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The interfacial correlation factor f(m,x), where m refers to the interaction among ice, water and the substrate
and x refers to the ratio of the critical nucleation size to the surface topography characteristic size of the
substrate, plays a crucial role in the classical theory of heterogeneous ice nucleation as it significantly impacts
the energy of nucleation. Generally, a smaller value of f(m,x) indicates a higher propensity for ice nucleation.
The degree of structural compatibility between ice and the substrate greatly influences f(m,x), particularly on
specific substrates. Several approaches have been proposed to calculate the lattice matching based on this
idea, which allows whether a surface is favorable for nucleation to be determined. However, none of these
methods adequately correlates the mismatch index with ice growth phenomena. In this paper, we embarked
on a new attempt to calculate the mismatch index by combining the lattice parameter and Miller index (LPMI).
Droplet freezing experiments have been carried out on a-ALOs and silicon surfaces with different Miller
indices to verify the rationality of the LPMI method. Furthermore, we validated the LPMI method extensively
against other works and further demonstrated its readiness, accuracy and universality for freezing problems.
The results consistently show that d4 = 2|d; — dil/(d; + ds) with interplanar spacing more accurately predicts
heterogeneous ice nucleation rates across a wide range of substrates than d; = (@ — ag/a; with the lattice
parameter of ice and the substrate and is more generally applicable than d,p = (d; — d)/d; with the distances
between two adjacent and congener atoms on the same plane. We believe that the proposed approach will
aid in the selection of substrates for promoting or inhibiting heterogeneous nucleation on a specific substrate.

1. Introduction

Water freezing is a ubiquitous natural phenomenon and a
critical process in research and industry, ranging from
meteorology” to cryopreservation.” Pure water can remain liquid
at —38 °C.* Usually, ice crystallization is triggered at a closer
theoretical freezing temperature when nucleating surfaces are
present, so-called heterogeneous nucleation.” It is a fact that
water freezing on Earth is almost a heterogeneous nucleation
process involving foreign particles. Besides the above-mentioned
factors, a clear understanding of heterogeneous nucleation is
essential for predicting the nucleation ability of the materials®
and designing rational materials to promote® or restrain’
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nucleation. However, a clear and unified picture has not been
drawn from these investigations because heterogeneous nuclea-
tion is an intricate interplay of the water, ice embryo, and
substrate. Fortunately, the free energy of heterogeneous ice
nucleation can be expressed as AGheter = f(M, X)AGhomo based
on the classical nucleation theory (CNT), and the value of AGheter
can indicate whether nucleation is likely to occur or not. When
AGhomo 18 determined under given conditions, f(m,x) is the key
parameter for predicting nucleation. The interfacial correlation
factor f(m,x)® in classical nucleation theory is a comprehensive
parameter, where x is associated with the surface morphology
and corrugation of the substrate.’ The parameter m = (Psw—7si)/
Viw is associated with the interfacial free energy among water, ice
and the substrate (the subscripts s, i, and w are the substrate, ice
and water, respectively).®'° For the liquid phase, y, depends on
the binding affinity, which is expressed as the intermolecular
force between water and the substrate from a microscopic
perspective. Stronger binding affinity leads to better wettability
at the macroscopic level.'" For the ice phase, the interfacial free
energy 7s; is associated with the binding affinity of the substrate
and the structural match between the substrate and nucleating
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phase.>'> According to Aleksandrov,® the interfacial free energy
ysi can be estimated as a function of the binding affinity and the

ebd
4n(1 —v)
minimum specific interfacial free energy at a given substrate, ¢, b
and v are the elastic modulus, Burgers vector, and Poisson con-
stant, respectively, and J describes the structural match. For a given
material, )y heavily depends on the structural match between
ice and the substrate. A better structural match results in a smaller
f(m,x) and thus a lower barrier for heterogeneous ice nucleation."
Therefore, the structural match plays a vital role in heterogeneous
nucleation on the specific material substrate. The most widely
studied approach in structural matching is to compare the mis-
match of the lattice parameters between ice and the substrate. The
lattice parameter difference between ice and the substrate is
commonly employed to characterize the degree of conformity
between them, which is typically defined as the level of
mismatch." In heterogeneous ice nucleation, § denotes the differ-
ence in lattice constants of ice and the substrate. According to the
consensus of existing studies,®'>'® a smaller mismatch between
the substrate and ice corresponds to enhanced structural matching,
thereby favoring the growth of ice nuclei on the substrate. In the
atmospheric and environmental science context, various sub-
stances have been identified in experiments that work as very
effective ice nuclei agents, such as silver iodide,"” kaolinite,"® and
corundum (2-AL,03)."° The crystal structure of these substances
matches well with ice, namely, the degree of mismatch is relatively
small and is favorable for ice growth. Therefore, a general calcula-
tion of the ice-substrate mismatch helps to understand icing.

In earlier studies, a parameter characterizing ¢ was widely
expressed as>’

structural match, 74 (@) =~ 74(a0) + » where yi(%o) is the

ai — ds

o =15 % 100% 1)

1

where a; and ag are the lattice parameters of ice and the
substrate, respectively. To further characterize the quantitative
relationship between ice and substrate lattice matching, Prup-
pacher et al. proposed a new function.>!
5y = s 100% 2)
mai

where m and n are integers that were selected to minimize .
When using the above two methods to calculate the mismatch
between crystal planes, such as the primary prism plane (1010)
of ice and the substrate, the lattice parameters a and ¢ need to be
calculated separately. However, the atoms are not exactly in the
same plane in the basal plane (0001) and the primary prism
plane (1010) of the ice hexagonal (I,). Therefore, G. N. Patey et al.
came up with a new parameter to describe the mismatch."”

_ |di — di|

02D i

x 100% (3)

where d; and d; are the distances between two adjacent and
congener atoms on the same plane for ice and the substrate,
respectively, as shown in Table S1 (ESIt). They are analogous lattice
distances, not necessarily lattice parameters. The distances d; and
d, are selected depending on the location of the potential or known
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plane “binding site,” usually interatomic distance." This method
is ingenious and takes into account the atomistic morphological
features of the plane, which allows us to see how the inner and
outer atoms on the same crystal plane of the substrate interact with
ice. However, J,p requires accurate knowledge of the crystal
structure and the positions of the corresponding atoms. Mean-
while, J,p, is not applicable (NA) in a complex crystal structure, such
as the basal plane of boehmite. More details about the mismatch
are listed in Table S1 (ESIT). In summary, the existing methods for
characterizing the degree of mismatch have certain limitations. For
d; and J,, the mismatch would be calculated separately if the lattice
parameters a, b, and c¢ are not equal. Moreover, both mismatches
for basal and prism planes are relatively small in ¢, and J,, but ice
nucleation is observed at the basal plane, not at the prism plane.*®
For d,p, d; and d; require a detailed and accurate crystal structure.
Furthermore, J,p is not applicable when the crystal structure is
complicated, such as mica, boehmite, etc. To address these short-
comings comprehensively, we aim to propose a more effective
approach to quantify the mismatch between ice and the substrate
by utilizing interplanar spacing (which combines lattice parameters
with Miller indices). Furthermore, experimental validation was
conducted to support this expression of mismatch while comparing
it with molecular dynamics simulations carried out by other
researchers. The comparison demonstrates that our proposed d4
aligns well with both experimental observations and numerical
simulation results. We firmly believe that this methodology will
greatly contribute to the analysis of heterogeneous ice nucleation.

2. Definition and method

The mismatch denoted by interplanar spacing can be expressed as*
5d = 2|d, — dsl/(d] + ds] (4)

where d; and dj are the interplanar spacing of the crystal panel in
ice and the substrate, respectively. Interplanar spacing dpy
between adjacent planes with Miller indices (%kl) is defined as
the distance between the first plane and a parallel plane passing
through the origin. Interplanar spacing can be visualized in the
examples shown in Fig. 1, an example of a simple cubic lattice
(@=b=c,a=p=y=90°) and a hexagonal lattice (a = b, o = f =90°,
y = 120°). The formulas of the interplanar spacing for different
crystal systems are listed in Table S1 (ESIT) for reference.

Fig. 1 Examples of some interplanar spacings: (a) (100) plane in a cubic
lattice and (b) (1010) plane in a hexagonal lattice.
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Each crystal has a set of interplanar spacings of different
sizes, which are a function of the lattice parameter and Miller
indices. The interplanar spacing is calculated as

1
— =
(hkT)
h
2 cosy cosf 1 — cosf 1 cosy —
h| k k k / k
a5 1 cosa +Z cosy 7 cosa +E cos?y 1 7
/ / /
- cosu 1 cosfi - 1 cosfi cosa -
c ¢ ¢
1 cosy cosfi
cosy 1 cosa
cosfP cosa 1
(5)

where a, b, ¢, a, f§, and y are the lattice parameters and (A, &, [)
are the Miller indices of the crystal plane. The increase in Miller
indices would result in a decrease in the interplanar spacing.*
To verify the LPMI method, we performed droplet freezing
experiments on the surfaces of monocrystalline silicon (cubic
structure) and o-Al,O; (hexagonal structure) with different
Miller indices. The experimental details are elaborated in the
ESI.f Moreover, we compared the different mismatch expres-
sions with other results of heterogeneous ice nucleation in
molecular dynamics. Unit cell parameters for crystal structures
in this paper are shown in Table S2 (ESIt). The results are
discussed in the following section.

3. Results and discussion
3.1. Validation of the mismatch by experiments

The freezing process of droplets on monocrystalline silicon
wafers and a-Al,O; flakes is depicted in Fig. 2(a). Upon freezing,
the ice-water interface progresses from the bottom to the top of
the droplet. The impact of substrate mismatch on droplet
freezing was analyzed in terms of the freezing delay time,
which is a parameter conventionally considered as the recipro-
cal of the nucleation rate.® The freezing delay time refers to the
duration required for the droplet to freeze after reaching the
target temperature on the substrate. The freezing delay time 7.
for each substrate is the mean of the measured value from 15
experiments. Fig. 2(b) illustrates that the freezing delay time is
shorter on the monocrystalline silicon substrate (110) com-
pared to (100) and (111) surfaces. Concerning o-Al,O3, the
freezing delay time is longer on the C-plane (0001) in compar-
ison to the M-plane (1010) and A-plane (1120). Table 1 presents
the mismatch between the substrate and ice. The crystalline
structure of ice was assumed to be hexagonal since the mini-
mum temperature in the experiments was —15 °C, and cubic ice
remains stable under extreme conditions such as low tempera-
tures (<190 K)** and under the influence of a strong external
electric field.”®
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The minimum J4 of 1.9% observed between silicon (110)
and the primary prism plane of I, corresponds to the minimum
freezing delay time observed on silicon (110). On a-alumina, the
freezing delay time on the (0001) plane is longer compared to
the (100) and (1120) planes. The minimum J4 between ice and
o-Al,O; was 5.2%. A smaller mismatch leads to a lower inter-
facial correlation factor f(m,x), thereby reducing the barrier for
heterogeneous ice nucleation. Consequently, the freezing delay
time is shorter under consistent conditions. In other words, the
freezing delay time on different Miller indices confirms the
accuracy of the mismatch (determined by the interplanar spa-
cing). Molecular dynamics (MD) studies on the first hydration
layer'*?%*” reveal that when the lattice mismatch is small, the
water dipole distribution closely resembles that of bulk ice,
resulting in stronger water-water interactions. Conversely, larger
deviations caused by a larger lattice mismatch accelerate the
decay of dipole orientation. This leads to higher potential energy
and a less stable hydrogen bond network."® Therefore, a smaller
dq value correlates with a shorter freezing delay time. Further-
more, the findings of other MD simulations provide additional
evidence to support the significance of the mismatch .

3.2. Validation of the mismatch by molecular dynamics

In this section, we present the results of heterogeneous nucleation
on B-AgL,">'® kaolinite,">*® mica,">*° gibbsite,'>*° and hematite'>!
in existing studies. Complete information about the substrates can
be found in Table S2 (ESIt). Furthermore, we compared the values
of d4 with 4, d,, and Jd,, as summarized in Table 2. The results
further support the generality of d4, which considers Miller indices
and lattice parameters. As shown in Table 2, nucleation occurred on
B-Agl, kaolinite (prime plane), mica (basal plane), and PblL, (basal
plane) substrates, but not on gibbsite, hematite, and boehmite
substrates within the same simulated time scale. A smaller ¢ value
indicates a higher similarity between the crystal structure of the
substrate and that of ice, indicating a greater likelihood of ice
formation. Ice nucleation was observed on both the basal and
prism planes of B-Agl due to their good lattice matching with ice
(I,).">"® By comparing the different & values, we find that 4 (by the
interplanar spacing) is in good agreement with the MD simulation
results. J; (by lattice parameter) and J, (by lattice parameter)
partially align with the MD simulation results. However, there are
discrepancies in the case of kaolinite nucleating the (1010) prism
plane of ice (Iy)."** The &, values for both the basal (14.29%,
98.4%) and prism (14.29%, 2.23%) faces are relatively large.
Additionally, for J,, the match between gibbsite and ice in the
prism plane (3.6%, 3.69%) is better than that of kaolinite and ice in
the prism plane (5.16%, 0.8%), yet no nucleation of gibbsite is
observed in simulations."® Both &,y (by analogous lattice distance)
and J4 are consistent with the observations of kaolinite and
gibbsite, but J,p is not applicable in situations involving crystals
with complex structures such as mica, where defining the analo-
gous lattice distance in the prism plane is challenging.

We further compared the mismatch among artificial crystals
based on the previous comparisons of actual crystal structures.
Scaling ¢-Al,O; eliminates the mismatch for the basal plane,
resulting in ice nucleation on the surface. The four measures of

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d4cp00748d

Published on 04 2024. Downloaded on 07/11/25 09:29:39.

Paper

Si (100) ice layer

PV W PN

5249s

516.8s 520.1s

Si (l 10) ice layer

- ——

501.7 s

439.7s 498.2's

. (l 1D ice layer

PpaV W VYV W

5499

5419s 545.7s
C  -AL0;(1010)

ice layer

174.2s 1754

View Article Online

PCCP

1 mm 1200

B si (100)
si(i10)
B si(111)

800

Freezing-delay time (s)

-15 -14
T, (°C)

I 0-A1,0,(10T0)
B ¢-A1,0,(1120)
600 | I 0-AL,0,(0001)

178.4s

Freezing-delay time (s)
=
S

g

-15 -14 -13
T, (°C)

Fig. 2 (a) A droplet with a volume of 10 pL freezes on a silicon substrate at T, = —15 °C. (b) The freezing delay time of the droplet on silicon substrates. (c)
A droplet with a volume of 10 pL freezes on a-Al,O3 substrates at T = —15 °C. (d) The freezing delay time of the droplet on a-AlL,O3 substrates. The
smaller the 4, the shorter the freezing delay time. The d4 values for Si (100), a-Al,Os (1010) and a-AlL,O5 (1120) are 1.9%, 5.2% and 5.2%, which are smaller
than other crystal planes. Thus, freezing occurs easily on these substrates above. The error bar is the error of the mean.

Table 1 Mismatch 4 between the substrate and ice

Crystal Silicon (100) (%)  Silicon (110) (%)  Silicon (111) (%)  o-Al,Os (1010) (%)  o-ALO; (1120) (%)  o-Al0; (0001) (%)
Ice (I,) (1010) 325 1.9 26.1 5.2 48.7 30.3
Ice (Ip) (1120)  82.5 51.8 32.4 58.4 5.2 62.9
Ice (I,) (0001)  30.1 62.8 80.4 56.3 102.2 51.7

o0 align well with the observations. Conversely, scaling a-Al,O; to
hematite (referred to as AsH) increases the mismatch for the basal
plane, leading to the absence of ice nucleation in both the basal
and prism planes. In this case, J;, J,, and J4 consistently corre-
spond to the observations, except for a relatively small J,5, value
(3-3%, 0.58%) for the prism plane. Furthermore, scaling hematite
to ice (referred to as HsI) eliminates the mismatch at the basal
plane, resulting in ice nucleation under specific force fields. All
measures of ¢ align well with the simulation results. By comparing
different mismatches on real and fictional crystals, we find that J;,

d,, dap, and dq are to some extent consistent with the observations.
However, d,p requires precise knowledge of the crystal structure
and the positions of the corresponding atoms, making it inapplic-
able for certain complex crystal structures. Additionally, for differ-
ent water-potentials (TIP4P/Ice and six-site) and the different
water-substrate interactions (CLAFF and LJ), the result of ice
nucleation in the same time interval is the same, which means
that the potential and the water-substrate interaction have little
influence on ice nucleation. Therefore, d4, which considers
crystal parameters and Miller indices, provides a better

Table 2 01, d,, d2p, and dq4 lattice mismatches of ice (I,) for the surface considered in the molecular dynamics simulation

|51| (%) |52| (%) |52D| (%) |5d| (%)

Surface label Basal Prism Basal Prism Basal Prism Basal Prism Nucleation
B-AgI'®1® 2.08 (2.08, 2.23). 2.04 (2.04,2.23)  2.04 (2.04, 2.23) 1.87 137 Y
Kaolinite'*®  (14.29, 98.4)  (14.29,2.23)  (14.29,0.8)  (5.16, 0.8) 14.6 (0.78, 1.85) 11.01 5.65 Y (prism)
Mica'>*? (15.2,100.3)  (15.2,173.7)  (15.2,0.19)  (6.16,0.19)  (0.2,5.93) NA 4.53 21.74 Y (basal)
PbL,"” 1.13 (1.13, 6.95) 1.13 (1.13,6.95)  1.13 NA 2.52 55.47 Y (basal)
Gibbsite'>?° (92.8, 12.7) (92.8, 32.5) (3.6, 12.7) (3.6, 3.69) 14.1 (6.2, 0.59) 27.94 16.68 N
Hematite*'  11.6 (11.6, 87.17)  11.6 (11.6,2.71)  11.6 (3.3, 0.58) 124.67 1101 N
Boehmite'® (26.5, 17) (26.5, 1.84) (26.5, 17) (26.5,1.84) NA (17.09, 15.48)  116.6 3378 N

AsT? 0 51.7 0 (0, 8) 0 (13.4, 10.94) 0 51.7 Y (basal)
AsH" 11.6 87.17 11.6 (11.6,2.71) 116 (3.3, 0.58) 124.6 1201 N

HsI"™® 0 (0, 87.17) 0 (0, 8) 0 (13.4, 10.94) 0 51.7 Y (basal)
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description of the mismatch between ice and crystals in hetero-
geneous nucleation.

3.3. Regression analyses of mismatch

We conducted a regression analysis on various methods for

calculating mismatches. According to Classical Nucleation

Theory, the freezing delay time can be calculated by eqn (6),*
1

_./ (m,x)AGpomo (6)
VOK(T)e KT

Tin =

where V represents the droplet volume, @ is the fraction area of
the water and substrate, K(7) denotes a factor of the diffusion
flux of water molecules through the ice-water interface, usually
its value is 10*® em™2 s, Ky denotes the Boltzmann constant,
and AGhoemo i the nucleation barrier, which can be expressed as

4mp?

AGhomo = _TAGV + 4TEV2“/iW (7)

where AG, = AH, (T/—T)/T5 AH,,s and Ty denote melting

enthalpy and melting temperature, respectively. f(m,x) denotes
the interfacial correlation factor, which can be expressed as

s =1 () 425+ (57)]

. ®)
+ 3mx? (T_ l)

ys)liwe €= +x —2mx) (9)

X =R/r, m= (sz -

where R and r. are the mean surface roughness and the radius
of the critical nucleus, respectively. Additionally, the minimum
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specific interfacial free energy v(«o) of a given substrate is
expressed as®*

Vsi(%o) = |eo|n/2 (10)

where ¢, is the interaction between ice and a solid, and 7 is the
number of neighboring molecules. Thus, the regression ana-
lyses of experimental 7., simulated 7. and predicted t. are
displayed in Fig. 3. Since ¢, and J, are similar, we take J, as
an example for analysis.

In all cases, 6 describes the mismatch between the substrates
and the ice (I,). We report only absolute values (|d|) of the
mismatch. Only one value in the table indicates that the lattice
parameters of the corresponding crystal planes are equal. For
example, a and b of the basal plane in B-Agl are equal. Y means
that ice nucleation occurred spontaneously on the substrate, and
the nucleation plane is given. N means that no ice nucleation
was observed within the simulation time scale. Nucleation
occurs at both the basal and prism planes of -Agl.

Fig. 3 shows the regression analyses of d4 than J, or d,p. In
panels (a), (c), and (e), the y-axis signifies times ascertained
through experimental measurements, whereas in panels (b),
(d), and (f), it delineates the freezing delay time derived from
MD simulations'*® as reported in publications. The x-axis
embodies the theoretical nucleation time, which is deduced
by integrating nucleation temperatures and specific surface
characteristics into eqn (6). The line y = x symbolizes instances
where experimental or simulation values equal theoretical
predictions, while the positions of points within the figure
elucidate deviations between experimental or simulated out-
comes and their corresponding theoretical expectations. Fig. 3
demonstrates that the predicted freezing delay time (z.) based
on J4 has an error of less than 20% when compared to
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Fig. 3 Regression analyses. (a), (c) and (e) Show regression analyses based on experimental data. (b), (d) and (f) Show regression analyses based on
simulated data. The data from the simulation is listed in Table S4 (ESIt). (a) and (b) Show regression analyses based on dq4. (c) and (d) Show regression
analysis based on d;. (e) and (f) show regression analyses based on d,p. The mean freezing delay time is more accurately predicted across a wide range of
substrates by d4 than d; or d,p. The red points represent the mean values of experimental measurements, with error bars indicating the standard error of

the mean; the blue points derive from the freezing delay time of MD simulations

16518 | Phys. Chem. Chem. Phys., 2024, 26, 16514-16520

1516 in existing studies.

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d4cp00748d

Published on 04 2024. Downloaded on 07/11/25 09:29:39.

Paper

experimental and simulated 7.. However, when using J, for
prediction, the error exceeds 20% in several trials, indicating
poor accuracy. Although the predicted 7. based on J,p, is within
the 20% error range, determining the analogous lattice distance
proves challenging, especially for complex crystal structures like
a-Al,O3. Consequently, 7. cannot be reliably predicted using d,p.
Hence, the mismatch measure d4 is more accurate in predicting
the freezing delay time and exhibits good universality.

In summary, the analysis establishes the relationship
between different representations of ¢ and nucleation from a
crystal structure perspective. The extension of the mismatch
measure 04 from one-dimensional lattice parameters (a, b, and c)
to crystal planes with various Miller indices has demonstrated its
superior accuracy in both experimental and numerical simula-
tions. This approach only requires basic information such as
crystal type, lattice parameters, and Miller indices of the crystal
plane to obtain interplanar spacings. By comparing the mis-
match between the substrate and ice, it becomes possible to
rapidly select and design structures for promoting or inhibiting
ice nucleation in specific materials. However, heterogeneous ice
nucleation is a complex interplay between ice and the substrate,
involving atomic-level insights. Achieving a more accurate
description of heterogeneous ice nucleation would require
further systematic and microscopic analysis.

4. Conclusions

In this study, we performed a comparison of ¢, (based on lattice
parameters), 0, (based on lattice parameters), d,, (based on
analogous lattice distances), and 04 (based on interplanar
spacings) through experiments and simulations. Our results
demonstrate that 04, which takes into account the lattice
parameter and Miller index, is more accurate than ¢, and d,,
as well as more universal than d,p. d4 provides a more com-
prehensive description of the mismatch in heterogeneous ice
nucleation. It is crucial to have a proper match between the
crystal structure and ice for successful ice nucleation. However,
it should be noted that heterogeneous ice nucleation is a
complex phenomenon requiring further systematic and micro-
scopic analysis. The methods utilized in this paper are expected
to contribute to a broader understanding of heterogeneous
nucleation.
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