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A molecular dynamics simulation has been carried out
for the mixture of an ice nucleus, supercooled water and a
molecule of alanine dipeptide (AD). The dipeptide
molecule has been allocated near the nucleus surface
which corresponds to the prism plane of ice crystal. The
molecule is found to approach the ice surface so that the
two hydrophilic sites on one side of the molecule (Oc2
and Hn1) are closest to the surface. The hydrogen bond
between Hnl site and the oxygen atom on the prism
plane of the ice nucleus is expected. The perturbations of
two hydrophilic sites (Ocl and Hn2), which are
surrounded by hydrophobic sites and are pointing
away from the surface, attenuate the approach of water
molecules to these sites. Thus, these water molecules
diffuse. The hydrogen bond between the oxygen atoms
on the prism plane and the hydrogen atoms of water
molecules is attenuated by the diffusion.

Keywords: Ice Ih structure; Alanine dipeptide molecule; Hydrogen
bond; Water-molecule clustering

INTRODUCTION

Utilizing antifreeze protein (AFP) or antifreeze
glycoprotein for cooling and freezing processes has
been the focus of recent research. This is because
these proteins are effective for lowering the freezing
temperature and attenuating the growth of ice
crystals. Also, they are obtained from certain kinds
of fish and are non-toxic. To reduce the ice crystal
growth is the key for the improvement in taste of
dairy products and frozen meat [1]. The inhibition of
ice crystal growth is crucial for the storage of internal
organs for surgery in hospitals. Also, the control of
ice growth is directly applicable for producing
microparticle ice slurry, which is effective for heart
and brain cooling during cardiac arrest.

*Corresponding author. E-mail: yoshi@kit.ac.jp
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Among the proteins, the AFP type I has been
investigated widely because this AFP has a lower
molecular mass (3300—-4500 Daltons) compared with
the other proteins. The structure of the AFP has been
clarified with X-ray microscope [2]. The AFP type I
from winter flounder (HPLC6) forms a-helix and has
37 residues. The alanine residue constitutes the
largest amount of these residues. It was also found
that the ice crystals grew in the specific direction in
the AFP solution. A hypothesis for HPLC6 has been
developed and (until recently) accepted based on
observations and computational studies on protein—
ice interactions in wvacuo. The polar (hydrophilic)
residues, threonine (Thr2, Thr13, Thr24, Thr35),
asparagines (Asnl6, Asn27) and aspartate (Asp5),
adsorbed preferentially on the prism surface of the
ice crystal by hydrogen bond, and thus, many
residues of alanines (the hydrophobic residues),
which oriented away from the ice surface, interfered
with the approach of water molecule in the liquid
phase to the surface [3].

New experimental or computational results dis-
proving the hypothesis have been obtained over the
past seven years. Chao et al. [4] and Haymet et al. [5]
discovered that the synthetic AFP type I analog, in
which the threonine residues were replaced with the
hydrophobic valine residues, showed similar activity
of lowering the freezing temperature. Dalal et al. [6]
investigated the effect of the HPLC6 molecule on
the water molecules in the liquid phase near the
pyramidal plane of the ice crystal with a molecular
dynamics simulation. They concluded that there was
no gain of hydrogen bonds when the protein
interacted with the ice—water interfacial region.
They also showed that the vacuum is a very poor
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approximation for the properties of water. Further-
more, DeLuca et al. [7] put forward a new hypothesis
in which many hydrophobic residues of AFP type III
adsorbed on the interface.

As far as the present authors know, the effect upon
the ice crystal of three alanine residues in HPLC6
(Ala9, Ala20, Ala31), which are nearly aligned with
the seven hydrophilic residues mentioned above in
the linear helical structure of the HPLC6, has not yet
been discussed in detail. Ala9 has the peptide bond on
both sides with Ala8 and Alal0, and Ala31 also has
the peptide bond on both sides with Ala30 and Ala32.
In these alanine polypeptides, the hydrogen site and
the oxygen site can be positioned close to the ice
lattice. This combination of hydrophilic sites has a
potential for bonding with the ice lattice. To examine
the behaviors of Ala9, Ala20 and Ala31 is not enough
for elucidating the interaction between these hydro-
philic sites and the ice lattice because these residues
are affected by the other hydrophilic residues aligned.
It is valid to examine the behavior of a sole alanine
polypeptide model near the ice lattice.

This study aims at elucidating the interaction
among a cubic nucleus of ice Ih crystal, a molecule of
alanine dipeptide (AD) and surrounding water with a
molecular dynamics simulation. This ice nucleus,
which is the same as that formed in our previous
study [8], has specific prism planes of crystal
associated with ice growth. Also, the nucleus has an
advantage in that it reduces the effect of the boundary
of computational domain on the motion of molecules
near the ice—water interface. In addition, the ice
nucleus can be considered as a nucleus just formed
around a particle, which is the seed of the phase
change, though we do not include any particle inside
the nucleus. The AD molecule is a well-defined, small
polypeptide. Inconsistency due to the introduction
of polypeptide into the computational domain
can be reduced by using this small AD molecule.
The effects of hydrophilic or hydrophobic sites of the
AD molecule on the water molecules near the ice
lattice on the specific prism plane are discussed.

SIMULATION METHOD

We used the computer program developed in our
previous study [8].

Assumptions

The classical molecular dynamics simulation was
applied. It was assumed that the number of
molecules, the volume of computational domain
and the total energy were kept constant (hereafter
called the NVE ensemble) except for heating
or energy removal procedures mentioned below.
All the molecules were assumed as rigid bodies.

The net dipole moment, which was discussed by
Hayward and Reimers [9], was not evaluated.
The periodic boundary condition was imposed on
the computational domain.

Potential Functions of Water Molecules

The TIP4P potential [10] was adopted for the potential
function for the interaction between two water
molecules. The potential function consists of the
Coulomb potential and the Lennard —Jones potential.

The cutoff of the force acting on two distant
molecules was carried out with the following
methods: the cutoff radius for the Lennard-Jones
potential and the Ewald method [11] for the
Coulomb potential. The cutoff radius was set at
2.245nm, which was equal to a dimension of the ice
nucleus. The parameters for the Ewald summation
were a = 5.6, [uymax = 1, [hy|max = 5 where a is the
width of the Gaussian distribution, u, is the vector
for the location of image cell in the y-direction in the
physical space, and h, is the vector for the location of
image cell in the Fourier space.

Time Integral

The Newton-Euler equations for the translational
and rotational motions were solved at each time step,
and were integrated with the Gear algorism [12],
a one-step predictor—corrector method. We adopted
5-value Gear algorism in which the time derivatives
up to the fifth order are considered for the second-
order differential Newton—Euler equation for the
translational motion. We also used 4-value Gear
algorism for the second-order differential equation
for the rotation. All the computations were carried
out with the time step of 0.5fs.

Estimation and Adjustment of Temperature

The statistical temperature T, was given with the law
of equi-partition of energy by the total energy of the
translational motion for all the molecules Kt, and that
of the rotational motion for the molecules K. The
temperature is written as follows:

1/ 2 2
T=2(-2 Kr+-2 K
2(3ng T 3kN R>

2 2
(Ilﬂxi w;m + IP%‘ wP]/i

2
o ‘”rw)) ’ M

where kg is the Boltzmann constant, N is the total
number of molecules, m is the mass of molecules,
and [, is the inertia based on its principal axis.
The temperature scaling was done by changing
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the translational velocity v, and the angular velocity
o, of each molecule with the following equation:

T T

Id) [*pd Id) [+ pd

vl(new) _ VEO ) 7 , wl(new) _ wl(p ) 7 ) (2)
0 0

where Ty is the present temperature and T, is the
predetermined temperature.

MIXTURE OF ICE AND WATER

The result obtained in our previous study [8] for the
mixture of supercooled water with a cubic ice
nucleus was used as the initial condition for the
preliminary computation of the present study. Two
prism planes of ice crystal are realized by the cubic
ice nucleus, though a pyramidal plane for the crystal
cannot be realized. Furthermore, the nucleus has an
advantage in that the motion of molecules is not
affected noticeably by the mirror images due to the
periodical boundary condition. The outline of the
procedure to obtain the mixture is described below.

Formation of Ice

Three-hundred and sixty water molecules were
arranged in a cubic domain based on the ice Ih
structure. Six horizontal planes were considered in
the domain. Sixty molecules were positioned so that
the hexagonal structure was formed on each plane.
The z-axis of the Cartesian coordinate was allocated
in the upward direction and normal to the planes.
This axis and the top plane corresponded to the
c-axis and the {0001} basal plane of the hexagonal
crystal of ice Ih structure, respectively. The y-axis
was allocated in parallel with the a,-axis. Then, the
two boundaries normal to the x-axis were considered
as the {1010} and {1010} prism planes. Water
molecules are adsorbed by these planes during the
freezing process.

The rotational angle for each molecule at the
initial state was given randomly. The Newton-
Euler equations were solved with the proper
constraint condition for the molecular displacement
and the temperature scaling. It was confirmed
from the self-diffusion function, the radial distribu-
tion function and snapshots that the ice Ih crystal
state was sustained in the cases of temperatures
lower than 265 K.

Production of Ice—water Mixture

The new computational domain whose dimension
was twice as large as that used above in the
three directions was filled with eight identical
ice crystals. The origin of the coordinate was
shifted at the center of this large computational

domain. Only one of the crystals located near
a lower corner of the domain (—2245=x=0,
—2333=y=0, —2200=z=0nm) was used as
the ice nucleus, and the rest was melted by gradual
heating and used for the liquid region. Through the
heating, the temperature scaling was applied inter-
mittently for the translational velocity of each
molecule in the liquid region so that the water
temperature reached a predetermined temperature.
The heating continued until the predetermined
temperature was equal to a target temperature. The
total energy input was approximately 90% of the
latent heat.

Mixture of Ice and Supercooled Water

We removed the energy from the liquid region
gradually in order to obtain the supercooled water.
A similar procedure to that used for the melting of
ice mentioned above was applied for the energy
removal procedure: Through the cooling process, the
temperature scaling was applied intermittently for
the translational velocity of each molecule in
the liquid region so that the water temperature
reached a predetermined temperature. The removal
of energy continued until the predetermined
temperature was equal to the target temperature of
240 K. The total energy removed was approximately
50% of the latent heat.

After the energy removal procedure, the inter-
action between the ice nucleus and the supercooled
water was started. The initial state for the present
simulation was the result at 100ps after the
initiation of the interaction between ice nucleus and
the supercooled water. The average energies and the
average temperature for 5ps just before the initial
state are shown in Table L.

The computation without the AD molecule was
also carried out in order to obtain reference data for
the discussion of the effects of the AD molecule on
water molecules.

Near-ice Region

The liquid phase was divided into two regions: the
near-ice region and the far-ice region. The near-ice
region covered the whole surface of the ice nucleus.
The thickness of the region was 0.75nm.

TABLEI Mean values of potential energy, translational tempera-
ture and rotational temperature for ice and water

Ice nucleus  Liquid region

Potential energy (kJ/mol) —482 —45.1
Translational kinetic energy (kJ/mol) 3.02 3.01
Translational temperature (K) 242.3 241.5
Rotational kinetic energy (kJ/mol) 3.11 3.00
Rotational temperature (K) 249.2 240.4
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FIGURE 1 AD molecule.

AD MOLECULE

Assumptions

The AD molecule was assumed to be rigid and thus
its configuration was unchanged through the
computation for simplicity. Therefore, no natural
frequency exists for the AD molecule.

Conformation Parameters

Figure 1 shows the AD molecule. The OPLS
parameters obtained by Jorgensen and Tirado-
Rives [13] were adopted to the potential parameters
for each site of the AD molecule. The parameters are
summarized in Table II. The center of mass of the
molecule was close to the a-Carbon, C* (site #; 6,
type; CH). The electric charge and potentials for one
of the CHj; site (site #; 12, type; JW) were
different from those of the other hydrophobic sites
of C31 and C32 in order to reduce the end effect
of the AD molecule. Note that the hydrophilic sites
of Ocl and Oc2 do not appear in alanine but in the
AD molecule.

The dihedral angle around the C*—N bond ¢, and
that around the C*—C bond i, were determined so
that the AD molecule took the a-helix conformation.

According to the Ramanchandran plots and the result
obtained by Gould et al. [14], we set ¢ = —60.7
degrees and ¢y = —40.7 degrees. These values were
approximately equal to the average values of 20
alanine residues in HPLC6.

Introduction of AD Molecule into Water

A number of water molecules were removed
from a spherical domain in the near-ice region.
The domain was adjacent to one of the surfaces,
which corresponded to the {1010} prism plane. The
AD molecule was introduced into the vacancy.
The radius of domain was set equal to the length of
the longer axis of the AD molecule. The total number
of water molecules removed was 21. The compu-
tational condition is summarized in Table III. The
translational and rotational velocities of the AD
molecule were set equal to zero at the initial state.
We selected two different initial orientations
for AD molecule in order to examine the effect
of the initial condition of orientation on the
results. The basic difference between the two cases
was that the two hydrophilic sites of Oc2 and Hnl
were oriented away from the ice surface (Case 1) or
to the ice surface (Case 2). The initial coordinates of
the four sites (Ocl, Oc2, Hnl and Hn2) are

TABLE II Parameters for AD molecule

Site # Site type q a(nm) e (kj/mol)
Hydrophobic sites 1,7 C31,C32 0.0 0.391 0.670
2 W 0.2 0.38 0.712
Hydrophilic sites 2,8 C1, C2 0.5 0.375 0.440
3,9 Ocl, Oc2 —0.5 0.296 0.879
4,10 N1, N2 —0.57 0.325 0.712
511 Hnl, Hn2 0.37 0 0
6 CH 0.2 0.38 0.335
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TABLE Il Computational condition

Domain (nm?) 4.491 X 4.667 x 4.400

Time step (fs) 0.5

Number of molecules 360
in ice nucleus

Number of molecules 2499
in liquid region

Number of AD molecule 1

Initial temperature of ice 245.1
nucleus (K)

Initial temperature of liquid 239.3
region (K)

Predetermined temperature of ice 245.8
nucleus (K)

Predetermined temperature of liquid 241.0

region and AD (K)

shown in Table IV. The distance between any
site and water molecules in the ice nucleus is longer
than the length for hydrogen bond. Figure 2
shows the initial location of the AD molecule for
the Case 1.

The temperature scaling was carried out after the
AD molecule was introduced in order to attenuate
an unrealistic rapid increase in the energy due to
the inconsistency of the potentials of the molecules.
The scaling procedure was summarized in Table V.
For the first 5 ps, the molecules in ice were fixed and
the displacement of the AD molecule was reduced
to 0.1% of its predicted value. The temperature
scaling was carried out at each time step. For the
next 5ps (5-10ps), the displacements of the
molecules in ice and the AD molecule were reduced
to 0.1% of their predicted value. The scaling was
carried out at each time step. For the third 5ps
(10-15ps), only the scaling was carried out at each
time step. The temperature scaling was terminated
at the end of this step.

The near-ice region defined in the above was
divided into two sub-regions: the near-AD region
and the far-AD region. The former is the near-ice
region facing to the ice surface corresponding to the
{1010} prism plane, in which the AD molecule was
allocated. The latter is that facing to the ice surface
corresponding to the {1010} prism plane.

TABLE IV Initial coordinates of Oc and Hn sites

Site type (x,y,2) (nm)
Case 1 Ocl (0.242, —1.255, —0.842)
Oc2 (0.499, —1.272, —1.212)
Hnl (0.491, —1.053, —1.016)
Hn2 (0.302, —1.087, —1.359)
Case 2 Ocl (0.314, —1.439, —0.981)
Oc2 (0.523, —1.046, —1.050)
Hnl (0.234, —1.084, —1.017)
Hn2 (0.443, —1.054, —1.348)

SELF-DIFFUSION FUNCTION

In order to judge whether the system is in a liquid
state or an ice state, we used the self-diffusion
function defined by the following equation:

1 N
D) =5 > (xi(t) = 1i(0))?, 3)
i=1

where 1(t) is the coordinate of a molecule i at time ¢.
If the function increases with time, the system
is in a liquid state. If the function increases gradually
with time, the motion of molecules is restricted by
the adsorption of molecules to solid surface due to
the solidification. If the function keeps nearly equal
to zero, the system is in a solid state.

RESULTS AND DISCUSSION

Total Energy of System

It was confirmed that the total potential energy and
the total kinetic energy were kept constant through-
out the computation. Thus, the present computation
based on the micro-canonical (NVE) ensemble was
validated. Furthermore, the system was confirmed to
be stable.

Interaction between Ice Nucleus and AD Molecule
Motion of AD Molecule

Figure 3 shows the time changes in the x-coordinates
of seven sites and the x, y and z coordinates of
the center of mass for the AD molecule in Case 1.
The x-coordinates of the C31, Hnl and Ocl sites
decreased noticeably for the period of 22-40ps.
On the other hand, the x-coordinates of Hn2 and JW
sites fluctuated around their mean values for this
period. This shows that the left side of the AD
molecule shown in Fig. 1 approached the ice surface,
while the right side of the molecule stayed around
the same location. For the period of 40-85ps, the
x-coordinates of the Hnl and C31 sites increased
gradually and the other sites stayed around the same
location. The C31, Oc2 and Hn1 sites were closer to
the ice surface than the other sites for this period,
which shows that the upper side of the AD molecule
in Fig. 1 was close to the surface. The mean value in
the x-coordinate of the Oc2 site for this period was
approximately 0.2nm, and that of the Hn1 site was
approximately 0.3nm.

For the period of 85-125ps, the x-coordinates of
the JW, Oc2 and Hn2 sites increased more than
before, while those of the other sites increased less
than before. This indicates that only the right side
of the AD molecule in Fig. 1 moved gradually
away from the surface. The time change in the x, y
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- H20 (liquid phase)

 H20 (solid phase)

. backbone of AD

. Hn site

© Oc site

i Me group

(b)view from z-axis

FIGURE 2 Snapshot for the initial condition in Case 1. (Colour version available online.)

and z coordinates for the center of mass was
not noticeable in this period. The mean value in the
x-coordinate of the Oc2 site for this period was
approximately 0.25nm, and that of the Hn1 site was

TABLE V  Scaling procedure

Liquid Ice AD Scaling
Period region nucleus molecule interval
0-5 (ps) Free Fix 0.1% 0.5 (fs)
5-10 (ps) Free 0.1% 0.1% 0.5 (fs)
10-15 (ps) Free Free Free 0.5 (fs)
15-95 (ps) Free Free Free -

approximately 0.35nm. After 125ps, the C31 and
Hn1 sites moved away from the surface, while the
other site moved towards the surface. Thus, the
three-dimensional perturbation of the position of
the AD molecule was observed through the
periods.

Figure 4 indicates the time changes in the
x-coordinates of seven sites and the x, ¥ and z
coordinates of the center of mass for the AD molecule
in Case 2. The x-coordinates of the JW, Oc2 and Hn2
sites decreased noticeably for the period of 25-80 ps.
On the other hand, the x-coordinates of Ocl and C31
sites decreased gradually for this period. This shows



18: 30 14 January 2011

Downl oaded At:

INHIBITION OF ICE NUCLEUS GROWTH 493

08 T T T T T
£ = Hnl
- ——- Hu2/
o~
0.6 aoan, T
X M \

IRN " - X
Voo e -
\"l y Pt “nl I i

ol 1+ o1 ol 1 MR T
20 40 60 8¢ 100 120 140 20 40 .80 00 120 140
time (ps) time (ps)
(a) Me group (b) Hn site
08— T T T T r E — T T T T T T T T T
g T T T T T 05k i
2 Ol E ’\/——\/VM
—-—=- 02 - ]
| o
_——— - 'y‘
0.6 1 o e DO
0.5F -
ak ]
P S DT B R B 13 PR DR N N RS R
02[] 40 60 80 100 120 140 20 44 60 R0 100 120 140
time (ps) time (ps)
(c) Oc site () center of mass (AD)

FIGURE 3 Time changes in the coordinates in Case 1.

that the right side of the AD molecule in Fig. 1
approached the ice surface, while the left side of
the molecule remained in the same location for this
period. Furthermore, the JW, Hn1 and Oc2 sites were
closer to the ice surface than the other sites for the
period of 40-80ps. Hence, the Hnl and Oc2
hydrophilic sites were closer to the ice surface for
40-80 ps irrespective of the initial allocation of the
AD molecule. The mean value in the x-coordinate of
the Oc2 site for this period was approximately
0.3nm, and that of the Hnl site was approximately
0.27nm in this period. The interaction between the
Hnl site and the oxygen atom in the ice is stronger
than that between the Oc2 site and the hydrogen
atom in the ice.

For the period of 80-120ps, the x, ¥ and z
coordinates for the center of mass fluctuated around
their mean values, which are approximately equal to
those in Case 1. In this period, the JW, Oc2 and Hnl
sites were still closer to the surface than the other
sites, which is also similar to that in Case 1. The mean
value in the x-coordinate of Oc2 site for the
period was approximately 0.2nm, and that of
Hnl was approximately 0.2nm. These values were
lowest in all the periods of Case 1 and Case 2.

Therefore, the interaction between the ice and the
Oc2 and Hn1 sites was the strongest for the period.

Mechanism of Ice—AD Interaction

We examined the distances between the atoms of
water molecules and each site of AD molecule at
every 10 ps in order to understand the ice-AD and
water—AD interactions. Figure 5a,c and e depict the
number of oxygen atoms inside the spherical regions
for two Hn sites and the C32 site as a function of the
radius 7; at 110ps in Case 1. The snapshot at
this moment is shown in Fig. 6. Figure 5b and d
depict the number of hydrogen atoms inside the
spherical regions for two Oc sites as a function of 7, at
110 ps in Case 1. The shaded bars show the number
of atoms for water molecules in the solid phase,
while the white bars show the number of atoms for
water molecules in the liquid phase. It is found
from Fig. 5a that one oxygen atom for a water
molecule in the liquid phase was inside the spherical
region of r; =0.26nm for the Hnl site, while no
oxygen atom for a water molecule in the solid phase
was inside the region. This radius is the radius
for the first hydration shell for Hn sites obtained
by Kalko et al. [15]. The average number of oxygen
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atoms inside the region was 0.8 for the period of
80-120 ps.

Two hydrogen atoms for a water molecule on the
ice surface were found to be inside the spherical
region for the Oc2 site (rs = 0.40nm; the radius for
the first hydration shell for Oc sites) in Fig. 5b. The
average number of hydrogen atoms in the ice nucleus
inside the region was 1.8 for the period. The distance
between the Oc2 site and the nearest hydrogen atom
was 0.32nm during the period of 60-120ps. This
distance is approximately equal to the x-coordinate of
the Oc2 site mentioned above. Thus, the nearest
hydrogen atom was located on the ice surface. The
distance is longer than the hydrogen-bond length
inside the ice, but shorter than the distance between
the oxygen atom of a water molecule on the ice surface
and the hydrogen atom of another water molecule
on the ice (See Table VI). Furthermore, the angle for
(Ow=HW)jc---Oc2 is not 180 degrees, while the
hydrogen bond of (Ow=Hw- - -Ow);. inside the ice
takes 180 degrees. Therefore, the interaction between
the Oc2 site and the hydrogen atom on the ice surface
is weaker than the hydrogen bond between the ice
and adsorbing water molecule.

Figure 7a,c and e indicate the number of oxygen
atoms inside the spherical regions for two Hn sites

and the C32 site as a function of the radius 75 at 90 ps
in Case 2. Figure 7b and d indicate the number of
hydrogen atoms inside the spherical regions for two
Oc sites as a function of r; at 90ps in Case 2.
There was one hydrogen atom for a water molecule
in the liquid phase and one hydrogen atom
for a water molecule on the ice surface was inside
the spherical region of r; =0.40nm for the Oc2
site as shown in Fig. 7b. The average number
of hydrogen atoms inside the region was 1.8 (0.8 in
the solid phase and 1.0 in the liquid phase) for the
period of 80-120 ps.

In contrast with Case 1, there was one oxygen
atom for a water molecule in the ice nucleus inside
the region of r; = 0.26 nm for the Hn1 site as shown
in Fig. 7a. This oxygen atom stayed inside the region
through the period of 80-120ps. The distance
between the Hn1 site and the nearest oxygen atom
was approximately 0.21nm during the period of
60-120 ps. This distance is approximately equal to
the x-coordinate of the Hnl site mentioned above.
Thus, the nearest oxygen atom was located on the ice
surface. The distance is approximately 24% longer
than the length for the hydrogen bond inside the ice,
and much shorter than the distance between the
oxygen atom of a water molecule and the hydrogen
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FIGURE 5 Number of atoms inside spherical shell in Case 1.

atom of another water molecule (See Table VI). The
hydrogen bond of (Hw=Ow);. --Hnl takes
approximately 120 degrees, which can be realized
easily. Therefore, the Hnl site can stay in its stable
position very close to the ice surface in this type of
hydrogen bond. This situation is drawn schemati-
cally in Fig. 8. The difference in the ice-AD
interaction in Case 1 and that in Case 2 is related to
the water—AD interaction mentioned above.

Interaction between AD Molecule and Water
Oc1 and Hn2 Sites

The Hn2, JW and C32 sites were farther from the ice
nucleus than the other sites for the period
of 30-120ps in Case 1 as shown in Fig. 3.
Thus, these sites were surrounded by water
molecules in the liquid phase. Note that no oxygen
atom was inside the spherical region of 7, = 0.26 nm
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Hw

: backbone of AD

: Hnsite

+ Oc site

: Me group

(b) view from z-axis

FIGURE 6 Snapshot at 110 ps in Case 1. (Colour version available online.)

TABLE VI Distances between oxygen atom and hydrogen atom

Inside ice crystal
(Ow=Hw);. (covalent bond; TIP4P) 0.096 nm
(Ow: - ‘-Hw);ce (hydrogen bond on the 0.17 nm
prism plane)

(Ow—Hw);. (between two water 0.34, 0.38,... nm
molecules on the prism plane)
Sites of AD molecule
Hn1—0Oc2 0.30nm
Ocl—Hn2 0.55nm
Possible hydrogen bond between
sites of AD molecule and ice crystal
Case 1 (95-110ps)
0Oc2: - - (HW=0W);ce 0.32nm
Hnl- - -(Ow=Hw);c. 0.37 nm
Case 2 (95-110ps)
Oc2: - -(HWw=—0wW);ce 0.35nm
Hnl- - -(Ow=HW);ce 0.21 nm

for the Hn2 site through this period except at
130ps when one oxygen atom for a water
molecule in the liquid phase was inside this region
(figure omitted). This shows the difficulties
in the hydrogen bond between the Hn2 site and
the oxygen atoms of water molecules in the liquid
phase.

Two reasons can be considered for this difficulty.
One reason is that the Hn2 site is surrounded by the
JW and C32 hydrophobic sites. Thus, the water
molecules do not approach the region including
these three sites easily.

The other reason is the motion of the sites. As
shown in Fig. 3a and b, the x-coordinates of the JW
and Hn?2 sites fluctuated with time. The period of
the fluctuation was approximately 7ps, which is
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FIGURE 7 Number of atoms inside spherical shell in Case 2.

the same order of magnitude for the mean lifetime
of the libration state for the hydrogen bond in
the clusters of water molecules (1 — 6ps) [16].
This fluctuation disturbed the cluster formation
or the hydrogen bond between water molecules or
that between a water molecule and the Ocl and

Hn2 sites. This situation is drawn schematically
in Fig. 8.

A similar situation was obtained in Case 2.
The C31, Ocl, Hn2 and C32 sites were farther from
the ice nucleus than the other sites for the period of
30-120ps as shown in Fig. 4. The Ocl site was
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ice nucleus

water phase

FIGURE 8 Interaction between Oc and Hn sites and water
molecules.

surrounded by the C31 and C32 hydrophobic sites.
No oxygen atom was inside the spherical region of
7s = 0.26nm for the Hn2 site through this period
except at 80 and 130 ps when one oxygen atom for
a water molecule in the liquid phase was inside this
region (figure omitted).
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FIGURE 10 Self-diffusion functions in Case 2.

Diffusion of Water Molecules

The water molecules disturbed by the sites of the AD
molecules can affect other water molecules. This was
examined by the self-diffusion function of water
molecules. Figure 9 exhibits the self-diffusion
functions of water molecules in the near-ice region
of the liquid phase in the periods of 40-80 and
100-140 ps in Case 1. The self-diffusion function of
water molecules in the region (near an upper corner
of the computational domain (0 =x = 2.245,
0=y =2333, 0=z=2200nm; hereafter called
far-ice region), which is far from the nucleus
and AD molecule in the domain, is drawn with the
two-dot chain line. The function for all the water
molecules in the near-ice region is drawn with
the solid line. The function for the molecules in
the near-ice—far-AD region is drawn with the dotted
line. The final values of the function in the profiles
are shown in Table VII. The function for the
molecules in the near-ice—far-AD region takes
slightly higher values than that for the molecules in
the far-ice region, but takes lower values than that for
all the molecules in the near-ice region. On the other
hand, the function for the molecules in the near-ice-
near-AD region drawn with the broken line takes the
highest values. A similar result was obtained in Case
2 as shown in Fig. 10 and Table VI. Therefore, the AD
molecule enhances the diffusion of the water
molecules in the vicinity of the {1010} prism plane
and the AD molecule.

Orientation of Water Molecules near the Prism
Planes

We examined the angles of water molecules to
the oxygen atoms on the prism planes in order
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to understand the indirect effect of the AD molecule
on the adsorption of water molecules far from the
AD molecule. Figure 1la shows the angle «
among the oxygen atom on the prism plane
(OW)jce, the oxygen atom of water molecule Ow
within a spherical shell whose radius from (Ow);c. is
in the range of r,; — 7,2 and the hydrogen atom of the

TABLE VII  Final values for the profiles of self-diffusion function

Figures t (ps) Region D(t) (nm?)
Fig. 9a 80 Whole-near-ice region 0.0116
Near-ice—near-AD region 0.0187
Near-ice—far-AD region 0.0092
Far-ice region 0.0075
Fig. 9b 140 Whole-near-ice region 0.0103
Near-ice—near-AD region 0.0110
Near-ice—far-AD region 0.0109
Far-ice region 0.0079
Fig. 10 140 Whole—near-ice region 0.0113
Near-ice—near-AD region 0.0178
Near-ice—far-AD region 0.0104
Far-ice region 0.0083

molecule Hw?2 located farther from the prism plane
than the other hydrogen atom Hwl. We set
1 = 0.265 and 2 = 0.285nm because the middle
value is approximately equal to the distance
between the oxygen atoms inside the ice nucleus
(the distance of (Ow=Hw---Ow) is 0.276 nm, as is
calculated from the values in Table VI). If « is 104
degrees, Hwl is on the line between (Ow)ic
and Ow, and thus the hydrogen bond is highly
expected between Hw1 and (Ow);c. If @ is far from
104 degrees, this hydrogen bond is not expected.
Figures 11b and c indicate the probability distri-
bution for « in Case 1 and Case 2, respectively. The
probability is defined as follows:

Ny =1 =rym,a)
p(ra Ol) = 180° z = b
D M1 =7 =1p0,Q)

4)

where 1 is the number of water molecules whose
oxygen atoms are located inside the spherical shell
mentioned above. These figures depict that the
fraction of the angles, except for 100-105 degrees in
the case of far-AD region, is lower than that in



18: 30 14 January 2011

Downl oaded At:

500 K. IWASAKI AND Y. HAGIWARA

the case of near-AD region. This shows that the
possibility of hydrogen bond between the oxygen
atom on the prism plane and the hydrogen of water
molecule decreased due to the presence of the AD
molecule.

CONCLUSIONS

The molecular dynamics simulation was carried out
in order to understand the interaction among the AD
molecule, the water molecules in the ice nucleus and
those in the liquid phase. The main conclusions
obtained are as follows.

(1) The Oc2 site and the Hnl site of the AD
molecule moved to the surface of the ice
nucleus. The minimum distance between the
Hn1 site and the oxygen atom of the ice lattice
on the prism plane is shorter than that of the
hydrogen bond. Thus, the hydrogen bond of
Ow---Hnl is expected.

(2) On the other hand, the minimum distance
between the Oc2 site and the hydrogen atom of
the lattice was longer than that of the hydrogen
bond. This is partly because the sites do not
match the lattice completely and partly because
the hydrogen atom is more inside the nucleus
than the oxygen atom of the lattice. Thus, the
hydrogen bond of Hw---Oc2 is not expected.

(3) These interactions allow the gradual rotation
and gradual slide on the prism surface of the AD
molecule.

(4) This behavior of the AD molecule leads to time
change in the positions of the Oc1 and Hn2 sites
pointing away from the {1010} prism plane.
This causes the diffusion of water molecules.

(5) The motion of AD molecule prevents the
hydrogen atoms of water molecules from
bonding with the oxygen atoms in the ice lattice
on the prism plane.
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