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CHAPTER I

INTRODUCTION

1.1 Literature reviews

Methylammonium ion (CH3NHs") have a relationship in the methyltransferasees
which are enzymes that facilitate the transfer of methyl group to specific nucleophilic site
on protein, nucleic acids and other biomuolecules. Moreover CH3NH3" has been used to
light adsorbent in the perovskite photovoltaic cell. Protonated amino groups (-NHs") are the
most common positively charged moieties in many biologically important molecules, such
as amino acids and peptides (Andrade, O'Donoghue and Rost, 1998; Wolff, 1979). With
regard to the protonated amines (RNH3"), CH3NHs" can be considered as a simple model in
which the details with respect to the CH3NH; -water hydrogen bonds (HBs) are essential in
order to understand many biological processes that involve the —NH3" species (Alagona,
Ghio and Kollman, 1986; Chuev, Valiev and Fedotova, 2012; Fedotova and Kruchinin,
2012; Hesske and Gloe, 2007; Jorgensen and Gao, 1986; Kim, Cho and Boo, 2001; Kim,
Han, Cho, Lee and Boo, 2006; Meng, Caldwell and Kollman, 1996; van Mourik and van
Duijneveldt, 1995). Of particular interest, according to the amphiphilic nature of CHsNH3"
which consists of hydrophilic (-NH3") and hydrophobic (-CH3) moieties, it is expected that
the HB networks formed around the CH3NH;' ion are somewhat different from those of
hydrophilic ion cores, such as ammonium (NH,") or hydronium (HsO") ions. Basically,
when ions interact with the surrounding water molecules, the effects of the ions on the local
structure and dynamics of the solvent’s HB networks are usually discussed with respect to
the “structure-making” and “structure-breaking” of the ions. In general, ions with small size

and high charge density are usually defined as “structure-maker”, while those with larger



size and more polarizable charge density are classified as “structure-breaker”, i.e., they are
regarded as a perturbation of the water’s HB networks.

In the literature, most of the published data regarding the determination of CHsNH3"
in aqueous solution were obtained from Monte Carlo (MC) and molecular dynamics (MD)
simulations. For example, an early MC simulation of CH3NH3" in aqueous solution using
the TIP4P potential for water and analogous potentials for the ion (Thaomola, Tongraar and
Kerdcharoen, 2012) has reported that the -NHs" group has an average coordination number
(CN) of 3.5, which corresponds to one water molecule closely attached to each H atom. In
this respect, water molecules in the first solvation shell have both lone pairs directed toward
the -NHs" group, i.e., implying that only their hydrogen atoms are available for
coordinating to bulk water. The average number of HBs to bulk water of each first-shell
water molecule is 1.88. For the hydrophobic side, the numbers of water molecules near the
—CHg; group can be varied from 12 to 15 (depending on the choice of the minimum
position). In the meantime, another MC simulation using the OPLS potential functions
(Jorgensen and Gao, 1986) has suggested that the CH3NHs" species participated in 4 strong
HBs with water molecules, consisting of about 1.24 primary water molecules for each H
atom of —NH3", while the primary region around the —CH3 group contains about 8.6 water
molecules. Later, according to the MD simulations of aqueous CHsNH;" solution using a
pairwise additive SPC/E model and a related polarizable model (POL3) for water (Meng
and Kollman, 1996), the average hydration numbers of 3.67 and 3.60 were found for the
hydrophilic group of CHsNH;", respectively. This corresponds to the average numbers of
1.22 and 1.20 water molecules at each H atom of the —~NH3" group, respectively. In the
hydrophobic region, the —CH3; group contains about 9.33 and 9.36 water molecules,
respectively. With regard to the earlier MC and MD studies, the observed discrepancies
could be ascribed to the use of different molecular mechanical (MM) potentials, most of

which were constructed with respect to the simplified effects of many-body interactions.



Thus, more sophisticated simulation techniques which take into account the importance of
“quantum effects” seem to be necessary in order to obtain more accurate descriptions of
such condensed-phase systems.

Based on the ab initio MD frameworks, a Car-Parrinello (CP) MD simulation study
of aqueous CH3NH;" solution (Hesske and Gloe, 2007) has reported that the first hydration
shell of the —NH3" group contains 4.2 water molecules. In this respect, oxygen atoms of
three water molecules are localized along the direction of the N-H bond and form HBs,
while another nearest-neighbor water molecule is weakly bound and is not fixed within the
first hydration shell. The CP-MD approach has a major advantage over the MM-based MC
and MD techniques since the overall system’s interactions can directly be obtained from
guantum mechanics (QM) calculations, and hence it can produce more reliable results.
However, some methodical limitations of the CP-MD technique stem from the use of
simple generalized gradient approximation (GGA) functionals, such as BLYP, and of the
relatively small system size. It has been well demonstrated that the use of simple density
functionals in the CP-MD scheme could result in improper structural and dynamical
properties even for the pure liquid water (Grossman, Schwegler, Draeger, Gygi and Galli,
2003; Todorova, Seitsonen, Hutter, Kuo and Mundy, 2006; Yoo, Zeng and Xantheas,
2009). In particular, it has been shown that the use of the BLYP functional leads to a
strongly decreased self-diffusion coefficient of this peculiar liquid (Todorova, Seitsonen,
Hutter, Kuo and Mundy, 2006). Besides the full ab initio MD techniques, an alternative
approach is to apply a so-called combined QM/MM MD technique based on the ONIOM-
XS (Own N-layered Integrated Molecular Orbital and Molecular Mechanics — Extension to
Solvation) method, called briefly ONIOM-XS MD (Kerdcharoen and Morokuma, 2003,
2002). This technique has been successfully applied for studying various condensed phase
systems (Kabbalee, Sripa, Tongraar and Kerdcharoen, 2015; Kabbalee, Tongraar and

Kerdcharoen, 2015; Kerdcharoen and Morokuma, 2003, 2002; Sripa, Tongraar and



Kerdcharoen, 2016, 2013, 2015; Sripradite, Tongraar and Kerdcharoen, 2015; Thaomola,
Tongraar and Kerdcharoen, 2012; Wanprakhon, Tongraar and Kerdcharoen, 2011). Of
particular interest, in the case of liquid water, the results obtained by the ONIOM-XS MD
simulation (Thaomola, Tongraar and Kerdcharoen, 2012) have provided more insights into
the multiple HB species among water molecules which correspond to the experimental
XAS data for the arrangement of one strong and one weak (for both donor and acceptor),
rather than the equivalent two donors and two acceptors tetrahedral structure. Recently, the
ONIOM-XS MD technique has been successfully applied for characterizing the “structure-
making” and “structure-breaking” abilities of some essential metal ions in water (Sripa,
Tongraar and Kerdcharoen, 2016, 2013, 2015; Wanprakhon, Tongraar and Kerdcharoen,
2011), showing its capability in predicting more reliable results, especially when compared
to those derived by the conventional QM/MM MD scheme. In this study, it is of particular
interest, therefore, to apply the high-level ONIOM-XS MD technique for studying the

characteristics of CHsNH3 " in aqueous solution.

1.2 Research objectives

1. To apply the high-level ONIOM-XS MD technique for studying the solvation
structure and dynamics of CH3sNHs" in aqueous electrolyte solution.

2. To test the validity of the ONIOM-XS MD technique for studying such
complicated system, namely the amphiphilic species which consist of hydrophilic and

hydrophobic moieties solvated in aqueous electrolyte solution.

1.3 Scope and limitation of the study

In this work, the high-level ONIOM-XS MD technique will be applied to the system

of CH3NHs" in liquid water. The system will be partitioned into a small (most important)



QM region, i.e., a sphere which contains the CH3NH3" ion and its surrounding water
molecules, and the MM region, i.e., the bulk water. Within the QM region, all interactions
will be evaluated by performing ab initio calculations at the Hartree-Fock (HF) level of
accuracy using the DZP basis set (Dunning and Hay, 1977), whereas the interactions within
the MM and between the QM and MM regions will be described by means of MM force
fields. In this work, the MM potentials for describing the interactions between the CHzNH;"
ion and water molecules will be newly developed, while the water-water interactions are
described by means of the flexible BJH-CF2 model (Bopp, Jancsé and Heinzinger, 1983).
The structural properties of the CHsNH3" hydrates will be analyzed through the plots of
radial distribution functions (RDFs) and their corresponding integration numbers, together
with the angular distribution functions (ADFs) of the ion-water complexes and the dipole-
oriented arrangements of water molecules surrounding the ion. The dynamics details will be
characterized through self-diffusion coefficient (D), mean residence times (MRTSs) of water

molecules and the water exchange processes at the ion.
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CHAPTER II
COMPUTATIONAL METHODS AND

RESEARCH PROCEDURES

2.1 Introduction to molecular dynamics (MD) simulation

In general, the simulation techniques can be classified into 2 types, namely, Monte
Carlo (MC) and molecular dynamics (MD). The MD technique is widely used, especially
for the study of condensed phase systems, since this technique can provide microscopic
details related to time-dependent system’s behaviors. The performance of the MD
simulation is based on Newton’s second law, F = ma, where F is the force on the particle,
m is its mass, and a is its acceleration. According to the schematic details of the MD
simulation shown in Figure 2.1, the simulation starts with reading in the starting
configurations, velocities, accelerations and forces. In practice, since there are no explicitly
time-dependent or velocity dependent forces that shall act on the system, the time
integration algorithms will be employed to obtain the details of positions, velocities and
accelerations of two successive time steps. The energy of the system can be obtained from
either molecular mechanics (MM) or quantum mechanics (QM) calculations. The force on
each atom in the system can be derived from the derivative of the energy with respect to the
change in the atom’s position. All particles in the system will be moved by their new forces
to the new configurations. This process will be repeated until the system reaches its
equilibrium. After that, the coordinates, velocities, accelerations, forces and so on of all
particles in the system will be collected for further structural and dynamical property

calculations.



starting configuration, velocities, accelerations and forces

predict configurations, velocities, accelerations, etc., at
a time t+ot using the current values of these quantities
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calculate interaction energy E (using either MM or QM

method) and force on an atom (Fi (—SE =F JJ and
r

. F
hence acceleration | a, = —
m.

correct the predicted configurations, time integration

velocities, accelerations, etc., using the algorithm
new accelerations

move particles by force F;to the new configurations
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Figure 2.1 The scheme of molecular dynamics simulation.
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2.2 Periodic boundary conditions

Since most of computer simulations make use of a small system size, this leads to
the surface effects, i.e., the interactions occur between the particles and the wall, and thus
this reflects in wrong systems’ properties. Such problem can be solved by using the

periodic boundary (PB) conditions, as depicted in Figure2.2.
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Figure 2.2 The periodic boundary conditions in two dimensions.

The main advantage of the PB condition is that the number of particles within the
central box remains constant. According to the PB conditions, when the particle leaves the

central box, its duplicate particle will enter from the opposite side at the same time.

2.3  Cut-off and minimum image convention

With regard to the system energy’s calculations, the non-bonded interactions are

conceptually calculated between every pair of atoms in the system. Hence, the most time
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consuming of the simulation refers to the calculations of the non-bonded energies and
forces. To solve this problem, the minimum image convention is introduced in which only
the nearest images of the distinguishable particles are taken into account, as shown in

Figure 2.3.
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Figure 2.3 The spherical cut-off and the minimum image convention.

By using the cut-off, the interactions between all pairs of atoms that are further apart
from the cut-off value are set to zero. In general, the cut-off distance should not be greater
than half of the length of their image. Nevertheless, the use of cut-off leads to another

serious problem in the simulation.
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Cut-off

Energy

| |
Distance

Figure 2.4 A discontinuity of cut-off.

According to the use of cut-off limit, this results in the discontinuity in both the
potential energy and the force beyond the cut-off distance, as depicted in Figure 2.4. This

problem can be solved by shifting the potential function by an amount V.,

{V(r)—vC if r<r,
V(1) = 2.1)

0 ifr>r,

where T, is the cut-off distance and V, corresponds to the value of the potential at the cut-
off distance. Note that, although the energy conservation can be improved by the shifted
potential, the discontinuity in the force due to the shifted potential still exists. At the cut-off
distance, since the force will have a finite value, a suitable shifted potential would be of the

form
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dv (r)
dr

0 if r>r,

V(r)—VC—( j (r-r.) ifr<r,

V'(r) = (2.2)

In practice, the application of shifted potential is not easy for inhomogeneous
systems containing many different types of atom. Thus, an alternative way is to eliminate
discontinuities in the energy and force by using a switching function. The switched

potential (V37(r)) is related to the true potential (V(r)) as
V'(r) =V (r)S(r). (2.3)

Several switching functions are applied to the entire range of the potential up to the
cut-off point. In general, the switching function has a value of 1 at r = 0 and a value of 0
at r = r,, while the switching function values between two cut-offs are varied. The

example of a switching function applied to the Lennard-Jones potential is shown in Figure

2.5.

Original function

_____ Switched function

vir)

Figure 2.5 The effect of a switching function applied to the Lennard-Jones potential.
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2.4  Non-bonded neighbor lists

With regard to the system energy’s calculations, since the distance between every
pair of atoms still have to be calculated in each simulation step, the use of cut-off and
minimum image convention is not actually reduce the time for calculating the non-bonded
interactions. According to the fact that most of atoms move within a time step of less than
0.2 A, i.e., the local neighbors of a given atom remain almost the same for many time steps,
the non-bonded neighbor list as shown in Figure 2.6 is employed. The first non-bonded
neighbor list has been proposed by Verlet (Verlet, 1967). The Verlet neighbor list stores all
atoms within the cut-off distance (r;) and atoms are slightly further away than the cut-off
distance (ry). The neighbor list will frequently be updated throughout the simulation. With
regard to this point, the distance used to calculate each atom’s neighbors should be slightly
larger than the actual cut-off distance in order to ensure that the atoms outside the cut-off

will not move closer than the cut-off distance before the neighbor list is updated again.

Figure 2.6 The non-bonded neighbor list.
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2.5 Long-range interactions

The neglect of interactions beyond the cut-off distance, especially for the strong
interacting systems, may results in an incorrect description of molecular properties. One
simple way to treat the long-range interactions is to use a large simulation cell, but this
reflects in more time-consuming. There are many suitable methods for the treatment of
long-range interactions. The first method is the Ewald summation method, which derived
by Ewald in 1921 (Ewald, 1921). This method has been applied to study the energetic of
ionic crystals, i.e., a particle interacts with all the other particles in the simulation box and
with all of their images in an infinite array of periodic cells. The charge-charge contribution

to the potential energy of the Ewald summation method could be of the form

V = 1 Z/ZZ qiqj (24)

200 TR 47[80|rij + n|

where the prime on the first summation indicates that the series does not include the

interaction i =j for n=0, g; and g are charges and n is a cubic lattice point. The Ewald

summation method is the most correct way to accurately include all the effects of long-
range forces in the computer simulation. Nevertheless, this method is rather expensive to
implement since the equation (2.4) converges extremely slowly.

Another method for the treatment of long-range interactions is the reaction field
method (Foulkes and Haydock, 1989). This method constructs the sphere around the
molecule with a radius equal to the cut-off distance. By this scheme, all interactions within
the sphere are calculated explicitly, while those outside of the sphere are modeled as a

homogeneous medium of dielectric constant (&,). The electrostatic field due to the

surrounding dielectric is given by
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E =M[%J S, 25)

e +1 i,

c

where u; are the dipoles of the neighboring molecules that are located within the cut-off

distance (rc) of the molecules i. The interaction between molecule i and the reaction field

equalsto E; - x,.

2.6 The QM/MM MD based on ONIOM-XS method

The ONIOM-XS (Own N-layered Integrated Molecular Orbital and Molecular
Mechanics — Extension to Solvation) MD technique (Kerdcharoen and Morokuma, 2003,
2002) has been successfully applied for studying various condensed phase systems (Kabbalee,
Sripa, Tongraar and Kerdcharoen, 2015; Kabbalee, Tongraar and Kerdcharoen, 2015;
Kerdcharoen and Morokuma, 2003, 2002; Sripa, Tongraar and Kerdcharoen, 2016, 2013,
2015; Sripradite, Tongraar and Kerdcharoen, 2015; Thaomola, Tongraar and Kerdcharoen,
2012; Wanprakhon, Tongraar and Kerdcharoen, 2011). By the ONIOM-XS MD technique,
the system is divided into a “high-level” QM region, i.e., a sphere which contains the
CHs3NH;3" ion and its surrounding water molecules, and the “low-level” MM region, i.e., the
bulk water. A thin switching shell located between the QM and MM regions is introduced

to ensure a smooth transition due to the solvent exchange. (cf. Figure 2.7)
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MM region

Switching layer —T

Figure 2.7 Schematic diagram of the ONIOM-XS method
(Kerdcharoen and Morokuma, 2002).

Given ny, | and n; as the number of particles in the QM region, the switching shell
and the MM region, respectively, and N (=n;+I+n,) is the total number of particles, the
potential energy of the system can be written in two ways according to the ONIOM
extrapolation scheme (Svensson, Humbel, Froese, Matsubara, Sieber and Morokuma,
1996). If the switching layer is included into the high-level QM sphere, the energy

expression is defined as

EOYM(n, +1;N) = E™ (n, +1)—E™ (n, +1)+ E™(N) 2.6)
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Otherwise, if the switching layer is considered as part of the low-level MM

subsystem, the energy expression is written as

EONIOM(nl; N)= EM (nl)_EMM (nl)+EMM (N) (27)

In Equations (2.6) and (2.7), the E®™ and EM terms represent the interactions derived
by the QM calculations and by the classical MM force fields, respectively. In this respect,
since the interactions between the QM and MM regions are also described by means of the
MM potentials, these contributions are already included in the EM™(N). In the performance
of the ONIOM-XS MD simulation, when a particle moves into the switching layer (either
from the QM or MM region), both Equations (2.6) and (2.7) will be evaluated. The
potential energy of the entire system is taken as a hybrid between both energy terms (2.6)

and (2.7),

EONOM S ((r ) = (1 5({r, }))- EON (n, +1;N )+ s(fr, )- EOY (n,; N), (2.8)

where 5({r,}) is an average over a set of switching functions for individual exchanging

particle in the switching shell s, (x;) (Tasaki, McDonald and Brady, 1993),

sl ) =72 s0x) 9

In general, the switching function applied in Equation (2.9) can be of any form. In

this study, a polynomial expression is employed,
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s, (xi):6[xi —;]5 —S[Xi —1j3 +15[xi —1)+1’ (2.10)

where x; = ((ri-ro)/(r1-ro)), and ro and r; are the radius of inner and outer surfaces of the
switching shell, respectively, and r; is the distance between the center of mass of the
exchanging particle and the center of the QM sphere. Finally, the gradient of the energy can

be written as

VL EOYOMS ({1 1) = (L 5(fr, }))- VREXNM (n, +1N) + 5({r, )
VLEOM (Nt vis(fr ) (211)

(rl “y ro)

‘(EONIOM (nl; N)— [ ONIOM (nl 41 N))

2.7  Construction of pair potential functions

In this study, the pair potential functions for describing CHsNH3"-H,O interactions
were newly constructed. A set of CH3NH;"™-H,O configurations was generated by moving
water molecule around the CHsNH3" ion according to the variations of 6 (i.e. between 0°
and 180°) and @ (i.e. between 0° and 360°) angles, as depicted in Figure 2.8. Along with the

variations of 0 and @ angles, 30 different types of water’s orientations were employed (see

Figure 2.9).
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Figure 2.8 Movement of H,0 around CHsNH3".
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Figure 2.9 Variation of water’s orientations.
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Figure 2.9 (Continued) Variation of water’s orientations.

The 57,034 HF interaction energy points for various CHsNH3"-H,O configurations,
obtained from Gaussian03 calculations (Frisch et al., 2005), using the DZP basis set

(Dunning, 1989) for water and CHsNH3" were fitted to the analytical forms of

7.3 . . . . o
ij ij ij ij
AECHSNHQ—HZO ZZZ j+—5+7+?+ r (212)

where A, B, C and D are the fitting parameters (see Table 2.1), I, denotes the distances

between the ion and the i-th atom of water, and @; and g, are the atomic net charges. In this

work, the charges on C, Hc, N and Hy of CHsNHs® were obtained from Natural Bond
Orbital (NBO) analysis (Alan, Larry and Frank 1988; Alan, Robert and Frank 1985;
Carpenter and Weinhold, 1988) of the corresponding HF calculations, being of 0.6950, -
0.0062, -0.2431 and 0.1890, respectively. The charges on O and H of water molecules were
adopted from the BJH-CF2 water model (Stillinger and Rahman, 1978) as -0.6598 and

0.3299, respectively.
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Table 2.1 Optimized parameters of the analytical pair potentials for the interaction of water

with CH3N H3+.

pair

A
(kcal-mol™ A%

B
(kcal-mol™ A®)

C
(kcal-mol™ A%

D
(kcal-mol™ A'?)

3.294261 x 10°
4.392700 x 10°
2.549314 x 10°
2.270976 x 10"
1.213528 x 10
-1.270316 x 10
-1.668167 x 10°
-1.357481 x 10?

-1.284494 x 10*
-9.795945 x 10°
-1.595213 x 10*
-1.316456 x 10
2.935896 x 10
3.009217 x 10
1.272809 x 10°
3.091070 x 10

2.867797 x 10
7.804262 x 10
2.601125 x 10°*
2.245271 x 10
-6.708478 x 10°
-1.720691 x 10
-1.472421 x 10°
-1.726506 x 10°

-2.736493 x 10°
-2.978830 x 10°
-1.219681 x 10°
-8.618788 x 10*
1.881890 x 10°
6.140965 x 10°
2.316114 x 10°
4.979114 x 10°

2.8

Selection of QM size, QM method and basis set

By means of the ONIOM-XS MD simulation, the selection of QM size, as well as

the QM method and basis set, is crucial in order to obtain reliable results. Basically, the

energy and force calculations using correlated QM method and large basis set can provide

high quality simulation data. In practice, however, these parameters must be optimized,

compromising between the quality of the simulation results and the requirement of the CPU

time. Figures 2.10 and 2.11 provide detailed information regarding the requirements of

CPU time for the QM calculations of water clusters using different QM methods and basis

sets (Thaomola, Tongraar and Kerdcharoen, 2012). It is apparent that the correlated QM

calculations using relatively large basis sets are very time-consuming, i.e., when compared

to the HF calculations using moderate-size basis set.
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Figure 2.10 Requirements of CPU times for HF, B3LYP, MP2 and CCSD force

calculations of (H,0),, n = 1-15, complexes using DZP basis set. All calculations were

performed on CCRL cluster with Intel Core™? Quad of CPU and 4GB of Ram (Thaomola,

Tongraar and Kerdcharoen, 2012).
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Figure 2.11 Requirements of CPU times for HF force calculations of (H,0),, n = 1-15,
complexes using DZP and aug-cc-pVDZ basis sets. All calculations were performed on
CCRL cluster with Intel Core™? Quad of CPU and 4GB of Ram (Thaomola, Tongraar and

Kerdcharoen, 2012).

In this study, the nitrogen atom of CH3NH3" was set as the center of the QM region,

and a QM radius of 4.4 A and a switching width of 0.2 A were chosen, which correspond to
the ONIOM-XS parameters r, and r, of 4.2 and 4.4 A, respectively. This QM size is

considered to be large enough to include most of the many-body interactions and the
polarization effects, i.e., at least within the whole first solvation shell of -NH;" and the
major part of the solvation sphere of —CHj3, and the remaining interactions beyond the QM
region are assumed to be well accounted for by the MM potentials. Since the correlated QM
calculations, even at the simple MP2, are rather too time-consuming for our current

computational feasibility, all interactions within the QM region were evaluated by
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performing ab initio calculations at the Hartree-Fock (HF) level of accuracy using the DZP
basis set. It is known that the electron correlation and the charge transfer effects are not
typically well-described by the HF theory, and that the use of the DZP basis set could result
in a high basis set superposition error and an exaggeration of the ligand-to-metal charge
transfer. To simply check the validity of the HF method and the DZP basis set employed for
this particular system, the geometry optimizations of the CHsNH3'(H,0)s complex have
been carried at the HF, B3LYP, MP2 and CCSD levels of accuracy using the DZP and
6-311++G(d,p) basis sets, as summarized in Table 2.2. It is apparent that the HF
calculations using the DZP basis set can predict the structure and stabilization energy of the
CHsNH3'(H20)3 complex in good accord with the correlated methods, implying that the
effects of electron correlation are marginal and that the use of the HF method is assumed to

be good enough to sufficiently provide reliable results.

Table 2.2 Stabilization energies and some selected structural parameters of the optimized
CHsNH3"(H,0)s complex, calculated at the HF, B3LYP, MP2 and CCSD levels of

accuracy using the DZP and 6-311++G(d,p) (data in parentheses) basis sets.

Method

HF

B3LYP

MP2

CCSD

AE (kcal-mol™)

-16.12 (-15.44)

-18.61 (-16.89)

-16.23 (-15.50)

-16.36 (-15.53)

C-N (A) 1.4866 (1.4858) 1.4974 (1.4953) 1.4918 (1.4897) 1.4953 (1.4932)
N-Hy (A) 1.0160 (1.0148) 1.0422 (1.0363) 1.0347 (1.0329) 1.0320 (1.0309)
C-Hc (A) 1.0799 (1.0798) 1.0917 (1.0883) 1.0882 (1.0887) 1.0894 (1.0908)
Z N-C-Hc (deg)  108.95 (108.91) 109.30 (109.14) 108.90 (108.91) 108.82 (108.84)
ZC-N-Hy (deg) 11051 (110.79) 110.25(110.75) 110.04 (110.40) 110.07 (110.44)
Ow-Hw (A) 0.9467 (0.9440) 0.9678 (0.9641) 0.9657 (0.9622) 0.9644 (0.9604)
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Table 2.2 (Continued) Stabilization energies and some selected structural parameters of the
optimized CH3NH3'(H,0); complex, calculated at the HF, B3LYP, MP2 and CCSD levels

of accuracy using the DZP and 6-311++G(d,p) (data in parentheses) basis sets.

Method HF B3LYP MP2 CCSD

LHW'OW'HW
(deg)
Hn---Ow (A) 1.8926 (1.9109) 1.7738(1.8161) 1.7978(1.8115) 1.8255 (1.8347)

106.59 (106.35) 105.96 (105.88) 105.11 (104.48) 105.17 (104.64)

Z N-Hy---Ow

o0 174.39 (176.07) 176.25 (177.29) 172.53 (174.37) 172.22 (174.46)
eg

2.9 Simulation details

The ONIOM-XS MD simulation of CH3NHs" in aqueous electrolyte solution will be
performed in a canonical ensemble at 298 K with periodic boundary conditions. The
system’s temperature Will be kept constant using the Berendsen algorithm (Berendsen,
Postma, van Gunsteren, DiNola and Haak, 1984). A periodic box, with a box length of
18.17 A, contains one CHzNHz" and 199 water molecules, corresponding to the
experimental density of pure water. For the QM size, a QM radius of 4.4 A and a switching
width of 0.2 A will be chosen, corresponding to the ONIOM-XS parameters ro and r; of 4.2
and 4.4 A, respectively. The interactions within the QM region will be evaluated by
performing ab initio calculations at the Hartree-Fock (HF) level of accuracy using the DZP
basis set (Dunning and Hay, 1977). All QM calculations were carried out using the
Gaussian03 program (Frisch et al., 2005). The reaction-field method (Tironi, Sperb, Smith
and van Gunsteren, 1995) will be employed for the treatment of long-range interactions.
The Newtonian equations of motions will be treated by a general predictor-corrector

algorithm. The time step size was set to 0.2 fs, which allows for the explicit movement of
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the hydrogen atoms of water molecules. The ONIOM-XS MD simulation will be started
with the system’s re-equilibration for 30,000 time steps, followed by another 200,000 time

steps to collect configurations every 10™ step.
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CHAPTER Il

RESULTS AND DISCUSSION

3.1 Structural properties

Water molecules surrounding the CH3sNHs" ion will be classified into two groups,
namely at the hydrophilic —\NH3" and hydrophobic —CHj3 regions. The hydration structure of
the hydrophilic group of CHsNH3" can be visualized from the N-Ow, N-Hw, Hn-Ow and
Hn-Hw RDFs and their corresponding integration numbers, as depicted in Figures 3.1a to d,
respectively. To reliably discuss the behavior of HBs between the —NHs" group and its
nearest-neighbor waters, the corresponding atom-atom RDFs for pure water obtained by the
similar ONIOM-XS MD technique (Thaomola, Tongraar and Kerdcharoen, 2012) were
utilized for comparison, as shown in Figure 3.2. With regard to Figure 3.1a, a pronounced
first N-Ow peak is exhibited at 2.94 A, together with a recognizable second N-Oy peak at
around 4.23 A. The characteristics of the N-Oy RDF, as compared to the O-O RDF of pure
water (cf. Figure 3.2a), clearly supplies information that the hydration structure of the —
NHs" species is somewhat flexible, i.e., water molecules in the primary region of the -NH3"
group are labile and they can exchange with water molecules in the outer region. The
position of the first N-Ow minimum is roughly estimated to be 3.50 A where the integration
up to this N-Oyy distance yields an average coordination number of 4.9+0.1. In Figure 3.1b,
the first N-Hy peak is found at around 3.26 A, implying that water molecules in the
primary region tend to point their dipole moments toward the —NHs" group. However,
according to Figures 3.1a and b, the nonzero first minimum of the N-Oyw RDF and the
observed broad peak of the N-Hy, RDF clearly suggest that water molecules in this region

are labile and their hydrogen atoms would have considerable orientational freedom. In this
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respect, the observed slight second peak of the N-O\ RDF (cf. Figure 3.1a) could also be
assigned to oxygen atoms of some water molecules in the outer region that form HBs with
hydrogen atoms of water molecules in the first hydration shell of —~NH3".

The HB interactions between the —-NH3" group and its surrounding water molecules
can be analyzed from the Hn-Ow and Hy-Hw RDFs, as shown in Figures 3.1c and d,
respectively. According to Figure 3.1c, the first Hy-Ow peak is exhibited at 1.94 A, and the
integration up to the corresponding first Hy-Ow minimum gives an average coordination
number of 1.2+0.1. This implies that the ~NH5" species participates in about 3.6 HBs with
its nearest-neighbor waters, i.e., consisting of about 1.2 water molecules for each H atom of
—NHj3". The slight pronounced second peak of the Hy-Ow RDF could be ascribed to the
contributions of water molecules in the first hydration layer of other -NH3" hydrogen atoms
and of water molecules in the outer region. In Figure 3.1d, the feature of the Hy-Hw RDF
corresponds to the arrangements of primary water molecules forming HBs at each of the —
NHs" hydrogens. As compared to the feature of the O-H and H-O RDFs (cf. Figures 3.2b
and c) of pure water (Thaomola, Tongraar and Kerdcharoen, 2012), i.e., in terms of shape
and separation of the first and second Hn-Ow peaks, it is apparent that the HB interactions
between the —~NH5" hydrogens and their nearest-neighbor waters are relatively weaker than
the HB networks of water molecules in the bulk. Consequently, this leads to more frequent

and easy exchange of water molecules between the first shell and the outer region.
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Figure 3.1 a) N-Oy, b) N-Hy, ¢) Hy-Oy and d) Hy-H,, radial distribution functions and

their corresponding integration numbers, as obtained by ONIOM-XS MD simulation.

The hydration shell structure of the —~NHs" group, as obtained by the ONIOM-XS
MD simulation, is comparable to that reported in the CPMD study (Hesske and Gloe,

2007). However, some observed differences between the ONIOM-XS and the CPMD
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results could be discussed as follows. By means of the ONIOM-XS MD simulation, about
4.9 water molecules are found to be involved in the primary region of the -NH3" group,
compared to the average value of 4.2 of the CPMD study. In addition, according to the
characteristics of the ONIOM-XS MD’s N-Hy, RDF, it is apparent that hydrogen atoms of
water molecules in the first hydration shell of the —NHs;" group have rather high
orientational freedom. In the CPMD study (Hesske and Gloe, 2007), the peaks of the partial
distribution functions g(NO) and g(ND) (D denotes water hydrogen) are slightly better
defined than the ONIOM-XS MD’s N-Oy and N-Hy RDFs, which is explainable since the
use of the BLYP functional could result in an overestimation of the solute-solvent
interactions. Regarding the ONIOM-XS MD results, the observed hydration structure of the
—NHj3" group is similar to the hydration structure of the spherical NH4" species derived by
means of the conventional QM/MM scheme (Intharathep, Tongraar and Sagarik, 2005).
Note that, in the case of the spherical NH4", the QM/MM MD study has predicted a broad
unsymmetrical first N-Oy RDF, which corresponds to the experimentally observed fast
translation and rotation of NH;" in water (Perrin and Gipe, 1986; Perrin and Gipe 1987).
For the CH3NHs" species, the steric hindrance arising from the —CH3 group could be
expected to prevent such phenomenon, i.e., the ONIOM-XS MD simulation clearly reveals

a relatively more structured N-Ow RDF.
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Figure 3.2 a) O-O, b) O-H, ¢) H-O and d) H-H radial distribution functions and their
corresponding integration numbers, as obtained by ONIOM-XS MD simulation of liquid

water.

At the hydrophobic site of CH3NHs", the arrangements of water molecules around
the —CH3; group can be analyzed from a set of C-Oy, C-Hw, Hc-Ow and He-Hw RDFs and

their corresponding integration numbers, as shown in Figures 3.3a to d, respectively. The
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observed broad C-Oy and C-Hyw peaks with maxima at around 3.48 and 3.67 A, as well as
the observed broad and less pronounced first Hc-Ow and He-Hw RDFs, clearly indicate
weak interactions between the —CHj group and its surrounding water molecules. The
integration up to a rough estimate of the first C-Ow minimum (i.e., of around 4.90 A) yields
about 15.1+0.2 water molecules. Interestingly, it has been reported that, according to a
more polar character of the —CH3 group of CH3NHs", i.e., compared to that of CH3COO,
the interactions between the —CHj3 group and its surrounding water molecules could play
some roles in the nature of the CH3NHs;" solvation (Alagona, Ghio and Kollman, 1986).
Based on the ONIOM-XS MD simulation, it is observed that the —CHs group in CHsNH3"
has a slight positive partial charge, which allows some nearest-neighbor water molecules to
have their lone pair directed toward the -CHj; species. However, according to the
characteristics of the Hc-Ow and Hce-Hw RDFs, it could be demonstrated that water
molecules in the hydrophobic region are arranged with respect to the strength of their

water-water HB interactions, rather than by the influence of the —CHj3 group.
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Figure 3.3 a) C-Oy, b) C-Hy, ¢) Hc-Oy and d) Hc-H,, radial distribution functions and their

corresponding integration numbers, as obtained by ONIOM-XS MD simulation.

The probability distributions of the number of water molecules, calculated within
the first minima of the N-Oy and C-Oyw RDFs, respectively, are plotted in Figures 3.4a and

b, respectively. With regard to Figure 3.4a, it is apparent that various numbers of water
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molecules, varying from 3 to 8 with the prevalent value of 5, are cooperatively involved in
the first hydration shell of the -NH;" group. In this respect, it could be expected that these
water molecules can mutually play a role in the HB formation with hydrogen atoms of the —
NH;" group. The numbers of HBs which are simultaneously formed at each of the -NH;"
hydrogens during the ONIOM-XS MD simulation can be evaluated with respect to the
following geometrical criteria of the HB formation: (1) the HB distance is limited by the

first minimum of the Hy-Ow RDF and (2) the N-Hyx-Ow and Hy"Ow-Hw HB angles > 100°,

as depicted in Figure 3.5. According to the detailed analysis of the ONIOM-XS MD
trajectories, it is observed that most of the -NH;" hydrogens favor to form a single HB with
one of its nearest-neighbor water molecules, compared to about 12-13% of the remaining
configurations which form two HBs with two nearest-neighbor waters. In Figure 3.4b, the
number of water molecules around the —CH3 group shows large variations, ranging from 11
to 20, which corresponds to the observed weak interactions between the —CHj; group and its

surrounding water molecules.
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Figure 3.5 Distributions of numbers of HBs at each of -NHs" hydrogens, calculated within

the Hy--Oyy distance of 2.5 A.

Figure 3.6 displays the average numbers of HBs at the —NH3" group, calculated

within the Hy-Ow distance of 2.5 A. By means of the ONIOM-XS MD simulation, it is

observed that the hydrophilic side could form HBs with several water molecules, varying

from 2 to 6 HBs with the prevalent value of 3. Some selected geometrical arrangements of

the CH3sNH3"-water complexes showing the HB interactions between the -NH3;" hydrogens

and their nearest-neighbor waters are shown in Figure 3.7.
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Figure 3.6 Distributions of numbers of HBs at the hydrophilic side, calculated within the

Hn~Ow distance of 2.5 A.
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showing the HB interactions between the -NH3" hydrogen atoms and their nearest-neighbor

waters located within the Hy-Oyy distance of 2.5 A.

The details with respect to the HBs between the —NH;" hydrogen atoms and their
nearest-neighbor waters can be further analyzed from the distributions of the N-Hy "Ow

angle, calculated within the Hy O distances of 2.0 and 2.5 A, respectively, as shown in
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Figure 3.8. At the short Hy Oy distance of 2.0 A, it is apparent that the N-Hy"Ow HBs are
nearly linear, with peak maxima around 160°. However, at the slightly longer Hy "Ow
distance of 2.5 A (i.e., the first minimum of the Hy-Ow RDF), the probability of finding
linear HBs apparently decreases, while the pronounced peak between 90-150° becomes
more significant. This could be ascribed to the presence of multiple, non-linear HBs at each
of the —~NH3" hydrogen atoms. Such phenomenon can be analyzed by plotting the Hn-N~Ow
angular distributions, calculated within the HyOw distance of 2.5 A, as depicted in Figure
3.9. The two pronounced peaks around 0-30° and 90-120° correspond to the distributions
of the three nearest-neighbor water molecules that are directly hydrogen bonded to each of
—NHj3" hydrogen atoms, whereas the pronounced shoulder peak around 40-80° refers to the
distributions of other nearest-neighbor waters that can possibly form additional HBs at

some hydrogen atoms of the —~NHs" group.
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Figure 3.8 N-Hy Oy angular distributions, calculated up to the HyOw distances of 2.0

and 2.5 A, respectively.
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Ow RDF.

More insights into the HBs between the —NHs" hydrogens and their nearest-
neighbor waters can be visualized from the plot of water orientations within the Hy "Ow
distance of 2.5 A, as shown in Figure 3.10. The orientation of water molecules is described
in terms of the distributions of angle o, as defined by the Hy “Ow axis and the dipole vector
of the water molecules. According to Figure 3.10, the observed broad distributions of o
angles, i.e., between 80-160°, clearly suggest that water molecules which form HBs with

the —~NHs" hydrogens have freely dipole-oriented arrangements.
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Hn-Ow RDF.

The geometrical arrangements of CH3NHs;" in aqueous solution are described in
terms of distributions of intramolecular bond lengths and bond angles, as shown in Figures
3.11 and 3.12, respectively. It is apparent that the structure of the CH3NH;" ion in water is
somewhat flexible. As compared to the gas phase CH3NHs" structure, as well as the
optimized CHsNH; (H;0); complex (cf. Table 2.2), the ONIOM-XS MD simulation
clearly reveals a significant change in the local structure of the CH3NHs" ion according to

the influence of water environment.
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Figure 3.12 Distributions of Hy-N-Hy, He-C-He, He-C-N and Hy-N-C angles of CH3NH3™.
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3.2 Dynamical properties

The lability of water molecules surrounding the -NHs;" and —CHs3 groups of
CHsNH;" can be interpreted through the self-diffusion coefficient (D), which is calculated
from the center-of-mass velocity autocorrelation functions (VACFs) of water molecules in
the primary regions of the -NHs" and —CHs groups using the Green-Kubo relation

(MaQuarrie, 1976),

1.
ng!m_([cv(t)dt. (3.1)

By the ONIOM-XS MD simulation, the D values for water molecules in the vicinity
of the -NH5" and —~CH5 groups are estimated to be 2.28 x 10° and 1.93 x 10° cm?s™,
respectively (cf. Table 3.1), which are close to the value of 2.23 x 10° cm?s™ of pure
water derived by the similar ONIOM-XS MD scheme (Thaomola, Tongraar and
Kerdcharoen, 2012). This supplies information that water molecules in the primary region
of both the -NHs" -CH3 groups are quite labile, i.e., they diffuse in a similar degree of
lability of those in the bulk. In particular, it is evident that the “hydrophobic effect” of the —
CHs; group results in slightly more attractive water-water interactions in this region, i.e.,
giving a lower D value when compared to that of bulk water. This corresponds to a scenario
in which water molecules adjacent to a nonpolar group are less labile and their water-water

HB interactions are (on the average) stronger than those in the bulk.
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Table 3.1 D values of water molecules in the bulk and in the hydration shells of CH3NH;",

as obtained by the ONIOM-XS MD simulation.

Phase D (cm*s™)

Hydration shell of CH3NH;"
At the -NH3" group 2.28 x 107
At the —CHj3 group 1.93 x 10®
Bulk water ® 2.23x 10°
H,0 around NH,* " 3.23x10°

& (Thaomola, Tongraar and Kerdcharoen, 2012)

b (Intharathep, Tongraar and Sagarik, 2005)

Water exchange at each hydrogen atom of the —NHs" group can be visualized from

the plots of time dependence of the Hy Oy distance, as depicted in Figure 3.13. During the

ONIOM-XS MD simulation, it is observed that water molecules which formed HBs at each
of the —-NHs" hydrogens are quite labile, i.e., they can easily exchange with other nearest-
neighbor waters. Figure 3.14 displays the plots of time dependence of the number of water
molecules at each hydrogen atom of the -NH3" group, calculated within the first minimum
of the Hy-Ow RDF. According to Figures 3.13 and 3.14, it is apparent that each of the —
NH;" hydrogens can simultaneously form (either strong or weak) HBs to different numbers
of water molecules, leading to various possible species of the CHsNH3" hydrates formed in
aqueous solution. In Figure 3.15, some selected conformations of several hydrated
CHsNHs" complexes are shown, which include all nearest-neighbor waters located within
the Hy"Ow distance of 2.5 A and some water molecules from the outer region.
Interestingly, it is observed that, besides the HB formation between the —~NHs" hydrogens

and their nearest-neighbor waters, the HB interactions among the shell-shell waters as well
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as between the first-shell waters and the bulk also exist. These observed phenomena clearly

supply information that CHsNH3" acts as a ©
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selected only for the first 10 ps of the ONIOM-XS MD simulation.
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the HB formations between the -NHs" hydrogens and their nearest-neighbor waters (i.e.,
the dash lines highlighted in “red”), as well as the HB formations among the first-shell
waters (i.e., the dash lines highlighted in “blue”) and between the first-shell waters and the
bulk (i.e., the dash lines highlighted in “green”). Note that water molecules located outside

the Hy"Ow distance of 2.5 A are colored in “green”.

The rates of water exchange processes at the —CH3 and —NHs;" species, as well as at
each of the \NH5" hydrogens, were evaluated by means of mean residence times (MRTSs) of
the water molecules. Using the “direct” method (Hofer, Tran, Schwenk and Rode, 2004),
the MRT data were obtained from the product of the average number of nearest-neighbor

water molecules located within the defined solvation shell with the duration of the ONIOM-
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XS MD simulation, divided by the observed number of exchange events lasting a given

time interval t’,

MRT (r):C'\'N—tthim 3.2)

With regard to the “direct” method (Hofer, Tran, Schwenk and Rode, 2004), a t"

value of 0.0 ps was proposed as a suitable choice for the estimation of HB lifetimes, while a
t" value of 0.5 ps was used as a good measure for water exchange processes. The calculated
MRT data with respect to t values of 0.0 and 0.5 ps are summarized in Table 3.2. To
provide a useful discussion with respect to the “structure-breaking” ability of CHsNH3", the
MRT data for pure water, as derived by the compatible ONIOM-XS MD scheme
(Thaomola, Tongraar and Kerdcharoen, 2012), were also given for comparison. For both t~
= 0.0 and 0.5 ps, the MRT values of water molecules in the primary region of the —NH3"
group, as well as in the first solvation shell of each of —~NHs" hydrogens, are lower than
those of bulk water, indicating that the HB interactions between the —~NH3" hydrogens and
their nearest-neighbor waters are relatively weaker than the water-water HBs in the bulk.
For the hydrophobic site, the observed larger MRT data for water molecules in this region
correspond to the “hydrophobic effect” of the —CHjz group, i.e., the influence of the —CH3
species could be regarded as a small perturbation to slightly strengthen the solvent’s HB
structure. Based on the ONIOM-XS MD simulation, the observed flexible hydration
structure and the relatively low MRT values of water molecules in the vicinity of the —~NHs"
group, as well as the observed weak interactions between the —CHj; group and its
surrounding waters, clearly confirm the “structure-breaking” ability of CH3NH;" in aqueous

solution.



Table 3.2 Mean residence times (T;_I;o) of water molecules in the vicinity of CHsNH3",

calculated within the first minimum of the ONIOM-XS MD’s N-Oyw and Hy-Ow RDFs.

_ t =0.0 ps t =0.5ps
Solute/ion CN tsim
NS Ty N&E O thY,
ONIOM-XS MD”
N-Ow 5.02 40.96 744 0.276 129 1.593
C-Ow 14.49 40.96 1139 0.521 221 2.685
CH3NH3+
Hne)-Ow 1.219 40.96 510 0.098 41 1.218
Hne)-Ow 1.178 40.96 439 0.110 38 1.270
Hn)-Ow 1.187 40.96 549 0.089 44 1.352
H,0? 0-0 4.7 30.0 607 0.23 65 2.17
* This work

& (Thaomola, Tongraar and Kerdcharoen, 2012)
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Additional details regarding the dynamics of water molecules in the vicinity of the

CHsNH;" ion can be gained by computing the velocity autocorrelation functions (VACFs)

of first-shell water molecules and their Fourier transformations. In this work, the normal-

coordinate analysis developed by Bopp (Bopp, 1986; Spohr, Palinkas, Heinzinger, Bopp

and Probst, 1988) was used for obtaining three quantities Q,, Q; and Q3, which are defined

for describing bending vibration, and symmetric and asymmetric stretching vibrations of

water molecules, respectively, as depicted in Figure 3.16. By the ONIOM-XS MD

technique, since all the atomic motions of first-shell water molecules are generated

according to the QM force calculations, the calculated vibrational spectra are usually scaled

by an empirical factor, i.e., an approximate correction for errors in the force constants and
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for anharmonic effects (Johnson, Irikura, Kacker and Kessel, 2010; Merrick, Moran and
Radom, 2007; Scott and Radom, 1996). With regard to the systematic error of the HF
frequency calculations, all frequencies obtained by the ONIOM-XS MD simulation were
multiplied by an appropriate scaling factor of 0.905 (Scott and Radom, 1996). To reliably
illustrate the “structure-breaking” ability of CHsNH3" in water, the corresponding Q:, Q>
and Q3 frequencies obtained from the ONIOM-XS MD simulation of liquid water
(Thaomola, Tongraar and Kerdcharoen, 2012) were also utilized for comparison. All
intramolecular vibrational frequencies (Q1, Q2 and Q3) of water molecules in the hydration
shell of CH3NHs" and some simple alkali metal ions (Li*, Na*, K%), as well as of the liquid
water are given in Table 3.3. For liquid water, all the bending and stretching vibrational
frequencies showed peaks with recognizable shoulders, especially for the symmetric and
asymmetric vibrational modes. These observed spectra have been ascribed to the presence
of several kinds, with varying strengths, of HBs formed in liquid water (Thaomola,
Tongraar and Kerdcharoen, 2012). In the hydration shell of CHsNH3", since water
molecules are arranged with respect to the influence of the ion as well as to the HBs among
the water molecules, the corresponding Q,, Q1 and Q3 frequencies are mostly found to be
exhibited between the main peaks and the shoulders of the respective Q,, Q1 and Qs
frequencies of liquid water. These observed data are in good accord with the observed
“structure-breaking” ability of the CH3NHs" ion in water. In this context, it could be
demonstrated that the ONIOM-XS MD results can provide more insights into the behaviors
of the CH3sNH3" hydrates, which are very crucial in order to correctly understand the

functionality and reactivity of this ion in agqueous solution.
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Figure 3.16 Fourier transforms of the hydrogen velocity autocorrelation functions of
a) bending vibrations (Q;) and b) symmetric and asymmetric stretching vibrations (Q; and

Qs) of water molecules in the first hydration shell of CHsNH3" and in the bulk.
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Table 3.3 Vibrational frequencies of water molecules in the hydration shells of CH3NH3",
K*, Ca?*, Na* and in the bulk water. (Q1, Q. and Qs corresponding to symmetric stretching,

bending and asymmetric stretching vibrations, respectively).

Frequency (cm™)

Phase
Q2 Q1 Qs
NH;" site 1650 3653 3726
CHg site 1658 3658 3731
Hy site 1655 3632 3712
Hydration shell of K*? 1674 3579 3667
Hydration shell of Ca**? 1634 3483 3605
Hydration shell of Na*® 1629 3628 3738
Pure water ° 1660 3650 (3606) 3755 (3720)

% (Wanprakhon, Tongraar and Kerdcharoen, 2011)
® (Sripa, Tongraar and Kerdcharoen, 2013)

¢ (Thaomola, Tongraar and Kerdcharoen, 2012)

3.3 References

Alagona, G., Ghio, C. and Kollman, P. (1986). Monte Carlo simulation studies of the
solvation of ions. 1. Acetate anion and methylammonium cation. Journal of the
American Chemical Society. 108: 185-191.

Bopp, P. (1986). A study of the vibrational motions of water in an aqueous CaCl; solution.
Chemical Physics. 106: 205-212.

Hesske, H. and Gloe, K. (2007). Hydration behavior of alkyl amines and their
corresponding protonated forms. 1. ammonia and methylamine. The Journal of

Physical Chemistry A. 111: 9848-9853.



58

Hofer, T. S., Tran, H. T., Schwenk, C. F. and Rode, B. M. (2004). Characterization of
dynamics and reactivities of solvated ions by ab initio simulations. Journal of
Computational Chemistry. 25: 211 - 217.

Intharathep, P., Tongraar, A. and Sagarik, K. (2005). Structure and dynamics of hydrated
NH;" : An ab initio QM/MM molecular dynamics simulation. Journal of
Computational Chemistry. 26: 1329-1338.

Johnson, R. D., Irikura, K. K., Kacker, R. N. and Kessel, R. (2010). Scaling factors and
uncertainties for ab initio anharmonic vibrational frequencies. Journal of Chemical
Theory and Computation. 6: 2822-2828.

MaQuarrie, D. A. (1976). in statistical Mechanics; Harper & Row , New York.

Merrick, J. P., Moran, D. and Radom, L. (2007). An evaluation of harmonic vibrational
frequency scale factors. The Journal of Physical Chemistry A. 111: 11683-11700.

Perrin, C. L. and Gipe, R. K. (1986). Absence of stereoelectronic control in hydrolysis of
cyclic amidines. Journal of the American Chemical Society. 108: 5997-6003.

Perrin, C. L. and Gipe, R. K. (1987). Rotation and solvation of ammonium ion. Science
(New York, N.Y.). 238: 1393-1394.

Scott, A. P. and Radom, L. (1996). Harmonic vibrational frequencies: An evaluation of
hartree—fock, meller—plesset, quadratic configuration interaction, density functional
theory, and semiempirical scale factors. The Journal of Physical Chemistry. 100:
16502-16513.

Spohr, E., Palinkas, G., Heinzinger, K., Bopp, P. and Probst, M. M. (1988). Molecular
dynamics study of an aqueous SrCl, solution. The Journal of Physical Chemistry.
92: 6754-6761.

Sripa, P., Tongraar, A. and Kerdcharoen, T. (2013). “Structure-making” ability of Na* in
dilute aqueous solution: An ONIOM-XS MD simulation study. The Journal of

Physical Chemistry A. 117: 1826-1833.



59

Thaomola, S., Tongraar, A. and Kerdcharoen, T. (2012). Insights into the structure and
dynamics of liquid water: A comparative study of conventional QM/MM and
ONIOM-XS MD simulations. Journal of Molecular Liquids. 174: 26-33.

Wanprakhon, S., Tongraar, A. and Kerdcharoen, T. (2011). Hydration structure and
dynamics of K* and Ca®" in aqueous solution: Comparison of conventional
QM/MM and ONIOM-XS MD simulations. Chemical Physics Letters. 517: 171-

175.



CHAPTER IV

CONCLUSIONS

In this work, the sophisticated ONIOM-XS MD technique has been applied for
studying the solvation structure and dynamics of CHsNH3" in aqueous solution. By the
ONIOM-XS MD technique, the system is divided into a small subsystem, i.e., a sphere
which contains the CH3sNHs" ion and its nearest-neighbor waters, treated at the HF level of
accuracy using the DZP basis set, and the remaining MM subsystem which described by
means of classical pair potentials. The selection of the HF method and the DZP basis set
employed for this particular system has been checked to be a suitable choice, compromising
between the quality of the simulation results and the CPU time available. Based on the
ONIOM-XS MD simulation, it is observed that the solvation structure of the CH3NH;" ion
is somewhat flexible, in which various numbers of water molecules, ranging from 3 to 8
and from 12 to 19, are cooperatively involved in the primary region of the -NH3" and -CH3
groups, respectively. For the hydrophilic side, it is found that the —NHs" group participates
in about 3.6 HBs with its nearest-neighbor waters, i.e., consisting of about 1.2 water
molecules for each of the —NHs;" hydrogens. Interestingly, it is observed that the HB
interactions between the -NH3" hydrogens and their nearest-neighbor waters are not strong,
i.e., when compared to the water-water HBs in the bulk. Consequently, this allows several
water exchange processes to frequently occur at each of the —NH3" hydrogens. For the
hydrophobic side, it is observed that water molecules in this region are labile and they are
arranged according to their water-water HB networks, rather than by the influence of the —
CHs; group. In addition, it is evident that the “hydrophobic effect” of the —CH3 species

results in slightly more attractive water-water HB interactions in this region. Overall, the
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ONIOM-XS MD results clearly reveal the characteristics of CH3NHs™ as a “structure-
breaking” ion in aqueous solution. In this context, the ONIOM-XS MD technique can be
considered as an elegant simulation approach to obtain more detailed interpretation on the
structure and dynamics of such amphiphilic species solvated in aqueous electrolyte

solution.
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APPENDIX A

THEORETICAL OBSERVATIONS

Table A.1 Theoretical observations for CHsNH;" in aqueous solution.

RDF
Number of
(Coordination numbers) Method Year
HBs
COy HcOy NOy HN'Ow HyHw
2.80 ~1.9
n.a. n.a. n.a. 3.72 MC 1986
(4.40) (=1.3)
~3.7 ~1.8
n.a. n.a. n.a. 3.67 MC 1986
(=10) (1)
2.85
n.a. n.a. n.a. n.a. 3.67 MD 1996
(5.60)
3.45
n.a. n.a. n.a. n.a. ~3 CPMD 2007

(4.20)
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Table A.1 (Continued) Theoretical observations for CHsNH;" in aqueous solution.

RDF
Number of
(Coordination numbers) Method Year
HBs
COw HcOyw NOy HN'Ow HyHy
3.10 1.80 3.00
n.a. n.a. 1.00 GAFF/RISM
(135) (1.10) (6.20)
3.20 1.90 2.90
n.a. n.a. 1.00 QM/RISM 2012
(13.00) (1.00) (5.70)
3.50 1.90 2.90
n.a. n.a. 1.40 QM/MM
(13.80) (1.40) (5.40)
3.18 2.33 2.88 1.85 ~2.1
3.00 RISM 2012
(12.70) (1.91) (5.58)  (1.00) (=0.9)
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An ONIOM-XS MD simulation has been performed to characterize the CHsNHz-water hydrogen bonds
(HBs) in aqueous solution. The sphere which includes the CH3NH3 ion and its surrounding waters was
treated by the HF/DZP method, while the rest was described by classical pair potentials, The ONIOM-
XS MD results clearly reveal a flexible CH;NHj solvation, showing various numbers of water molecules,
ranging from 3 to 8 and from 12 to 19, cooperatively involved in the primary region of the —NH3 and
—CH; species, respectively. The —NH3 group participates in about 3.6 HBs with its nearest-neighbor
waters, and the HBs between the —NH3 hydrogens and their nearest-neighbor waters are relatively
weaker than the HBs of bulk water. It is evident that the “hydrophobic effect” of the —CH; species results
in slightly more attractive water-water HB interactions in this region. Such phenomenon corresponds to a
clear “structure-breaking” ability of CH3NH3 in aqueous solution.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Protonated amino groups (—NH3) are the most common posi-
tively charged moieties in many biologically important molecules,
such as amino acids and peptides [1,2]. With regard to the proto-
nated amines (RNH3), methylammonium ion (CHsNH3) can be con-
sidered as a simple model in which the details with respect to the
CH;NH3-water hydrogen bonds (HBs) are essential in order to
understand many biological processes that involve the —NH3 spe-
cies [3-11]. Of particular interest, according to the amphiphilic
nature of CH;NH3 which consists of hydrophilic (—NH3) and
hydrophobic (—CH) moieties, it is expected that the HB networks
formed around the CHsNH3 ion are somewhat different from those
of hydrophilic ion cores, such as ammonium (NH3) or hydronium
(Ha0%) ions. In the literature, most of the published data regarding
the determination of CH3NH3 in aqueous solution were obtained
from Monte Carlo (MC) and molecular dynamics (MD) simulations.
For example, an early MC simulation of CH;NH} in aqueous solu-
tion using the TIPAP potential for water and analogous potentials
for the ion [8] has reported that the —NH3 group has an average
coordination number (CN) of 3.5, which corresponds to one water
molecule closely attached to each H atom. In this respect, water

* Corresponding author,
E-mail address: anan_tongraar@yahoo.com (A. Tongraar).

http://dx.doi.org/10.1016/j.chemphys.2017.06.012
0301-0104f5 2017 Elsevier B.V. All rights reserved

molecules in the first solvation shell have both lone pairs directed
toward the —NH3 group, ie., implying that only their hydrogen
atoms are available for coordinating to bulk water. The average
number of HBs to bulk water of each first-shell water molecule is
1.88. For the hydrophobic side, the numbers of water molecules
near the —CH3 group can be varied from 12 to 15 (depending on
the choice of the minimum position). In the meantime, another
MC simulation using the OPLS potential functions [9] has sug-
gested that the CH3NH; species participated in 4 strong HBs with
water molecules, consisting of about 1.24 primary water molecules
for each H atom of —NH3, while the primary region around the
—(CH, group contains about 8.6 water molecules. Later, according
to the MD simulations of aqueous CHaNH3 solution using a pair-
wise additive SPC/E model and a related polarizable model
(POL3) for water [10], the average hydration numbers of 3.67
and 3.60 were found for the hydrophilic group of CH3NH3, respec-
tively. This corresponds to the average numbers of 1.22 and 1.20
water molecules at each H atom of the —NH3 group, respectively.
In the hydrophobic region, the —CH; group contains about 9.33
and 9.36 water molecules, respectively. With regard to the earlier
MC and MD studies, the observed discrepancies could be ascribed
to the use of different molecular mechanical (MM ) potentials, most
of which were constructed with respect to the simplified effects of
many-body interactions. Thus, more sophisticated simulation tech-
niques which take into account the importance of “quantum
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effects” seem to be necessary in order to obtain more accurate
descriptions of such condensed-phase systems.

Based on the ab initio MD frameworks, a Car-Parrinello (CP) MD
simulation study of aqueous CH;NH3 solution [11] has reported
that the first hydration shell of the —NH3 group contains 4.2 water
molecules. In this respect, oxygen atoms of three water molecules
are localized along the direction of the N—H bond and form HBs,
while another nearest-neighbor water molecule is weakly bound
and is not fixed within the first hydration shell. The CP-MD
approach has a major advantage over the MM-based MC and MD
techniques since the overall system's interactions can directly be
obtained from quantum mechanics (QM) calculations, and hence
it can produce more reliable results. However, some methodical
limitations of the CP-MD technique stem from the use of simple
generalized gradient approximation (GGA) functionals, such as
BLYP, and of the relatively small system size. It has been well
demonstrated that the use of simple density functionals in the
CP-MD scheme could result in improper structural and dynamical
properties even for the pure liquid water [12-14]. In particular, it
has been shown that the use of the BLYP functional leads to a
strongly decreased self-diffusion coefficient of this peculiar liquid
[14]. Besides the full ab initio MD techniques, an alternative
approach is to apply a so-called combined QM/MM MD technique
based on the ONIOM-XS (Own N-layered Integrated Molecular
Orbital and Molecular Mechanics - Extension to Solvation)
method, called briefly ONIOM-XS MD [15,16]. This technique has
been successfully applied for studying various condensed phase
systems [15-24]. Of particular interest, in the case of liquid water,
the results obtained by the ONIOM-XS MD simulation [18] have
provided more insights into the multiple HB species among water
molecules which correspond to the experimental XAS data for the
arrangement of one strong and one weak (for both donor and
acceptor), rather than the equivalent two donors and two accep-
tors tetrahedral structure. Recently, the ONIOM-XS MD technique
has been successfully applied for characterizing the “structure-
making” and “structure-breaking” abilities of some essential metal
ions in water [17,19,20,24], showing its capability in predicting
more reliable results, especially when compared to those derived
by the conventional QM/MM MD scheme. In this study, it is of par-
ticular interest, therefore, to apply the high-level ONIOM-XS MD
technique for studying the characteristics of CHyNH3 in aqueous
solution.

2. Method

With regard to the ONIOM-XS MD technique [15,16], the sys-
tem is partitioned into a QM treated region, ie., a sphere which
contains the CHsNH3; and its surrounding water molecules, and
the remaining MM region, i.e., the bulk waters. A thin switching
layer, which is located between the QM and MM regions, is
employed to detect the exchanging particles and assist in smooth-
ing the energy and forces of the combined system. Based on the

Table 1

ONIOM extrapolation scheme [25], the potential energy of the sys-
tem can be expressed in two ways, ie, if the switching layer is
included into the QM sphere, the energy expression is written as

E™V(ny 4 N) = E®(ny + 1) — E™ (ny + 1) + E™(N), (1)

and if the switching layer is considered as part of the MM region,
the energy expression is

E™NO (. Ny = E (n,)

In Eqgs. (1) and (2), the n4, [ and n» parameters refer to the num-
ber of particles involved in the QM region, the switching layer and
the MM region, respectively, and N is the total number of particles
(ie, N =n; +1+n3), whereas the E?™ and E* terms represent the
interactions obtained from the QM calculations and from the MM
potentials, respectively. Note that, according to the ONIOM-XS
MD approach, the interactions between the QM and MM regions
are described by means of the MM potentials, and thus these terms
are already included into the EMM(N). During the ONIOM-XS MD
simulation, when a particle moves into the switching layer (either
from the QM or MM region), both Eqs. (1) and (2) will be evaluated.
In this respect, the potential energy of the entire system can be
written as a hybrid between both energy terms (1) and (2],

MO (1)) = (1 —-5({r})) - BV (ny + [ N)
#5({r}) - E™(n1:N), 3)

EM™(n,) + E™(N). (2)

wheres({r;})isan average over a set of switching functions for indi-
vidual exchanging particles in the switching layer s;(x;),

s({n}) = %Zs‘-[x.-}. (4)

For the switching function in Eq. (4), a polynomial expression is
employed,

. 1\° 1\ 15 1 1 .
s,-(x,-;=6(x, j) 5(X,- 5) <ﬁ(x.- i) ii, (5)

where x;, = ((r; — rg)/(r, — 1rp)), and ry and r, are the radius of the
inner and outer surfaces of the switching layer, respectively, and
r; is the distance between the reference atom of the solute and
the oxygen atom of the exchanging water molecule. Finally, the gra-
dient of the energy can be expressed as

VRE™MOM (4 = (1= 5({r1})) - VRE™™(n, + L N)
() - VeE™™(ny: N)
1 = \ NIOM ) AT
2 &Y Vs({ri}) - (Eo (ny; N)
~EM(n; + EN)). (6)
In this study, the nitrogen atom of CH;NH3 was set as the center

of the QM region, and a QM radius of 4.4 A and a switching width
of 0.2A were chosen, which correspond to the ONIOM-XS

Stabilization energies and some selected structural parameters of the optimized CHyNH3(H,0); complex, calculated at the HF, B3LYP, MP2 and CCSD levels of accuracy using the

DZF and 6-311++G{d,p) (data in parentheses) basis sets

Method HF B3LYP MP2 CCcsp

AE (kcal mol~") 16.12 (~15.44) 18.61 (~16.89) 16.23 (~15.50) 16.36 (-15.53)
C—N (A) 1.4866 (1.4858) 1.4974 (1.4953) 1.4918 (1.4897) 1.4953 (1.4932)
N-Hy (A) 1.0160 (1.0148) 1.0422 (1.0363) 1.0347 (1.0329) 1.0320 (1.0309)
C-Hc (A) 1.0799 (1.0798) 1.0917 (1.0883) 1.0882 (1.0887) 1.0894 (1.0908)
2 N-C-H (deg) 108.95 (108.91) 10930 (109.14) 108.90 (108.91) 108.82 (108.84)
2 C-N-Hy, (deg) 11051 (110.79) 11025 (110.75) 110,04 (110.40) 110.07 (110.44)
OwHuy (A) 0.9467 (0.9440) 0.9678 (0.9641) 0.9657 (0.9622) 0.9644 (0.9604)
2 Hy-Oy-Hy (deg) 106.59 (106.35) 105.96 (105.88) 105.11 (104.48) 105.17 (104.64)
Hu: --Ow (A) 1.8926 (1.9109) 1.7738 (1.8161) 1.7978 (1.8115) 1.8255 (1.8347)
7 N-Hy Oy (deg) 17439 (176.07) 176.25 (177.29) 172,53 (174.37) 17222 (174.46)
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parameters r, and r; of 4.2 and 4.4 A, respectively. This QM size is
considered to be large enough to include most of the many-body
interactions and the polarization effects, ie., at least within the
whole first solvation shell of —NH3 and the major part of the solva-
tion sphere of —CH4, and the remaining interactions beyond the
QM region are assumed to be well accounted for by the MM poten-
tials. Since the correlated QM calculations, even at the simple MP2,
are rather too time-consuming for our current computational fea-
sibility, all interactions within the QM region were evaluated by
performing ab initio calculations at the Hartree-Fock (HF) level of
accuracy using the DZP [26] basis set. It is known that the electron
correlation and the charge transfer effects are not typically well-
described by the HF theory, and that the use of the DZP basis set

could resultin a high basis set superposition error and an exagger-
ation of the ligand-to-metal charge transfer. To simply check the
validity of the HF method and the DZP basis set employed for this
particular system, the geometry optimizations of the CHy;NH3(H.-
0); complex have been carried at the HF, B3LYP, MP2 and CCSD
levels of accuracy using the DZP and 6-311++G(d,p) basis sets, as
summarized in Table 1. It is apparent that the HF calculations using
the DZP basis set can predict the structure and stabilization energy
of the CHaNH3(H20)s complex in good accord with the correlated
methods, implying that the effects of electron correlation are mar-
ginal and that the use of the HF method is assumed to be good
enough to sufficiently provide reliable results. All the QM calcula-
tions were carried out using the Gaussian03 program [27]. For the

Table 2
Optimized parameters of the analytical pair potentials for the interactions of water with CH;NH3 (interaction energies in kcalmol ' and distances in A)
Pair A(keal mol 'A% B (keal mol ' A%) C (kcal mol ' A%) D (kcal mol " A™
C-Ow 3.294261 = 107 1.284494 « 10° 2.867797 =« 10° 2736493 = 107
He-Ohy 4392700 = 107 9795945 = 107 7.804262 « 10° 2978830 = 107
N-Owy 2549314 = 10° 1.595213 = 10° 2,601125 = 10* 1.219681 = 10°
Hn-Ow 2270976 = 10" 1.316456 = 107 2245271 « 107 8618788 =« 10"
C-Hy 1.213528 = 107 2935896 = 107 6708478 = 107 1.881890 = 10°
He-Hyy 1.270316 = 10° 3009217 = 107 1.720691 = 102 6.140965 = 10°
N-Hy 1.668167 =« 107 1.272809 » 10° 1.472421 = 10° 2316114 = 107
Hy-H,, 1.357481 = 10° 3.091070 = 10° 1.726506 = 10% 4979114 = 10°
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interactions within the MM and between the QM and MM regions,
a flexible BJH-CF2 model, which describes intermolecular [28] and
intramolecular [29] interactions, was employed for water. This
flexible water model allows explicit hydrogen movements, and
thus ensures a smooth transition when water molecules move
from the QM region with its full flexibility to the MM region and
vice versa. The pair potential functions for describing the CHyNH3-
H;0 interactions were newly constructed. The 57,034 HF interac-
tion energy points for various CH3NH3-H.O configurations as
obtained from Gaussian03 [27] calculations using the DZP [26]
basis set were fitted to the analytical form of

1 3 [A; B: C; D: qg |
AEch ni; —mp0 = ZZ FU 1 r—'SJ g 20 I )

5Tz .
i=1 =1 LT i Ty Ty

where A, B, C and D are the fitting parameters (see Table 2), ry
denotes the distances between the i-th atoms of CH3NH3 and the
j-th atoms of water molecules and g are atomic net charges. In
the present study, the charges on C, He, N, Hy of CH3NH3 were
obtained from Matural Bond Orbital (NBO) analysis [30-32] of the
corresponding HF calculations, being of 0.6950, —0.0062, —0.2431

and 0.1890, respectively. The charges on O and H of water mole-
cules were adopted from the BJH-CF2 water model [28] as
—0.6598 and 0.3299, respectively.

The ONIOM-XS MD simulation was performed in a canonical
ensemble at 298 K with periodic boundary conditions. The sys-
tem’s temperature was kept constant using the Berendsen algo-
rithm [33]. A periodic box, with a box length of 18.17 A, contains
one CH;NH3 and 199 water molecules, corresponding to the exper-
imental density of pure water. The reaction-field method [34] was
employed for the treatment of long-range interactions. The Newto-
nian equations of motions were treated by a general predictor-cor-
rector algorithm. The time step size was set to 0.2 fs, which allows
for the explicit movement of the hydrogen atoms of water mole-
cules. The ONIOM-XS MD simulation was started with the system's
re-equilibration for 30,000 time steps, followed by another 200,000
time steps to collect configurations every 10th step.

3. Results and discussion

Water molecules surrounding the CH;NH3 ion will be classified
into two groups, namely at the hydrophilic —NH3 and hydrophaobic
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Fig. 2. a) 0—0,b)0—H,c) H—0 and d) H—H RDFs and their corresponding integration numbers, as obtained from the previous ONIOM-XS MD simulation of liquid water [18].
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—CH, regions. The hydration structure of the hydrophilic group of
CH3NH;3 can be visualized from the N-Oyy, N-Hy,, Hy-0y and Hy-
Hy, radial distribution functions (RDFs) and their corresponding
integration numbers, as depicted in Fig. 1a-d, respectively. To reli-
ably discuss the behavior of HBs between the —NH3 group and its
nearest-neighbor waters, the corresponding atom-atom RDFs for
pure water obtained by the similar ONIOM-XS MD technique
[18] were utilized for comparison, as shown in Fig. 2. With regard
to Fig.1a, a pronounced first N-Ow peak is exhibited at 2.94 A,
together with a recognizable second N-Oy peak at around 4.23 A.
The characteristics of the N-Oy, RDF, as compared to the 0—0
RDF of pure water (cf. Fig. Z2a), clearly supplies information that
the hydration structure of the —NH3 species is somewhat flexible,
i.e., water molecules in the primary region of the —NH3 group are
labile and they can exchange with water molecules in the outer
region. The position of the first N-Oy, minimum is roughly esti-
mated to be 3.50 A where the integration up to this N-Oyy distance
yields an average coordination number of 49 + 0.1. In Fig. 1b, the
first N-Hy peak is found at around 3.26 A, implying that water
molecules in the primary region tend to point their dipole
moments toward the —NH: group. However, according to
Fig. 1a and b, the nonzero first minimum of the N-Oy RDF and

the observed broad peak of the N-Hy, RDF clearly suggest that
water molecules in this region are labile and their hydrogen atoms
would have considerable orientational freedom. In this respect, the
observed slight second peak of the N-Oy, RDF (cf. Fig. 1a) could also
be assigned to oxygen atoms of some water molecules in the outer
region that form HBs with hydrogen atoms of water molecules in
the first hydration shell of —NH3.

The HB interactions between the —NH3 group and its surround-
ing water molecules can be analyzed from the Hy-Ow and Hy-Hw
RDFs, as shown in Fig. 1c and d, respectively. According to Fig. 1c,
the first Hy-Oy, peak is exhibited at 1.94 A, and the integration
up to the corresponding first Hy-Oy, minimum gives an average
coordination number of 1.2 + 0.1. This implies that the —NHj spe-
cies participates in about 3.6 HBs with its nearest-neighbor waters,
i.e., consisting of about 1.2 water molecules for each H atom of
—NHj. The slight pronounced second peak of the Hy-0yy, RDF could
be ascribed to the contributions of water molecules in the first
hydration layer of other —NH3 hydrogen atoms and of water mole-
cules in the outer region. In Fig. 1d, the feature of the Hy-Hw RDF
corresponds to the arrangements of primary water molecules
forming HBs at each of the —NH3 hydrogens. As compared to the
feature of the 0—H and H—0 RDFs (cf. Fig. 2b and c) of pure water
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[18], i.e., in terms of shape and separation of the first and second
Hy-0y, peaks, it is apparent that the HB interactions between the
—NH7; hydrogens and their nearest-neighbor waters are relatively
weaker than the HB networks of water molecules in the bulk. Con-
sequently, this leads to more frequent and easy exchange of water
molecules between the first shell and the outer region.

The hydration shell structure of the —NH3 group, as obtained by
the ONIOM-XS MD simulation, is comparable to that reported in
the CPMD study [11]. However, some observed differences
between the ONIOM-XS and the CPMD results could be discussed
as follows. By means of the ONIOM-XS MD simulation, about 4.9
water molecules are found to be involved in the primary region
of the —NH3 group, compared to the average value of 4.2 of the
CPMD study. In addition, according to the characteristics of the
ONIOM-XS MD's N-Hy RDF, it is apparant that hydrogen atoms
of water molecules in the first hydration shell of the —NH3 group
have rather high orientational freedom. In the CPMD study [11],
the peaks of the partial distribution functions g(NO) and g{ND)
(D denotes water hydrogen) are slightly better defined than the
ONIOM-XS MD's N-Ow and N-Hyw RDFs, which is explainable since
the use of the BLYP functional could result in an overestimation of
the solute-solvent interactions. Regarding the ONIOM-XS MD
results, the observed hydration structure of the —NH3 group is sim-
ilar to the hydration structure of the spherical NHj species derived
by means of the conventional QM/MM scheme [35]. Note that, in
the case of the spherical NHj, the QM/MM MD study has predicted
a broad unsymmetrical first N-Oy; RDF, which corresponds to the
experimentally observed fast translation and rotation of NH3 in
water [36,37]. For the CH3NH3 species, the steric hindrance arising
from the —CH3 group could be expected to prevent such phe-
nomenon, i.e., the ONIOM-XS MD simulation clearly reveals a rela-
tively more structured N-Oy, RDF.

At the hydrophobic site of CH;NH?, the arrangements of water
molecules around the —CH; group can be analyzed from a set of
C-0yy, C-Hyy, H~0y and H-Hyy, RDFs and their corresponding inte-
gration numbers, as shown in Fig 3a to d, respectively. The
observed broad C-Oy, and C-Hy, peaks with maxima at around
3.48 and 3.67 A, as well as the observed broad and less pronounced
first H-Ow and HeHw RDFs, clearly indicate weak interactions
between the —CH3 group and its surrounding water molecules,
The integration up to a rough estimate of the first C-Ow minimum
(ie., of around 4.90 A) yields about 15.1 0.2 water molecules.
Interestingly, it has been reported that, according to a more polar
character of the —CH5 group of CH3NH3, ie.,, compared to that of
CH,COO0™, the interactions between the —CH, group and its sur-
rounding water molecules could play some roles in the nature of
the CH3NH3 solvation [8]. Based on the ONIOM-XS MD simulation,
it is observed that the —CH; group in CHsNH3 has a slight positive
partial charge, which allows some nearest-neighbor water mole-
cules to have their lone pair directed toward the —CHs species.
However, according to the characteristics of the He-Oyw and He-
Hw RDFs, it could be demonstrated that water molecules in the
hydrophobic region are arranged with respect to the strength of
their water-water HB interactions, rather than by the influence of
the —CH; group.

The probability distributions of the number of water molecules,
calculated within the first minima of the N-Oy, and C-Oy, RDFs,
respectively, are plotted in Fig. 4a and b, respectively. With regard
to Fig. 4a, it is apparent that various numbers of water molecules,
varying from 3 to 8 with the prevalent value of 5, are cooperatively
involved in the first hydration shell of the —NH3 group. In this
respect, it could be expected that these water molecules can mutu-
ally play a role in the HB formation with hydrogen atoms of the
—NH3 group. The numbers of HBs which are simultaneously
formed at each of the —NH3 hydrogens during the ONIOM-XS
MD simulation can be evaluated with respect to the following geo-

Percent

Percent

11 12 13 14 15 16 17 18

19 20
Coordination number

Fig. 4. Probability distributions of the coordination numbers, calculated within the
first minimum of a) N-O and b) C-Oy, RDFs,

metrical criteria of the HB formation: (1) the HB distance is limited
by the first minimum of the Hy-Ow RDF and (2) the N-Hpy: - -Ow and
Hy- - -Ow-Hw HB angles = 100°, as depicted in Fig. 5. According to
the detailed analysis of the ONIOM-XS MD trajectories, it is
observed that most of the —NH3 hydrogens favor to form a single
HB with one of its nearest-neighbor water molecules, compared
to about 12-13% of the remaining configurations which form two
HBs with two nearest-neighbor waters. In Fig. 4b, the number of
water molecules around the —CH; group shows large variations,
ranging from 11 to 20, which corresponds to the observed weak
interactions between the —CH4 group and its surrounding water
molecules.

The details with respect to the HBs between the —NH3 hydro-
gen atoms and their nearest-neighbor waters can be further ana-
lyzed from the distributions of the N-Hy---Oyw angle, calculated
within the Hy- --O distances of 2.0 and 2.5 A, respectively, as shown
in Fig. 6. At the short Hy- --Oy, distance of 2.0 A, it is apparent that
the N-Hy---Oy HBs are nearly linear, with peak maxima around
160°. However, at the slightly longer Hy - -0y distance of 2.5 A
(Le., the first minimum of the Hy-0y, RDF), the probability of find-
ing linear HBs apparently decreases, while the pronounced peak
between 90 and 150° becomes more significant. This could be
ascribed to the presence of multiple, non-linear HBs at each of
the —NH3 hydrogen atoms. Such phenomenon can be analyzed
by plotting the Hyn-N- --Ow angular distributions, calculated within
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Fig. 5. Probability distributions of the number of HBs at each of —NH$ hydrogens, calculated within the Hy: - Oy distance of 2.5 A.
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Fig. 6. N-Hy-- Oy angular distributions, calculated up to the Hy- - Oy, distances of
2.0 and 2.5 A, respectively.

the Hy:- -Ow distance of 2.5A, as depicted in Fig. 7. The two pro-
nounced peaks around 0-30° and 90-120° correspond to the distri-
butions of the three nearest-neighbor water molecules that are
directly hydrogen bonded to each of —NH3; hydrogen atoms,
whereas the pronounced shoulder peak around 40-80° refers to
the distributions of other nearest-neighbor waters that can possi-
bly form additional HBs at some hydrogen atoms of the —NH3
group. More insights into the HBs between the —NH3; hydrogens
and their nearest-neighbor waters can be visualized from the plot
of water orientations within the Hy---Ow distance of 2.5 A, as

Probability density

100

120
H, -N--0,, angle (degree)

140 1860 180

Fig. 7. Hy-N-. Oy angular distributions, calculated within the first minimum of the
Hyn-Ow RDF.

shown in Fig. 8. The orientation of water molecules is described
in terms of the distributions of angle 0, as defined by the Hy: - -Ow
axis and the dipole vector of the water molecules. According to
Fig. 8, the observed broad distributions of # angles, i.e., between
80 and 160° clearly suggest that water molecules which form
HBs with the —NH3 hydrogens have freely dipole-oriented
arangements.

The lability of water molecules surrounding the —NH3; and
—CH; groups of CH,NH3 can be interpreted through the self-diffu-
sion coefficient (D), which is calculated from the center-of-mass
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Fig. 8. Probability distributions of @ angle, calculated within the first minimum of
the Hy-Ow RDF.

velocity autocorrelation functions (VACFs) of water molecules in
the primary regions of the —NH3 and —CH, groups using the
Green-Kubo relation [38],
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By the ONIOM-XS MD simulation, the D values for water mole-
cules in the vicinity of the —NH3 and —CH, groups are estimated to
be 228 x 10~° and 1.93 x 10> cm?:s~!, respectively, which are
close to the value of 2.23 x 1073 cm?s~! of pure water derived
by the similar ONIOM-XS MD scheme [18]. This supplies informa-
tion that water molecules in the primary region of both the —NH3
—CHs groups are quite labile, i.e., they diffuse in a similar degree of
lability of those in the bulk. In particular, it is evident that the “hy-
drophobic effect” of the —CH3 group results in slightly more attrac-
tive water-water interactions in this region, i.e., giving a lower D
value when compared to that of bulk water. This corresponds to
a scenario in which water molecules adjacent to a nonpolar group
are less labile and their water-water HB interactions are (on the
average) stronger than those in the bulk.

Water exchange at each hydrogen atom of the —NH?3 group can
be visualized from the plots of time dependence of the Hy---Ow
distance, as depicted in Fig. 9. During the ONIOM-XS MD simula-
tion, it is observed that water molecules which formed HBs at each
of the —NH3 hydrogens are quite labile, ie., they can easily
exchange with other nearest-neighbor waters. Fig. 10 displays
the plots of time dependence of the number of water molecules
at each hydrogen atom of the —NH3 group, calculated within the

b) H2

WW 7 \'wm“ W'

\ ‘
i

Simulation time (ps)

Fig. 9. Water exchange in the first solvation shell of each hydrogen atom of —NH3, selected only for the first 10 ps of the ONIOM-XS MD simulation.
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Fig. 10. Time dependence of the number of water molecules in the first solvation shell of each hydrogen atom of —NH3, calculated within the Hy: --Ow distance of 2.5 A and

selected only for the first 10 ps of the ONIOM-XS MD simulation.

first minimum of the Hy-0y, RDF. According to Figs. 9 and 10, it is
apparent that each of the —NH3 hydrogens can simultaneously
form (either strong or weak) HBs to different numbers of water
molecules, leading to various possible species of the CH;NH3
hydrates formed in aqueous solution. In Fig. 11, some selected con-
formations of several hydrated CH3NH3 complexes are shown,
which include all nearest-neighbor waters located within the Hy-
-..0yy distance of 2.5 A and some water molecules from the outer
region. Interestingly, it is observed that, besides the HB formation
between the —NH3 hydrogens and their nearest-neighbor waters,
the HB interactions among the shell-shell waters as well as
between the first-shell waters and the bulk also exist. These
observed phenomena clearly supply information that CH;NH3 acts
as a “structure-breaking” ion in aqueous solution.

The rates of water exchange processes at the —CHs and —NH3
species, as well as at each of the —NH3 hydrogens, were evaluated
by means of mean residence times (MRTs) of the water molecules.
Using the “direct” method [39], the MRT data were obtained from
the product of the average number of nearest-neighbor water
molecules located within the defined solvation shell with the dura-
tion of the ONIOM-XS MD simulation, divided by the observed
number of exchange events lasting a given time interval t*. With

regard to the “direct” method [39], a t* value of 0.0 ps was pro-
posed as a suitable choice for the estimation of HB lifetimes, while
a t* value of 0.5 ps was used as a good measure for water exchange
processes. The calculated MRT data with respect to t* values of 0.0
and 0.5 ps are summarized in Table 3. To provide a useful discus-
sion with respect to the “structure-breaking” ability of CH3NH3,
the MRT data for pure water, as derived by the compatible
ONIOM-XS MD scheme [18], were also given for comparison. For
both t* =0.0 and 0.5 ps, the MRT values of water molecules in the
primary region of the —NH3 group, as well as in the first solvation
shell of each of —NH3 hydrogens, are lower than those of bulk
water, indicating that the HB interactions between the —NH;
hydrogens and their nearest-neighbor waters are relatively weaker
than the water-water HBs in the bulk. For the hydrophobic site, the
observed larger MRT data for water molecules in this region corre-
spond to the “hydrophobic effect” of the —CHs group, i.e., the influ-
ence of the —CHj; species could be regarded as a small perturbation
to slightly strengthen the solvent’'s HB structure. Based on the
ONIOM-XS MD simulation, the observed flexible hydration struc-
ture and the relatively low MRT values of water molecules in the
vicinity of the —NH3 group, as well as the observed weak interac-
tions between the —CH5 group and its surrounding waters, clearly
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1 2.98 ps

Fig. 11. Selected geometrical arrangements of the CH;NHj-water complexes, showing the HB formations between the —NH3 hydrogens and their nearest-neighbor waters
(ie., thedash lines highlighted in “red”), as well as the HB formations among the first-shell waters (i.e., the dash lines highlighted in “blue”) and between the first-shell waters
and the bulk (ie., the dash lines highlighted in “green"). Note that water molecules located outside the Hy: --Oy distance of 2.5 A are colored in “green”. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Mean residence times (MRTs) of water molecules in the bulk and in the primary region of —CH; and —NH3. For the —NHj species, the MRT data of water molecules at each of the

~NHj3 hydrogens are also given for comparison.

lon/solute CN Lsim ' =00ps £ =05 ps Ref.
e % w o
—CH; 15.1 40.0 1161 0.52 228 265 This work
—NH3 49 40.0 701 0.28 123 1.59 This work
(Hy) 12 400 489 0.10 41 117 This work
(Ha) 12 400 431 0.11 37 130 This work
(Hs) 12 40.0 530 0.09 39 123 This work
Pure H,0 47 30.0 607 0.23 65 217 [18]

confirm the “structure-breaking” ability of CH3NH3 in aqueous
solution. In this context, the ONIOM-XS MD technique can be con-
sidered as an elegant simulation approach to obtain more detailed
interpretation on the structure and dynamics of such amphiphilic
species in aqueous solution.

4. Conclusions

In this work, the sophisticated ONIOM-XS MD technique has
been applied for studying the solvation structure and dynamics

of CH3NH3 in aqueous solution. Based on the ONIOM-XS MD sim-
ulation, it is observed that the solvation structure of the CH3NH3
ion is somewhat flexible, in which various numbers of water mole-
cules, ranging from 3 to 8 and from 12 to 19, are cooperatively
involved in the primary region of the —NH3 and —CHs3 groups,
respectively. For the hydrophilic side, it is found that the —NH3
group participates in about 3.6 HBs with its nearest-neighbor
waters, ie., consisting of about 1.2 water molecules for each of
the —NH3 hydrogens. Interestingly, it is observed that the HB inter-
actions between the —NH3 hydrogens and their nearest-neighbor
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waters are not strong, i.e., when compared to the water-water HBs
in the bulk. Consequently, this allows several water exchange pro-
cesses to frequently occur at each of the —NH3 hydrogens. For the
hydrophobic side, it is observed that water molecules in this region
are labile and they are arranged according to their water-water HB
networks, rather than by the influence of the —CH; group. In addi-
tion, it is evident that the “hydrophobic effect” of the —CH; species
results in slightly more attractive water-water HB interactions in
this region. Overall, the ONIOM-XS MD results clearly reveal the
characteristics of CHsNH3 as a “structure-breaking” ion in aqueous
solution.
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