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Abstract
The influence of solid surface properties on ice nucleation are well-known and the 
influence of the dynamical heterogeneity (DH) of water molecules on ice nucleation 
has also attracted attention recently. Dynamical heterogeneity refers to water mol-
ecules in supercooled water that have regions of high mobility as well as those of 
low mobility. In the present study, we investigated the effect of the dynamic proper-
ties of water molecules in the vicinity of various solid surfaces on heterogeneous ice 
nucleation using molecular dynamics simulations. Specifically, we simulated hetero-
geneous ice nucleation on a perfect crystalline surface of platinum and surface with 
a slit structure at a nanometer scale. We calculated the local diffusivity (LD) as an 
indicator of DH and found that the correlation between the distribution of LD and 
the location of critical ice nucleation showed that ice nucleation tends to occur in 
regions with relatively low LD. In addition to this, by employing nanoslit structures 
of various widths, we found that the surface width of the slit structure or surround-
ing substrate where ice nucleation occurs is important for critical nucleation.
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1 Introduction

The formation of frost on heat exchangers is one of the critical problems related 
to water in industries. Such frost is well-known to be a porous ice layer contain-
ing air with low thermal conductivity. Hence, the thermal efficiency of air con-
ditioners and refrigerators is significantly reduced because of increased thermal 
resistance and pressure loss when frost formation occurs on the heat transfer sur-
faces [1]. Heat transfer performance of these devices is usually maintained by 
defrosting with an external heat source or using reverse cycle operations, which 
requires extra energy consumption. We can expect to reduce excess energy con-
sumption by controlling frost growth artificially. Frost forms when water vapor 
in the air condenses into droplets on a cooling surface, releasing the supercooled 
state, and frost crystals develop from the ice droplets. In the control of frost, the 
freezing process of the supercooled droplets is important. Thus, there are many 
experimental studies about frost formation or water freezing on solid surfaces. 
Jhee et  al. [2] experimentally investigated the effect of heat exchanger surface 
treatment on the frosting or defrosting behavior of a fin-tube heat exchanger. Cao 
et al. [3] studied the icing process of supercooled water on superhydrophobic sur-
faces and reported its anti-icing function. As a study focusing on the frost itself, 
Matsumoto et al. [4] measured the microstructure of the frost layer using X-ray 
microcomputed tomography (μCT).

Supercooling phenomena of liquids such as water also pose problems for the 
use of phase change materials (PCM). Recently thermal storage technology has 
become attractive from the viewpoint of effective energy utilization and PCM in 
particular is capable of high-density heat storage using latent heat. Since PCM 
utilizes the latent heat of solidification to store and dissipate heat, PCM cannot 
fully demonstrate its performance under supercooled conditions [5]. Specifically, 
the instability of thermal storage operation due to supercooling and the increase 
in cooling costs are issues to be addressed. In both frost control and the use of 
PCM, the influences of solid surface properties on solidification could be impor-
tant although the detailed mechanism has not been fully clarified.

It is known that water solidification originates from ice nucleation at molecular 
scales. Therefore, not only experimental studies but also analysis using molecu-
lar dynamics (MD) simulations are effective for understanding the fundamental 
process of water solidification. Using classical molecular dynamics methods, we 
can track the behavior of individual molecules in detail by providing potential 
energy functions for the interactions between atoms and molecules. There are 
many examples of studies that have applied these methods to the analysis of water 
solidification and some studies [6–8] have discussed the influence of solid surface 
properties on water solidification. Martin et  al. [6] reported that the wettability 
and crystal orientation of solid surfaces alter the structural properties of water at 
the solid–liquid interface and affect the nucleation rate of ice. Li et al. [7] inves-
tigated heterogeneous ice nucleation on nano-grooved solid surfaces and reported 
that the nucleation rate varies with the groove width due to matching with the lat-
tice constant of the ice crystal. Jiang et al. [8] investigated ice nucleation of water 
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droplets on a solid surface with pillars and reported that the width and height of 
the pillars affect the ice nucleation rate. These latter results are similar to those of 
Li’s study [7].

As mentioned earlier, there are many studies that have investigated water solidi-
fication using molecular dynamics simulations. Among them, researchers reported 
the relationship between the structural properties of water molecules and hetero-
geneous ice nucleation. In recent years, the influence of the dynamic properties of 
water molecules in supercooled water, i.e., the dynamical heterogeneity (DH) [9] 
of water molecules, on ice nucleation has also been attracting attention. Dynamical 
heterogeneity is the property which shows spatially separated regions of slow- and 
fast-moving molecules typically observed in a supercooled liquid. The DH is related 
to the increase of viscosity of liquid near the glass transition point. Martin et al. [10] 
investigated homogeneous ice nucleation in bulk supercooled water using dynami-
cal propensity (DP) as an indicator of dynamical heterogeneity and reported that 
homogeneous ice nucleation is more likely to occur in the relatively low-mobility 
region. Several studies have further investigated the nucleation of water and other 
materials using DP. Verde et al. [11] applied DP calculations to several water mod-
els and reported correlations with structured water molecules as a preliminary step 
to crystallization. However, there are still few studies which discuss the relation-
ship between the dynamic properties of supercooled water and ice nucleation, espe-
cially the effect of the dynamic properties of water molecules on heterogeneous ice 
nucleation in systems with a solid–liquid interface. On the other hand, Piero et al. 
[12] pointed out that analysis using DP is not suitable for comparing DP values 
between different computational systems. Therefore, Piero et  al. [12] investigated 
the dynamic properties of water molecules at the interface using local diffusivity 
(LD). They highlighted the significance of LD in assessing the influence of inter-
faces on the dynamic properties of water molecules and the potential role of LD in 
heterogeneous ice nucleation They reported that the LD is an alternative indicator 
to DP to quantify dynamic heterogeneity. Therefore, we performed calculations of 
LD as defined in Piero’s study to investigate the relationships between the dynamic 
property of water molecules and ice nucleation at solid surfaces of various types.

In the present study, we performed molecular dynamics simulations of hetero-
geneous ice nucleation and crystallization of water molecules on a solid surface 
consisting of platinum atoms and investigated the influence of local water molecule 
dynamics and solid surface properties. To this end we first performed calculations 
on a solid surface simulating a perfect crystalline surface of platinum. Then we set 
up various structures on the solid surface and compared them with the perfect crys-
talline system, especially with respect to ice nucleation on the substrate.

2  Numerical Methods

2.1  Calculation System and Procedure

Figure 1 shows examples of the calculation models for the Pt-H2O systems used in 
the present study. We simulated the solidification process of a liquid film composed 
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of water molecules on a solid surface of platinum atoms. Figure 1a and b show cal-
culation systems with the perfect crystalline surface plane of platinum, named as the 
Flat system and that with a shallow slit structure on a solid surface, named as the Slit 
system, respectively. In the present study, we refer to the shallow structure shown in 
Fig. 2 as a slit structure. The slit structure is composed of platinum atoms as well 
as the solid substrate. The slit structure has a constant size in the x-axis and z-axis 
directions, and it extends to the periodic boundary length in the y-axis direction. 
Unless otherwise specified, the snapshots of calculation systems presented hereaf-
ter are assumed to be viewed from the same perspective as depicted in Fig. 1. The 

Fig. 1  Calculation systems

Fig. 2  Slit systems with various slit widths
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dimensions of the computational domain are x × y × z = 8.32 × 7.85 × 15.0nm3 . 
Periodic boundary conditions were applied in the x- and y-directions, while a mir-
ror boundary condition was imposed at z = 15.0 nm. The dimensions of the nanoslit 
structure in the Slit system are x × y × z = W × 7.85 × 0.55 . In the present study, the 
width of the slit structure ( W ) is changed as described in the following. Therefore, 
Fig.  1 shows an example of the Slit system while Fig.  2 shows the five different 
Slit systems employed in the present study. Each system is named as Slit A—Slit 
E in descending order of the width of the slit structure as 6.93, 4.16, 3.33, 2.77 and 
1.39 nm, respectively. The numerical integration of the equations of motion was per-
formed using the velocity-Verlet algorithm with a time step of 5 fs. 

We employed the ML-mW model [13] for water molecules. The ML-mW model 
is an improved version of mW [14], which is a kind of coarse-grained model for a 
water molecule. The mW model has been widely utilized in the studies of phase 
transition phenomena due to its accurate reproduction of melting point and struc-
tural properties of water [6–8, 10]. The ML-mW model is further improved from 
mW by fine-tuning its parameters using machine learning, enabling a more accurate 
representation of the anomalous properties of liquid water. Specifically, the ML-mW 
model can reproduce the volume expansion during solidification, and the diffusion 
coefficient is also well simulated. The functional forms of the potential and the cor-
responding parameters are presented in Eqs. 1, 2, 3, and Table 1, respectively.

In the present study, we employed the 12–6 Lennard–Jones potential described 
by Eq.  4 for interactions between platinum atoms, while the interactions between 
platinum and water were modeled using Eq. 5, scaled by the solid–liquid interaction 
strength parameter α. The parameters for the Lennard–Jones potential were deter-
mined with reference to values from previous studies [13, 15], and the parameters 
for platinum-water interactions were calculated using the Lorentz-Berthelot mixing 
rule [16]. The parameters utilized in the present study are summarized in Table 2. 
For the Flat system, MD simulations were performed with two different values of α, 
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0.03 and 0.0475, to model solid surfaces with different wettability. The relationship 
between the contact angle and α is discussed in Chapter 3. For the Slit system, α was 
fixed at 0.0475 in the present study.

 
For the first 1 ns of the simulation, we controlled the temperature of the water 

molecules using the velocity scaling method and that of the surface using the Lan-
gevin method, maintaining both at 300 K. Following this, we removed the tempera-
ture control for the water molecules and performed a relaxation calculation for 4 ns. 
After the relaxation phase, the controlled temperature of the Pt atoms was adjusted 
to 246 K, and the main simulation and data collection were conducted for 25–200 
ns. Considering that ice nucleation is a spatiotemporally random phenomenon, we 
performed multiple simulations under identical conditions with different initial 
velocity distributions: 9 simulations for the Flat system and 15 simulations for the 
Slit system, respectively. The numbers of average operations were determined con-
sidering the convergence of the critical nucleation time for the Flat and Slit sys-
tems, respectively. All molecular dynamics simulations were conducted using the 
LAMMPS software package [17]. For the calculations of crystallization determina-
tion and local diffusivity shown in Sects. 2.2 and 2.3, we used our own programs 
coded with Fortran.

2.2  Determination of Water Molecule Crystallization

We employed the CHILL + algorithm [18] to identify the crystalline state of water 
molecules. The CHILL + algorithm was introduced to identify water crystals and 
hydrates, classifying each water molecule into one of four states as Cubic Ice, Hex-
agonal Ice, Interface, or Liquid, based on the geometric arrangement of neighboring 
water molecules. Figure 3a, b and c show a snapshot without crystallization iden-
tification, a snapshot where crystallization identification was performed using the 
CHILL + algorithm, and a snapshot where a further ice cluster identification was 
applied, respectively. In the snapshot in Fig. 3b, particles shown in white represent 
Pt atoms, while green and red particles correspond to Cubic Ice and Hexagonal Ice, 
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potential parameters. [14, 16, 
17]
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respectively, indicating water molecules identified as crystallized. Light blue parti-
cles represent liquid water molecules (Liquid), and yellow particles denote in inter-
mediate state between crystal and liquid, identified as Interface according to the 
CHILL + algorithm. To further analyze the behavior of ice nuclei, we performed 
a clustering analysis of water molecules based on the crystallization identification 
results from the CHILL + algorithm. For that identification, we utilized the fact 
that the coordination number of Cubic Ice and Hexagonal Ice is equal to 4 in the 
CHILL + algorithm [19, 20]. Thus, water molecules identified as Cubic Ice or Hex-
agonal Ice were considered to be a part of the same ice cluster if one or more of 
their first to fourth nearest neighbors were also identified as Cubic Ice or Hexagonal 
Ice. Additionally, since the largest ice cluster in the system is likely to be dominant 
in determining the progression of crystallization, we distinguished the largest ice 
cluster from the remaining smaller ice clusters. Figure 3c shows the snapshot after 
ice cluster identification in the present study. In Fig. 3c, water molecules belonging 
to the largest ice cluster are shown in dark purple, while those in other ice clusters 
are shown in light purple. Comparing Fig. 3b to c, the groups of molecules that were 
colored red or green in Fig. 3b are shown in dark or light purple in Fig. 3c, indicat-
ing that the ice cluster identification is reasonable. Figure 3 shows just one example 
and we have confirmed that the cluster determination is correctly done in all other 
cases.

2.3  Calculation of Local Diffusivity of Water Molecules

Martin et al. [10] investigated the effect of the dynamic properties of water mole-
cules on ice nucleation using the parameter DP, as expressed in Eq. 6. They reported 
that homogeneous ice nucleation tends to occur more readily in regions with rela-
tively low mobility. The present study aims to determine whether a similar trend 
is observed in heterogeneous ice nucleation in calculation systems containing vari-
ous solid surfaces. However, Piero et al. [12] noted that DP, which is normalized by 
the mean squared displacement (MSD) of all molecules in the system, is not suit-
able for comparing DP values across systems with different properties. Considering 

Fig. 3  Crystallization determination of water molecules. (white: platinum atom, blue: liquid, red: hexag-
onal ice, green: cubic ice, yellow: interface, light purple: ice cluster, dark purple: the largest ice cluster) 
(Color figure online)
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this limitation, we employed the parameter LD, as defined in Eq. 7, which does not 
involve MSD normalization, to investigate the relationship between the dynamic 
property of water molecules and heterogeneous ice nucleation with varying surface 
conditions. LD is a quantitative measure of dynamic properties previously used by 
Piero et  al. [12] in their study to investigate water molecular dynamics on carbon 
surfaces. They highlighted the significance of LD in assessing the influence of inter-
faces on the dynamic properties of water molecules and their potential role in het-
erogeneous ice nucleation. LD shows the similar physical meaning as self-diffusion 
coefficient of one water molecule. However, as shown in Eq. 7, LD is an indicator of 
the non-dimensionalized dynamical heterogeneity of the molecule during t0 which is 
different from the characteristic time of usual self-diffusion coefficient. Both Eqs. 6 
and 7 involve fixing the initial molecular configuration and assigning random ini-
tial velocities to molecules based on the Maxwell–Boltzmann distribution. This 
approach is named ISOCA (iso-configurational analysis) [21]. Fluctuations due to 
the initial configuration can be eliminated using the ISOCA, where ⟨⟩ISO denotes 
an ensemble average over initial velocities. However, the ISOCA method requires 
high computational costs, and it is difficult to apply in the time transient analysis. 
Therefore, we redefined LD in a time-dependent form, as shown in Eq. 8, to account 
for temporal variations of LD. Here, ri(t) represents the position vector of a water 
molecule at time t, �H2O

 is a parameter representing the apparent particle diameter in 
the ML-mW model, and t0 is the time at which the dynamic heterogeneity [9] of the 
molecules is maximized. From preliminary calculations according to the following 
procedure[10], t0 was determined to be 1.08 ps in the present study. The isotropic 
structure factor S(q) can be calculated using Eq. 9. Here, � is the liquid density, g(r) 
is the radial distribution function. We define q0 as the value where S(q) has its first 
peak, with q being a reciprocal length. For this q0 , we calculate the quantity Φ(�, t) 
using Eq.  10. Via Φ(�, t) , we can obtain the self-intermediate scattering function 
⟨Φ(�, t)⟩ and the dynamical susceptibility �4(�, t) can be calculated using Eq.  11. 
The time of maximum heterogeneity t0 is taken as the time where �4(�, t) has its 
maximum.
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3  Results and Discussion

3.1  Ice Nucleation in the Flat system

To investigate the ice nucleation on the Flat surface under different wettability con-
ditions, we varied the solid–liquid interaction strength α of the 12–6 Lennard–Jones 
potential between platinum and water in two ways, one with α = 0.0475, represent-
ing weak hydrophilicity, and another with α = 0.03, representing weak hydrophobic-
ity. The contact angles were measured as 80.2 and 110.4 degrees as shown in Fig. 4, 
respectively, which illustrates the wetting behavior of liquid water columns on the Pt 
solid surfaces under each condition. The system with α = 0.0475 is referred to as the 
hydrophilic system, while the other system with α = 0.03 is referred to as the hydro-
phobic system for qualitative discussion here.

Figure 5 shows an example of the crystallization process in the Flat system. Under 
the conditions used in the present study, crystallization consistently initiated near 
the solid surface in all simulations, suggesting that heterogeneous ice nucleation 
occurred preferentially. The critical nucleus size was defined based on prior studies 
[22, 23] as the point at which the largest ice cluster size, that is, the number of water 
molecules in the largest ice cluster, began to grow irreversibly. In the present simu-
lations, once the largest ice cluster size exceeded 50 molecules, the crystallization 
proceeded without the disappearance of the ice nucleus. Therefore, we defined the 
critical nucleus formation time as the moment when the largest ice cluster size firstly 
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Fig. 4  Contact angle of a water column and � on each surface
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exceeded 50 molecules. Table  3 summarizes the critical nucleus formation times 
for nine simulations with different initial velocity distributions for each system. The 
average critical nucleus formation time were calculated as 5.6 ns for the hydrophilic 
system and 105.7 ns for the hydrophobic system, respectively, indicating that the 
crystallization proceeded more slowly under lower wettability conditions [24]. 

Figure 6 shows the distributions of LD and density along the z-axis direction 
in the supercooled state. This data represents the average values obtained from 
nine cases with different initial velocity distributions for both the hydrophilic 
and hydrophobic Flat systems. In Fig.  6, we plot the data averaged over 0.3 ns 
just before the onset of water molecule crystallization. We discuss the determina-
tion of the 0.3 ns period in detail in Fig. 7. With increasing z coordinate, the LD 

Fig. 5  Visualization of crystallization process in flat systems

Table 3  Critical nucleation time 
in flat systems

Hydrophilic system 
(ns)

Hydrophobic 
system (ns)

Case 1 10.4 29.4
Case 2 6.6 162.2
Case 3 2.7 155.8
Case 4 3.2 68.9
Case 5 3.0 94.0
Case 6 8.4 186.9
Case 7 8.3 165.0
Case 8 4.4 28.5
Case 9 3.3 61.0
Average 5.6 105.7
Standard deviation 2.7 58.8
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values exhibit an oscillatory increase near the solid surface, eventually reaching 
a constant value in regions at z > 2.0 nm, where they are unaffected by the solid 
surface. In the hydrophobic system, in which the surface wettability is relatively 
low, the LD values near the solid surface are larger compared to the hydrophilic 
system. This is likely due to the reduced adsorption of water molecules onto the 
solid surface in the hydrophobic case as shown by the lower density of the red 
curve in Fig. 6b. Additionally, the first peak of LD near the solid surface shows a 
negative correlation with the peak of the density distribution. This is because the 
water molecules are prevented from moving due to the effect of adsorption on the 
solid surface where the density peak is relatively high.

(a) LD (b) density
z nm

LD
(z

)
 Hydrophilic
 Hydrophobic

0 1 2 3

0.5

1

z nm

D
en

sit
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g/
cm
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 Hydrophobic

0 1 2 3

0.5

1

1.5

2

2.5

Fig. 6  LD and density distribution along z direction in supercooled state of water in flat systems

Fig. 7  Time transitions of LD in the vicinity of a solid surface and the largest cluster size
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Figure 7 shows the temporal changes in the largest ice cluster size and the LD 
near the solid surface (z < 1.1 nm) before and after the onset of crystallization at 
6.5(Fig.  7a) and 29.1(Fig.  7b) ns in the case of hydrophilic and hydrophobic sur-
faces, respectively. Although Fig. 7 presents a representative case among the nine 
simulations performed under different initial conditions for each system, similar 
trends were observed in all other cases, as discussed later. In Fig. 7, while the LD 
values fluctuate significantly near the solid surface, they tend to decrease as the ice 
nucleus grows. Additionally, it is evident that the LD values exhibit a decreasing 
trend approximately 0.3 ns before the onset of crystallization at 6.5 (Fig. 7a), 29.1 
(Fig. 7b) ns during the supercooled state, respectively. These periods from 6.2 ns to 
6.5 ns in Fig. 7a, for example, correspond to the dynamic latent period described 
in the study by Martin et al. [8]. In the present study, for each system with various 
initial conditions, we used the data from the 0.3 ns immediately preceding the onset 
of crystallization to create two-dimensional LD distributions in the xy-plane near 
the solid surface (z < 1.1 nm). Figure 8 shows an example of the two-dimensional 

Fig. 8  2D LD distribution in the vicinity of a solid surface and the snapshot of the largest ice cluster in 
Flat systems in supercooled state of water
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LD distribution near the solid surface (z < 1.1 nm) and the visualization of the larg-
est ice cluster in the system for each simulation case. The region enclosed in yel-
low on the two-dimensional distribution of LD corresponds to the locations of criti-
cal nucleus formation, which is the region centered on the center of gravity of the 
critical nucleus. For all nine simulation results under different initial conditions, we 
investigated whether there was a correlation between the locations of critical nucleus 
formation and the magnitude of LD. To clarify the relationship between the dynamic 
properties of water molecules and the critical nucleus formation locations, we calcu-
lated the percentile ranking of the average LD of the 3 × 3 = 9 regions correspond-
ing to the critical nucleus formation locations, out of all 16 × 16 = 256 regions in the 
two-dimensional distribution, considering the fluctuation of the center of mass of 
ice nucleus growth. The results of the nine simulations with different initial velocity 
distributions for each system are shown in Table 4. If the critical nucleus formation 
locations were to occur randomly and independently of LD, the average of many 
sampled nucleus formation locations would approach 50 %. However, in the hydro-
philic and hydrophobic systems employed, the average values were 35 % and 18 %, 
respectively, indicating that critical nuclei tended to form in regions with relatively 
low LD values. This suggests that the dynamic properties of water molecules in the 
supercooled state influence heterogeneous ice nucleation near the atomically smooth 
surface. The stronger manifestation of this trend in the hydrophobic system can be 
attributed to the higher LD values near the solid surface compared to the hydrophilic 
system due to lower wettability.

3.2  Ice Nucleation in the Slit System

In the Slit system employed in the present study, the solid–liquid interaction 
strength is set to α = 0.0475, which is the same value as in the hydrophilic sys-
tem of the Flat configuration. This section is divided into two parts: in the first 
part, the results concerning the LD and critical nucleus formation locations in 
the Slit system are presented; in the second part, the effects of slit structure size 

Table 4  Correlation between 
LD in the vicinity of a solid 
surface and critical nucleation 
position

Hydrophilic (%) Hydrophobic (%)

Case 1 37.3 7.8
Case 2 15.7 15.3
Case 3 16.5 2.4
Case 4 20.8 14.5
Case 5 34.1 1.6
Case 6 57.6 1.6
Case 7 39.6 24.7
Case 8 58.0 36.9
Case 9 35.3 57.3
average 35.0 18.0
Standard deviation 14.9 17.8
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on critical nucleus formation are investigated. The discussion in the first part is 
based on the Slit D shown in Fig. 2.

Figure 9 shows an example of the crystallization process in the Slit D. In all 
15 simulations with different initial velocity distributions conducted in the pre-
sent study, the critical nucleus formed while avoiding the side walls of the slit 
structure located at the center of the substrate, as shown in Fig. 9. The average 
crystallization onset time was 45.5 ns, which is longer than the hydrophilic Flat 
system but shorter than the hydrophobic Flat system described in Sect. 3.1. The 
longer crystallization time compared to the hydrophilic Flat system with similar 
wettability α suggests that the slit structure has the effect of inhibiting ice nuclea-
tion under the present conditions.

As in the case of the Flat systems, the LD of water molecules was also inves-
tigated for the Slit D. Figure  10 shows the LD distribution along the z-axis in 
the supercooled state. In the Slit D, in order to determine the LD distribution 
along the z direction, the surface was divided into two regions, that just above the 
slit structure and that just above the substrate, respectively, as shown in Fig. 10b. 
The LD distribution was calculated for each region of the slit structure and the 

Fig. 9  Visualization of crystallization process in Slit D

(a) LD distribution (b) definition of each area
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Fig. 10  LD distribution along the z direction in supercooled state in Slit D. “substrate” and “slit struc-
ture” in left figure (a). correspond to the surfaces in the right figure (b)
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substrate. In Fig. 10a, we averaged the data during 0.3 ns for the Slit D as for the 
Flat systems, just before the start of crystallization. Figure 10a displays the LD 
distribution for each region, along with the LD distribution of the hydrophilic 
Flat system for comparison. The LD distribution is the average of 15 calculations 
with different initial condition. The shape of LD distributions along the z-axis 
are generally similar to those observed in the Flat system. However, in the region 
directly above the substrate, the LD values near the solid surface are lower than 
those of hydrophilic Flat system. This is likely due to the effects of molecular 
adsorption originating from the side surfaces of the slit structure.

Next, we examine the two-dimensional LD distribution near the solid surface 
in Slit D. Considering that no critical nucleus generation was observed on the slit 
structure under the current conditions in the case of the Slit D, a two-dimensional 
LD distribution was constructed only above the substrate, as shown in Fig. 11. To 
draw the 2D LD distribution, we calculated LD during 0.3 ns just before the onset of 
crystallization in the region z < 1.1 nm as in the Flat system. The dark blue region 
in the range approximately from 2.6 nm to 5.7 nm in the x-axis, corresponds to the 
region where water molecules are excluded due to the presence of the slit structure. 
Furthermore, in areas close to the side surfaces of the slit structure, the LD values 
are extremely low due to the adsorption of water molecules on the side surfaces. 
Based on this, the yellow-outlined region in Fig.  11, consisting of 8 × 16 = 128 
regions, was selected for the following analysis. Using the same method as in the 
Flat system, the correlation between the critical nucleus generation sites and the LD 
distribution was investigated. The results from 15 simulations are summarized in 
Table 5. The average correlation value was 41.8 %, indicating that critical nucleus 
tends to form in relatively low-mobility regions. However, compared to the Flat sys-
tem, this tendency was less pronounced. In the Flat system, the positional relation-
ship between water molecules and the solid surface was equivalent across all planar 
positions. In contrast, the structural characteristics of water molecules in Slit D var-
ied depending on the distance from the side walls of the slit structure. This structural 
variation likely reduced the influence of LD on the critical ice nucleation in the case 
of the Slit systems.

To further investigate the impact of the presence of the slit structure, the MD 
calculations were performed using Slit systems with structures having various slit 
widths where the overall system size and slit height were not changed. The Slit 

Fig. 11  2D LD distribution in 
the vicinity of a solid surface 
in Slit D. (The yellow-outlined 
region, excluding the area with 
extremely small LD due to 
adsorption on the slit structure, 
is the target of analysis.)
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systems employed are shown in Fig. 2. Table 6 provides detailed specifications for 
each Slit system. From left to right in the table, the columns indicate the x-axis 
length of the slit structure, the x-axis length of the substrate without the slit struc-
ture, the proportion of critical nucleation on the slit structure in the total 15 calcu-
lations, the proportion of critical nucleation on the substrate in the total 15 calcu-
lations, and the average time for critical ice nucleation. The critical ice nucleation 
times for each Slit system were determined from 15 calculations using different 
initial velocity distributions, and the results are summarized in Table 7. As shown 
in Table 6, the size of the slit structure influenced the location of critical nucleus 
formation, that is, whether they were formed on the slit structure or on the sub-
strate. Moreover, the results for Slit A and Slit E showed significantly shorter criti-
cal nucleus formation times compared to the other three Slit systems. In the present 
study, the size of the entire calculation system and the height of the slit structure are 
fixed, so the x-axis width of the slit structure and substrate are considered essential 

Table 5  Correlation between 
LD in the vicinity of a solid 
surface and critical nucleation 
position in Slit D

Case 1 75.6 %
Case 2 14.2 %
Case 3 77.2 %
Case 4 34.6 %
Case 5 47.2 %
Case 6 22.0 %
Case 7 34.6 %
Case 8 35.4 %
Case 9 76.4 %
Case 10 57.5 %
Case 11 48.8 %
Case 12 11.0 %
Case 13 7.9 %
Case 14 23.6 %
Case 15 61.4 %
Average 41.8 %
Standard deviation 23.1 %

Table 6  Details of slit systems A–E

Width of slit 
structure nm

Bottom width 
of substrate nm

Proportion of critical 
nucleation on the 
structure

Proportion of critical 
nucleation on the 
substrate

Average time of 
critical nuclea-
tion ns

Slit A 6.93 1.39 1.00 0.00 23.5
Slit B 4.16 4.16 0.73 0.27 56.8
Slit C 3.33 4.99 0.07 0.93 55.5
Slit D 2.77 5.55 0.00 1.00 45.5
Slit E 1.39 6.93 0.00 1.00 21.9
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for the location of the critical nucleation. This indicates that when either the slit 
structure or the substrate is relatively large, the critical nucleus formation is more 
likely to occur just above them. The present trend suggests that the spatial configu-
ration of the solid–liquid interface, that is the planar width of the slit structure or 
the substrate here, plays a crucial role in facilitating or inhibiting ice nucleation. 
A larger x-axis width, whether in the slit or the substrate, may create conditions 
that promote the onset of crystallization, potentially by modifying the dynamic and 
structural properties of the water molecules near the interface.

Figure 12 shows the correlation between the x-axis length of the slit structure or 
substrate without the slit structure and the average time for critical ice nucleation. 
Here, the critical ice nucleation times were averaged for those formed on the sub-
strate and those on the structure separately, that is, distinct from the values presented 
in Table 3. For comparison, the results for the Flat system were plotted using the 
x-axis periodic boundary length of the system. From this figure, it is evident that 
the larger width area available for ice nucleus growth, the shorter the time required 
for the critical nucleus formation. This is likely because, in regions with a smaller 
x-axis width, the ice nucleus growth in that direction is hindered, leading to frequent 
disappearance of nuclei before reaching the critical size. To confirm this qualita-
tively, Fig. 13 illustrates examples of the growth of the largest ice cluster in the Slit 
systems. Figure 13a presents an example in Slit C, while Fig. 13b provides an exam-
ple in Slit D. Ice nuclei whose growth along the x-axis seemed to be inhibited grew 
into clusters with approximately 40 molecules, as shown in Fig. 13a. These clusters 
maintain their state as ice nuclei for a certain period before eventually vanishing. 
In contrast, as shown in Fig.  13b, critical nuclei rapidly grew after exceeding the 
ice cluster size of approximately 50 molecules. Using this value as the definition of 

Table 7  Critical nucleation 
time in slit systems A–E: the 
unit is ns

Slit A Slit B Slit C Slit D Slit E

Case 1 34.2 33.8 42.2 13.8 4.0
Case 2 2.6 157.0 7.0 16.1 22.0
Case 3 25.7 126.8 6.8 67.7 2.5
Case 4 55.2 16.4 13.3 38.9 15.7
Case 5 2.7 35.3 74.8 61.4 35.5
Case 6 37.8 88.6 39.4 43.6 4.1
Case 7 8.8 42.8 5.0 8.5 6.9
Case 8 47.9 3.1 82.1 61.8 53.4
Case 9 6.0 36.9 14.5 44.8 43.7
Case 10 6.7 38.9 129.4 20.5 34.2
Case 11 1.5 38.0 22.5 121.4 22.1
Case 12 20.3 20.4 187.8 28.4 29.5
Case 13 15.1 26.4 80.9 5.3 41.3
Case 14 53.3 54.0 125.2 6.6 1.3
Case 15 35.3 134.0 2.0 143.0 12.9
Average 23.5 56.8 55.5 45.5 21.9
Standard deviation 18.6 45.4 54.6 39.7 16.4
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critical nucleus, whether the ice nucleus can grow to the size of 50 molecules sig-
nificantly influences the subsequent growth behavior of the nucleus. System snap-
shots corresponding to the period in Fig. 13a and b are shown in Figs. 14 and 15, 
respectively. In Fig. 14, only water molecules identified as parts of ice clusters of 
interest are displayed to clearly indicate the ice cluster positions. At the time when 
the ice nucleus grew to approximately 40 molecules, as shown in Fig. 14, the ice 
nucleus expanded to nearly the edges of the slit structure. In the case of Fig.  15, 
when the ice nucleus grew to the sides of the slit structure, there was likely to be 
inhibition of growth in x-axis direction but before that happened the ice nucleus had 
reached the critical size. Similar phenomena shown in Fig. 13a could be observed in 
other cases and we believe the inference that the ice nuclei are restricted and cannot 

Fig. 12  Correlation between the 
length of the slit structure or a 
substrate without the slit struc-
ture in x-direction and critical 
nucleation time
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grow to a critical size is one of the reasons that the length of the flat region of the slit 
or substrate in the x-direction has the strong correlation with the critical nucleation 
time shown qualitatively in Fig. 12. In Fig. 16, we have examined the influence of 
the water cluster size on its lengths in the x and y directions in the system of Slit D 
averaged over 15 cases. Figure 16 shows that the average size of the critical nucleus 
is about 2 nm when the cluster size corresponds to 50 water molecules. Considering 
the influence of the sides of slit structures, the average critical nucleus size of 2 nm 

Fig. 14  Visualization of an ice nucleus that did not reach the critical size

Fig. 15  Visualization of an ice nucleus that reached the critical size

Fig. 16  Influence of the water 
cluster size on its length in the 
x and y directions in the system 
of Slit D. Cluster size represents 
the number of water molecules 
in the cluster
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is reasonable to explain the inhibition of cluster growth by the size of the slit struc-
tures in the x-direction.

4  Conclusions

In the present study, we visualized heterogeneous ice nucleation near solid surfaces 
using molecular dynamics simulations and investigated the dynamic properties of 
water molecules near platinum solid surfaces using LD, as well as the impact of rec-
tangular slit structures on heterogeneous ice nucleation. The ML-mW potential was 
employed for the water molecule potential function, and the CHILL + algorithm was 
used to identify crystallization. The main findings obtained in the present study are 
summarized below.

Under the conditions employed, critical nucleus formation near solid surfaces 
was observed in the Flat system, which simulates a perfectly crystalline Pt surface, 
for both interaction strengths α = 0.0475 and α = 0.03 corresponding to contact 
angles of 80.2 and 110.4 degrees, respectively. A comparison of the two-dimen-
sional LD distributions of water molecules in the xy-plane and the positions of criti-
cal nucleus formation revealed that, in Flat systems with different wettability, the 
critical nucleus tended to form in regions with relatively low LD. This tendency was 
particularly pronounced in the α = 0.03 system, which exhibits lower wetting. Fur-
thermore, these results are consistent with findings by Martin et al. in their previous 
study, which demonstrated similar trends for homogeneous ice nucleation in bulk 
water systems. The present study extends these observations to systems involving 
solid surfaces employing LD instead of DP.

Regarding heterogeneous ice nucleation in the Slit system, where a slit struc-
ture with a width of one-third of the x-axis periodic boundary length, which cor-
responds to 2.77 nm, was introduced, the critical nucleus formation was limited to 
the substrate surfaces. No critical nucleus formation was observed above the slit 
structure itself. Additionally, even on the substrate, the critical nuclei tended to form 
at locations relatively distant from the slit structure. Considering these results, a 
two-dimensional LD distribution was calculated for water molecules near the solid 
substrate, and its correlation with critical nucleus formation positions was exam-
ined, as was done for the Flat system. While critical nuclei still tended to form in 
regions with relatively low mobility, this tendency was less pronounced compared to 
the Flat system with similar wetting properties. These observations suggest that the 
influence of the LD of water molecules on the critical nucleus formation positions is 
weaker in the Slit system than in the Flat system.

To further investigate the influence of a slit structure on critical nucleus forma-
tion, we conducted simulations using the Slit system when the width of the calcula-
tion system and the height of the slit structure were fixed and the width of the slit 
structure varied. The results revealed that the critical nucleus formation time was 
shorter in systems with either extremely large or extremely small slit widths within 
the limitation of the present system size, which implies the inhibition of ice nuclea-
tion at sufficient small space between slit structures compared with the size of the 
critical nucleus. Additionally, the average nucleation time was calculated separately 
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for critical nuclei formed on the substrate and those formed on the slit structure 
for each Slit system. The average nucleation time and the width of the respective 
regions, for the substrate or the slit structure, showed a clear negative correlation. 
This indicates that the width in the x-axis direction available for ice nucleus growth 
significantly influences the critical nucleation time. The difficulty in forming critical 
nuclei on relatively narrow surfaces can be attributed to the restriction imposed by 
the width in the x-axis direction, which hinders the growth of ice nuclei to the criti-
cal size.

The results of the present study demonstrate the significant influence of the 
dynamic properties of water molecules on heterogeneous ice nucleation on solid 
surfaces. Furthermore, we have examined the correlation between the width of the 
slit structure and the position and timing of critical nucleus formation.
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