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Chapter 1: General Introduction

The ionic hydrogen bond, which has a stronger intermolecular interaction than typical hydrogen bond,
plays an important role at various biological and chemical fields, such as protein folding and proton transport
[1-9]. Meanwhile, these hydrogen bonds could help us to understand the important phenomena of ion
hydration. Many efforts have been devoted to obtaining the detailed structural information of the halide ion
water clusters at molecular level. However, it is often difficult to obtain the accurate ionic hydrogen-bonded
structures theoretically, because the ionic hydrogen bonds are coupled with molecular vibration in a complex
manner. In addition, the quantum and thermal fluctuation effects, which play important roles in the structures
of the ionic hydrogen-bonded clusters, are not taken into count in the conventional molecular orbital
calculations.

In this thesis, first, to obtain a potential level with the balance of calculation accuracy and efficiency, |
compare the optimized geometries and energetics of fluoride and chloride ion water clusters between
semi-empirical methods and high-level ab initio/DFT calculations. Next, the PM6-DH+ semi-empirical
potential is applied in the following classical molecular dynamics and path integral molecular dynamics
simulations. Then nuclear quantum effects and geometric isotope effects on the structures of the ionic

hydrogen-bonded clusters are investigated.

1.1. lonic hydrogen bonded systems

To understand important phenomena of ion hydration at the molecular level, the ionic hydrogen-bonded
structure information is indispensable. A typical hydrogen bond is constituted of a proton donor X—H and a

proton acceptor Y.

X Hoy (1.1)

X or Y should be electronegative atoms, such as the Nitrogen, Oxygen or Fluorine. The hydrogen bonds can
occur between molecules, or within different parts of a single molecule.

Many efforts have been devoted to study the strength and energies of hydrogen bonds [10-17].
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According to [18], the hydrogen bonds could be approximately classified into three types: strong hydrogen
bonds, moderate hydrogen bonds and weak hydrogen bonds. The three types of hydrogen bonds show
different binding energies, the H...Y distances and XHY angles, as shown in table 1-1. A strong hydrogen
bond has a larger binding energy, shorter H...Y distance, and larger XHY angle. The ionic hydrogen bond is
a type of strong hydrogen bonds, which could significantly affect the molecular structure [19, 20]. Thus, in
this thesis, | focus on small halide-ion-water clusters as X'(H,0), (X=F, Cl, n=1-4). For case of X=F, the
water molecules are bonded to fluoride ion through strong ionic hydrogen bonds. However, for case of X=ClI,
different structures are demonstrated from fluoride case, which is due to the rising cooperation of ion-water
and water-water hydrogen bond interactions.

To understand the ionic hydrogen bonded structures at molecular level, there have been many
experimental and theoretical studies with respect to halide ion water clusters [21-34]. The neutron diffraction
experiments [19, 30, 35, 36] have provided limited structural information of the bond lengths. For example,
the average distance between fluoride/chloride and oxygen is 2.6~2.9A/3.1~3.5A. In addition, the infrared
(IR) spectroscopy has provided very useful information on the vibration motions of the small halide ion
water clusters [37-40].

On the other hand, there are many studies on the equilibrium structure and harmonic vibrational
analysis with ab initio molecular orbital (MO) calculations [22, 31, 41, 42]. The obtained optimized stable
structures have been utilized to understand the corresponding experiments. However, it is often difficult to
deal with the ionic hydrogen bonded systems with anharmonic and floppy vibrations, because the quantum
and thermal fluctuations are not taken into account in conventional MO calculations. Furthermore, the H/D
isotopic substitution effect plays important roles in the structure of the hydrogen-bonded systems. For
example, the macroscopic properties of water, such as the melting point and the temperature of maximum
density (TMD), are increased by 3.8K and 7.2K in D,O compared with H,O, respectively. From the
microscopic point of view, the neutron diffraction experiments show that intramolecular r(O-D) distance is
shorter than r(O-H) by about 0.5%. In addition, the experimental phenomena, such as the redshift in
vibrational frequencies, change in reaction rate and the Ubbelohde effect [43, 51], could not be explained by
the conventional MO calculations. Instead, the theoretical methods, which consider the nuclear quantum
effects, should be applied to understand the H/D substitution effects, such as the geometric isotope effects

.2.



induced by the substitution of proton (H) with deuteron (D). The most common used methods are the
multi-component molecular orbital (MC_MO) method [52-56], the quantum Monte Carlo (QMC) method
[57-68] and the path integral (PI) method [69-87].

The MC_MO method enables us to analyze the nuclear quantum effects in molecular systems, because
it simultaneously determines the electronic and nuclear wavefunctions and directly express the H/D isotope
effects. The nuclear basis function is assumed to take the form of Gaussian-type functions (GTF), which
could be obtained by optimizing the exponent and center of the nuclear GTF using a vibrational procedure to
minimize the system energy. For the QMC scheme, under the Born—-Oppenheimer (BO) approximation, the
nuclear wavefunction is numerically solved on the potential energy surface (PES). Also under BO
approximation, the Pl simulation combines the PI technique and statistical sampling methods, such as
molecular dynamics (MD) and Monte Carlo (MC). Different from MC_MO and QMC, the temperature
effects of the system are naturally taken into account by the PI technique, which will be discussed in detail in
the next subsection. The PI simulations have the advantage of inclusion both the nuclear quantum effects and
the thermal effects, which are important in ionic hydrogen bonded structures. In this thesis, | apply the Pl
simulations to study the nuclear quantum effects and geometric isotope effects of the small halide-ion-water

clusters.

1.2. Path integral formulism

To obtain the physical nature of the quantum systems, an intuitional approach is to solve the
Schrdlinger equations. The evolution of the wave functions could be calculated with the given Hamiltonian
and initial conditions of the system. However, it becomes a formidable task for large dimensional many-body
systems due to the increasing difficulties in calculating the eigenvalues for the Hamiltonian. As an
alternative solution, a statistical approach was developed by R. P. Feynman in 1948 [79], which is widely
known as the Pl method.

The PI formulation is a description of quantum theory which generalizes the action principle of classical
mechanics. It replaces the classical notion of a single, unique trajectory for a system with a sum over all the
possible trajectories to compute the quantum amplitude [88]. In this subsection, | will present the brief
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outline of the PI formulation.
In the canonical ensemble, which is also called NVT ensemble, the density matrix in the position

presentation takes the form,

p(r,r;B) =<rle PH|r' >, (1.2)

where B=1/KT, r and r’ represents the initial and final position of the particle. H is the Hamiltonian.
Then the partition function Z(p), which determines the thermodynamics of the system, is expressed as

the trace of the density matrix at finite temperature T,

Z(B) =Tr(p) = [dr <rle PH|r >, (1.3)

Now let us consider a single quantum particle, which has mass m, momentum p, and coordinate r. The

Hamiltonian reads,

p* (1.4)
H=K+V=—+V
+ o +V(r)

where K and V are kinetic and potential operators, respectively. Then the partition function could be

expressed as,

Z(B) = f dr < rle FEV)|r > (1.5)

Generally, the operators K and V do not commute with each other, so that the exponential exp[-B(K+V)]
could not be calculated directly. However, by using the famous Trotter theorem [18, 99-101], any two

operators have the following rule,

A, A, A .\P
eAA+B) — |im (eﬁBeFAeﬁB) (16)
P—-oo
For simplicity, let us define a new operator,
A A A 1.7
0 =e20"e PKe2PV @7

By applying the completeness relation of the coordinate r,

I =fdr|r >< 1| (1.8)



The partition function can be rewritten as,

Z(B) = lim | dr < r|QP|r >
(1.9)

<ri|Q2|ri, >

P-oo

P
= limfdrl"'rp 1_[

Tit1=T1
Here the condition r;,; = r; is as a result of the trace. The partition function Z(f) could be

determined by the evaluating the matrix elements of < r;|Q|r;;, >.

By using the completeness relation of the momentum p,

1.10
1=fdplp><pl (1.10)

And the relation for the inner product of coordinate and momentum eigen-states,

3 1.11
<r|p >= (2mh) zeP T/ (1D

The expression for the matrix elements could be derived as,

3/2

P P
<l >= (5mez) vl gpn i —r0? - SV +vey) G

Finally, the partition function of canonical systems for single quantum particle is obtained as
3

P P
P 1
Z(p) = Jim (2 W;LZ f dry-rp exp{ ﬂz [2;an (Fiss — 1% + pV(ri)]} (1.13)

=1
For the case of Boltzmann statistics, the exchange terms could be safely ignored. The above equation

could be easily generalized into N particles in three dimensions with the following Hamiltonian,

N 2
z : Pk (1.14)
4 —_— V(rl,rz,-“,rN)

The partition function of canonical systems for N quantum particle takes the form,

3p/2 . N
Z(N,V,T) = limZp = lim H(Znhzﬁ) fﬂdri 1P exp{—BD), (1.15)
k=1

Here let k index the particles and i index the imaginary-time intervals. The effective potential @ takes
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the form,

TnkP

P
- L, 1 . 1.16
ZhZBZ (T;:l _r;c)z +Fz V(rllp"';r;\]); ( )
i=1

N P
)
k=1i=1

From the above equation, the effective potential & is composed of two parts. The first term
corresponds to a cyclic polymer, which are connected by harmonic springs. Since the cyclic polymer
resembles a necklace, its P points are also referred to as “beads”. The second term represents the interactions
of the nucleus. Note that only beads with the same imaginary-time index on different chains interact with
each other. The schematic illustration of the interaction pattern between two quantum particles is shown in
Fig. 1-1 [92].

Since it is usually difficult to obtain the analytical results of Z, caused by the complex interactions in
molecular systems, the numerical implement of Pl with finite number of beads P is quite necessary. The MD
or MC method could be applied to make sampling of the canonical ensemble. Next, the numerical evaluation

of PI will be realized through the MD approach. By recasting the prefactor in Z, as a set of Gaussian

integrals for py, ..., pn, the form of the classical canonical partition function will be obtained,

P N N
1.17
zo=| [T Jarkre [T ank - veexpi-prcs), (47
i=1 k=1 k=1

Where the effective potential takes the form,

P (1.18)
Hepp = ; om] +o

Here the parameter m’ appearing in Gaussian integrals is given by m’ = mP/(2rnh)?2. Note that the
index of m’ is from 1 to P, which is different from Eq. (1.15). Thus the equilibrium properties of quantum

system could be simulated using the classical equations of motion

dri _ OHerr _ P,

dt  dap, m; (1.19)
dp 6Heff miP 109
d_tl = o, wpe @ri =T —Tio1) — Por,’

The equations of motion could be integrated with a given initial state. If the system is ergodic, the



averages of estimators over these ergodic trajectories could give the corresponding thermodynamical
properties of the quantum system.

For example, the average of total energy <E> could be obtained through a primitive estimator,

10Zp
Zp 0p

3NP . . .
:—+< zz thﬁz (rl+1 r§<)2+FZV(rll,~-,r§V) >
i=1

On the other hand, it is better to make the energy estimator be independent of number of beads P for

<E >primitive
(1.20)

numerical calculations. Thus the virial estimator [76, 93] for total energy could be used,

N P
1 1, 1.21
<E >virial= E z ZE - rk) Vl V(rl"' rN) += z V(Tl, rN) > ( )
k=1i=1

i=1

For the simulation of molecular systems, it is reasonable to apply the Born-Oppenheimer (BO)
approximation to separate the electronic and nuclear motions. The electronic ground state potential and its
derivative could be evaluated by ab initio MO calculations. Then the nuclear motion could be simulated on
the electronic ground state potential surface within the framework of PI presentations. This method called as
ab initio path integral (AIPI) technique, which are discussed in detail in [70, 74, 75, 94, 95]. With the
increasing development of modern parallel calculation technique, the PI formulation has been successfully
implemented into the molecular systems with light mass atoms [92].

From the numerical point of view, finite number of beads P is applied. The above obtained partition
function and the corresponding effective potential are retained to the second order expansion of Eq. (1.6) by
Trotter theorem. High-order Pl schemes have also been discussed in [77, 96, 97]. However, additional
calculations for Hessian matrix are required, which may dramatically increase the computational cost. Thus
the second order PI scheme is applied in my study. On the other hand, the normal mode transformation could
be applied to the coordinate r to decouple the coupling terms in the effective potential [78, 98-101]. The
transformation increases the efficiency of simulating the ergodicity of the system. The NoséHoover chain
technique [102-105] is applied to control the temperature of the canonical ensemble. The flow chart of the

PIMD algorithm is shown in Fig. 1-2.



1.3. The contents of the thesis

There have been AIPI simulations with respect to the geometric isotope effects on fluoride ion water
clusters in the previous study [97]. However, the chloride ion water clusters show quite different structural
feature from the case of fluoride due to its relative weaker ionic hydrogen bonds, which are close to the
water-water hydrogen bond interactions. Thus, in this thesis, | applied classical MD and PIMD simulations
to study the nuclear quantum effects and geometric isotope effects on the ionic hydrogen bonded structures
of small halide-ion-water clusters. The thesis is organized as follows.

In the chapter 2, the optimized geometries and stabilization energies of fluoride and chloride ion water
clusters are compared between semi-empirical methods and high-level ab initio/DFT calculations. Despite
the successful application of ab initio/DFT PIMD simulations into small charged clusters, it is still a
forbidden task for systems with large size or with floppy structures, which require long simulation time to
reach statistical convergence. As a compromise solution, the semi-empirical potentials could be applied for
the sake of calculation efficiency. First, the global minima structures are examined. For X=F, the
semi-empirical PM6-DH+ method shows that the global minima are close to HF(OH) (H,0),.1 structures,
which are different from ab initio/DFT calculations. However, the topological characteristics for the global
minima of X=Cl obtained by semi-empirical method have the same symmetries with ab initio/DFT
calculations. On the other hand, the PM6-DH+ method show consistent results of stabilization energies with
high-level ab initio/DFT calculations as well as the corresponding experiments for both X=F and CI. Thus it
is reasonable to use PM6-DH+ potential to investigate the nuclear quantum effects and geometric isotope
effects on CI'(H,0), clusters by comparison of classical MD and PIMD simulations.

In the chapter 3, the nuclear quantum effects on the rearrangement of single and multi hydration shell
structures of CI'(H,O)14 clusters are discussed. According to the previous studies, the structures of F (H,0)14
clusters are vibrating near the local minimum of potential energy surfaces, which is due to the formation of
strong ionic hydrogen bonds. However, the CI'(H,0);.4 clusters show quite different behavior, since their
structures are rather flexible and the rearrangement of ion-water and water-water hydrogen bond network is
quite frequent within the simulation time. First, to show the rearrangement of single and multi hydration
shell cluster structures, the r'(Cl...0O) coordinate is selected at each time step, which stands for the longest
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r(Cl...0) distance in CI'(H,O), clusters (n>2). The r'(Cl...0) distance, which is larger than ro, can be viewed
as an intuitive proof for the existence of multi hydration shell cluster structures. The results show that the
probability for the multi shell structures is increasing with cluster size. Second, to describe the changing of
bonded H* atom to the chloride ion, I define a new coordinate 6. For the two hydrogen atoms H; and H; in
the same water molecule of the first hydration shell, 6 represents the relative position of H; and H, atoms
pointing towards the chloride ion. Since larger 6 corresponds to stronger ionic hydrogen bond, it could be
viewed as a measure of ionic hydrogen bond strength. The correlations between 6 and other cluster vibration
motions are also discussed with an emphasis on nuclear quantum effect. The results indicate the vibration
motions affected by the ion are weakened by nuclear quantum effect, which results from the preference of
water-water hydrogen bond interactions by quantum simulation.

In the chapter 4, the geometric isotope effects on CI'(H,O), clusters are discussed through carrying out
classical MD and PIMD simulations. The geometric isotope effects are shown to be important in
hydrogen-bonded systems, since strong quantum behavior is exhibited for the light atom at low temperature
or even at room temperature. First, | show the geometric isotope effects on structural rearrangement of single
and multi hydration shell cluster structures. The proportion of single/multi shell structures is
decreased/increased for quantum simulations of H and D in comparison of the corresponding classical
simulations. However, it is interesting to find that the results of D(qu) are more favored than H(qu) for multi
shell structures. The results indicate D(qu) favors water-water hydrogen bond network, which are due to the
decrease of zero-point energy (ZPE) corrections by heavier mass of D. Next | show the geometric isotope
effects on the two competitive nuclear quantum effects. The intramolecular zero-point energy effect tends to
stabilize the hydrogen bond network, while the intermolecular nuclear quantum effect disrupts the hydrogen
bond network. Thus they are discussed in the intramolecular r(O-Y*) stretching and intermolecular ion-water
wagging motions for single and multi hydration shell structures, respectively. In addition, the geometric
isotope effects on the correlations between ion-water stretching motion and other cluster vibration

coordinates are discussed for single and multi shell structures, respectively.

Finally, I will draw the general conclusions in Chapter 5.
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Table 1-1 Classification of strong, moderate and weak hydrogen bonds and the

numerical values [56].

corresponding guiding

Types of hydrogen bond Strong Moderate Weak
Binding energy (kcal/mol*) 15~40 4~15 <4
H...Y (A) 1.2~1.5 1.5~2.2 >2.2
XHY (degree) 170~180 >130 >90
Example bonding type O-H"F O-H"O C-H"O

(*1kcal/mol=4.184KJ/mol)
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List of figure captions

Figure 1-1. Schematic illustration of the interaction pattern between two quantum particles within the

discrete path integral (P1) framework.
Figure 1-2. Flow chart of the PIMD algorithm. Here u and r represent the normal mode coordinate and real

space coordinate, respectively. The theoretical accuracy of the PIMD simulations depends on the choice of

molecular orbital (MO) level.
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Figure 1-1. Schematic illustration of the interaction pattern between two quantum particles within the

discrete path integral framework.
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Initialized PIMD simulation
Mass, position and velocities (in u)
Heat bath for temperature control

!

4 PIMD cycle
Do i=1, steps
Transform position (u =2 r)
Force calculation using MO method (in r)
Transform force (r =2 u)
Update the position and velocity (in u)

%nd do ¢ /

Statistical average
Bond length; bond angle

Figure 1-2. Flow chart of the PIMD algorithm. Here u and r represent the normal mode coordinate
and real space coordinate, respectively. The theoretical accuracy of the PIMD simulations depends on

the choice of molecular orbital (MO) level.
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Chapter 2. Semi-empirical Investigations on the Stabilization Energies
and lonic Hydrogen Bonded Structures of F(H,0), and CI'(H,0),

(n=1-4) Clusters

In this chapter, | utilized several semi-empirical methods to analyze the structures and stabilities of
X' (H20), (X=F, CI, n=1-4) clusters with respect to the number of water molecules, through comparing with
ab initio molecular orbital calculations. The results show that the recently developed semi-empirical
PM6-DH+ method can provide reasonable binding energies of hydrated fluoride and chloride ion clusters,
which are consistent with the corresponding experimental results. For the optimized geometries of X=F,
however, the semi-empirical methods show that the global minima are close to HF(OH) (H,O),.1 structures,
which are different from ab initio calculations. Meanwhile, the topological characteristics for the global
minima of X=ClI obtained by semi-empirical methods have the same symmetries as ab initio calculations. All
calculation levels agree on the trend of decreasing ion-water interactions with the increasing number of water
molecules. | also found a new local minimum structure of CI'(H,O), with a second hydration shell as a
complement of previous studies. Those are very important data for the studies of on-the-fly classical MD and

PIMD simulations in the following chapters.

2.1. Introduction

The ionic hydrogen bond, which has stronger intermolecular interaction than typical hydrogen bond,
plays significant roles in various biological and chemical processes [1-4], such as protein folding [5] and
molecular recognization [6, 7]. Meanwhile, the ionic hydrogen bonded structures provide a powerful lens
through which the important phenomena of ion hydration could be further understood [8-11]. Intensive
studies [12-15], with experimental techniques [8, 16-22] and theoretical approaches [23-39], have been
focused on the detailed structures of the hydrated halide ion clusters.

Experimentally, the formation enthalpies of small hydrated halide ion clusters in the gas phase have

been studied by using pulsed electron beam high-pressure mass spectrometer [21]. Diffraction studies [22]
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have provided limited structural information on these clusters, for example, the average distance between
fluoride/chloride and oxygen is 2.6~2.9A/3.1~3.5A. Recently, vibrational spectroscopy using argon
predissociation technique has provided more abundant structural information about the fundamentals and
first two overtones for X'(H,0), (X=F, Cl, n=1-4) clusters [8, 16-18].

On the other hand, to understand the ion hydration at molecular level, intensive theoretical works have
focused on the structures and binding energies of hydrated ion water clusters [23-26]. For example, Kim and
co-workers reported various local minima and transition state structures for these clusters with n=1-6 through
high level ab initio MO calculations [23-25]. A recent study by Kamp et. al. has studied the solvation of
fluoride and chloride ion water clusters with n<20 by using the effective fragment potential (EFP) method
and Monte Carlo simulations [26]. In addition, other theoretical efforts, such as
guantum-mechanical/molecular mechanical (QM/MM) [28] and molecular dynamics (MD) with potential
including polarization term [29, 30], are also devoted to these clusters. The interaction potentials are
essential to the theoretical studies and high level ab initio calculations are considered to be the most reliable.
However, due to the bottleneck of computational limitations, it is formidable to use such expensive potentials
to deal with the energetics and geometries of these clusters with respect to large number of water molecules.

As an alternative solution, semi-empirical potentials have been successfully applied into various
systems with extremely cheap computation cost [40, 41]. Recently, the PM6 semi-empirical potential [42, 43]
has been successfully applied into the quantum chemistry study of neutral hydrogen bonded systems, such as
glycine-water clusters [44] and hydrogen storage material MOF-5 [45]. The PM6 results show reasonable
accurate structures and stabilization energies compared to high level ab initio calculations. More recently,
new semi-empirical potentials of PM6-DH [46], PM6-DH+ [47] and PM6-DH2 [48], which improve PM6 by
including two important corrections of dispersion energy and hydrogen bonding, have shown promising
results for extended hydrogen bonded complexes. To the best of our knowledge, however, there is still no
report on ionic hydrogen bonded systems with PM6 or PM6-DH+ semi-empirical potentials.

In this chapter, thus, | apply the semi-empirical potentials to X (H,O), (X=F, Cl, n=1-4) clusters for
investigating the various possible geometries. On the other hand, ab initio MO and density functional theory
(DFT) methods are also utilized to examine the performance of the semi-empirical potentials, with respect to
the dependence of the number of water molecules on the energetics and geometries of the ionic hydrogen
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bonded clusters.
Those are very important data for study of on-the-fly classical MD and PIMD simulations, as shown in

the following chapters.

2.2. Computational details

First, | have explored the optimized energies and geometries of X'(H,0), (X=F, CI, n=1-4) clusters by
semi-empirical PM6. Then two modified semi-empirical methods, PM6-DH+ and PM6-DH2, were also
applied to these clusters. PM6-DH+ was applied to examine both the energies and geometries of the clusters.
However, due to the limitation on geometry optimizations of PM6-DH2 [48], | examined the interaction
energies of PM6-DH2 on basis of the optimized geometries from PM6. All the semi-empirical calculations
were performed using MOPAC2009 program package [49].

On the other hand, I have examined the above obtained semi-empirical results by applying ab initio MO
and DFT calculations for such ionic hydrogen bonded systems. The ab initio calculations were performed
with Hartree-Fock (HF) and second order Mdler-Plesset perturbation theory (MP2) [50] including electron
correlations. The DFT scheme utilized the Becke’s three parameters hybrid method using Lee-Yang-Parr
correlation function (B3LYP) [51, 52]. The aug-cc-pVDZ basis set was used for all methods for comparison.
Of the above mentioned theoretical levels, MP2 is usually considered to be the most reliable method, while it
requires the most computational cost. The computations were performed using the Gaussian 09 program

package [53].

2.3. Results and discussion

The schematic illustrations of optimized structures for X (H,O);., are shown in Fig. 2-1. Here X refers
to F or Cl. These topological structures obtained from semi-empirical calculations are consistent with ab
initio calculations. In addition, the global minimum structures of fluoride clusters, which are optimized by
only semi-empirical methods, are shown in Fig. 2-2. The binding energies for fluoride and chloride anion

water clusters are listed in Table 2-1 and Table 2-2, respectively. The binding energy is defined as
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AE = (Ex. + NE¢0) ) - Ex20m, (2.1)
where E; refers to the optimized energy of species Z. The selected bond lengths and bong angles, which
represent the ionic hydrogen bond strengths of X (H,0):.4 clusters, are shown in detail at Table 2-3 and Table
2-4 in supplementary data for X=F and X=ClI, respectively. In addition, the values and directions of the
imaginary frequencies of the corresponding transition state structures are shown in Table 2-5 and Fig. 2-5,
respectively.

I will focus on the performance of semi-empirical methods on the optimized geometries and binding
energies of X(H,0), clusters with respect to the increasing water number, through comparing with ab initio

and DFT calculations.

2.3.1. Fluoride anion water clusters

In the F/(H,0O) cluster, the stable structure takes Cs symmetry and the transition state takes C,, symmetry
for all calculation methods. The potential barrier height between the transition state and stable structure is
7.7kcal/mol at PM6 level with zero point vibrational energy (ZPE) correction, which is exactly the same as
MP2 level. We note here that the PM6-DH+ and PM6-DH2 show the same stabilization energies as PM®.
The ionic hydrogen bonded structures of F(H,0), are exhibited through r(F...Hpe), r(F...O) and 6(F...H-O).
In comparison with C,, structure, the semi-empirical results show that the r(F...H.e) of Cs structure is
shorter and O(F...H-O) is much larger, which agree well with other calculation levels (see Table 2-3 for
details). The results indicate that the ionic hydrogen bond strength in stable structure is stronger than that in
transition state structure. However, r(F...O) of C; structure is slightly longer for the semi-empirical methods,
which is just on the contrary at higher calculation levels. Here we have to mention that the r(F...Hnear)
predicted by PM6-DH+ (1.165A) is much shorter than that of MP2 (1.413A). The optimized F...H and
H...O distances in isolated HF and H,O molecules are 0.966A and 0.949A at PM6-DH+ level, respectively.
Thus, the global minimum would be close to HF(OH") structure. (See Fig. 2-2)

In the case of F(H,O),, ab initio calculations show that stable and transition state structures take C, and
C,, symmetries, respectively. The potential barrier height between these two structures is 0.2kcal/mol at MP2
level with ZPE correction. The energy barrier is quite small in comparison of F(H,O) cluster, which indicates
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the frequent changes of cluster geometry under certain thermal fluctuations. The semi-empirical methods can
also provide such small energy difference (no more than 0.1 kcal/mol) between C, and C,, structures.
However, the preferred global minimum structure by semi-empirical methods takes C; symmetry, rather than
C,symmetry by ab initio calculations. The results indicate that the water-water interaction in F(H,0), is not
well estimated by semi-empirical methods. In addition, the 2(C,,) of F(H,O), structure is shown to be a
saddle point with the smallest binding energies by semi-empirical as well as ab initio and DFT calculations.
The 2(C,p) structure was optimized as a saddle point by MP2/6-311++G** and MP2/TZ(2df, pd)++ in ref
[24], however, by using a larger basis set of aug-cc-pVDZ in this work, it is shown to be a transition state at
MP?2 level and to be a local minimum at HF and B3LYP levels. The semi-empirical methods support that it is
a saddle point structure. On the other hand, the geometry differences of C,, C,, and C,, structures, such as
r(F...Hnea), (F...O) and O(F...H-O), are very close for both semi-empirical and ab initio calculations. The
results imply that the ionic hydrogen bond strengths in these geometries are very close. Similar as the case of
n=1, short r(F...Hnex) is predicted by PM6-DH+ (1.087A), the C; structure is probably HF(OH)H.0.

In the case of F(H,0)s, ab initio calculations show that stable structures take C; and Cs symmetries and
Cj; structure is more stable. It is interesting from the ab initio results that when ZPE are included, the energy
of the transition state with Cs, symmetry could be even lower than that with C; symmetry. Unfortunately, this
important indication could not be well supported by PM6 or PM6-DH+. Instead, the most stable C; structure
of F(H,0); optimized by semi-empirical methods takes a planar structure similar to Cg,. What differs with
Can symmetry is that the fluoride ion locates outside, rather than the inside of the cluster. The semi-empirical
results show that the binding energy of Cs structure is higher than that of C; structure, which may result from
the overestimation of water-water interactions. On the other hand, in agreement with ab initio results,
semi-empirical methods show that r(F...Hqe) Of Cs structure is the shortest in F(H,O)s clusters, which is
followed by Cs, and C; symmetry. The largest r(F...O) also appears in Cs, structure at PM6 level, while
other higher calculation levels favor Cs structure. The largest 6(F...H-O) appears in C; structure at PM6 level,
while other higher calculation levels prefer Cz, symmetry. The C; structure, which optimized through
PM6-DH+ method, has a very short F...H distance (1.063A). The results indicate that the structure of
HF(OH")(H,0); is probably formed instead of F(H,O);. However, the ab initio calculations do not support
these results. In addition, both the semi-empirical and ab initio calculations show that due to the formation of
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second hydration shell in C, structure, shorter r(F...Hn) and larger 6(F...H-O) are obtained in comparison
with C; symmetry. The results indicate that the ionic hydrogen bond strength in structures with second
hydration shell is stronger than that in single hydrogen shell structures, when the water molecule number
included in the cluster is the same. More interestingly, the ionic hydrogen bond strength in C; structure of
F(H,O)sis stronger than that in C, structure of F (H,0),. The result indicates that the ionic hydrogen bond
strength is strengthened when additional water molecular is connected via water-water interaction.

In the case of F(H,0),;, PM6 and PM6-DH+ show that the most stable structure takes C, symmetry and
F" locates at surface of the clusters. However, in the global minimum optimized by HF and B3LYP, Fis in
the middle of the cluster with C, symmetry. Besides, MP2 favors C, symmetry with 0.4 kcal/mol binding
energy higher than C, symmetry. The binding energy of C; structure by PM6-DH+ is closer to MP2 in
comparison of PM6. However, the binding energy differences between C;and other symmetries by PM6 or
PM6-DH+ are greater than 6kcal/mol, comparing with the differences less than 2kcal/mol by MP2. Since the
energy differences between the stable configurations are quite small at MP2 level, the cluster tends to be
delocalized and have the coexistence of several configurations. However, the semi-empirical results indicate
a more localized structure of Cysymmetry. In this structure, F...H distance (1.040A) at PM6-DH+ level is
close to the isolated HF bond distance (0.966A). Thus, the structure of HF(OH")(H,0)s is probably formed.
From the results of ab initio and DFT calculations, the longest r(F...Hges) and r(F...O) appear in the
transition state structure with C; symmetry. And the largest and smallest 6(F...H-O) appear in C4, Symmetry
and C; structure, respectively. However, the semi-empirical results show that the longest r(F...Hps) and
r(F...O) appear in C; and Csstructure, respectively, while the largest and smallest 6(F...H-O) both appear in
C, structure. Similar to the case of n=3, ab initio and DFT calculations agree that the shortest r(F...Her) and
r(F...O) appear in C, structure, which indicates that the strongest hydrogen bond exits in a second hydration
shell structure.

As the water molecular molecules in F'(H,0), clusters increases from 1 to 4, the semi-empirical
methods represent reasonable binding energies of the global minima. However, PM6-DH+ and PM6
probably favor a optimized global minimum structure of HF(OH")(H;0),.1. As n increases from 1 to 4, the
F...H distance in the global minimum structure is getting closer to the HF bond distance. (See Fig. 2-2)
Similar structures have been optimized by the EFP method as local minima, while they are not global

.24-



minima on the potential energy surface. However, HF(OH")(H,0),., structures are not optimized by ab initio
or DFT calculations. As shown in Fig. 2-3, the ab initio and DFT calculations show that as n increases from
1to 4, r(F...Hns) and r(F...O) distances of the stable configurations with only one hydration shell increase,
and 6(F...H-O) angle decreases. The results imply that the ionic hydrogen bond strength is decreasing with
the increase of cluster size. However, the opposite trend emerged for semi-empirical methods. The
semi-empirical methods are sufficient to show that the ionic hydrogen bond strength is enhanced when the
second hydration shell forms, comparing with the structure without the additional water molecular. However,
the semi-empirical methods are not accurate enough to study the structures of small fluoride ion water

clusters, where strong ionic hydrogen bond exists.

2.3.2. Chloride anion water clusters

In the CI'(H,O) cluster, all calculations show that the most stable structure takes C; symmetry. The
semi-empirical methods also show C,, symmetry to be a local minimum, though it is supposed to be a
transition state by ab initio and DFT calculations. The energy difference between Cs and C,, symmetries is
0.4kcal/mol at PM6-DH2 level with ZPE correction, which is slightly lower than that of 1.3kcal/mol at MP2
level. The small energy barrier indicates that the cluster geometry is very flexible. In comparison with C,,
structure, Cs structure shows shorter r(Cl...Hps) and r(Cl...O) and much larger 6(Cl...H-O) by all
calculation levels (see Table 2-4 for details). The results indicate that the ionic hydrogen bond of CI'(H,0) is
stronger in asymmetric Cs structure than that of symmetric C,, structure.

In the case of CI'(H,0),, semi-empirical methods show that the stable and transition state structures take
C; and C, symmetry, respectively. The results are compatible with ab initio and DFT calculations. The
potential barrier height is 1.7kcal/mol at PM6-DH2 level with ZPE correction, which is higher than that of
0.1kcal/mol for MP2 level. Such small energy difference indicates that the delocalized cluster geometry
varies easily under certain thermal fluctuations. The 2(C,,) and 2(C,,) for CI'(H,O), structures are not
obtained by semi-empirical calculations. In addition, the 2(C,,") structure is optimized as a local minimum by
semi-empirical calculations, while it is a saddle point structure for ab initio and DFT methods. Despite the
underestimation of 6(Cl...H-0) for C, structure, the semi-empirical methods could present the same trend as
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ab initio and DFT methods that the bond lengths of r(Cl...Hpe) and r(Cl...0O) in C, structure are close to the
average of two in C; structure. The results imply that the ionic hydrogen bond strength of transition state C,
structure is between the two ionic hydrogen bond strengths of local minimum C; structure.

In the case of CI'(H,0)s, all calculations show that the most stable structure takes C; symmetry. By
including ZPE correction, it is found that PM6-DH+ and PM6-DH2 could present binding energies very
close to MP2 as well as experimental results. From the geometry point of view, the semi-empirical PM6 and
PM6-DH+ show that the shortest r(Cl...0) in CI'(H,O)sclusters is in C, structure, which is consistent with ab
initio and DFT methods. The higher calculations also show that shortest r(Cl...H,e) and largest 6(Cl...H-O)
are in C; structure, while it takes C; symmetry by semi-empirical method. The higher calculation results
indicate that the ionic bond strength is weakened in sequence of Cs, Ca, and Cs structure. However, the
semi-empirical method PM6 or PM6-DH+ do not show the clear tendency.

In the case of CI'(H,O),, the semi-empirical methods show that the most stable structure takes C,4
structure, which is consistent with higher calculation results without ZPE corrections. When considering ZPE
corrections, B3LYP shows that the C, structure becomes the most stable, while HF and MP2 still favor C,
structure. The PM6 and PM6-DH+ methods show that the shortest r(Cl...Hpe) and r(Cl...O) and largest
0(Cl...H-0) come up in the second hydration shell C,' structure. The results are consistent with the other
calculations and indicate that the strongest ionic hydrogen bond exits in the second hydration shell structure
of CI'(H20)4. The longest r(Cl...Hes) and r(Cl...0) appear in Cs structure for semi-empirical methods and in
C, structure for higher calculations, respectively. The smallest 6(Cl...H-O) is obtained in the stable structure
with C, symmetry for all calculations. Here we note that C' structure of CI'(H,0), is reported here for the
first time. It is a different configuration from C; structure found previously. In C4' structure, it is interesting
that strength of the single ionic hydrogen bond is stronger than that of other two symmetric ionic hydrogen
bonds, while it is contrary to the case of C structure. This new local minimum obtained from PM6 and
PM6-DH+ methods could be verified through ab initio and DFT results.

The binding energies and topological characteristics of the global minimum structures presented by
PM6 and PM6-DH+ are in good agreement of other ab initio and DFT results. Thus it is reasonable to apply
semi-empirical methods on CI'(H,O), clusters for on-the-fly MD studies from both energetic and geometric
considerations. Due to the complex coupling of ion-water and water-water interactions, the ionic hydrogen
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bond strength is strengthened by the formation of second hydrogen shell. As the number of water molecules
in CI'(H,0), cluster increases from 1 to 4, the tendency of weakening the ionic hydrogen bond strength with
the increasing number of water molecules could be obtained both from semi-empirical and ab initio and DFT
calculations (See Fig. 2-4). We note that the mean values of r(Cl...H) and 6(Cl...H-O) are adopted for cases
of structures with more than one ionic hydrogen bonds. Especially for Cl...H distances, PM6-DH+ shows

better results than PM®6 as n increases in comparison with MP2.

2.3.3. Comparison of fluoride and chloride clusters

For both fluoride and chloride clusters, PM6-DH+ could substantially improve the binding energies of
PM6 in comparison with experiments as well as MP2 results. The semi-empirical methods are sufficient to
show the well-known results that the binding energy of fluoride cluster is larger than that of chloride one
with similar geometries.

From the geometry point of view, the optimized geometries by PM6 and by PM6-DH+ show little
distinction for both X=F and X=CI. The results show that HF(OH) (H,0),.; structures are probable to be
global minima for X=F. However, the ab initio and DFT results all show that F prefer to locate inside of the
small F(H,0O), clusters. The strong ion-water interactions are dominated in these clusters, while they are not
well estimated by PM6 or PM6-DH+. On the other hand, the semi-empirical results show that it is quite
ubiquitous to find the cooperation of ion-water and water-water interactions in CI'(H,O), clusters. The results
are compatible with ab initio and DFT calculations and that the global minima take the same topological

characteristics.

2.4. Summary

I have performed the semi-empirical calculations to analyze the stabilization energies and ionic
hydrogen bonded structures of X (H,0), (X=F, CI, n=1-4). The results were also compared with high level ab
initio and DFT calculations.

For fluoride and chloride clusters, the stabilization energies by PM-DH+ are better than those by PM6
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in comparison with MP2 as well as experimental results. On the other hand, PM6-DH+ presents tiny
differences in optimized geometries from PM6. In the case of X=F, the optimized global minima are more
probable to take HF(OH)(H,0),.1 structures, which are not supported by ab initio or DFT calculations. The
results may be due to the fact that the strong ion-water interactions are not well estimated by PM6 or
PM6-DH+ methods. However, the optimized global minima for X=CI present the same topological
characteristics as MP2, which take C,, C,, C3 and C,symmetries for n=1-4, respectively.

As the number of water molecules increases, the ionic hydrogen bond strength becomes weaker for
X'(H20), clusters. The ionic hydrogen bond strength of fluoride cluster is stronger than that of chloride
cluster with similar geometry. It is interesting to find that the emergence of the second hydration shell
enhances the ionic hydrogen bond strengths, comparing with the structure that without the additional water
molecular. Meanwhile, | have reported new stable structure of CI'(H,O),with C,' symmetry with the second
hydration shell. The aforementioned conclusions obtained from semi-empirical methods have been verified
by ab initio and DFT calculations.

The study of on-the-fly classical MD and PIMD simulation with PM6 or PM6-DH+ potentials will be

shown in the following chapters.
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Table 2-1 Binding energies (kcal/mol) of fluoride anion water clusters

) . PM6 PM6-DH+ PM6-DH2 HF/aug-cc-pvVDZ |B3LYP/aug-cc-pVDZ MP2/aug-cc-pVDZ
F(H,0), |Experiment

AE AEsxe IF | AE AE,: IF| AE AE,e IF| AE AEse IF| AE  AEze IF| AE AEgpe IF
1(Cy) 233 245 230 0 |246 230 0 |246 230 O 23.6 222 0] 273 265 0 ]268 260 O
1(Cy) 168 153 1 ]168 153 1 ]J168 153 1 18.0 167 1| 196 186 1 ]|194 183 1
2(C,) 360 328 1 361 330 1|32 331 1 42.9 394 0] 481 453 0 |481 450 O
2(Cy) 32 329 1 |33 329 0|33 330 0 42.7 394 1| 477 452 1 |475 448 1
2(Cyy) 42.5 311 281 3 |312 282 3 |312 282 3 33.7 3.1 3] 361 339 3361 339 3
2(Cyp) 363 331 3 |34 332 2|34 332 3 42.9 396 0] 478 452 0 |476 449 1
2(Cy) 435 393 0 |465 418 0 |498 450 O - - - - - - - - -
3(C3) 485 425 2 |512 442 2 |507 443 2 59.0 527 0] 648 597 0 |669 604 O
3(Cy) 578 51.1 45.9 1 56.1 481 1 |542 487 1 56.5 49.9 0] 641 58.1 0 ] 654 593 O
3(Can) 448 415 3 |452 419 3 |452 420 3 58.9 535 1] 648 600 1 |653 604 1
3(Cy) 572 507 0 |666 571 O |657 587 O - - - - - - - - -
4(C,) 706 622 0 |8.0 700 O |85 746 O 72.8 643 0] 791 709 0 |822 737 O
4(C,) 618 548 0 |666 588 2 |650 573 3 72.5 643 0] 786 709 0 |811 732 O
4(Cy) 217 59.7 511 3 |66.2 553 3 |640 550 3 72.0 63.1 0] 780 692 0 |822 728 O
4(Cy) 634 558 1 |716 618 1 |686 598 1 715 619 0] 799 707 0 |85 741 O
4(Cy) 60.7 539 1 |660 582 1 |643 570 1 72.0 63.7 0] 776 699 1 ]801 722 1
4(C4p) 523 478 6 |532 488 5 |533 488 5 71.6 639 2| 774 704 2 | 797 728 5

AE and AEzpe represents for the binding energies without and with ZPE corrections. IF represents the number of imaginary frequencies. The experiment values are

taken from Ref. [22].
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Table 2-2 Binding energies (kcal/mol) of chloride anion water clusters

) . PM6 PM6-DH+ PM6-DH2 HF/aug-cc-pvDZ B3LYP/aug-cc-pVDZ MP2/aug-cc-pvVDZ
CI'(H,0), |Experiment

AE AEz e IF| AE AEzy IF AE  AEze |IF AE AEzpe IF AE AEzpe IF AE AEze IF
1(Cs) 14.7 153 142 (0| 153 142 0| 153 142 O 11.8 10.5 0 14.3 13.2 0| 147 185 0
1(C ) 15.4 138 (0] 155 139 (| 154 138 0 11 10 1 12.5 11.6 1] 131 122 1
2(Cy) 30.1 265 (0322 281 (| 315 277 0O 23.5 19.8 0 28 24.5 0] 29.8 262 0
2(C») 29.1 256 11295 259 1) 297 260 1 23.1 19.7 1 27.5 24.4 11 293 26.1 1
2(C ) 27.7 - - - - - - - - - 22.4 19.8 2 26.6 24.2 21 27.6 252 3
2(C,) - - - - - - - - 22.3 19.8 3 26.6 24.2 21 277 25.2 2
2(C,y) 29.6 263 (0] 297 262 (0| 297 264 0 21.0 19.0 4 23.4 21.6 51| 24.9 23.1 4
3(C3) 442 376 (0| 488 408 (| 472 404 0 35.4 28.8 0 42 35.4 0] 46.1 394 0
3(Cs) 39.5 416 354 (0| 470 368 1| 443 370 1 33.9 28 0 40.9 35.2 0] 43.5 376 0
3(C3p) 417 36.7 3| 420 371 3| 420 371 3 32.1 28.2 1 37.8 34.2 11 39.6 36 1
4(C»,) 542 466 (0| 582 478 2] 563 482 2 43.1 35.8 0 50.2 43 0] 54.5 472 0
4(C,) 511 579 483 (| 677 525 (| 636 537 0 46.1 36.9 0 54.6 45.1 0] 60.8 51.1 O
4(C,") 540 460 (0] 637 525 (| 605 517 0 44 35.7 0 52.4 44.1 0] 57.5 49.1 0
4(Cy) 531 459 21609 498 2] 578 496 2 44.9 36.2 1 54 45.3 1] 593 50.4 1

AE and AEzpe represents for the binding energies without and with ZPE corrections. IF represents the number of imaginary frequencies. The experiment values are

taken from Ref. [22].
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Table 2-3. Comparison of selected optimized distances (A) and angles (degree) of fluoride anion water clusters.

F(H,0) PM6 PM6-DH+ HF/aug-cc-pvDZ B3LYP/aug-cc-pvVDZ MP2/aug-cc-pVDZ
2%)n

[(F***Hpew) 1(F+-0) O(F+*-H-O)|r(F+*Hyeer) r(F++-0) O(F++-H-O)r(F=**Hyear) r(F-+0) O(F*+-H-O)|r(F+**Hyes) 1(F++-0) O(F=+H-O)r(F+**Hyeer) r(F++-0) O(F-+-H-O)

1(Cy) 1.165 2.346 169.0 1.165 2.347 169.0 1.512 2.507 1741 1.403 2.462 176.7 1.413 2.469 176.8
1(Cy) 1.856 2.344 107.2 1.856 2.344 107.2 2.096 2.627 113.7 2.015 2.579 114.5 2.020 2.590 115.0

2(Cy) 1.370 2.383 156.5 1.371 2.383 156.4 1.596 2.573 173.3 1.516 2.536 176.1 1.527 2.543 173.7
2(Cy) 1.377 2.392 157.7 1.376 2.391 157.7 1.597 2.573 172.7 1.516 2.536 176.6 1.519 2.539 176.9
2(Cyy) 1.921 2.397 107.1 1.918 2.394 107.1 2.142 2.664 113.2 2.069 2.618 113.8 2.077 2.633 114.3
2(Cy) 1.378 2.397 159.0 1.379 2.396 158.7 1.595 2.572 173.4 1.518 2.535 175.6 1.523 2.540 175.9
2(Cy) 1.092 2.363 170.6 1.090 2.365 171.2 - - - - - - - - -
3.122 3.632 115.9 3.343 3.739 107.9 - - - - - - - - -

3(C,) 1.565 2.459 144.1 1.626 2.467 137.8 1.673 2.633 169.5 1.595 2.596 174.4 1.632 2.613 165.9
3(Csn) 1.513 2.468 153.8 1.511 2.467 154.0 1.661 2.629 173.9 1.591 2.594 176.1 1.589 2.592 176.8
3(Cy) 1.327 2.369 160.8 1.329 2.372 160.8 1.568 2.548 173.6 1.490 2.514 175.2 1.492 2.515 175.3
3(Cy) 1.064 2.380 170.7 1.063 2.383 171.8 - - - - - - - - -
2.929 3.802 153.3 2.896 3.738 148.3 - - - - - - - - -
3.276 3.595 102.3 4.135 3.870 67.2 - - - - - - - - -

4(Cy) 1.720 2.555 139.0 1.865 2.598 128.6 1.755 2.702 167.6 1.712 2.682 165.4 1.711 2.680 165.0
4(Cy) 1.327 2.372 161.7 1.325 2.371 161.7 1.702 2.661 171.6 1.631 2.623 172.2 1.620 2.613 172.4
2.820 3.484 127.6 2.829 3.474 125.8 1.763 2.708 166.7 1.724 2.690 164.6 1.731 2.692 163.5
4(Cy) 2.688 3.563 153.2 3.082 3.846 138.9 1.744 2.693 167.5 1.728 2.699 166.4 1.719 2.692 166.9
1.318 2.364 161.3 1.353 2.404 161.0 1.632 2.595 169.7 1.557 2.560 170.8 1.557 2.559 170.4
4(Cy) 1.050 2.395 175.4 1.040 2412 176.6 1.744 2.686 165.3 1.636 2.629 174.4 1.707 2.667 162.0
2911 3.800 156.1 2.949 3.803 150.3 1.755 2.694 164.4 1.716 2.674 161.8 1.713 2.670 161.5
3.036 3.716 129.7 3.452 3.871 109.6 1.738 2.685 166.9 1.707 2.668 162.3 1.687 2.656 164.7
3.231 3.602 105.6 4.319 3.990 63.6 1.714 2.672 171.2 1.695 2.663 164.2 1.636 2.629 174.2
4(Cy) 1.342 2.374 159.9 1.346 2.379 159.9 1.697 2.659 172.9 1.628 2.621 173.0 1.621 2.615 1734
2.820 3.485 127.6 2.820 3.480 127.2 1.808 2.745 164.8 1.771 2.726 162.5 1.762 2.720 163.0
4(Cyp) 1.640 2.578 155.2 1.639 2.578 155.5 1.728 2.689 174.9 1.667 2.658 176.7 1.656 2.648 177.1

34



Table 2-4. Comparison of selected optimized distances (A) and angles (degree) of chloride anion water clusters.

CIH.0 PM6 PM6-DH+ HF/aug-cc-pVDZ B3LYP/aug-cc-pVDZ MP2/aug-cc-pVDZ
(H:0) F(Cl++Hpear) r(Cl-+-0) 0(C1-+-H-OYr(Cl***Hyeq) r(Cl-+-0) 8(Cl---H-O)|r(Cl***Hyeq) r(Cl-+-O) 8(Cl---H-O)r(Cl***Hyear) r(Cl-+-0) 8(Cl---H-O)r(Cl***Hpeer) r(Cl-+-0O) 8(Cl---H-O)
1(Cy) 1.833 2.815 153.7 1.833 2.817 153.9 2.362 3.283 161.0 2.143 3.124 168.5 2.159 3.137 168.0
1(C,) 2.433 2.927 111.0 2.436 2.930 111.0 2.828 3.309 112.6 2.654 3.180 114.3 2.638 3.179 115.4
2(Cy) 1.692 2.757 160.8 1.668 2.750 162.0 2.318 3.244 162.1 2.122 3.102 167.8 2.128 3.105 167.3

2.580 3.319 133.9 2.765 3.474 131.3 2.543 3.420 153.3 2.372 3.281 154.1 2.366 3.277 154.4
2(Cy) 2.315 2.932 120.3 2.312 2.935 120.8 2.405 3.313 158.5 2.204 3.166 164.1 2.217 3.174 163.2
2(Cyp) - - - - - - 2.398 3.314 160.3 2.189 3.161 167.9 2.205 3.175 167.2
2(Cyy) - - - - - - 2.402 3.314 159.4 2.190 3.161 166.7 2.204 3.171 166.2
2(Cyy) 2.461 2.949 110.8 2.464 2.952 110.9 2.819 3.333 115.2 2.671 3.210 1155 2.658 3.205 115.9
3(C,) 2.243 2.946 127.6 2.299 2.950 123.3 2.479 3.357 153.1 2.322 3.232 153.8 2.308 3.222 154.4
3(Cy) 2.422 2.897 109.5 2.429 2.898 109.1 2.321 3.253 164.2 2.129 3.112 169.9 2.131 3.111 169.5
3(Can) 2.491 2.974 110.7 2.492 2.975 110.7 2.416 3.339 162.5 2.216 3.189 169.3 2.225 3.196 169.0
4(Cy) 2.334 2.958 121.3 2.411 2.951 114.8 2.540 3.408 151.7 2.411 3.294 150.0 2.375 3.268 151.3
4(Cy) 2.424 3.105 127.2 2.532 3.254 131.8 2.367 3.288 161.5 2.176 3.144 166.2 2.183 3.149 165.9

2.464 2.900 107.0 2.457 2.872 105.3 2.642 3.501 150.6 2.520 3.390 148.8 2.463 3.350 151.1
4(Cy) 1.569 2.730 172.0 1.551 2.713 160.0 2.233 3.188 172.7 2.079 3.066 170.4 2.077 3.063 170.8

2.664 3.473 141.8 2.795 3.504 131.2 2.506 3.389 154.3 2.327 3.251 156.6 2.308 3.235 157.2
4(Cy) 2.484 3.350 150.4 2.670 3.527 149.5 2.531 3.455 164.1 2.395 3.348 164.9 2.331 3.290 166.0

1.905 2.822 147.0 1.899 2.818 147.0 2.339 3.262 161.8 2.158 3.128 166.0 2.163 3.127 164.5
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Table 2-5. Negative frequencies (cm™) of the transition state structures

PM6 PM6-DH+ | PM6-DH2 | HF/aug-cc-pVVDZ | B3LYP/aug-cc-pvVDZ] MP2/aug-cc-pVDZ
1(C,y) -424.80 -424.80 -424.80 -479.73 -548.41 -535.84
2(C») -324.02 -328.22 -379.56 - - -
2(C,) -49.28 - - -64.91 -84.64 -118.67
F(H,0), 23(C on) - - - - - -22.57
(Cs) -88.62 -139.72 -112.98 - - -
3(Cap) - - - -22.80 -35.65 -48.32
4(Cy) -175.79 -151.30 -203.30 - - -
4(C;) -20.10 -18.78 -20.43 - -16.37 -14.44
1(C) - - - -230.04 -287.06 -289.97
2(C») -85.36 -122.11 -115.89 -119.46 -130.24 -136.81
CI'(H,0), 3(Cs) - -145.49 -12.60 - - -
3(Cap) - - - -24.60 -20.12 -
4(Cy) - - - -26.88 -37.07 -34.09
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List of figure captions

Figure 2-1. Optimized geometries of fluoride/chloride anion water clusters at MP2/aug-cc-pVDZ level. The

colors of green, red and white represent fluoride/chloride, oxygen and hydrogen atoms, respectively.

Figure 2-2. Optimized global minima of fluoride anion water clusters at PM6-DH+ level. The F....H and
H...O distances in each clusters are shown in black and pink color, respectively. The optimized F...H and
H...O distances in isolated HF and H,O molecules are 0.966A and 0.949A at the same calculation level,

respectively.

Figure 2-3. Comparison of semi-empirical and ab initio/DFT calculations on ionic hydrogen bonded
structure of fluoride anion water clusters. The horizontal axis represents the water numbers and the vertical

axis represents (a) F...H distance and (b) F...H...O angle.
Figure 2-4. Comparison of semi-empirical and ab initio/DFT calculations on ionic hydrogen bonded
structure of chloride anion water clusters. The horizontal axis represents the water numbers and the vertical

axis represents (a) Cl...H distance and (b) Cl...H-O angle.

Figure 2-5. Schematically illustrations of the vibration directions of negative frequencies of transition state

structures.
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Figure 2-1. Optimized geometries of fluoride/chloride anion water clusters at MP2/aug-cc-pVDZ level.
The colors of green, red and white represent fluoride/chloride, oxygen and hydrogen atoms,

respectively.
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Figure 2-2. Optimized global minima of fluoride anion water clusters at PM6-DH+ level. The F....H
and H...O distances in each clusters are shown in black and pink color, respectively. The optimized

F...H and H...O distances in isolated HF and H,O molecules are 0.966A and 0.949A at the same

calculation level, respectively.
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Figure 2-3. Comparison of semi-empirical and ab initio/DFT calculations on ionic hydrogen bonded
structure of flouride anion water clusters. The horizontal axis represents the water numbers and the

vertical axis represents (a) F...H distances (Angstrom) and (b) F...H...O angles (Degree).
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Figure 2-4. Comparison of semi-empirical and ab initio/DFT calculations on ionic hydrogen bonded
structure of chloride anion water clusters. The horizontal axis represents the water numbers and the
vertical axis represents (a) Cl...H distances (Angstrom) and (b) CI...H-O angles (Degree).
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Figure 2-5. Schematically illustrations of the vibration directions of negative frequencies of transition

state structures.
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Chapter 3. Path Integral Molecular Dynamics Study of Nuclear

Quantum Effect on Small Chloride Water Clusters of Cl (H;0) ;.4

In this chapter, the nuclear quantum effects, which play important roles on ionic hydrogen bonded
structures of CI'(H,0), (n=1-4) clusters, was explored by carrying out PIMD simulations. An outer shell
coordinate r'(Cl...0) is selected to display the rearrangement of single and multi hydration shell cluster
structures. By incorporating the nuclear quantum effect, it is shown that the probability for single shell
structures is decreased while the probability for multi shell structures is increased. On the other hand, the
correlations between changing of bonded H* atom to CI' (defined as &) and other cluster vibration
coordinates are studied. | have found that & strongly correlates with proton transfer motion while it has little
correlation with ion-water stretching motion. Contrary to 6(H-O-H*) coordinate, the correlations between &
and other coordinates are decreased by inclusion of nuclear quantum effect. The results indicate that the

water-water hydrogen bond interactions are encouraged by quantum simulations.

3.1. Introduction

lon solvation in aqueous solution, which is a fundamental process in atmospheric chemistry and
biochemistry, has attracted extensive attention of both theoretical and experimental studies [1, 2]. Specific
ion effect, which also called Hofmeister effect, has significant impacts on the properties of the solution [3, 4].
For instance, the sign, size and polarizability of ion have been proved to be the major factors over various
other possibilities to affect the cluster structures [5-8]. The simulations of monoatomic ion in small water
clusters have demonstrated that large halide anions such as CI', Br’, I have an increasing propensity of
surface solvation, while smaller halide anion F~ and cations prefer to reside in the interior of water clusters [9,
10].

The chloride ion is quite ubiquitous in nature and thus the structures of chloride ion water clusters have
attracted intensive attention. Perera et al. firstly presented the surface preference of CI” solvation in the

cluster composed of 20 water molecules by energetic considerations [11]. The subsequent photoelectron
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spectroscopy experiments supported the surface solvation of CI" from the energetic point of view [12].
Afterwards, more experiments have brought insights to the effects of ion-water and water-water hydrogen
bond interactions on the cluster structures. For example, Choi et al. [13] observed the hydrogen-bonded and
free OH stretching motion of CI(H,0), clusters with n up to 5 by vibrational predissociation spectroscopy.
Their results showed no water-water hydrogen bond interaction in n=2 and n=3, which were different from
ab initio predictions. However, the vibrational spectra using argon predissociation technique obtained by
Ayotte et al. [14-16] have proved the existence of water-water hydrogen bond interactions in n=2 and n=3 at
lower temperature. The temperature effect is thus considered to play important roles in understanding the
differences between the experiments and the corresponding electronic structure calculations including ab
initio MO and DFT methods [17-20]. These results show direct structural information of the clusters, such as
bond lengths and bond angles, which are inaccessible for experiments especially for large cluster size.

In addition to the previously mentioned static MO studies, some classical MD [5-10, 21-23]simulations
have also been performed. For example, Dorsett et al. probed the temperature effect on the hydrogen bonding
network of CI'(H,O), cluster [24]. The computed vibrational spectra show the trend of decreasing of
water-water interaction as temperature increases. Meanwhile, Tobias et al. reported results of Car-Parinello
MD simulations for CI'(H,O)e clusters with a focus on the importance of polarizable potentials on the surface
solvation of CI" anion by comparing with nonpolarizable models [22].

On the other hand, the nuclear quantum effect also plays important roles in such hydrogen bonded
systems [25-29]. However, up to now, there is little work on CI'(H,O), clusters which takes into account of
both nuclear quantum effect and temperature effect. Thus we apply PIMD simulation, which is a standard
treatment for investigating the quantum mechanical nature of nuclei [30-34], to study to ionic hydrogen
bonded structures of CI(H,0),.4 clusters. A cyclic chain polymer composed of classical quasi particles
(beads) is adopted to describe the quantum mechanical character of nuclei. The potential energy and its
derivatives are calculated “on the fly” using ab initio or DFT electronic structure methods. The accuracy of
PIMD simulation depends on the choice of potential level. The growing progress in computer power and in
parallelizing technigue has promoted the development ab initio PIMD calculations. However, it is still very
time consuming to use ab initio or DFT potential to study the present CI'(H,0)1.4 clusters, in which the

rearrangement of the hydrogen bond network happens frequently under thermal fluctuation.
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As a compromise solution, semi-empirical potentials have been successfully applied with less accuracy
but extremely cheap computation cost [35, 36]. For example, the PM6 semi-empirical potential has been
successfully applied into the quantum chemistry study of neutral hydrogen bonded glycine-water clusters
[37]. PM6 results show reasonable accurate structures and stabilization energies compared to ab initio
calculations. Recently, new semi-empirical potentials PM6-DH [38], PM6-DH+ [39] and PM6-DH2 [40],
which improve PM6 by including two important corrections of dispersion energy and hydrogen bonding,
have shown promising results for extended hydrogen bonded complexes.

Thus, in this work, | carried out PIMD simulations on the CI'(H;O),., clusters with semi-empirical
PM6-DH+ potential for sake of the computational efficiency. Then I explored the nuclear quantum effects on
the rearrangement single and multi shell structures of the clusters. On the other hand, the correlations
between the changing of bonded H* atom to CI and other cluster vibration motions, such as ion-water
stretching motion and proton transfer motion, were also discussed with an emphasis on the nuclear quantum

effects.

3.2. Computational details

Before starting PIMD simulations, it is very important to understand the features of ground state
potential energy surfaces (PES) of CI'(H,0)..4clusters. To this end, the energetics and optimized structures
by semi-empirical PM6-DH+ potential are compared with ab initio and DFT calculations. On the other hand,
since 1(Cl...0O) coordinates play important roles in structural rearrangement of the clusters, the comparison of
PM6-DH+ and MP2 potential energy surfaces along r(Cl...O) coordinates are presented for the CI'(H;0);-,
clusters.

The thermal structures of CI(H,O),.4 clusters are obtained by using standard imaginary-time PIMD
simulations on PM6-DH+ potential energy surface. In the path-integral formalism, a cyclic polymer chain
consisting of classical quasi particles is utilized to describe the quantum character of nuclei. Thermal
averages are calculated from time averages over fictitious molecular dynamics trajectories, which are
generated from the equation of motions described in the normal mode coordinate representation [41]. The
system temperature was controlled with a massive Nosé&-Hoover chain technique [42, 43].

At each time step, the potential energy and gradient values were directly obtained “on the fly” using the
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MOPAC2009 software package [44]. The PIMD run was performed with 16 beads at the temperature of T =
300 K. With time increment 3t = 0.1fs, the total time steps were ranged 10’. The Nosé&Hoover thermostat of

length 4 combined with the velocity Verlet algorithm was used to control the system temperature.

3.3. Results and discussion

3.3.1. Potential energy surfaces

Before classical MD and PIMD simulations, the binding energies and optimized ionic hydrogen bonded
structures of CI'(H,0),4 clusters by PM6-DH+ method are compared with MP2/B3LYP calculations and
corresponding experimental values. The schematic illustration of optimized structures of CI'(H,0);.4 clusters
are shown in Fig. 3-1. As shown in Table 3-1, the binding energies by PM6-DH+ method are consistent with
MP2/B3LYP results as well as experimental values. Topologically, PM6-DH+ method shows relative shorter
r(Cl...0) distances in comparison with MP2/B3LYP calculations, while r(Cl...H) distances are consistent for
PM6-DH+ and MP2/B3LYP calculations. On the other hand, the comparison between PM6-DH+ and MP2
methods on potential energy surfaces along r(Cl...O) coordinates are shown in Fig. 3-2. In Fig. 3-2(a) and
Fig. 3-2(b), the results show that the minimum position of r(Cl...O) coordinates by PM6-DH+ is relative
shorter than that by MP2, while the shapes of potential energy surfaces are relatively consistent. In Fig.
3-2(a), an extra local minimum for C,, structure at 2.925 A is presented by PM6-DH+ method. However, the
low energy barrier (0.2 kcal/mol) is negligible for classical MD or PIMD simulations at 300K. As shown in
Fig. 3-2(b), due to the asymmetric ionic hydrogen bonding in CI'(H,0), clusters, two minima are shown in
the potential energy surfaces, which correspond to the r(Cl...0;) and r(Cl...O,) distances in the optimized
CI'(H,0), structures, respectively. A peak appears at r,=2.926/3.172 A for PM6-DH+/MP2. The result means
1(Cl...0) and r(Cl...O,) are both equal to ryat the peak position. For the region in the figure that r(Cl...O)
distance is shorter or longer than ry, the potential energy surface along r(Cl...O;) or r(Cl...O,) coordinate is
lower, respectively. Thus, the r(Cl...O) coordinate shown in Fig. 3-2(b) represents r(Cl...O;) or r(Cl...0,)
distance when it is shorter or longer than ry, respectively. In addition, the peak height is 1.5/0.1 kcal/mol for
PM6-DH+/MP2, which could be easily jumped over by thermal effect and nuclear quantum effect, as shown
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later. Fig. 3-2(c) and Fig. 3-2(d) show the potential energy surfaces including the zero-point energies for n=1
and n=2, respectively. The zero points of potentials in Fig. 3-2(c) and Fig. 3-2(d) are selected to be the same
as Fig. 3-2(a) and Fig. 3-2(b), respectively. It could be seen that the potential energy surfaces are
significantly raised by zero-point energies. However, the sharp of the potential energy surfaces with
zero-point energy corrections are close to the ones without corrections. In addition, one important difference
by including zero-point energy corrections is that the r(Cl...O) distance in the minimum structures for n=1 is
shortened by about 0.1A for PM6-DH+ potential, as shown in Fig. 3-2(a) and Fig. 3-2(c). Despite the
optimized r(Cl...O) distances are about 0.3A shorter than the experiments, the shape of potential energy
surface by PM6-DH+ is in agreement with that by MP2, which could well reflect the floppy nature of the
cluster structures. Thus it is reasonable to use PM6-DH+ potential to investigate the nuclear quantum effects

on structural rearrangement of CI'(H,O), clusters by comparison of classical MD and PIMD simulations.

3.3.2. Structural rearrangement

The structures of CI'(H,0)..4 clusters are rather flexible and the rearrangement of ion-water and
water-water hydrogen bond network is quite frequent within the simulation time. It could be expected that
each geometrically equivalent coordinate would display the same statistical feature at the infinite time limit.
For example, the n r(Cl...O) coordinates in CI'(H,0), clusters (n>1) would show the same probability
distribution function (pdf). Thus, the average pdf of n r(Cl...0O) coordinates, which is written as r**(Cl...0O)
below, was calculated to show the average cluster structures (Fig. 3-3(a)). At the same time, the longest
r'(Cl...0) (Fig. 3-3(b)) and the shortest r(Cl...0) coordinates (Fig. 3-3(c)) at each time step were also picked
out to make comparison with the average value.

Unlike the well-known delocalization of the intramolecular covalent hydrogen bond stretching motion
[45], other cluster coordinates with heavier atoms may display localized distributions by including the
nuclear quantum effects [46]. Here the delocalization of the r(Cl...O) coordinate would be not so obvious as
r(O-H*) coordinate due to the heavier mass of Cl. On the other hand, the intermolecular ionic hydrogen bond
bending (6(Cl...H*-O)) becomes more localized by including the nuclear quantum effects. The asymmetric
ionic hydrogen bonded structures, which correspond to shorter r(Cl...O) distances, become more favorable
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than the symmetric structures. Thus the quantum distributions of r(Cl...O) coordinates become shorter and
more delocalized than the corresponding classical distributions.

It is shown in Fig. 3-3(a) that the average probability for one water molecule to reside in the first
hydration shell (r(Cl...O)< rp) is much larger than that in outer shells (r(Cl...0)> o). Atypical rqis selected
to be 3.9A by following a previous MD study [47]. It is found that the peak position of r***(Cl...0) remains
almost the same as the cluster size increases. The quantum PIMD simulations show slightly larger (<0.1 A)
peak positions than the classical MD simulations. The differences arise from the changing of effective
potential by incorporating the nuclear quantum effect.

To distinguish between single and multi hydration shell cluster structures, the r'(Cl...O) coordinate,
which stands for the longest r(Cl...0) distance in CI'(H,0), clusters (n>2) at each time step, was selected and
shown in Fig. 3-3(b). As no cluster dissociation occurred within the simulation time, the r'(CI...0) distance,
which is larger than ro, can be viewed as an intuitive proof for the existence of water-water hydrogen bond
interactions as well as the multi hydration shell cluster structures. In Fig. 3-3(b), the results show that the
probability for the second shell structures is increasing with cluster size. It is interesting that for n=4, the
probability of multi hydration shell structures is comparable to that of single shell structures. This feature is
not presented from the previous obtained pdf of r***(Cl...0). For each r(Cl...O) coordinate, the probability
of residing in outer shell is much smaller than that in the first shell. However, when we pick out the
r'(Cl...0) coordinate, any r(Cl...O) coordinates which resides in outer shell would make contributions to the
probability. Thus the out shell probability of r'(Cl...0) is larger than that of r*(Cl...O). These results
indicate that the important structural information may be covered by doing statistical average. In contrast to
trend of r**'(Cl...0), the first peak position of r'(Cl...0) is obviously increasing with the increasing cluster
size, which is resulted from the weakening of ionic hydrogen bond strength. Comparing with classical MD,
the quantum results show that the probability for single hydration shell structures is decreased while the
probability for multi shell structures is slightly increased. The results imply that the water-water hydrogen
bond interactions are encouraged by incorporating the nuclear quantum effect.

For the convenience of comparison, the coordinate r’(Cl...0), which represents the shortest r(Cl...O)
distance at each time step, was also selected and shown in Fig. 3-3(c). The results reflect the ion-water
stretching motion in the first hydration shell. In contrast to the trend of the outer shell, the peak positions of
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r’(Cl...0) coordinate get shorter as the cluster size increases. The results indicate that the ionic hydrogen
bonds in the first shell become stronger due to the cooperation of water-water and ion-water hydrogen bond
interactions. The quantum simulations show slightly shorter peak position values than the corresponding
classical MD ones due to the inclusion of the nuclear quantum effect. Since the pdf difference between n=3
and n=4 are quite small, an asymptotic pdf could be expected for n>4. The results imply that the water

molecules from outer shells would have little effect on the properties of the first shell.

3.3.3. Symmetric and asymmetric hydrogen bonding in the first shell

To describe the changing of bonded H* atom to the chloride ion, here we define a coordinate 8. For the
two hydrogen atoms H; and H; in the same water molecule of the first hydration shell, & represents the

relative position of H; and H, atoms pointing towards the chloride ion.
(5:|r(CI...Hl)—r(CI...H2)|, (3.1)

When 6=0, the two H atoms are symmetrically bonded to the ion. As § increases, one H atom becomes
non-bonded while the other H atom is still bonded to the ion. Then the coordinate & could be used to
recognize the symmetric and asymmetric hydrogen bonding structures in the first hydration shell. On the
other hand, since larger & corresponds to stronger ionic hydrogen bond, it could be viewed as a measure of
ionic hydrogen bond strength.

In Fig. 3-4, both classical MD and PIMD results show that the ionic hydrogen bond in the first
hydration shell is getting stronger with cluster size. The strengthening of ionic hydrogen bond is due to the
rising cooperation effect of ion-water and water-water interactions. The results are consistent with previous
presented r’(Cl...O) coordinate. Comparing with classical MD, quantum simulations show smaller
probability for symmetric hydrogen bond structures while larger probability for asymmetric ones. The results
indicate that the intermolecular ionic hydrogen bond bending (6(Cl...H*-O)) becomes more localized by
incorporating the nuclear quantum effects, which tends to weaken the ionic hydrogen bonds. On the other
hand, as an important feather of including the nuclear quantum effects, the intramolecular covalent hydrogen
bond stretching motion (r(O-H%*)) is delocalized, which tends to strengthen the water-water and ion-water

hydrogen bond interactions. The two aspects of the nuclear quantum effects contribute to the hydrogen
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bonded structures in a competitive manner. The water-water interactions are strengthened while the ion-water
interactions are weakened by including the nuclear quantum effects, thus the multi shell structures are more
favorable than the single shell structures of CI'(H,O), (n=1-4) clusters. Note that the peaks at 6=0 for
symmetric hydrogen bond structures from classical MD results are due to the utilization of semi-empirical
potential, in which the symmetric hydrogen bond is preferred due to an overestimation of coulombic
interaction. However, when the nuclear quantum effect is incorporated, the peaks for symmetric hydrogen
bond structures disappear. Instead, a broad distribution for 0<8<0.7 A comes up, which dues to the frequent

water wagging motion.

3.3.4. The correlations between 6 and other cluster coordinates

In this subsection, | would discuss the correlations between & and other cluster vibration coordinates.
The selected coordinates, such as ion-water stretching motions and proton transfer motions, are important in
the ionic hydrogen bonded cluster structures. Note that all the coordinates are selected within the first
hydration shell due to the definition of 6 in Eq. 1.

First, | show the correlation between & and ion-water stretching motion in Fig. 3-5. From the two
dimensional distribution, it is clearly shown that the peak of asymmetric hydrogen bonded structures
corresponds to a shorter r(Cl...O) distance, comparing with the one for symmetric hydrogen bonded
structures. By incorporating the nuclear quantum effect, the proportion for asymmetric hydrogen bonded
structures becomes larger in comparison of classical MD results. However, both classical and quantum
simulations show that there is little correlation between & and ion-water stretching motion. Thus it is
concluded that the changing of bonded H* atom has little effect on the ion-water stretching motion of the
clusters.

Next, | consider the correlation between & and proton transfer motion in Fig. 3-6. The classical MD
results show the r(O-H*) distances for symmetric structures is obviously smaller than the ones for
asymmetric structures. Correspondingly, due to the nuclear quantum effect, the distribution of r(O-H*)
coordinate is significantly broadened and the overlaps between symmetric and asymmetric structures appear

in the quantum simulation results. Both the classical MD and PIMD results show that the correlation between
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& and r(O-H*) coordinate is strong for n=1, while it is decreasing with cluster size due to the addition of
water-water hydrogen bond interactions. Besides, by incorporating the nuclear quantum effect, the
correlation is slightly decreased in comparison of classical results, which is due to the preference of
water-water hydrogen bond interactions by quantum simulations.

In addition, the cross correlation coefficients between & and other coordinate were shown in Table 3-2.
The coefficients were normalized to 1/-1, which means complete positive/negative correlation. The results
show that the coefficient between & and r(Cl...O) is almost half of the coefficient between & and r(O-H¥),
which is consistent with previous analysis. Contrary to the 6(H-O-H*) coordinate, the absolute value of
correlation coefficients between 6 and other coordinates are all decreased by inclusion of nuclear quantum
effect. The results indicate the vibration motions affected by the ion are weakened by nuclear quantum effect,
which results from the preference of water-water hydrogen bond interactions by quantum simulation.

Previous experimental vibrational spectra has provide indirect structural information for each vibration
mode of CI'(H,0); cluster [48]. For example, the experimental frequency of r(Cl...O) stretching motion is
210cm™, which is quite slow in comparison of r(O-H*) stretching motion (3130cm™). Together with the
previous 2 dimensional distribution analysis, it is concluded that the changing of bonded H* atom would be
much faster than ion-water stretching motion while it is comparable with proton transfer motion. When the
cluster size increases, since the coupling of vibration modes becomes more complex, it is very difficult get
information for each vibration mode from experimental spectra. However, the calculation results could

provide such information and similar trends as n=1 are clearly shown for n=2-4.

3.4. Summary

In this chapter, the nuclear guantum effect on the ionic hydrogen bonded structures of CI'(H;0)14
clusters is examined by carrying out classical MD and PIMD simulations.

An outer shell coordinate r'(ClI...0) is picked out to distinguish between single and multi shell structures
and to display the rearrangement of the cluster structures. The proportion of the multi shell structures is

increasing with cluster size. When n=4, the proportion of single and multi shell structures are very close. By
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incorporating the nuclear quantum effect, it is shown that the probability for single hydration shell structures
is decreased while the probability for multi shell structures is slightly increased.

As the cluster size increases, it is interesting to find that the ionic hydrogen bond strength in the first
hydration shell is increasing. The results are due to the rising corporation of ion-water and water-water
hydrogen bond interactions. Meanwhile, an asymptotic value of ionic hydrogen bond strength in the first
shell could be expected for larger cluster size. On the contrary, the ionic hydrogen bond strength for single
shell structures is decreasing with cluster size. By taking both aspects into consideration, the average ionic
hydrogen bond strength remains approximately constant with the increasing of cluster size.

On the other hand, the correlations between changing of bonded H* atom to chloride ion and other
cluster coordinates are presented. The results show that & strongly correlates with proton transfer motion
while it has little correlation with ion-water stretching motion. The results indicate that the frequency of & is
comparable to proton transfer motion while it is much faster than ion-water stretching motion. Besides, on
the contrary to O(H-O-H*) coordinate, the correlations between & and other coordinates are all decreased by
inclusion of nuclear quantum effect. The results indicate the vibration motions affected by the ion are
weakened by nuclear quantum effect, which results from the preference of water-water hydrogen bond

interactions by quantum simulation.
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Table 3-1 Optimized structures of chloride hydrates for n=1-4 water molecules

PM6-DH+ B3LYP/aug-cc-pvVDZ MP2/aug-cc-pVDZ Experiment

N | struetre I e T el 0P | «(CL.H9 | BE | CL.0) | «CL.H* | BE | r(Cl..0) r(CL.H* | BE® | r(CL..0)
1| C | 1a2]| 2817 1833 [132| 3124 2143 [135 3.137 2.159 147

Ca | 139| 2925 2.490 - - - - - -

Ci | 281|2750,3474| 1.6682.765 | 24.5| 31023281 | 2122,2.372 | 262 | 3.1053.277 | 21282366 | 27.7 | .
3| C; |408| 2950 2299 |354| 3.232 2322|394 3.222 2.308 395
4| ¢ |s525| 2951 2411 |451| 3.294 2411|511 3.268 2.375 511

Cs | 51.5 |2.709,3.413| 1.560, 2.683 | 44.1| 3.066,3.251 | 2.079,2.327 | 49.1 | 3.063,3.235 | 2.077,2.308

a. BE represents binding energies (kcal/mol) with zero-point corrections; b. Distances are in A. Degenerate

distances are listed only once. c. ref. [49] d. ref. [50].
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Table 3-2 Cross correlation coefficients® between & and other coordinates

. n=1 n=2 n=3 n=4
Coordinate . . . .
classical quantum | classical quantum | classical quantum | classical quantum

r(Cl...0) -0.31 -0.31 -0.48 -0.42 -0.48 -0.41 -0.45 -0.39

r(Cl...H) -0.84 -0.83 -0.92 -0.89 -0.93 -0.89 -0.93 -0.89

r(O-H*) 0.61 0.45 0.75 0.58 0.76 0.61 0.76 0.63

0(Cl...H*-0O) 0.97 0.90 0.96 0.90 0.95 0.88 0.94 0.87

0(Cl...O-H*) -0.97 -0.92 -0.97 -0.92 -0.96 -0.91 -0.95 -0.89

O(H-O-H*) 0.13 0.15 0.12 0.14 0.12 0.14 0.14 0.15

a. The correlation coefficients have been normalized to 1/-1.
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List of figure captions

Figure 3-1. Schematically illustrations of optimized structures of CI'(H,0),.4clusters. The colors of green,

red and white represent chloride, oxygen and hydrogen atoms, respectively.

Figure 3-2. Potential energy surfaces of r(Cl...0) coordinates of (a) CI'(H,0);and (b) CI'(H,O), clusters
without zero-point energies; (c) CI'(H,O);and (d) CI'(H,0) clusters with zero-point energies. The black and
red lines represent MP2 and PM6-DH+ methods, respectively. The points r,=2.926A and r, =3.172A

represent the peak position obtained by PM6-DH+ and MP2 methods, respectively.
Figure 3-3. The probability distribution function of (a) the (average) r**'(CL...0); (b) the (longest) r'(Cl...0);
(c) the (shortest) r’(Cl...O). The solid and dot lines represent the classical (cl) and quantum (qu) MD

simulation results, respectively. The color of black, red, blue, magenta stands for the cluster size for n=1-4.

Figure 3-4. The probability distribution function of & (The changing of bonded hydrogen atom pointed to

chloride ion). The color of black, red, blue, magenta stands for the cluster size for n=1-4.

Figure 3-5. Correlation between & and ion-water stretching motion. (a)-(d) and (e)-(h) show the classical and

guantum simulation results, respectively.

Figure 3-6. Correlation between & and proton transfer motion. (a)-(d) and (e)-(h) show the classical and

guantum simulation results, respectively.
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Figure 3-1. Schematically illustrations of optimized structures of CI'(H,O)., clusters. The colors of

green, red and white represent chloride, oxygen and hydrogen atoms, respectively.
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Figure 3-2. Potential energy surfaces of r(Cl...0) coordinates of (a) CI'(H,O); and (b) CI'(H,0),
clusters without zero-point energies; (¢) CI'(H,O);and (d) CI'(H,O), clusters with zero-point energies.
The black and red lines represent MP2 and PM6-DH+ methods, respectively. The points r,=2.926A

and r, =3.172A represent the peak position obtained by PM6-DH+ and MP2 methods, respectively.
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Figure 3-3. The probability distribution function of (a) the (average) r**(Cl...O); (b) the (longest)
r'(Cl...O); (¢) the (shortest) r’(Cl...O). The solid and dot lines represent the classical (cl) and quantum

(qu) MD simulation results, respectively. The color of black, red, blue, magenta stands for the cluster

size for n=1-4.
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Chapter 4. Geometric Isotope Effects on Small Chloride lon Water

Clusters with Path Integral Molecular Dynamics Simulations

In this chapter, | explored the geometric isotope effects on the structures of ionic hydrogen bonded
clusters by carrying out PIMD simulations. First, an outer shell coordinate r'(Cl...0) is selected to display
the rearrangement of single and multi hydration shell cluster structures. Next, to show the competition of
intramolecular and intermolecular nuclear quantum effects, the r(O-Y*) stretching and ion-water wagging
motions are studied for single and multi shell structures, respectively. The results indicate that the
intermolecular nuclear quantum effects stabilize the ionic hydrogen bonds in single shell structures, however,
they are destabilized through the competition with intramolecular nuclear quantum effects in multi shell
structures. In addition, the correlations between ion-water stretching motion and other cluster vibration
coordinates are discussed. The results indicate that the intermolecular nuclear quantum effects on the cluster

structures are strongly related to the cooperation of the water-water hydrogen bond interactions.

4.1. Introduction

The understanding of the nature of water has attracted intensive attentions since it is essential for life
[1-5]. The effects of ion on the properties of water have been shown to be important both in the bulk and at
vapor/water interface [6-9]. The structures of water clusters are significantly affected due to the formation of
ionic hydrogen bonds. For instance, the simulations of halide ion in small water clusters have demonstrated
that F~ prefers to reside in the interior of water clusters, while larger anions such as CI°, Br, I have an
increasing propensity of surface solvation due to the decreasing ion-water interactions [10, 11].

The structures of chloride ion water clusters have attracted intensive attention for the ubiquitous
existence of CI in nature [12-14]. Perera et al. firstly presented that the CI" locates at the surface of the
CI'(H,0)4 cluster [15], which is supported by the subsequent photoelectron spectroscopy experiments from
the energetic point of view [16]. In addition, recent experiments have brought insights into the understanding

of cooperation and competition effects of ion-water and water-water hydrogen bond interactions on the
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cluster structures. For example, Choi et al. [17] observed the hydrogen-bonded and free OH stretching
motion of small CI'(H,O), clusters by vibrational predissociation spectroscopy. Their results show no
water-water hydrogen bond interaction in n=2 and n=3, which are different from the corresponding ab initio
MO and DFT predictions [18-21]. However, the vibrational spectra using argon predissociation technique
obtained at lower temperature by Ayotte et al. [13, 22, 23] have presented the existence of water-water
hydrogen bond interactions in n=2 and n=3. Thus the temperature effect is considered to play important roles
in understanding the differences. On the other hand, classical MD simulations [10, 11, 24-30], which take
into account of the temperature effect, could show direct structural information of the clusters. The detailed
bond lengths and bond angles are inaccessible for experiments especially for large cluster size. For example,
Dorsett et al. probed the temperature effect on the hydrogen bonding network of CI'(H,0),cluster [31]. The
computed vibrational spectra show a decreasing trend of water-water interactions when temperature
increases.

On the other hand, strong quantum behavior is exhibited for the light atom at low temperature or even at
room temperature. The nuclear quantum effects, such as zero-point motion and tunneling, are shown to be
important in hydrogen-bonded systems [32-36]. For example, the macroscopic properties of water, such as
the melting point and the temperature of maximum density (TMD), are increased by 3.8K and 7.2K in D,O
compared with H,O, respectively [37-39]. From the microscopic point of view, the neutron diffraction
experiments show that intramolecular r(O-D) distance is shorter than r(O-H) by about 0.5% [40]. In addition,
the anomalous expansion of D0 ice relative to H,O is reported recently [41]. In our previous study [50], the
geometric isotope effects on fluoride ion water clusters have been discussed. However, up to now, there is
little work with respect to the geometrical isotope effects on the ionic hydrogen-bonded CI'(H,O), clusters,
which shows quite different feature from the fluoride ion water clusters due to its relative weaker ionic
hydrogen bonds.

To investigate the geometric effects of isotope substitution, the PIMD simulation is a standard treatment
to investigate the quantum nature of nuclei [42-47]. The idea of path integral formulation of quantum
mechanics was first developed by Feynman [48]. The only important assumption for PIMD simulation is the
Born-Oppenheimer (BO) approximation, which is reasonable and effective to separate nuclear and electronic
motions. The accuracy of the PIMD simulations depends on the application of potential level. Due to the
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computer limitations, the empirical potentials are developed according to the experimental results or
high-level ab initio calculations. Recently PIMD calculations using empirical potentials have shown
consistent physical properties of water with experimental values [40]. Owing to the growing progress in
computer power and in parallelizing technique, the potential energy and its derivatives could be calculated
“on the fly” using ab initio/DFT electronic structure methods. The ab initio/DFT PIMD calculations have
been successfully applied into the study of geometric isotope effects for the small charged clusters [49, 50].
However, it is still very time consuming to use ab initio/DFT potentials for systems with large size or with
floppy structures, which require long simulation time to reach statistical convergence.

As a compromise of both calculation accuracy and efficiency, semi-empirical potentials [51, 52] have
been applied to PIMD simulations. For example, the PM6 semi-empirical potential has shown reasonable
accurate structures and stabilization energies of neutral hydrogen bonded glycine-water clusters [53] in
comparison of ab initio calculations. Recently, new semi-empirical potentials PM6-DH [54], PM6-DH+ [55]
and PM6-DH2 [56], which improve PM6 by including two important corrections of dispersion energy and
hydrogen bonding, have shown promising results for extended hydrogen bonded complexes. In addition, the
effectiveness of the semi-empirical potentials for small halide ion water clusters has been discussed in detail
in our previous study [57].

In this chapter, | carry out PIMD simulations on the CI'(H;0).4 clusters with semi-empirical PM6-DH+
potential for the sake of the computational efficiency. Under thermal fluctuation, the frequent rearrangement
of the ion-water and water-water hydrogen bond network makes the clusters to vary from the single to multi
shell structures. Since the cluster structures are affected by the intramolecular and intermolecular nuclear
guantum effect in a competitive way, | explore the geometric isotope effects on the single and multi shell

structures of the CI'(H,O) 4 clusters, respectively.

4.2. Computational details

Before PIMD simulations, it is necessary to understand the ground state potential energy surfaces of
chloride ion water clusters. To this end, the energetics and optimized structures are compared between
semi-empirical PM6-DH+ potential and ab initio/DFT calculations in detail in the previous chapters [57]. On

the other hand, since r(Cl...O) coordinates play important roles in structural rearrangement of the clusters,
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the potential energy surface of PM6-DH+ along r(Cl...0O) coordinate is compared with MP2, B3LYP and
CCSD levels of theory with the basis set of aug-cc-pVDZ (see Fig. 4-2).

The thermal structures of CI'(H,0),.4 clusters are obtained by using standard imaginary-time PIMD
simulations on PM6-DH+ potential energy surface. In the path-integral formalism, a cyclic polymer chain
consisting of classical quasi particles is utilized to describe the quantum character of nuclei. Thermal
averages are calculated from time averages over fictitious molecular dynamics trajectories, which are
generated from the equation of motions described in the normal mode coordinate representation [58]. The
system temperature was controlled with a massive Nosé&-Hoover chain technique [59, 60].

At each time step, the potential energy and gradient values were directly obtained “on the fly” using the
MOPAC2012 software package [61]. The PIMD run was performed with 16 beads at the temperature of T =
300K. With time increment 8t = 0.1fs, the total time steps were ranged 10’. The Nosé& Hoover thermostat of

length 4 combined with the velocity Verlet algorithm was used to control the system temperature.

4.3. Results and discussion

In the previous study [50], the geometric isotope effects on strong ionic hydrogen bonded structures of
fluoride ion water clusters have been discussed. However, the geometric isotope effects on relative weaker
ionic hydrogen bond structures of chloride ion water clusters would show quite different features, as shown

in the following subsections.

4.3.1. Potential energy surfaces

The schematic illustrations of the single shell and multi shell structures of CI'(H,0).4 clusters are
shown in Fig. 4-1. The water molecules are directly bonded to the CI" via ion-water hydrogen bonds in single
shell structures. While in multi shell structures, the outer shell water molecule is connected to the first
hydration shell via water-water hydrogen bonds. Due to the relative weaker ionic hydrogen bond interactions,
the rearrangement of single and multi shell structures are frequent in CI'(H,0),.4 clusters.

Before classical MD and PIMD simulations, the comparisons of potential energy surfaces between
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PM6-DH+ and high-level methods along r(Cl...0) coordinate of CI'(H,O) cluster are shown without and
with zero-point energy (ZPE) corrections in Fig. 4-2 (a) and (b), respectively. The results show that
PM6-DH+ represents relative shorter r(Cl...O) distances for the minimum position, while the shapes of
potential energy surfaces are relatively consistent with high-level calculations. Note that an extra local
minimum for C,, structure at 2.925 A is presented by PM6-DH+ method. However, the low energy barrier
(0.2 kecal/mol) is negligible for classical MD or PIMD simulations at 300K.

The comparison of PM6-DH+ method with high-level methods on the optimized geometries of
CI'(H,0)1.4 clusters are presented in detail in the previous chapters [57, 62]. Despite the optimized r(Cl...0O)
distances are about 0.3 A shorter than the experiments, the shape of potential energy surface by PM6-DH+ is
in agreement with high-level methods, which could well reflect the floppy nature of the cluster structures.
Thus it is reasonable to use PM6-DH+ potential to investigate the geometric isotope effects on structural

rearrangement of CI"(H,O), clusters by comparison of classical MD and PIMD simulations.

4.3.2. Rearrangement of single and multi shell structures

The structures of chloride ion water clusters are rather flexible and the rearrangement of ion-water and
water-water hydrogen bond network is quite frequent within the simulation time. First, | apply a set of
geometric criteria to recognize the ionic hydrogen-bonded structures by following a previous study [63].

r(Cl...0)<r(Cl...0),

r(CL...Y*)<r{(CL...Y*),

0(Cl...0-Y*)<0¢(Cl...0-Y*),

5>8¢ (4.1)

Here | define a new coordinate = | r(Cl...Y4)-r(Cl...Y,) | , where Y; and Y; are the hydrogen atoms in

the same water molecule. Y represents hydrogen (H) and its isotope deuterium (D). When 8=0, the water
molecule is symmetrically bonded to the ion. Larger & corresponds to stronger ionic hydrogen bonds. The
quantities with subscript “c” denote the cutoff values for the upper limit of the ionic hydrogen bond. The
cutoff values for chloride-oxygen and chloride-hydrogen bond distances are chosen as r.(Cl...0)=3.9 A and

r«(CL...Y*)=3.0 A, respectively. Here the coordinate of (Cl...O-Y*) is used instead of 6(Cl...Y*-0). By
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following [63], we use 0.(Cl...O-Y*)=30° for angular cutoff. The geometric criterion for 6 coordinate is
chosen as §.=0.5 A

By using the above mentioned geometric criteria, we firstly explored the probability distribution

function (pdf) of the r(Cl...O) distance for n=1. In this case, no water-water hydrogen bond interaction exits
since there is only one water molecule in the cluster. It is shown in Fig. 4-3 that the r(Cl...O) distances
elongate in the sequence of H(qu), D(qu) and H(cl). In this work, qu and cl are short for quantum and
classical, respectively. The results indicate that the ion-water stretching motion is strengthened by the
guantum simulations of both H and D, while it is relative weaker for D due to its heavier mass than H.
Next, to show the rearrangement of single and multi hydration shell cluster structures, the r'(Cl...0)
coordinates are picked out as the longest r(Cl...O) distance at each time step for n>1 (see Fig. 4-4). When
r'(Cl...0)<r((Cl...0), all the water molecules are connected to CI via ion-water hydrogen bond interactions
and thus form the single shell cluster structures. Otherwise, when r'(Cl...0)>r,(Cl...0), the multi shell
structures are formed and outer shell water molecules are connected via water-water hydrogen bond
interactions. The corresponding typical structures of S1-S15 in Fig. 4-4 are selected with respect to the
r'(Cl...0) distance. The ion-water and water-water hydrogen bond interactions in the selected structures are
schematically illustrated in Fig. 4-5.

As shown in Fig. 4-4, the proportion of multi shell structures is increased with the number of water
molecules. The results indicate the increasing preference of water-water hydrogen bond interactions with the
number of water molecules. For n=2, the proportion of single shell structures (S1, S2) is decreased for
guantum simulations of H and D in comparison of the classical simulations. On the other hand, the
proportion of multi shell structures (S3) is increased for the quantum simulations. However, it is interesting
to find that the results of D(qu) looks more favored than H(qu) for multi shell structures (S3). When the
proton is replaced by its isotope deuterium D, the ion-water and water-water hydrogen bonds are both
weakened due to the heavier mass of D. However, the decrease of ion-water hydrogen bond is relative larger
than the decrease of the water-water hydrogen bond. Thus the cluster behaves to favor the water-water
hydrogen bond network. On the other hand, since the zero-point energy for D(qu) is smaller than that of
H(qu), the hydrogen bonded cluster could be viewed as cooling down for D(qu) in comparison of H(qu). The
water-water hydrogen bond interactions are more favored for the “lower” temperature. It is shown in the Fig.
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4(a) that the probability difference between H(qu) and H(cl) is obviously smaller than that between H(qu)
and D(qu). The results indicate that the effective potential is more sensitive to H/D isotope substitution. For
the case of n=3 and n=4, the same trend caused by geometric isotope effects is obtained for single shell
structures, while different trends are shown for n=3 and n=4 in the two regions of multi shell structures (see
Fig. 4-4(b) and (c)). For n=3, D(qu) and H(qu) show close probability for S6 and S7 structures, while S8
structure is preferred by D(qu). It is interesting to find that S8 structure has more/less water-water hydrogen
bonds than S7/S6 structure. For n=4, D(qu) increases the probabilities for S11-S13 structures, while
decreases the ones for the S14 and S15 structures in comparison of H(qu). It is shown that the S11-S13
structures have more water-water hydrogen bond interactions than S14, S15 structures. The difference of n=3
and n=4 arises from the competition of ion-water and water-water hydrogen bond interactions in the
structures. The results indicate the structures with more water-water hydrogen bond interactions are preferred
for D(qu), which are consistent with the case of n=2.

In the next subsection, the geometric isotope effects on intramolecular r(O-Y*) stretching and
intermolecular ion-water wagging motions would be discussed in detail for single and multi shell structures,

respectively.

4.3.3. Intramolecular r(O-Y*) stretching and intermolecular ion-water wagging motions

Two competitive nuclear quantum effects are shown in the intramolecular r(O-Y*) stretching and
intermolecular ion-water wagging motions by a recent study [64]. The intramolecular zero-point energy
effect tends to stabilize the hydrogen bond network, which results a slower diffusion behavior. However, the
intermolecular nuclear quantum effect disrupts the hydrogen bond network and thus leads a larger diffusion
coefficient.

First, the geometric isotope effects on intramolecular r(O-Y*) stretching motion are shown in Fig. 4-6
for single and multi shell structures, respectively. The r(O-Y*) distances shrink in the sequence of H(qu),
D(qu) and H(cl) for both single shell and multi shell structures. The average values are presented in Table 4-1.
The results indicate that intramolecular nuclear quantum effect tends to stabilize the hydrogen bond network
for both single and multi shell structures. However, the bond lengths are obviously longer in multi shell
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structures than those in single shell structures. The results indicate the existence of additional outer shell
water molecule makes the inner ionic hydrogen bond interactions stronger.

Next, the geometric isotope effects on intermolecular ion-water wagging motion are shown in Fig. 4-7
for single and multi shell structures, respectively. The 6(Cl...Y*-O) angles are becoming smaller for single
shell structures in the sequence of H(qu), D(qu) and H(cl). However, they are becoming larger for multi shell
structures in the same sequence. The average values are presented in Table 4-1. The results indicate that the
intermolecular nuclear quantum effects stabilize the ionic hydrogen bonds in single shell structures, however,
the ionic hydrogen bonds in multi shell structures are destabilized. The destabilization of ion-water hydrogen
bond interactions in multi shell structures is due to competition with the intramolecular nuclear quantum

effects, which stabilizes the water-water hydrogen bond network (see Fig. 4-6).

4.3.4. Correlations between ion-water stretching motion and other coordinates

In this subsection, | would discuss the correlations between the r(Cl...O) distances and other selected
cluster vibration coordinates, such as r(O...0’) and r(O-Y*) distances.

First, we show the correlations between ion-water stretching motion and the r(O...0”) distances in Fig.
4-8. Here the r(O...0’) coordinate represents the distance between the water molecule which is bonded to C1°
and its nearest neighbor water molecule. The water-water hydrogen bond interactions between the two water
molecules exist for r(O...0”)<3.5 A, while no such interactions exit for r(O...0’)>3.5 A. For single shell
structures, as the number of water molecules increases, the probability for CI” to reside in the internal of the
clusters is dramatically getting decreased. As shown in Fig 4-8(a)-(c), the r(Cl...O) distances are getting
shorter in the sequence of H(qu), D(qu) and H(cl) for r(O...0’)>3.5 A In this case, there is no cooperation of
water-water hydrogen bond interactions and thus the result is consistent with the case of n=1 (see Fig. 4-3).
However, the r(Cl...0) distances are getting longer for r(0...0°)<3.5 A in the same sequence. The results
indicate that the ion-water stretching motions are strongly affected by the cooperation of water-water
hydrogen bonds. On the other hand, for multi shell structures, the r(O...O’) distances are always smaller than
3.5 A The results are due to that the outer shell water molecule is connected to the first shell via the

water-water hydrogen bonds, which indicate CI” favors to locate at the surface of the clusters. For the same
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reason, the ion-water stretching motion is more localized for multi shell structures than that for single shell
structures. Thus, little correlation between the two coordinates is presented for the multi shell structures.

In addition, the correlations between ion-water stretching and r(O-Y*) stretching motions are shown in
Fig. 4-9 for single and multi shell structures, respectively. For single shell structures, the correlations are
getting smaller in the sequence of H(qu), D(qu) and H(cl), which are due to decreasing ion-water hydrogen
bond interactions by the intermolecular nuclear quantum effects. On the other hand, there is little correlation
between the coordinates for multi shell structures. The correlations between the two coordinates are much
smaller in multi shell structures than those in single shell structures. With the addition of outer shell water
molecule, the intermolecular ion-water stretching motion becomes localized, while the intramolecular
r(O-Y*) stretching motion becomes delocalized. The results indicate that the ion-water hydrogen bond
interactions in the first shell become stronger due to the cooperation of the water-water hydrogen bond

interactions.

4.4, Summary

In this work, the geometric isotope effects on ionic hydrogen bonded CI'(H,0);.4 clusters are examined
by carrying out classical MD and PIMD simulations for the single and multi shell structures, respectively.
First, a set of geometric criteria is applied to recognize the ionic hydrogen bonded structures. To display the
rearrangement of single and multi shell cluster structures, an outer shell coordinate r'(Cl...0) is picked out.
As the cluster size increases, the proportion of the multi shell structures is increasing, which indicates the
increasing preference of surface solvation of CI. The results show that classical simulation of H prefers
single shell structures, while quantum simulation of D favors multi shell structures. The results indicate that
the cluster structures are affected by the competition of intramolecular and intermolecular nuclear quantum
effects.

Next, to show the competitive intramolecular and intermolecular nuclear quantum effects, the r(O-Y*)
stretching and ion-water wagging motions are studied in single shell and multi shell structures, respectively.
The r(O-Y*) distances shrink in the sequence of H(qu), D(qu) and H(cl) for both single and multi shell
structures. The results indicate that intramolecular nuclear quantum effects tend to stabilize the hydrogen
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bond network for both single and multi shell structures. On the other hand, the 8(Cl...Y*-O) angles become
smaller/larger for single/multi shell structures in the sequence of H(qu), D(qu) and H(cl). The results indicate
that the intermolecular nuclear quantum effects stabilize the ionic hydrogen bonds in single shell structures,
however, the ionic hydrogen bonds in multi shell structures are destabilized due to the competition of
intramolecular and intramolecular nuclear quantum effects.

In addition, to explore the correlations between the ion-water stretching motion and the cooperation
effects of water-water hydrogen bond interactions, two dimensional distributions of r(Cl...0O) and r(O...0’)
coordinates are presented for single and multi shell structures, respectively. The results show that r(Cl...O)
distances are getting shorter/longer in the sequence of H(qu), D(qu) and H(cl) without/with the presence of
water-water hydrogen bond interactions. The results indicate that the intermolecular nuclear quantum effects
on the cluster structures strongly related to the formation of second hydration shell. On the other hand, the
correlations between ion-water stretching and r(O-Y*) stretching motions are also presented. It is shown that
the correlations are much larger in single shell structures than those in multi shell structures. With the
addition of outer shell water molecules, the intermolecular ion-water stretching motion becomes localized
while the intramolecular r(O-Y*) stretching motion becomes delocalized. The results indicate that the
ion-water hydrogen bond interactions in the first shell become stronger with the cooperation of the

water-water hydrogen bond interactions.
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Table 4-1. Average value of the r(O-Y*)* and 0(Cl...Y*-O)" coordinates for single and multi shell

structures, respectively.

Single shell structures  Multi shell structures

1541 1525 1512 1582 1593 1595
1515 1512 150.3 1574 1579 158.6

n H(qu) D(qu) H(cl) H(qu) D(qu) H(cl)

r(O-Y*) 2 105 1053 1042 1136 1131 1120

3 1041 1040 1024 1134 1130 1.119

4 1029 1023 1017 1133 1116 1112

0(CL..Y*-O) 2 1543 1530 1522 1588 1594 160.2
3
4

a. Distances are in A.

b. Angles are in degree.
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List of figure captions

Figure 4-1. Schematically illustrations of single and multi shell structures of CI'(H,0),.4 clusters. The colors

of yellow, red and white represent chloride, oxygen and hydrogen atoms, respectively.

Figure 4-2. Potential energy surfaces of r(Cl...O) coordinates for CI'(H,0); clusters: (a)Without zero-point
energy (ZPE) corrections; (b)With ZPE corrections. The black, blue, magenta and red lines represent MP2,
B3LYP, CCSD and PM6-DH+ methods, respectively. The aug-cc-pVDZ basis set is used for MP2, B3LYP

and CCSD calculations.

Figure 4-3. Probability distribution functions of the r(Cl...O) distances for n=1. The black, red and blue lines

represent quantum H, quantum D and classical H simulations, respectively.

Figure 4-4. Probability distribution functions of the r'(Cl...0) coordinates for (a)n=2; (b)n=3; (c)n=4. The
black, red and blue lines represent quantum H, quantum D and classical H simulations, respectively. The

structures of S1-S15 are shown in Fig. 4-5.

Figure 4-5. Schematically illustrations of CI(H,0)..4 structures (S1-S15) with respect to the r'(Cl...O)
coordinates. The bond distances are presented in the parentheses (in Angstrom). The ion-water and

water-water hydrogen bond interactions are shown in black and red dot lines, respectively.

Figure 4-6. Probability distribution functions of r(O-Y*) coordinates (r(O-Y*) stretching motion) for
(a)-(c)single shell structures; (d)-(f)multi shell structures. The black, red and blue lines represent quantum H,

guantum D and classical H simulations, respectively.

Figure 4-7. Probability distribution functions of 6(Cl...Y*-O) coordinates (ion-water wagging motion) for
(a)-(c)single shell structures; (d)-(f)multi shell structures. The black, red and blue lines represent quantum H,

guantum D and classical H simulations, respectively.
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Figure 4-8. Correlations between the r(Cl...0) and r(O...0’) coordinates. (a)-(i) and (j)-(r) show the results

for single shell and multi shell structures, respectively.

Figure 4-9. Correlations between the r(Cl...O) and r(O-Y*) coordinates. (a)-(i) and (j)-(r) show the results

for single shell and multi shell structures, respectively.
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Figure 4-1. Schematically illustrations of single and multi shell structures of CI'(H,0),4clusters. The

colors of yellow, red and white represent chloride, oxygen and hydrogen atoms, respectively.
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Figure 4-3. Probability distribution functions of the r(Cl...O) distances for n=1. The black, red and

blue lines represent quantum H, quantum D and classical H simulations, respectively.
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Chapter 5. Conclusion

The understanding of ion solvation is an important subject for both chemical and biological science. The
cooperation and competition of ionic hydrogen bonds and conventional water-water hydrogen bonds is a
central issue due to its ubiquitous existence in nature. It is well known that the hydrogen bonds also play
important roles in the structure of bio-molecules as well as the charged water clusters. However, the
conventional MO calculations do not take into account of the nuclear quantum effects or geometric isotope
effects, which are especially important in hydrogen bonded systems due to the small mass of hydrogen atom.
To treat the hydrogen bonded systems with the nuclear quantum effects and the geometric isotope effects at
finite temperature, the PIMD simulations were applied to obtain the quantum nature of hydrogen bonding.

In this thesis, | analyzed the nuclear quantum effects and geometric isotope effects on the structures of
small halide-ion-water clusters with classical MD and PIMD simulations.

In the chapter 2, I utilized several semi-empirical methods to obtain the structures and stabilization
energies of X'(H,0), (X=F, Cl, n=1-4) clusters, which are compared with high-level ab initio/DFT MO
results. The results show that the recently developed PM6-DH+ semi-empirical method can provide
reasonable binding energies of hydrated fluoride and chloride ion clusters. The PM6-DH+ semi-empirical
results are consistent stabilization energies with the corresponding experiments, and they dramatically reduce
the calculation time. For the optimized geometries of X=F, however, the semi-empirical methods show that
the global minima are close to HF(OH)(H.O),.1 structures, which are different from ab initio/DFT
calculations. Meanwhile, the topological characteristics for the global minima of X=CI obtained by
semi-empirical methods have the same symmetries with ab initio calculations, which take C,, C1, C3 and C4
symmetries for n=1-4, respectively. As the number of water molecules increases, the ionic hydrogen bond
strength becomes weaker for X'(H,0), clusters. The ionic hydrogen bond strength of fluoride cluster is
stronger than that of chloride cluster with similar geometry. It is found that the emergence of the second
hydration shell enhances the ionic hydrogen bond strengths, comparing with the structure that is without the
additional water molecular. Meanwhile, 1 have reported new stable structure of CI'(H,O), with the second

hydration shell. Based on the above results, thus, it is reasonable to use PM6-DH+ semi-empirical potential
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for chloride ion water clusters in the following classical MD and PIMD simulations.

In the chapter 3, | examined the nuclear quantum effects on the ionic hydrogen bonded structures of
CI'(H20)1.4 clusters by carrying out classical MD and PIMD simulations. An outer shell coordinate r'(Cl...0)
is picked out to distinguish the single and multi shell structures and to display the rearrangement of the
cluster structures. The proportion of the multi shell structures increases with the cluster size. By
incorporating the nuclear quantum effects, it is shown that the probability for single hydration shell structures
is decreased while the probability for multi shell structures is increased. As the cluster size increases, it is
interesting to find that the ionic hydrogen bond strength in the first hydration shell increases. The results are
due to the rising corporation of ion-water and water-water hydrogen bond interactions. Meanwhile, an
asymptotic value of ionic hydrogen bond strength in the first shell could be expected for larger cluster size.
On the contrary, the ionic hydrogen bond strength for single shell structures decreases with the cluster size.
On the other hand, the correlations between changing of bonded H* atom to chloride ion and other cluster
coordinates are presented. The results show that & strongly correlates with proton transfer motion while it has
little correlation with ion-water stretching motion. The results indicate that the frequency of 6 is comparable
to proton transfer motion while it is much faster than ion-water stretching motion. Besides, on the contrary to
B(H-O-H*) coordinate, the correlations between 6 and other coordinates are all decreased by inclusion of the
nuclear quantum effects. The results indicate that the vibration motions affected by the ion are weakened by
the nuclear quantum effects, which results from the preference of water-water hydrogen bond interactions by
PIMD simulation.

In the chapter 4, | examined the geometric isotope effects on ionic hydrogen bonded CI'(H,0),.4 clusters
for the single and multi shell structures, respectively. As the cluster size increases, the proportion of the multi
shell structures increases, which indicates the increasing preference of surface solvation of CI". The results
show that the H(cl) and D(qu) take the highest proportion for single and multi shell structures, respectively.
Due to H/D isotope substitution, both ion-water and water-water hydrogen bonds are weakened. Since the
decrease of ion-water hydrogen bond strength is relative larger, the D(qu) results tend to favor the
water-water hydrogen bond interactions. To show the competitive intramolecular and intermolecular nuclear
guantum effects, the r(O-Y¥*) stretching and ion-water wagging motions are studied in single shell and multi
shell structures, respectively. The r(O-Y*) distances shrink in the sequence of H(qu), D(qu) and H(cl) for
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both single and multi shell structures. The results indicate that intramolecular nuclear quantum effects tend to
stabilize the water-water hydrogen bond network for both single and multi shell structures. On the other hand,
the 6(Cl...Y*-O) angles become smaller/larger for single/multi shell structures in the sequence of H(qu),
D(qu) and H(cl). The results indicate that the intermolecular nuclear quantum effects stabilize the ionic
hydrogen bonds in single shell structures, however, the ionic hydrogen bonds in multi shell structures are
destabilized due to the competition of intramolecular and intramolecular nuclear quantum effects. In addition,
the correlations between ion-water stretching motion and other cluster vibration coordinates are discussed.
The results indicate that the intermolecular nuclear quantum effects on the cluster structures are strongly
related to the cooperation of the water-water hydrogen bond interactions.

The PIMD simulations clearly show the nuclear quantum effects and geometric isotope effects of small
halide-ion-water clusters at finite temperature. The PIMD method is a powerful tool to study the quantum
nature of hydrogen bonded systems. | expect that the PIMD method contributes the understanding and

progress in chemistry, physics as well as other interdisciplinary fields.
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