at A, the Cl- ion passes quickly to state C with no observable 

formation of B.  State C is stable for ~1ps before the TS is crossed and the Ca-Cl bond is 

created.  The water trajectories suggest a rapidly evolving hydration structure with a 

poorly structured 2nd hydration shell which permits the Cl- ions to pass freely from A to C 

states. This is also observed in the water transfers of Fig. 5.12.  
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Figure 5.12:  Trajectory of the CaCl2 650K AIMD simulation in which three waters are 
transferred to a 5 coordinate 1st shell and simultaneously three waters are transferred out 
over the course of ~3ps.   
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Figure 5.13: Trajectory of the CaCl2 650K AIMD simulation showing the transfer of the 
two Cl- ions from the bulk region into the 1st hydration shell. 
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5.5 Conclusions 

  

Ab Initio Molecular Dynamics of the aqueous CaCl2 system at 300K demonstrate 

that the Ca2+ possesses a fully formed 1st hydration shell composed of ~7 waters at an 

average Ca-O distance of 2.52±0.008Å and average Ca-H distance of 3.15±0.11Å which 

are consistent with experimental data.  The average tilt angle of 32.81±8.67º is slightly 

smaller than experimental data but consistent with a flexible 1st hydration shell.  These 

large tilt angles are associated with the presence of acceptor bonding in the 1st shell to 2nd 

shell waters.  The 1st shell water geometries display OH bonds (0.97±0.01Å) and HOH 

angles (105.50±2.69º) very close to those of bulk water showing very little polarization of 

the 1st shell results from the interaction with the Ca2+ species.  Although at 300K the Ca2+ 

and Cl- ions separated by the solvent a strong influence in the 1st shell H-bonding 

structure is observed for extended Ca-O bonds.  A 2nd hydration shell composed of ~19 

waters at 4.79±0.22Å is coordinating the 1st shell with OI-OII distances consistent with 

bulk water strengths.  The H-bonding structure in the 2nd shell suggests a significant 

return to bulk tetrahedral structure. 

 Under high temperature conditions the structure of the Ca2+ hydration shells are 

observed to be significantly disrupted with 1st shell oxygen coordination numbers 

reduced to 3.77±0.47 at 2.37±0.17Å and hydrogen coordination numbers of 10.62±1.12 

at 3.42±0.25Å. The average dipole tilt angle of 1st shell waters is increased by ~15º to 

48.28±12.47º and the water geometries display O-H bonds decreased by ~0.1Å.  The 2nd 

hydration shell.  At 650K the Cl- ions are coordinating the Ca2+ ion as contact ion pairs 



 148 

with a Ca-Cl bond distance of 2.70±0.09Å.  A 2nd hydration shell is observed in the high 

temperature simulation.  There are ~13 waters observed at a distance of 5.51±0.38Å 

coordinating the 1st shell with OI-OII which suggest weaker H-bonds than observed in 

ambient bulk water.  The H-bonding distributions of 2nd shell waters shows a severe 

depletion of water coordination. 

The Chloride ions possess well formed 1st and 2nd hydration shells at 300K.  The 

1st shell is coordinated by ~6-7 waters at a Cl-O distance of 3.30±0.13Å and with average 

Cl…H-O bond angles of 157.17±6.97º.  The 1st shell is coordinated by ~22 waters in the 

2nd shell at a Cl-O distance of 5.07±0.27Å.  The H-bonds between the 1st and 2nd shells of 

the Cl- ions are of similar strength to bulk water H-bonds.  At 650K the 1st shell geometry 

displays significant disruption with increased O coordination and decreased H 

coordination.  This is consistent with the large decrease in the Cl…H-O bond angles 

observed which suggest that the Cl-water bonds are largely weakened.  This observation 

is consistent with the loss of 2nd shell structure for Cl- observed at high temperatures. 

 The residence time of waters coordinating the Ca2+ ion is estimated to at 

39±3.7ps.  This is a significant decrease from the ~74ps observed for waters in the 

aqueous Ca2+ simulation suggesting that the influence that the Cl- ions have on 1st shell 

H-bond structure is significant.  This is consistent with the decrease by ~1.6ps of the 1st-

2nd shell H-bond lifetimes in the presence of the Cl- ion.  The computed residence time in 

the 2nd hydration shell is 15.7±3.0ps which is only slightly decreased relative to the 

aqueous Ca2+ simulation suggesting that the Cl- does not significantly alter the 2nd shell 

structure and H-bond strengths.  Under high temperature conditions the 1st shell residence 
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time decreases to 2.2±0.7ps and the 1st-2nd shell H-bond lifetimes decrease to 0.2±0.1ps 

suggesting a nearly complete breakdown of the hydrating water structure. 

 No clear associative or dissociative mechanism is found and an interchange, I, 

mechanism is assigned to water exchange at 300K.  The 650K trajectories show waters 

freely exchanging with the bulk.  The breakdown of the hydration structure facilitates the 

free motion of these water molecules and the normal ideas of solvent exchange, i.e. 

passing through the stages of the Eigen-Wilkins transfer process and the identification of 

a transition state, no longer applies. 
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Chapter 6 
 

Structure and Dynamics  
of the Fe(OH)2+ and Al(OH)2+ Species 

 
 

6.1 Introduction 

 

A very important chemical property of the water molecules in the 1st hydration 

shell of highly charged metal ions is the acid base property, i.e. the effect of ion 

polarization on the proton transfer out of the 1st hydration shell. The extent of hydrolysis 

leads to hydroxide species, M(OH)n(H2O)m
(3-n), with a coordination number, C.N. equal 

to n+m , which is determined by the interaction of the central ion with solvating waters, 

the interactions between solvating waters and environmental conditions such as pH, 

temperature and pressure. For many metal ions the mononuclear hydrolysis species may 

further combine to form polymeric species, macromolecules and solids. The processes by 

which a given ion proceeds from the hexa-coordinated state (M(H2O)6
3+) to the hydroxide 

species M(OH)n(H2O)m
(3-n) and to the polynuclear species vary widely from ion to ion 

and are a topic of great chemical and technological importance.   
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Although the Fe3+ and Al3+ ions are of similar charge and size (ionic radii 54pm 

and 65pm for Al3+ and Fe3+, respectively), they exhibit remarkably different hydrolysis 

properties and the chemical understanding of these differences is still very incomplete.  

There is evidence that the coordination number of the Al3+ ion is a function of the extent 

of hydrolysis. For example, X-ray and NMR results1-3 support the oxygen coordination 

number of 6 for the unhydrolyzed Al3+ ion while other results report an oxygen 

coordination number of 4 for the fully hydrolyzed Al(OH)4
− species3-5.  Few 

experimental results that define the oxygen coordination for the intermediate hydrolysis 

species are available because it is difficult to isolate one class of species for intermediate 

pHs. However, recent experimental results for the Al(OH)2+ ion have suggested that this 

ion is five coordinated [14].  The Fe3+ ion is found to exist in a 6-fold coordination for all 

monomeric hydroxide species in aqueous solution.  For this ion the hydrolysis constants 

are well separated and the species can be isolated in a limited pH and concentration 

range. 

In this chapter, results of AIMD simulations at 300K of the first hydrolysis 

species Al(OH)2+ and Fe(OH)2+ in aqueous solutions are presented.  A total of 63 waters 

are included in these simulations and data is collected for 23 and 30ps for the FeOH2+ and 

AlOH2+ species, respectively.  A detailed comparison between the two species is 

performed. 
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6.2 Structure 

 

The Fe-O, Fe-H and Al-O, Al-H radial distribution functions and running 

integration numbers are presented in Fig. 6.1.  The observed peaks in the Fe-O and Al-O 

radial distribution functions at 2.1Å and 1.95Å, respectively, are due to the formation of 

1st hydration shells.  The running integration numbers, N(MO) and N(MH), evaluated at 

the minimum between the 1st and 2nd hydration shells (near 3Å) are consistent with 

formation of 6 coordinate [Fe(OH)(H2O)5]2+  and [Al(OH)(H2O)5]2+ species.  For these 

species the presence of a peak at ~4.2Å and 4.06Å, for Fe3+ and Al3+ respectively, show 

the formation of a well structure 2nd hydration shell.  Evaluation of N(MO) at the 

minimum between the 2nd hydration shell and the bulk region (5.0Å and 4.7Å for Fe-O 

and Al-O, respectively) results in a 13 coordinate 2nd hydration shell for the hydrated 

FeOH2+ species while the a 12 coordinate 2nd hydration shell is predicted for AlOH2+.  

The structure of the [Fe(OH)(H2O)5]2+ and [Al(OH)(H2O)5]2+ species are illustrated in 

Fig. 6.2A and Fig. 6.2B, respectively.  The waters hydrating both the FeOH2+ and 

AlOH2+ show 6 coordinate species while the 2nd hydration shell includes 13 and 12 

coordinating waters for FeOH2+ and AlOH2+, respectively.  A detailed analysis of the 

hydration shells is performed.  The results are presented in Tables 6.1 and 6.2 for the 1st 

and 2nd hydration shells, respectively.  For comparison the results of gas phase geometry 

optimizations of the [Fe(OH)(H2O)5]2+  and [Al(OH)(H2O)5]2+ species are also provided.  

For the optimized [Fe(OH)(H2O)5]2+  species the 5 water ligands sit at an Fe-O distance 

of 2.17Å , are non-tilted, have OH bond length of 0.95Å and HOH angle of 107.83º.  The 
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OH- lilgand sits at 1.84Å, is non-tilted and has an OH bond of 0.95Å.  For the optimized 

[Al(OH)(H2O)5]2+ the 5 water ligands sit at Al-O distance of 1.99Å, are non-tilted, have 

OH bond lengths of 0.95Å and HOH angles of 108.52º.  The OH- ligand sits at Al-O 

distance of 1.69Å, is non-tilted and has an OH bond of 0.94Å.  Gas Phase H2O and OH- 

geometry optimizations result in a 0.95Å bond length and 104.86º HOH angle for water 

and a 0.95Å bond length for the OH- molecule. 
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Figure 6.1: The Fe-O and Fe-H radial distribution functions (A) and the Al-O and Al-H 
radial distribution functions (B) showing the presence of 1st and 2nd hydration shells.  
Populations of the hydration shells are estimated by running integration numbers. 



 157 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2: Snapshot of the [Fe(OH)(H2O)5]2+ (A) and the [Al(OH)(H2O)5]2+ species (B). 
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The 1st Hydration Shell 

 

 The 6 coordinate [Fe(OH)(H2O)5]2+ species is found to be stable for the entire 

23ps of simulation time with average Fe-OH2 and Fe-OH distances of 2.17±0.05Å and 

1.92±0.03Å, respectively (see Table 6.1).  These values are slightly larger than but 

consistent with the results of a recent XAFS study of Dr. Robert Mayanovic6 (Fe-OH2 

distance = 2.00±0.04Å and Fe-OH distance = 1.82±0.04Å) and compare well with 

experimental results on aqueous Fe3+ systems7-15.  The water geometries display 

elongated OH bonds and increased HOH angles relative to the bulk water results 

consistent with a significant polarization of 1st shell waters in the presence highly charged 

species.  Compared to the gas phase structure the water OH bonds of the Fe(OH)2+ 

species are extended by ~0.03Å, consistent with a strong solvent interaction of the 1st 

hydration shell.  The hydroxide species OH bond is 0.96±0.01Å which is extended by 

0.01Å relative to the 0.95Å obtained from the gas phase OH- geometry optimization.  The 

1st shell waters are tilted by an average of 34.22±8.45º while the OH- ligand possesses a 

very large Fe-O-H tilt angle of 61.50±5.35º.  Relative to the aqueous Fe3+ (Chapter 3), we 

observe that the 1st shell waters of FeOH2+ are elongated by 0.05Å and possess OH bonds 

contracted by ~0.01Å. 

 The solvated [AlOH]2+ is stable as a 6 coordinate [Al(OH)(H2O)5]2+ species for 

the entire 30ps of data collection.  The average Al-OH2 distance is 1.97±0.04Å and 

compares well with experimental data of the hydrated Al3+ ion 2,3,9,15 while the Al-OH- 

distance is 1.81±0.03Å.  These values are shorter than for the Fe(OH) 2+ species.  

However, the water geometries coordinating the AlOH2+ species show an identical 
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geometry to the ones coordinating the FeOH2+.   The 1st shell waters are tilted by an 

average of 25.47±7.13º while the Al-OH tilt angle is 64.90±3.62º.  It is interesting to note 

that, while the 1st shell waters of AlOH2+ display an average tilt angle ~10º less than 

those of FeOH2+, the average OH- tilt angle is very similar for the two systems.  Relative 

to the aqueous Al3+ (Chapter 3), the 1st shell waters of AlOH2+ are elongated by 0.03Å 

and possess OH bonds contracted by ~0.01Å. 

 

Table 6.1: 1st shell structural properties of the FeOH2+ and AlOH2+ species and the 64 
water AIMD simulations. 

 

 FeOH2+ AlOH2+ 64 H2O 

T (K) 300K 300K 300K 

Time (ps) 23 29.42 12 

d(M3+ - OH2) 2.17±0.05 1.97±0.04 ----- 

d(M3+ - OH-) 1.92±0.03 1.81±0.03 ----- 

dw(OI-H) 0.98±0.02 0.98±0.02 0.97±02 

θ(HOH) 107.11±2.79 107.65±2.75 105.45 

dh(OI-H) 0.96±0.01 0.95±0.01 ----- 

Water Tilt !  34.22±8.45 25.47±7.13 ----- 

Hydroxide tilt 61.50±5.35 64.98±3.62 ----- 
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The 2nd Hydration Shell 

 

 The 2nd hydration shell of FeOH2+ is composed of an average of 13.60±0.75 

waters at a Fe-O distance of 4.35±0.17Å.  These bond lengths are consistent with 

experimental observations on aq. Fe3+ presented in Chapter 37-15.  The waters in the 2nd 

shell are coordinating waters in the 1st shell via H-bonds with average OI-OII distance of 

2.76±0.08Å and average H-bond angle of 162.24±4.58º.  This suggests the H-bonds are 

stronger than those in bulk water (d(OI –OII) =2.83±0.08Å; !OI-HI-OII =160.58±4.76º) 16 

but weaker than the H-bonds between the 1st-2nd shells of aqueous Fe3+ (d(OI –

OII)=2.70±0.08Å; !OI-HI-OII =163.37±4.33º) (Chapter 3).  The 2nd shell waters which 

coordinate the hydroxide species form H-bonds slightly weaker than bulk water H-bond 

strengths (d(OI –OII) =2.85±0.08Å; !OI-HI-OII =159.26±4.77º). 

 The 2nd hydration shell of AlOH2+ is composed of 12.18±0.58 waters at an Al-O 

distance of 4.15±0.12Å, consistent with the experimental values 2,4,9,17.  The waters in the 

2nd shell are coordinating waters in the 1st shell with average OI-OII distance of 

2.72±0.08Å and average H-bond angle of 163.46±4.35º.  These are significantly stronger 

than the FeOH2+ 1st-2nd shell water H-bonds but weaker than what is observed between 

the 1st and 2nd shells of the solvated Al3+ ion (d(OI –OII)=2.68±0.08Å; !OI-HI-OII 

=163.8±4.10º).  The 2nd shell waters which coordinate the hydroxide species form H-

bonds of similar strength to bulk water H-bonds (d(OI –OII) =2.82±0.09Å; !OI-HI-OII 

=162.93±4.44º). 
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Table 6.2: 2st shell structural properties of the FeOH2+ and AlOH2+ species . 

 Fe(OH)2+ Al(OH)2+ 

C.N. 13.60±0.75 12.18±0.58 

r(M – OII) 4.35±0.17 4.15±0.12 

dwater(OI –OII) Å 2.76±0.08 2.72±0.08 

!waterOI-HI-OII º 162.24±4.58 163.46±4.35 

dOH(OI –OII) Å 2.85±0.08 2.82±0.09 

!OHOI-HI-OII º 159.26±4.77 162.93±4.44 

 

Tilt Angle of Hydrating Water Molecules 

 

 In Fig. 6.3 the tilt angle distribution of the waters hydrating the FeOH2+ and 

AlOH2+ species are provided as a function of distance from the metal center.  For 

comparison the tilt angle distributions from the aqueous Fe3+
, Al3+

 and Ca2+ simulations 

are also given.  The waters of the 1st hydration shell (1.75Å-2.8Å) of the FeOH2+ and 

AlOH2+ species both show tendencies to form low-tilt or planar geometries when close to 

the metal center while large tilt geometries are present at larger distances.  Although the 

tilt angles observed at large M-O distances are significantly larger, this behavior is very 

similar to those of waters in the Fe3+ and Al3+ 1st hydration shells.  The tilt angles in the 

2nd hydration shell (3.3Å -5.0Å) of the FeOH2+ and AlOH2+ show significantly increased 

tilt angles relative to the Fe3+ and Al3+ simulation and are found to be more similar to the 

tilt geometries found in the 2nd shell of the Ca2+ ion (Chapter 4). 
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Figure 6.3:  The tilt angle distributions for waters solvating the [Fe(OH)(H2O)5]2+ (red) 
and the [Al(OH)(H2O)5]2+ (blue) species.  The distributions for the aqueous Fe3+ (grey 
dotted), Al3+ (black dash-dotted) and the Ca2+ (green) are also provided. 
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Labilizing effect of the OH- ligand 

 

The screening effect of the hydroxide species arises from the magnitude of the 

hydroxide M-OH- distance relative to the 1st shell waters M-OH2 distance and can 

significantly influence the strength of the interaction between the metal center and the 

water ligands.  This effect can be observed in Tables 6.3 and 6.4 which give average M-O 

distances and O-H distances of the OH- and individual hydrating waters of the FeOH2+ 

and AlOH2+ species.  The so called axial water and the hydroxide species form an axis 

around which reside the equatorial waters.  For reference, the waters are colored in Fig. 

6.4C.  In the presence of a 1st shell OH- species we notice that the M-OH2 distance is 

increased to 2.15-2.21Å and 1.96-1.99 Å for the [Fe(OH)(H2O)5]2+ and 

[Al(OH)(H2O)5]2+, respectively.  From our previous simulations, the values of 2.12Å and 

1.94Å are obtained for the average M-OH2 distance of the [Fe(H2O)6]3+ and [Al(H2O)6]3+ 

species, respectively (Chapter 3).  The [Al(OH)(H2O)5]2+ data is consistent with a 

uniform screening effect from the OH- ligand.  The [Fe(OH)(H2O)5]2+
  data, however, 

shows a significant difference between the equatorial waters and the axial waters.  The 

axial water of the species is significantly extended relative to the equatorial waters. 

A more detailed analysis of the influence of OH- species on the 1st shell structure 

is provided in Fig. 6.4 where the 1st shell M-OH2 distances for the [Fe(OH)(H2O)5]2+
 (Fig. 

6.4A) and [Al(OH)(H2O)5]2+ (Fig. 6.4B) species  are plotted as a function of the M-OH 

distance.  Each curve corresponds to a 1st shell water.  The color code is defined in Fig. 

6.4C.  For reference, the data is plotted over a histogram showing the relative number of 

data points gathered for each OH- distance.  The results indicate a significant increase in 
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the 1st shell radius of the aqueous Fe3+ and Al3+ species upon hydrolysis. The M-OH2 

distance is shown to be sensitive to the hydroxide M-OH- distance.  In agreement with the 

discussion of Table 6.3, no identifiable difference is detected between axial and 

equatorial waters for the [Al(OH)(H2O)5]2+ data.  In the [Fe(OH)(H2O)5]2+ data we see 

for the entire simulation that the four equatorial waters (blue, green, yellow and light 

blue) reside at smaller M-OH2 distance than the axial (orange) water. 

 

Table 6.3: Average M-O Distance (Å), color for each water is provided in Fig. 6.4C. 
 

 
 Hydroxide 

(red) 
Axial 

(orange) 
Eq.  

(green) 
Eq.  

(blue) 
Eq.  

(yellow) 
Eq.  

(light blue) 
Fe3+ 1.92 2.21 2.16 2.16 2.18 2.15 
Al3+ 1.81 1.97 1.99 1.96 1.97 1.98 

 
 
 

Table 6.4: Average O-H Distance (Å), color for each water is provided in Fig. 6.4C. 
 
 

 Hydroxide 
(red) 

Axial 
(orange) 

Eq.  
(green) 

Eq.  
(blue) 

Eq. 
(yellow) 

Eq.  
(light blue) 

Fe3+ 0.96 0.98 
0.97 

0.98 
0.98 

0.98 
0.98 

0.98 
0.98 

0.98 
0.98 

Al3+ 0.95 0.98 
0.99 

0.99 
0.98 

0.98 
0.99 

0.99 
0.98 

0.99 
0.98 
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Figure 6.4: The 1st shell water positions plotted as a function of the hydroxide ligand for 
the FeOH2+ 1st shell waters (A) and AlOH2+ 1st shell waters (B).  The definition of the 
colors is illustrated in (C).  The data is superimposed over the relative number of data 
points used at each Fe-OH or Al-OH distance. 

(A) 

(B) 

(C) 
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6.3 Hydrogen Bonding 

 

 The detailed analysis of the 1st-2nd shell H-bonding reveals that 96% of the 1st-2nd 

shell H-bonds of the FeOH2+ species are due to strong donor bonds with d(OI-

OII)=2.75±0.08Å and !OI-HI-OII=162.56±4.51º while 4% correspond to weak acceptor 

bonds with d(OI-OII)=2.94±0.08Å and !OI-HI-OII=154.28±4.61º.  The acceptor bonding 

in the FeOH2+ shows an increase of ~2% relative to the aqueous Fe3+ simulation of 

Chapter 3.   The OH- species 2nd shell H-bonds are 36% weak donor bonds with d(OI-

OII)=2.89±0.08Å and !OI-HI-OII=157.46±4.71º and 64% acceptor bonds with d(OI-

OII)=2.83±0.08Å and !OI-HI-OII=160.27±4.73º.  For the waters hydrating the AlOH2+ 

species 99% of the 1st-2nd shell H-bonds are due to strong donor bonds with d(OI-

OII)=2.71±0.08Å and !OI-HI-OII=163.56±4.31º while only 1% refer to weak acceptor 

bonds with d(OI-OII)=3.01±0.08Å and !OI-HI-OII=154.76±5.21º.  The acceptor bonding 

in the 1st shell of AlOH2+ shows a significant improvement over the roughly 0% observed 

in the aqueous Al3+ simulation.  The OH- 2nd shell coordination is 21% weak donor bonds 

with d(OI-OII)=2.97±0.08Å and !OI-HI-OII=159.09±4.78º and 79% strong acceptor 

bonds with d(OI-OII)=2.77±0.08Å and !OI-HI-OII=163.95±4.21º. 

In Figures 6.5 and 6.6 the H-bond densities for the FeOH2+ and AlOH2+ hydration 

shells are decomposed into acceptor (Fig. 6.5A, Fig. 6.6A) and donor hydrogen bond 

distributions (Fig.6.5B, Fig. 6.6B).  The contributions from the 1st shell (solid red line), 

the 2nd shell (blue dashed line) and the bulk region (green dotted line) are depicted. 
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The H-bond acceptor distributions of FeOH2+ (Fig. 6.5A) display a significant 

amount of acceptor bonding in the 1st hydration shell (region r1).  The peak at 1.91Å in 

acceptor bonds from the 2nd shell (blue dashed lines) is due to the OH- ligand forming an 

average of 1 acceptor bond to the 2nd hydration shell.  A broad feature at 2.5Å -2.8Å is 

separated from the peak at 1.9Å by a minimum of 0.05 acceptor bonds near 2.1Å.  A 

smaller but similar feature is observed in the acceptor bonds from bulk waters (green 

dotted lines) demonstrating that, in the extended Fe-O region of the 1st shell, waters are 

readily forming acceptor bonds to solvent waters.  In region r1 of Fig. 6.5B the 1st shell 

donor bond contributions show a broad peak in donor bonding to the 2nd shell (blue 

dashed lines) centered at ~2.1Å.  A shoulder at 1.9Å due to the OH- species donor 

coordinating the 2nd hydration shell is observed.  A peak of 0.6 donor bonds in the 1st 

hydration shell is present at 2.74Å.   

The acceptor bond distributions in the 1st shell of AlOH2+ (region r1 of Fig. 6.6A) 

display a single peak at 1.73Å and a broad, flat shoulder from 2.0-2.4Å in acceptor bonds 

from 2nd shell waters (blue dashed lines).  This peak is due to the OH- species forming 

~1.3 acceptor bonds waters in the 2nd shell.  A small peak of ~0.2 acceptor bonds per 

water from donor waters in the bulk region is centered at 2.35Å.  The 1st shell donor 

bonds to the 2nd shell (Fig. 6.6B blue dashed lines) displays a large peak at 1.95Å.  The 

shoulder near 1.69Å is consistent with the contribution from the hydroxide species.  The 

donor bonds to bulk waters (green dotted lines) show, at 2.52Å, a large peak of ~1.0 

donor bonds per water.   
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Figure 6.5: The distribution of Acceptor (A) and Donor (B) H-bonds per water  
as a function of Fe-O distance presented for the FeOH2+ simulation. 
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Figure 6.6: The distribution of Acceptor (A) and Donor (B) H-bonds per water 
as a function of Al-O distance presented for the AlOH2+ simulation. 
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Comparing the 1st shells of the FeOH2+ and AlOH2+ species we observe that, in 

both cases, a peak of 1.8 donor bonds to the 2nd shell (i.e. at 2.1Å and 1.95Å, 

respectively) coincides with a minimum in acceptor bonding.  This suggests that a 

trigonal structure is preferred for both species, each 1st shell water coordinating two 2nd 

shell waters via donor bonds.  However, the acceptor bond density for the FeOH2+ 

species suggests that as the Fe-OH2 distance increases the trigonal structure begins to 

break down in favor of a tetrahedral structure increasing coordination to bulk waters.  

This increase in acceptor coordination in 1st shell waters is only very slight at large Al-

OH2 distance.  Another interesting feature is the magnitude of the peak in acceptor bonds 

from the 2nd shell at short M-O distances (i.e. 1.91Å and 1.73Å, for FeOH2+ and AlOH2+ 

respectively).  Being assigned to acceptor bonding to the OH- species, these peaks show 

that on average the OH- species of AlOH2+ displays a larger amount of acceptor 

coordination to the 2nd hydration shell than the FeOH2+ species.  This is a surprising 

result since, as pointed out in Chapter 3, the 1st and 2nd hydration shells of aqueous Al3+ 

reveal a nearly pure trigonal structure. 

In the 2nd hydration shell of FeOH2+ (region r3) the acceptor bond density presents 

a strong trigonal coordination to the 1st shell (red solid lines of Fig. 6.5A) with a peak of 

~1.1 acceptor bonds per water at 3.5Å-3.7Å.  Small amounts of tetrahedral structure are 

indicated by the 0.3-0.5 acceptor bonds from 2nd shell waters between 3.5Å to 5.0Å and 

by the peak of 0.8 acceptor bonds from the bulk waters centered at 3.36Å.  The 

tetrahedral structure is inferred from small amounts, up to ~0.2, of donor bonds to the 1st 

shell waters.  The donor bonding to 2nd shell waters displays a prominent peak of 1.3 

donor bonds at 3.36Å followed by ~0.3-0.4 donor bonds per water throughout the 2nd 
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shell.  The prominent trigonal structure of the 2nd shell is observed in the roughly uniform 

1.15 donor bonds to bulk waters throughout the 2nd shell. 

The AlOH2+ 2nd hydration shell displays strong trigonal 1st shell coordination by 

the peak of 1.3 acceptor bonds from 1st shell waters located at 3.45Å.  A small amount of 

tetrahedral structure is suggested by the 0.2-0.4 acceptor bonds from 2nd shell waters 

while significant tetrahedral structure is implied by the peak of 1 acceptor bond from bulk 

donors at 3.27Å.  The donor bond density to the 1st shell waters shows a very prominent 1 

donor bond per water, implying a tetrahedral structure.  The 2nd shell donor bond density 

(blue dashed line) displays a peak of 0.63 donor bonds at 3.31Å followed by a nearly 

constant 0.25.  The donor bond density to the waters in the bulk region (green dotted line) 

is roughly constant at 1.1 donor bonds per 2nd shell water, implying a trigonal structure, 

throughout the 2nd hydration shell. 

A comparison of the 2nd hydration shells of the FeOH2+ and AlOH2+ species show 

that both species exhibit significant components of trigonal and tetrahedral H-bonding 

structure.  The 1st shell acceptor coordination is slightly more prominent in the 2nd shell 

of AlOH2+ showing more trigonal structure than FeOH2+.  The 2nd shell acceptor 

distribution, enhanced in FeOH2+, is a result of increased tetrahedral intra-2nd shell H-

bonding (i.e. H-bonding between two waters in the 2nd shell).  Tetrahedral structure is 

inferred by the acceptor bonding from bulk waters which are similarly structured for both 

species although slightly more prominent in the AlOH2+ system.  The donor bonds to the 

1st shell waters are very different for the two systems.  The FeOH2+ data does not contain 

the very prominent peak observed in the AlOH2+ data at 3.23Å-3.31Å. For AlOH2+ this 

peak is due to 2nd shell waters tetrahedrally coordinating the OH- species while the waters 
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coordinating the 1st shell waters remain trigonal.  The FeOH2+ donor bonds to the 1st shell 

are due to coordination to the OH- and H2O ligands.  This shows that tetrahedral structure 

present in AlOH2+ 2nd shell is local to the OH- species. 

 For both the FeOH2+ and AlOH2+ H-bond distributions the bulk region (region r4) 

shows similar trends.  The donor and acceptor densities to the 1st shell are zero showing 

that the waters are not influenced by the 1st shell.  The 2nd shell H-bond densities show 

significantly more acceptor relative to donor coordination suggesting that the trigonal 

structure persists beyond the 2nd shell.  The coordination to bulk waters increases 

throughout region r3 and returns to a bulk structure (~1.6 acceptor bonds, ~1.6 donor 

bonds per water).   

 

Hydrogen Bonding and Water Tilt Angles 

 

 The H-bond structure discussed above can be directly related to the orientations of 

the Hydrating waters revealed by the Tilt angle distributions of Fig. 6.3.  The increased 

donor bonding to 2nd shell waters coincides with the low tilt configurations observed at 

short M-O bond distances showing that the waters are predominantly trigonally 

coordinated.  Although increased acceptor bonding is observed in both species at large 

distances, these are significantly greater in the FeOH2+ 1st shell.  These coordination 

states are made possible by the large tilt angles observed at these distances.  Relative to 

the Fe3+ and Al3+ hydrated ions (Chapter 3) the 2nd shell waters of the FeOH2+ and 

AlOH2+ species exhibit increased acceptor coordination to waters in the 2nd shell and the 

bulk and increased donor coordination the 1st shell waters.  This is consistent with the Tilt 
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angle distributions which show that 2nd shell waters display increased tilt angles by 15º-

30º relative to the Fe3+ and Al3+ species.  Indeed, for this type of configuration to occur a 

water must be oriented with its hydrogen atoms pointing towards the 1st shell.  The peak 

present at 3.31Å in the 2nd shell tilt angles of AlOH2+ does not appear for FeOH2+.  This 

coincides with the prominent peak in the donor bond density to 1st shell waters assigned 

to donor coordination to the OH- species.  The trigonal structure of the 2nd shell of 

AlOH2+ prevents these bonds from forming in the 2nd hydration shell and as a result only 

waters which are nearly free (i.e. at the shortest possible distances within the 2nd shell) 

can find orientations in which these bonds are possible.  The FeOH2+ species, on the 

other hand, readily forms donor bonds to 1st shell waters.  These waters can easily 

coordinate to the 1st shell OH- species without significant re-arrangement of the 2nd shell. 

 

6.4 Analysis of the 1st shell vibrational structure  

 

 The vibrational Density of States (DOS) is computed for the 1st shell waters and 

for the OH- of the FeOH2+ and AlOH2+ species.  The results are presented in Fig. 6.7A 

and Fig. 6.7B, respectively.  The assignment of the bands to the motions of the water 

molecules is discussed in detail in Chapter 3. The bending band, v2 , is centered at 

1174cm-1 and 1199cm-1 for FeOH2+ and AlOH2+, respectively.  The stretch overtone 

v1,2v2,v3, is at 2123cm-1 and 2079cm-1.  The peaks computed from the OH- species are 

2256cm-1 and 2360cm-1 for AlOH2+ and FeOH2+.  A detailed analysis of these peaks 
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including those of the Fe3+, Al3+ aqueous simulations and of the 64 water simulation is 

provided in Table 6.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7: The vibrational structure H2O (A) and the OH- (B) ligands of in the 1st shell 
of the AlOH2+ and FeOH2+ species. 
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The results show that the v2 bands of the 1st shell waters of FeOH2+ and AlOH2+ 

are blue shifted by 4cm-1 and 3cm-1, respectively, relative to the Fe3+ and Al3+ hexaqua 

species.  The FeOH2+ waters are red shifted by 15cm-1 while the AlOH2+ waters are blue 

shifted by 10cm-1 compared to the bulk water simulation.  These shifts show that the 

water v2 is not significantly affected by the presence of the OH- species.  The v1,2v2,v3 

bands display significant red-shifts of 139cm-1 and 183cm-1 relative to bulk water for the 

FeOH2+ and AlOH2+ waters, respectively.  The peaks are blue shifted by 91cm-1 and 

22cm-1 compared to the hexaqua data.  The OH- is blue shifted by 133cm-1 and 281cm-1 

relative to the waters hydrating the FeOH2+ and AlOH2+ species and by 224cm-1 and 

303cm-1 compared to the hexaqua species.  Relative to the bulk water simulation, the OH- 

in FeOH2+ shows a very small red shift of 6cm-1 while in AlOH2+ a blue shifted of 98cm-1 

is observed. 

 
Table 6.5:  The Peak positions computed from the vibrational density of states of the 1st 
shell ligands of the FeOH2+ and AlOH2+ simulations.  Δhexaqua, Δbulk and ΔMOH:waters are the 
shifts of the peaks relative to the Fe3+ and Al3+ hexqua species, the bulk water peak 
positions and of the OH- v1,2v2,v3 mode relative to the waters of the MOH2+ species. 
 
 

 FeOH2+ AlOH2+ 
 H2O OH- H2O OH- 
v2 1174±9  1199±7  

Δhexaqua 4  3  

Δbulk -15  10  
v1,2v2,v3 2123±59 2256±27 2079±45 2360±17 

ΔMOH:waters  133  281 
Δhexaqua 91 224 22 303 

Δbulk -139 -6 -183 98 
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Referring to Table 6.1 and the discussion of H-bonding in the previous section, 

we see that the 1st shell waters display OH bonds slightly elongated by 0.01Å, relative to 

the bulk water simulation, and donor coordinate the 2nd shell with H-bonds which are 

stronger than bulk water.  This is consistent with the red shifts of the 1st shell water 

v1,2v2,v3 bands observed in Table 6.5.  Relative to the Fe3+ and Al3+ (Chapter 3) the OH 

bonds of FeOH2+ and AlOH2+ hydrating waters are contracted by 0.1Å and the 1st-2nd 

shell donor bonds are weaker.  This may be interpreted by the small blue shifted v1,2v2,v3 

bands relative to the hexaqua species.  The FeOH2+ species shows a significantly 

shortened OH bond by 0.02Å, 0.03Å and 0.01Å relative to the hydrating waters of 

FeOH2+, Fe3+ and bulk water, respectively. The OH- donor bonds to the 2nd shell are 

weaker than those for the Fe3+ and FeOH2+ waters and only slightly weaker than bulk 

water.  This is consistent with the blue shifts observed relative to the 1st shell waters of 

the Fe3+ and FeOH2+ simulations while only a small red shift is observed relative to bulk 

water.  The AlOH2+ species shows an OH- bond shortened by 0.03Å, 0.04Å, and 0.02Å 

relative to the hydrating waters of AlOH2+, Al3+ bulk water, respectively. The OH- donor 

bonds to the 2nd shell are weaker than those for the Al3+, AlOH2+ and bulk water.  This is 

consistent with the blue shifts relative to the waters hydrating the AlOH2+, Al3+ species 

and bulk water.  
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 6.5 Dynamics 

 

During the simulation time of the FeOH2+ and the AlOH2+ species no exchanges 

between the 1st and 2nd hydration shells are observed.  However, many exchanges occur 

between the 2nd hydration shell and the bulk.  By computing the residence time 

autocorrelation function and the H-bond autocorrelation function time scale in which 

these events occur is estimated.  The results are presented in Table 6.6 where the 

lifetimes of 2nd shell occupation and 1st-2nd shell H-bonds for the Fe3+ and Al3+ simulation 

data are also given. 

Table 6.6 shows that the average 2nd shell residence time and 1st-2nd shell H-bond 

lifetime computed from the FeOH2+ simulation are decreased by ~10ps and ~1ps, 

respectively, relative to those corresponding to the Fe3+ simulation.  The 1st-2nd shell H-

bonds bonds are weaker in the FeOH2+ simulation suggesting a destabilization of the 2nd 

hydration shell due to the presence of the OH- species.  The average 2nd shell residence 

time is not changed in Al3+and AlOH2+ simulations while the 1st-2nd shell H-bond lifetime 

is increased by ~1-2ps.  The 1st-2nd shell H-bonds are slightly weakened but still very 

strong in the AlOH2+ simulation.  However, the OH- species forms strong acceptor bonds 

to 2nd shell waters which increase the average 1st-2nd shell H-bonding lifetimes. 
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Table 6.6:  The average lifetimes (ps) of 2nd shell coordination, τII, and 1st-2nd shell H-
bonds, τHB(I-II), for the waters of the FeOH2+ and AlOH2+ simulations. 

 
 

Lifetime τII τHB(I-II) 
FeOH2+ ~12 ~1 

Fe3+ ~22 ~1-2 
AlOH2+ ~17 ~2-3 

Al3+ ~17 ~1 

 

 

  To provide a more detailed analysis of solvent transfers between the 2nd shell 

and bulk, selected trajectories are presented in Fig. 6.8 through Fig. 6.10 for FeOH2+ and 

Fig. 6.11 through Fig. 6.12 for AlOH2+.  Part (A) presents snapshots taken during the 

exchange while the M3+-O distances are provided in part (B).   

In Fig 6.8 a transfer is analyzed in which a leaving water (colored yellow) in the 

2nd hydration shell of FeOH2+ is replaced by an entering water (colored green).  The 

panels in Fig. 6.8A are snapshots showing the initial state at 9ps and the transition state 

(TS) at 10.75ps.  We observe that the H-bond between the 1st shell and the exiting water 

is broken before the entering water approaches the 2nd shell equilibrium distance of 

4.35±0.17Å.  The bond breaking step is clearly the important part of this exchange and 

points to a dissociative mechanism for 2nd shell – bulk solvent exchange. 
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Figure 6.8:  (A) Three snapshots form the FeOH2+ simulation showing an exchange of 
two waters in the 2nd hydration shell. (B) The trajectories describing the evolution of the 
Fe-O distances with colors corresponding to the snapshots of (A). 

 

The trajectory in Fig. 6.9 shows an exchange observed in the FeOH2+ simulation 

between the 2nd shell and bulk waters in which a total of three waters participate.  

Initially, at 8ps, two waters (colored blue and yellow) are forming acceptor bonds to 

neighboring 1st shell waters while a water (colored green) sits outside the 2nd shell.  The 

green water approaches the 2nd shell at ~9.5ps and the yellow water rotats to donor 

coordinate the 1st shell water, resulting in a 3-coordinate water and a neighboring water 

under-coordinated.  At 9.6ps the blue water hops onto this undercoordinated site passing 

through a transition state in which the blue water is forming acceptor bonds to two 1st 
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shell waters simultaneously.  This movement leaves an undercoordinated 1st shell water 

(10.2ps) free to coordinate the green water (11ps).  In this trajectory we observe that bond 

making and bond breaking are of similar importance.  Indeed, the bond making step 

occuring at 9.6ps allows the hopping of the blue water and the bond breaking step at 

9.7ps facilitates the transfer of the green water into a 1st shell H-bonded configuration.  

The interchange, I, mechanism is here suggested. 

The trajecory in Fig. 6.10 describes the dynamics of the water molecules 

coordinating the OH- species of FeOH2+.  Initially, at 6ps, the OH- is coordinated by three 

waters (colored blue, green and purple).  The yellow water is exchanged with the purple 

water at 6.75ps.  At 7.5ps the grey water approaches the 1st shell and coordinates a 

neighboring 1st shell water.  At this time he blue water breaks a donor bond to the OH-.  

At 8ps the H-bond bond between the OH- and the yellow water is broken.  The OH- 

quickly rotates to form a donor bond to the grey water at 8.1ps.  The exchange between 

the purple and yellow waters is facilitated by the breaking of an H-bond with the 

hydroxide species.  The exchange between the yellow and grey waters similarly proceeds 

by breaking an H-bond.  The breaking of the H-bond between the OH- acceptor site and 

the blue water at 7.5ps and subsequent decreased coordination of the OH- species also 

suggest a dissociative mechanism.  However, even after these H-bonds are broken the 

waters remain relatively close to the OH- species for up to 2ps suggesting a dissociative 

Interchange, Id, mechanism. 
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Figure 6.9: (A) Six snapshots from the FeOH2+ simulation showing an exchange 
involving 3 waters in the 2nd hydration shell. (B)  Trajectories describing the evolution of 
the Fe-O distances with colors corresponding to the shapshots of (A). 
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Figure 6.10: (A) Five snapshots from the FeOH2+ simulation showing multiple 
exchanges involving 5 waters coordinating the OH- species. (B)  Trajectories describing 
the evolution of the Fe-O distances with colors corresponding to the shapshots of (A). 

 

 

 



 183 

In Fig. 6.11 the trajectories describing an exchange observed in the AlOH2+ 

simulation between the 2nd shell and bulk are presented.  At 10ps water (colored yellow) 

coordinates a 1st shell water with an acceptor bond.  At ~13ps the H-bond between the 

yellow water and 1st shell is broken while a nearby water (colored green) approaches the 

1st shell.  After the 1st shell water rotates the incoming water coordinates this water with 

an acceptor bond (14ps).  The initial breaking of the H-bond coordinating the yellow 

water with the 1st shell suggests a dissociative mechanism.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11: (A) Three snapshots from the AlOH2+ simulation showing an exchange 
involving 2 waters coordinating the 1st hydration shell. (B)  Trajectories describing the 
evolution of the Al-O distances with colors corresponding to the shapshots of (A).  
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In Fig. 6.12 we observe that three waters (colored yellow, orange and grey) are 

initially coordinating the OH- of the AlOH2+ species.  All three waters are also forming 

H-bonds to neighboring 1st shell waters.  At 24ps the acceptor bond formed between the 

grey water and the OH- breaks, leaving a 2-coordinate OH- species.  This water remains 

coordinated via an acceptor bond to a neighboring 1st shell water.  At 25ps the donor 

bond coordinating the orange water to the OH- is broken, leaving the OH- singly 

coordinated to the yellow water.  The orange water remains acceptor bonded to a 

neighboring 1st shell water.  The singly coordinated OH- is shortlived (~0.5ps) and the 

blue water forms an acceptor bond to the OH- species at 25.5ps.  The donor site of the 

OH- species is unoccupied for ~2ps.  The breaking of the H-bond between the orange 

water and the OH- species produces a long lived undercoordinated state.  These imply a 

dissociative mechanism for the exchange on the OH- species. 
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Figure 6.12: (A) Four snapshots from the AlOH2+ simulation showing an exchange 
involving 4 waters coordinating the OH- species. (B)  Trajectories describing the 
evolution of the Fe-O distances with colors corresponding to the shapshots of (A). 
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6.6 Analysis of the Electronic Structure 

  

The effect of the OH- species coordinating the 1st shell of the Fe3+ ion is to break 

the octahedral symmetry of the 1st hydration shell.  This is observed in Table 6.3 and Fig. 

6.4 which show significant differences in average M-O distances for 1st shell waters 

relative to their orientation (i.e. axial or equatorial) with respect to the OH- species.  This 

observation is in contrast with the behavior of the waters coordinating the AlOH2+ 

species.  Although the OH- prohibits octahedral symmetry these waters appear to be 

uniformly affected. 

 In Chapter 3 we observe an interaction between the 1st shell water spin down lone 

pairs and the unoccupied spin down d orbitals on the Fe3+ center which was enhanced at 

short Fe3+-O bond lengths.  This interaction led to a more relaxed 1st hydration shell 

which, in turn, influenced the structure of 2nd hydration shell structure resulting in an 

earlier onset of bulk like structure.  The OH- ion sits very near to the Fe3+ metal center 

and possesses three lone pair electrons.  This suggests that this interaction is enhanced in 

the FeOH2+ system primarily due to the contributions from the OH- species. 

 To investigate this further we generate the Maximally Localized Wannier Boys 

orbitals 18-20 for a single frame of the FeOH2+ AIMD simulation.  Following the 

procedure in Lightstone et al. 21 we compute the Oxygen-WFC distance for the hydrating 

waters and discuss their displacement in terms of electronic structure interactions in 

Table. 6.7.  The dO-WFC values observed in the bulk and 2nd hydration shells are 

converged to bulk waters structure (0.5 and 0.33 for bonding and lone pair dO-WFC).  A 
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significant extension is observed in the 1st shell water spin down lone pairs which are 

extended by 0.04Å relative to bulk waters.  The spin down lone pairs on the OH- species 

are extended by a much larger 0.13Å relative to bulk waters.  This interaction is much 

stronger than those observed in the hexaqua Fe(H2O)6
3+ species. 

 

 

Table 6.7: Electronic structure for the FeOH2+ solvation shells  
represented by spin up (α), spin down (β) Wannier-Boys Function Centers. 

 
 
 
 
 
 

 

 

 

 To investigate this interaction further the molecular orbitals for the optimized 

geometry of a Fe(OH)(H2O)5
2+ cluster are computed.  The spin down MO with the 

highest d character is illustrated in Fig. 6.13 (Left).  The mulliken population calculated 

for this orbitals show 0.007 contribution from the oxygen s, 0.7 occupation oxygen p and 

0.3 occupation of the Fe3+ d orbital.  The spin down MO with highest d orbital 

contribution from the Fe(H2O)6
3+ species shown on the right.  The mulliken population 

shows a 0.1 contribution from the oxygen s, 0.7 contribution from the oxygen p and 0.2 

contribution from the Fe3+ of d.  The symmetric nature of the MO on the hexaqua species 

dO-WFC 
 1st shell 2nd shell Bulk 
 BO LP BO LP BO LP 

H2O α 0.50 0.32 0.50 0.33 0.50 0.32 

H2O β 0.49 0.36 0.50 0.33 0.50 0.32 

OH- α 0.49 0.33     
OH- β 0.48 0.45     
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suggests a roughly equal contribution from all 1st shell waters while the MO on the 

FeOH2+ species is nearly completely due to interaction with the OH- species.   

There is a small contribution observed on the axial water suggesting an interaction 

mediated by the Fe3+ species.  This is consistent with the oberved increase in the Fe-O 

distance for this water.  

 

 
 
 
 
 
  
 
 
 
 
 
 
 

 
 

Figure 6.13:  Left-Spin down hybrid formed between OH- and Fe3+ valence.   
Right-Spin down hybrid formed between a hexaqua 1st shell and the Fe3+ valence. 
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6.7 Conclusions 

 

 The results of AIMD simulations are presented for the FeOH2+ and AlOH2+ 

species solvated by 63 waters and simulated at 300K for 23 and 30ps, respectively.  1st 

hydration shells are observed for both species.  For FeOH2+ the 1st shell is composed of 5 

waters at 2.17±0.05Å and one OH- species at 1.92±0.03Å.  Water O-H bond lengths 

suggest slight polarization relative to bulk water geometries.  The waters are tilted by 

~34º while the hydroxide is tilted by an average of 62º.    The AlOH2+ 1st shell is 

composed of 5 waters at 1.97±0.04Å and one OH- species at 1.81±0.03Å.  Water O-H 

distances suggest a slightly more polarized 1st shell than FeOH2+.  1st shell waters are 

tilted on average by 25º while the OH- is tilted by ~65º.  The large tilt angles observed in 

the 1st shell of FeOH2+ suggest more tetrahedral 1st shell structure compared to the 

AlOH2+.  Interestingly, the opposite is observed in the OH- orientations.  The OH- species 

coordinating Al3+ are observed to acceptor coordinate slightly more waters than the OH- 

species in FeOH2+.  We observe the OH- ligand to decrease the stability of the 1st shell of 

both species. 

 For FeOH2+, a 13-14 coordinate 2nd shell is observed at 4.35±0.17Å coordinating 

the 1st shell mainly with acceptor H-bonds of roughly the same strength as bulk water.  In 

AlOH2+ a 12 coordinate 2nd shell at 4.15±0.17Å coordinates the 1st shell via acceptor 

bonds significantly stronger than bulk water H-bonds.  The tilt angle distributions in the 

2nd hydration shells closely resemble the tilt angle distribution of a 2+ charged central 

ion. 
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 Analysis of the vibrational structure of 1st shell waters and the OH- species reveals 

that the bending band, v2, is not influenced by the presence of the OH- species while the 

stretch band, v1,2v2,v3 , is redshifted relative to bulk water. A blue shift is observed 

relative to the spectra computed for the hex-aqua data (Chapter 3).  The OH- stretch band 

shows a considerable blue shift relative to the hydrating waters. 

 No exchanges between the 1st shell and bulk are observed, however numerous 

exchanges between the 2nd shell and bulk permit the estimation of the 2nd shell residence 

time and the average 1st-2nd shell H-bond lifetime.  We find that the average lifetime of a 

water in the 2nd shell of AlOH2+ is ~5ps longer than those in the FeOH2+.  The 1st-2nd 

shell H-bond lifetimes are longer by 2-3ps in the AlOH2+ system.  These lifetimes 

suggest a much more strongly bound 2nd hydration shell in AlOH2+.  Analysis of selected 

trajectories of solvent transfers between the 2nd shell and bulk shows that a dissociative  

exchange mechanism is mainly identified. 

 Analysis of the electronic structure reveals that the spin down lone pairs of the 

OH- species interact very strongly with the unoccupied 3d valence.  Mulliken population 

analysis shows that the lone pairs interact more strongly with the Fe3+ center in FeOH2+ 

than what is observed in the hexaqua Fe(H2O)6
3+ data.  An interaction between the OH- 

and the ‘axial’ water mediated by the Fe3+ is also observed.  
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Chapter 7 
 

Summary and  
Agreement with Experiment 

 
 

7.1 Charged Species and Solvent Structure 

 

The insertion of a highly charged metal species into a water environment is 

observed to significantly alter the structure of the solvent through the formation of 1st and 

2nd hydration shells.  The 1st shell interacts directly with the metal species and with the 

2nd hydration shell via hydrogen bonds.  The waters in the 1st hydration shell interact 

directly with the metal center and exhibit a polarization which can be observed by their 

lengthened OH bonds.  The 1st shell waters take up low tilt geometries as a result of this 

strong interaction.  The restricted orientations of the 1st shell results in significantly less 

acceptor bonding to the 2nd hydration shell.  The tetrahedral hydrogen bond network of 

bulk water is, thus, interrupted in the vicinity of a charged species.  The remaining donor 

hydrogen bonds are significantly stronger than bulk water hydrogen bonds due to the 
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polarized 1st shell and impose a trigonal structure on the 2nd hydration shell.  In this way a 

charged species is observed to influence a large component of the solvent structure. 

The trigonal character of the hydration shells is strongest for solvated Al3+ and 

weakest in solvated Ca2+.  The interaction between the charge of the Ca2+ cation and the 

1st shell waters is not as strong as with a 3+ cation.  One consequence of this is that the 1st 

hydration shell of Ca2+ is larger both in size and coordination number.  Another is that the 

1st shell waters are significantly less polarized.  This decreased polarization leads to 

weakened donor hydrogen bonding between the 1st and 2nd shells relative to the Al3+ 

cation and the Ca2+ 1st shell waters are not able to sufficiently impose a trigonal structure 

on the 2nd hydration shell.  As a result of this a large component of the 1st-2nd shell 

hydrogen bonding is of a tetrahedral or bulk-like symmetry. 

The Fe3+ displays, like Al3+, a highly polarized 6-coordinate 1st hydration shell.  

However, like Ca2+, the hydrogen bond network in the 1st and 2nd hydration shells of Fe3+ 

display a significant tetrahedral symmetry.  This suggests a solvent structure which falls 

between the nearly purely trigonal Al3+ and the considerably tetrahedral Ca2+. Analysis of 

the electronic structure suggests that there is a transfer of charge from the solvent waters 

to the Fe3+ cation due to an interaction between the occupied spin down lone pair obitals 

of 1st shell waters to the unoccupied 3d valence structure of the Fe3+.  The result of this 

electronic interaction is an increased 1st shell radius and a less restricted range of tilt 

angles.  The increased tilt angles make 1st shell water lone pairs available for acceptor 

bonding to the 2nd hydration shell and a tetrahedral component is thus observed. 
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Within the 1st and 2nd hydration shells of the Al3+, Fe3+ and Ca2+ species the 

tetrahedral component of the hydrogen bond network is sensitive to the distance between 

the metal center and the solvating waters.  In the 1st hydration shell, when a water is near 

the central cation, the metal-water interaction is strongest and the water is observed to 

adopt a trigonal coordination to the 2nd hydration shell.  At increased distances, within the 

1st hydration shell, the metal-water interaction is weakened and a tetrahedral coordination 

to the 2nd hydration shell is observed.  This behavior is observed in all metal species 

investigated.  However, it is observed most strongly in the Ca2+ hydration region and to a 

much lesser extent, but still very significant, in the Fe3+ hydrating waters while 

effectively insignificant in the Al3+ system. 

The presence of counterions is addressed in the investigation of the solvated 

CaCl2 species.  At 300K the Ca2+ and Cl- ions prefer to exist as solvent separated ion 

pairs with the Cl- residing near the surface of the 2nd hydration shell of the Ca2+.  The Cl- 

species in this position are observed to coordinate mainly to water molecules in the 2nd 

hydration shell. A small amount of coordination to 1st shell waters is also observed and, 

relative to the solvated Ca2+, a decrease is observed in the number of hydrogen bonds 

formed between the 1st and 2nd hydration shells in favor of coordination to the Cl- species. 

When the CaCl2-water system is simulated at 650K a significant change in the 

solvent structure is observed and the average hydrogen bond density decreases from 3 

hydrogen bonds per water to less than 1.  The major consequence of this loss of structure 

is the inability of the solvent to screen the charges of the Ca2+ and Cl- species and the 

formation of Ca-Cl contact ion pairs are formed. 
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Simulation of the FeOH2+ and AlOH2+ species has demonstrated that the OH- 

ligand significantly alters the local structure of the solvent relative to the Fe3+ and Al3+ 

species.  The OH- species are on average closer to the metal centers and partially shield 

the 1st shell waters from strong interactions with the metal center.  This results in a 

lengthening of the metal-water bonds.  The extended waters achieve higher tilt angles and 

are stabilized by acceptor bonding to the 2nd hydration shell.  A comparison of the 

hydrogen bond structure and tilt angle geometries in the 2nd hydration shell of FeOH2+, 

AlOH2+ and Ca2+ show that these waters display a 2nd shell structure associated with a 2+ 

charged central cation.  

 

7.2 Agreement with Experimental Observations 

  

The tables below provide a direct comparison of the structure determined from 

these simulations with that of experimental measurements.  These demonstrate the 

remarkable agreement between the AIMD methods and observations. 
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Table 7.1: Comparison of Fe3+, Al3+ simulations and experimental data. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

[2]29, [3]12,23-25,27,28,48 and private communication with Dr. Robert Mayanovic, [4]18,22 

 
Fe3+ 

 

Al3+ 

[2] 

Fe3+ exp 

[3] 

Al3+ exp  

[4] 

d(M-O) Å 2.12 1.94 1.94 – 2.08 1.88-1.902 

σ(M-O) Å 0.088 0.074 0.077-0.09 0.04 – 0.1 

d(O-H) Å 0.99 0.99 0.99a 0.99a 

σ(O-H) Å 0.04 0.038 ---- ---- 

θ(H-O-H) º 107.21 107.35 108-114a 108-114 a 

σ(HOH) º 5.47 5.44 ---- ---- 

Tilt !   º 33.4 27.8 41 34a 

d(OI –OII) Å 2.70+ 2.68 2.62-2.84 2.683-2.73 

σ(OI-OII) Å 0.15+ 0.14 
0.038-

0.058 
0.02 – 0.09 

d(M-OII) Å 4.30 4.09 4.09 – 4.8 4.01-4.15 

σ(M-OII) Å 0.30 0.23 0.01-0.02 0.22-0.33 

!OI-HI-OII º 163.37+ 163.8 180a 180a 

σ!OI-HI-OII º 8.66+ 8.19 ---- ---- 

H2O 2nd shell 13.3 12 12a 12a 
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Table 7.2: Comparison of Ca2+ simulations and experimental data. 

 

Average Structure Ca2+ Ca2+ exp. 

CNO 6.67(0.48) 5.5(0.1)-10.0(0.1)a, 

6b, 

5.1-8c, 

6.6(0.4)-10.5(0.2)d 

CNH 14.86(1.336) 13.7(0.2)-14.5(0.2)a, 

16-21d 

d(Ca-O) 2.51(0.13) 2.39(0.02)-2.46(0.03)a, 

2.26(0.006)-2.47(0.02)c, 

2.43(0.008)-2.49(0.01)d 

d(Ca-H) 3.12(0.22) 2.98(0.01)-3.07(0.03)a, 

2.94(0.04)-3.15(0.02)d 

Tilt º 33 34(9)-38(9)a 

 

CNOII 16.53(1.62) 18.7-20.3a, 

6.7(0.2)-14c, 

d(Ca-O) 4.65 (0.41) 3.7-6a, 

4.14(1.4)-4.55(0.23)c 

d(OH) 0.97 (0.03) --- 

θ(HIIOIIHII) 105.54 (5.20) --- 

d(OI-OII) 2.83(0.16) 2.81(0.03)-2.85(0.03)a, 

2.8(0.2)-2.99(0.01)c 

a 10,11,b12,c13-20,d12-24 
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Table 7.3:  Comparison of CaCl2 300K simulation and experimental data. 

 

Ca2+1st shell 
CaCl2 

(300K) 
Exp.22,25-27 

CNOI 6.94±0.3 6.8 

dCaO 2.52±0.08 2.435-2.461 

CNHI 15.17±0.61 16.4-17 

dCaH 3.15±0.11 2.93-2.97 

Tilt* 32.81±8.67 34-51 

CNOII 18.90±0.79 11(2) 

dCaOII 4.79±0.22 4.58(5) 

OI-OII 2.83±0.08 2.89 

IICNCl 0.06±0.12 2 

IIdCaCl 5.39±0.08 4.90(10) 
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Table 7.4: Comparison of CaCl2 650K simulation and experimental data. 

 

 

 

 

Table 7.5: Comparison of FeOH2+ simulation and experimental data. 

 

 FeOH2+ exp.6 

d(M3+ - OH2) 2.17 2.00 

d(M3+ - OH-) 1.92 1.82 

CNOI 5 5.6 

CNOH 1 1.3 

 

 

 
CaCl2 

(650K) 

Exp.22 

(673K) 

CNOI 3.77±0.47 2.8-3.3 

dCaO 2.73±0.17 
2.32-

2.35 

ICNCl 2.00 1.1-3.4 

IdCaCl 2.70±0.09 
2.67-

2.70 
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Appendix I 
 
Electronic structure  

of the gas phase [Fe(H2O)6]3+ cluster 
 

 
 

The molecular orbitals produced from the interaction between the s and p valence 

orbitals of the waters and the 3d5 valence of the Fe3+ are provided below.  Each table 

contains the orbital numbers (between 1 and 53), spin, eigenvalue and mulliken 

population of the orbital(s) presented in the figure immediately below.   Green and Blue 

represent surface contours of constant orbital values of +0.1 and -0.1 respectively. 

 
 

Orbitals 1,2 and 3 
Spin UP 

Eigen Value (eV) -21.845 
Population s p d 

 0.0002 0.9987 0.0011 
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Orbitals 4,5 and 6 
Spin UP 

Eigen Value (eV) -21.932 
Population s p d 

 0.0163 
 

0.9837 
 

0 
 

 

 
 
 
 
 
 
 
 

Orbitals 7 and 8 
Spin UP 

Eigen Value (eV) -23.327 
Population s p d 

 0.1405 
 

0.758 
 

0.1015 
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Orbitals 9,10 and 11 
Spin UP 

Eigen Value (eV) -25.259 
Population s p d 

 0.1043 
 

0.8957 
 

0 
 

 

 
 
 
 
 
 
 

Orbitals 12 
Spin UP 

Eigen Value (eV) -26.921 
Population s p d 

 0.2622 
 

0.7378 
 

0 
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Orbitals 13, 14 and 15 
Spin UP 

Eigen Value (eV) -27.457 
Population s p d 

 0.2436 
 

0.6423 
 

0.1141 
 

 

 
 
 

 
 
 
 

Orbitals 16,17 and 18 
Spin UP 

Eigen Value (eV) -27.719 
Population s p d 

 0.265 
 

0.735 
 

0 
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Orbitals 19,20 and 21 
Spin UP 

Eigen Value (eV) -28.760eV 
Population s p d 

 0.0543 
 

0.1823 
 

0.7634 
 

 
 

 
 
 
 
 
 
 

Orbitals 22 and 23 
Spin UP 

Eigen Value (eV) -29.008 
Population s p d 

 0.0246 
 

0.193 
 

0.7824 
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Orbitals 24 and 25 

Spin UP 
Eigen Value (eV) -39.877 

Population s p d 
 0.9523 

 
0.0237 

 
0.024 

 
 

 
 
 
 
 
 
 
 

Orbitals 26,27 and 28 
Spin UP 

Eigen Value (eV) -39.920 
Population s p d 

 0.9774 
 

0.0226 
 

0 
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Orbitals 29 
Spin UP 

Eigen Value (eV) -40.131 
Population s p d 

 0.9976 
 

0.0024 
 

0 
 

 

 
 
 
 
 
 
 
 

DOWN 
 

Orbitals 30, 31 and 32 
Spin DOWN 

Eigen Value (eV) -21.827 
Population s p d 

 0.0162 
 

0.9838 
 

0 
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Orbitals 33, 34 and 35 

Spin DOWN 
Eigen Value (eV) -21.958 

Population s p d 
 0 

 
0.9456 

 
0.0544 

 
 

 
 
 
 
 
 
 
 
 
 

Orbitals 36,37 and 38 
Spin DOWN 

Eigen Value (eV) -25.061 
Population s p d 

 0.1049 
 

0.8951 
 

0 
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Orbitals 39 and 40 
Spin DOWN 

Eigen Value (eV) -25.295 
Population s p d 

 0.0999 
 

0.6795 
 

0.2206 
 

 

 
 
 
 
 
 
 

 
 

Orbitals 41 
Spin DOWN 

Eigen Value (eV) -26.497 
Population s p d 

 0.2502 
 

0.7498 
 

0 
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Orbitals 42, 43, and 44 
Spin DOWN 

Eigen Value (eV) -27.665 
Population s p d 

 0.266 
 

0.734 
 

0 
 

 

 
 
 
 
 
 
 
 

Orbitals 45,46 and 47 
Spin DOWN 

Eigen Value (eV) -27.671 
Population s p d 

 0.2648 
 

0.7241 
 

0.011 
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Orbitals 48 and 49 
Spin DOWN 

Eigen Value (eV) -39.769 
Population s p d 

 0.9567 
 

0.0253 
 

0.018 
 

 

 
 
 
 
 
 
 
 

Orbitals 50, 51 and 52 
Spin DOWN 

Eigen Value (eV) -39.829 
Population s p d 

 0.9768 
 

0.0232 
 

0 
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Orbitals 53 
Spin DOWN 

Eigen Value (eV) -40.030 
Population s p d 

 0.9972 
 

0.0028 
 

0 
 

 

 
 
 




