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ABSTRACT: In this work, we study the relationship between the molecular water layer
(MWL) and frost freezing onset and propagation. The progression of frost has been
reported to be governed by various localized icing phenomena, including interdroplet ice
bridging, dry zones, and frost halos. Reports studying the state of water on surfaces have
revealed the presence of a thin nanometer water layer on a range of surfaces. Regardless
of further investigations that show environmental humidity, temperature, and surface
energy to affect the thickness of the MWL on surfaces, the influence of the MWL on frost
nucleation and propagation has not yet been previously addressed in the literature. To
study the effect of the MWL on surface freezing events, a range of surface-functionalized
glass substrates were prepared. In situ monitoring of freezing events with thermal imaging
allowed studying the effect of surface chemistry and environmental relative humidity
(RH) on the thickness and continuity of the MWL. We argue that the observed icing
nucleation and propagation kinetics are directly related to the presence and continuity of
the MWL, which can be manipulated by controlling the environmental humidity and
surface chemistry.

1. INTRODUCTION
The accumulation of ice on solid surfaces can have hazardous
consequences, in applications as wide ranging as aircraft,1,2

power lines,3 marine vessels,4 microelectronics,5 and wind
turbines.6−8 In the aerospace industry, icing affects negatively
both the performance and safety of aircraft, whereas in the
production of energy from the kinetic energy of air in motion,
ice accumulation on the blades of wind turbines can
significantly reduce their power generation efficiency. Ice
accretion is currently managed by heating, using deicing fluids,
and/or mechanically removing ice from the exposed surfaces.
In spite of being efficient, in most cases, these methods are
costly and demand intense labor, excessive amounts of energy,
and time.9−12

During the past 70 years, researchers have been designing
passive anti-icing coatings to overcome the above-mentioned
challenges.13,14 Instead of relentlessly removing ice from a
surface, an effective anti-icing coating aims at preventing icing
accretion itself, in which case the problematic deicing methods
would remain only as complementary ice removal systems.15,16

An ideal coating would be one to provide sufficient and long-
lasting performance (i.e., low erosion and high UV resistance)
with easy application and scalable production. It is calculated
that even though an effective anti-icing coating might initially
cost more in comparison to the use of deicing fluids, in the
long term, a permanent coating would still reduce the overall
costs, effort, and time spent on ice protection.9,17

There has already been a variety of attempts to create
durable and effective anti-icing coatings.17,18 Despite these

efforts, the incomplete in-depth understanding of the factors
necessary to prevent or control ice formation on surfaces and
the scatter of relevant information addressing the underlying
mechanisms of ice accretion and propagation limit progress.
For a more rational anti-icing coating design, it is beneficial to
learn more about the factors affecting ice nucleation,
propagation, and adhesion on surfaces. Of particular interest
in understanding ice nucleation and propagation is the
interaction of water molecules in the environment with the
surface at the molecular level.

Past research on freezing propagation has mostly attributed
freezing propagation to the formation of interdroplet ice
bridges. In this work, we propose an alternative mechanism
based on the presence of so-called molecular water layers
(MWLs). Continuous layers of molecular water imaged at
room temperature were first reported in the 1990s on
hydrophilic mica surfaces using atomic force microscopy
(AFM).19 In the early 2010s, while studying the nanoscale
condensation of water droplets on COOH-modified hydro-
philic silicon surfaces under ambient conditions, it was
proposed that these nanoscale water droplets are intercon-
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nected through a, nonoptically detectable, thin liquid layer of
water.20

Despite the initial reports confirming the presence of a
MWL on hydrophilic surfaces, its role on ice nucleation and
propagation has been widely overlooked in the field of anti-
icing surfaces, while its presence may explain some of the
observations reported in the literature. One plausible reason to
overlook its role is the difficulty to detect MWLs under
ambient conditions with the most popular and available
characterization methods used in icing research, e.g., with
optical microscopy. Nanoscale clusters of individual water
molecules on solid surfaces have been otherwise systematically
studied in ultrahigh vacuum conditions and at low temper-
atures using scanning tunneling microscopy (STM).21

However, in ambient conditions, molecular layers of water
have only recently been studied on smooth silica surfaces using
AFM,19,20,22 X-ray reflectometry,20 X-ray photoelectron spec-
troscopy,23 attenuated total reflection infrared spectroscopy
(ATR-IR),24 and sum frequency generation spectroscopy
(SFG).25,26

In agreement with previous studies, it can be proposed that
MWLs between 0.2 and 6 nm may be present on smooth
hydrophilic surfaces exposed to ambient conditions. Consid-
ering the experimental evidence, the proposed model system of
water on surfaces suggests the presence of a homogeneous
monolayer of solid hexagonally arranged water molecules
followed by a transitional layer of restricted mobility and a
sequence of disordered layers of liquid water molecules.24 Not
many reports have been published on the thickness of each of
these proposed water layers (solid-like or liquid-like) and the
effect of environmental conditions (T, RH) and surface
chemistry on such layers. Nevertheless, reports on cleaned
smooth glass surfaces in maximum relative humidity (95−
100%) at ambient temperature (22 °C) suggest that the solid-
like MWL starts to transition into a liquid-like MWL when the
solid-like MWL thickness is more than 3 monolayers of water
(∼1 nm). At that point, the liquid-like MWL grows to a
maximum reported thickness of 18 monolayers (∼6 nm).23

Uniformity of the MWL has attracted much less attention.
On hydrophilic mica surfaces, the MWL appears as a uniform
layer when the RH is above 40% or as a discontinuous film
with dry holes and/or smaller individual islands of molecular
water unevenly distributed on the surface when the RH is
below 40%.19,22 These observations are compatible with other
works, reporting MWLs to exist as a solid-like layer below 30%
RH and as a liquid-like layer above 60% RH on hydrophilic
silicon substrates.20,24 Although most reports did not report
MWLs on hydrophobic surfaces at ambient conditions, MWLs
of about 2 nm were reported for very hydrophobic surfaces
such as halocarbon wax or Teflon at room temperature and
80% RH.23 This proves that water can adsorb or/and absorb
on hydrophobic surfaces in high-humidity environments,
especially when the surfaces have irregularities, defects, or
high roughness. On hydrophilic surfaces at room temperature,
the measured thickness of MWLs decreases with increasing
water contact angle of the surfaces and with increasing
temperature (e.g., 65 °C).20

In this work, we systematically study the effect of surface
chemistry and relative humidity on the presence of molecular
water layers (MWLs) and its related role on ice nucleation and
propagation at subzero temperatures. To this aim, we used
smooth and rough glass surfaces functionalized by using silane
chemistry. Thermal imaging and image correlation protocols

were used to monitor and quantify freezing events with high
temporal and spatial resolution. The work unveils the role of
MWLs in frost ice nucleation and propagation kinetics and
their mode of propagation, through hydrophilic and hydro-
phobic surfaces, as a function of the ambient relative humidity.
This confirms the likelihood of freezing events to occur on
porous superhydrophobic surfaces.

2. EXPERIMENTAL SECTION
2.1. Materials. Standard microscope glass slides purchased from

Carl Roth (corners cut, without frosted edge, 26 × 76 × 1 mm) were
used as substrates across the study. The silanes 11-acetoxyundecyltri-
chlorosilane (95%), n-octyltrichlorosilane (97%), tridecafluoro-
1,1,2,2-tetrahydrooctyltrichlorosilane (perfluorooctyltrichlorosilane,
97%) were purchased from ABCR, and heptadecafluoro-1,1,2,2-
tetrahydrodecyltrichlorosilane (perfluoro-decyltrichlorosilane, 97%)
was purchased from Gelest and used as received. All remaining
solvents and chemicals used in this study were purchased from Sigma-
Aldrich and used as received. Silica gel (3.5 mm bead size, for
desiccation) was purchased from Sigma-Aldrich and heated in the
oven at 130 °C for 4 h before use.
2.2. Surface Activation of the Glass Slides. Activation of the

reactive hydroxyls and removal of any contaminants from the glass
surface were done using a wet chemical method based on HCl and
MeOH. In the activation procedure, the glass slides were first
immersed in a solution containing a 1:1 volume ratio of MeOH:HCl
for 30 min. In a subsequent step, the slides were rinsed with distilled
H2O and dried under N2. The activated and dried slides were directly
analyzed with water contact angle goniometry. Some of the prepared
samples were further modified with functional silanes to control the
surface water contact angle, as explained below.
2.3. Surface Silanization. Covalent attachment of functional

silanes to the cleaned glass slides was carried out with a vapor
deposition method in a vacuum chamber.27 After drying under
nitrogen flow, two glass slides and three droplets (150 μL) of one
silane were placed in separate dishes inside a custom-made sealed
aluminum chamber connected to a vacuum pump. Vapor deposition
of the silane onto the glass slides was carried out at low pressure (20
mbar) for 2 h at room temperature. Subsequently, the glass slides
were removed from the chamber and used for contact angle
measurements and icing tests. The procedure was repeated with
four different silanes to obtain a representative range of hydrophilic to
hydrophobic smooth surfaces.
2.4. Sol−Gel Surface Treatment. A sol−gel process leading to a

porous-silica-based coating was used to develop a superhydrophobic
surface on glass. To this aim, methyl trichlorosilane (0.2 mL) was
deposited on the top of a glass surface and left to dry at room
temperature while being covered with a Petri dish. After being dried,
the sample was heated for 1 h at 100 °C. The procedure was repeated
three times to obtain thicker layers.
2.5. Water Contact Angle Measurements. Water contact

angles (WCAs) were determined right after the surface activation and
silanization processes. The measurements were made using a KSV
CAM 200 optical contact angle goniometer. Static, advancing, and
receding water contact angles were recorded by using the sessile and
needle-in-the-sessile-drop methods. All measurements were repeated
three times for each sample. For advancing (A-WCA) and receding
(R-WCA) angles, the initial volume of the drop (3 μL) was first
increased with a pumping speed of 15 μL s−1 until a maximum droplet
size of 15 μL. Then, the volume of the droplet was decreased from 15
μL back to 3 μL using the same pumping speed of 15 μL s−1. Drop
shape analysis of the images was done based on the Young−Laplace
equation. All WCA measurements were carried out at an ambient
temperature of 21 ± 2 °C and relative humidity of 40% ± 5%.
2.6. Measuring and Quantifying Freezing Events with

Thermal Imaging. Freezing events on the substrates were
monitored by using a FLIR A655sc thermal camera with a close-up
lens (1.5 magnifying factor and 25 μm lateral resolution). An
emissivity value of 0.9 was used during the recordings to prevent
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reflections from influencing the results. To induce and control
freezing, the samples were cooled on two Peltier elements set in
parallel (40 × 40 mm each) to obtain a uniform temperature
distribution. The Peltier elements were connected to a heat sink and a
small fan for heat dissipation. Each thermal video recording started
shortly before switching on the Peltier plates, where the glass samples
were set to reach −20 °C at 15 °C min−1 and ended 1 min after the
freezing event was observed to have propagated across the surface.
Each measurement was repeated at least 3 times per sample. Two
types of experiments were conducted: (i) monitoring frost formation
in the absence of water droplets and (ii) monitoring the freezing of
water droplets previously deposited on the sample surfaces. In the
former, the surfaces were kept at −20 °C until a freezing event was
observed. Image analysis was used to quantify freezing onset times
and the kinetics of the freezing propagation front. The second set of
experiments was carried out similarly but with a single 5 μL distilled
water droplet placed on top of the sample before the Peltier plates
were cooled down. Image analysis was used to quantify the freezing
kinetics of the droplet and its surroundings. To study the effect of
environmental humidity on the freezing events, the thermal camera
and Peltier elements were placed inside a glovebox. The humidity
inside was lowered to 25% RH with dried silica gel and increased to
50% RH and 70% RH by placing a beaker of CaCl2 solution to the
closed environment.28,29 A humidity equilibrium inside the glovebox
was reached within 3 days each time the humidity was adjusted. All
the images were analyzed with the analysis program FLIR Research
Studio and the image processing program ImageJ.

3. RESULTS AND DISCUSSION
3.1. Water Contact Angles. Table 1 and Figure 1

summarize the measured static (WCA), advancing (A-WCA),
and receding (R-WCA) water contact angles and hysteresis
(CAH) as functions of the surface chemistry obtained after
surface cleaning and silanization. As expected, the surface-
activated glass slides show more hydrophilic surface chemistry
(WCA = 21° ± 3°) than the degreased bare glass slides (WCA
= 49° ± 2°) as a result of a larger presence of active hydroxyl
groups.30 The WCA of the silane-treated samples follows the
expected growing hydrophobic nature: acid end group <
hydrocarbon chain < fluorocarbon content. Among the smooth
surfaces, the glass slides covered with perfluorinated decyl

carbon chains show the most hydrophobic WCA (109° ± 2°).
Of all studied samples, the porous sol−gel coatings showed, as
intended, superhydrophobic WCA (150° ± 5°). A-WCA and
R-WCA followed a similar trend as WCA with surface
chemistry. Interestingly, the surface activated and silanized
smooth surfaces showed comparable CAH values (18−23°)
lower than the CAH of the degreased bare glass surface (36° ±
4). The surface activation removes topological differences
caused by contaminants, which can explain the lower CAH
values on the surface-activated and silanized glass slides. The
superhydrophobic surfaces, on the other hand, showed a
significantly lower CAH (4° ± 10°); a distinctive mark of a
superhydrophobic and self-cleaning surface as a result of
roughness porosity entrapping air.31 Figure 2 shows the
confocal laser scanning microscopy (CLSM) images of the
superhydrophobic surfaces and a smooth hydrophobic surface
for comparison. The micrographs confirm the presence of

Table 1. Series of Smooth and Rough Samples with Varying Surface Chemistry and Related WCAsa

aThe red scale bar corresponds to 1 mm for all of the images shown here.

Figure 1. Water contact angles as a function of surface chemistry. The
static (WCA), advancing (A-WCA), and receding (R-WCA) water
contact angles of samples A−G show a similar increasing trend. The
hysteresis (CAH) values are comparable for all smooth samples (A−
F) and show a local minimum for the superhydrophobic sample (G).
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porosity in the superhydrophobic surface responsible for air
entrapment beneath water droplets. Altogether, these results
confirm successful obtaining of a range of surfaces with varying
hydrophilic/hydrophobic nature and justify the use of static
contact angle (WCA) for the subsequent comparisons with the
freezing events.
3.2. Frost Propagation in the Absence of Water

Droplets. Figure 3 shows representative snapshots from the

recorded thermal imaging videos as a function of the relative
humidity (25%, 50%, and 70%) for surfaces (12 mm × 16
mm) without a droplet. The rest of the snapshots and videos
can be found in Supporting Information (Tables S1−S3). In
this experiment, thermal imaging reveals the latent heat release
during the freezing of supercooled surface water. In practice,
this allows following the freezing propagation front throughout
the surface with high spatial and temporal resolution once a
freezing event starts somewhere on the sample surfaces.

In the video snapshots, the dark purple color corresponds to
a lower temperature and the bright yellow to a higher
temperature. As liquid water freezes on the sample surface, a
sudden temperature increase pinpoints the location of the
freezing event. The higher the volume of water freezing, the
more heat is released and the brighter the color change is in
the video. In the case of a water droplet freezing, the abrupt
temperature increase is eye-catching (see Section 3.3). On the
other hand, it is much more difficult to follow the freezing
front propagating on a surface with little or no water
condensation present. Hence, in Figure 3a,b, the freezing
front propagation fronts are highlighted with a white line, and
the direction of the freezing front is specified with black
arrows. After the latent heat has been released, the frozen areas
keep cooling and appear with a darker color in the thermal
videos.

At 25% RH, the propagation front line looks similar on all
samples (Figure 3a and Table S1) except for the super-
hydrophobic surface (Figure 3d). There is no condensation
visible on the surface (absence of small growing round dots
with darker color compared to the substrate), and the freezing

Figure 2. CLSM images show optical images (top row) and their
corresponding height maps (bottom row) of the smooth glass surfaces
functionalized with perfluorodecyltrichlorosilane (a,c) and the
superhydrophobic surfaces prepared via sol−gel treatment (b, d).

Figure 3. Time snapshots from thermal videos showing a freezing front propagating on the activated glass slides (sample A) as a function of relative
humidity (a−c) and on superhydrophobic surfaces at 25% RH (d). The cooling rate in these experiments was set so that the sample surface reached
−20 °C at 15 °C min−1. In a−c, the propagation front line is highlighted with a white line, and, in d, the isolated freezing events are marked with
white circles. The black arrows indicate the direction of the freezing front propagation, and the black scale bars shown in the top left corners are 1
mm. The time indicated in the top right corner of each image shows the time step between each snapshot and, therefore, does not correspond to
the freezing onset time. The vertical color bars indicate the temperature at the surface measured by the IR camera.
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front line is clearly fractal-like in shape. In contrast, the
superhydrophobic sample is covered with condensation, and as
seen in Figure 3d, the freezing front line is only detectable by
following individual condensed droplets lighting up as they
freeze (marked with white circles).

At 50% and 70% RH, small droplets of condensation can be
observed on all samples (Figure 3b,c and Tables S2 and S3).
Instead of fractal-like freezing front lines, most of the samples
show much smoother propagation fronts. The front line on the
activated glass surface at 70% RH is almost perfectly round.
Conversely, there were no changes in the freezing propagation

pattern of the superhydrophobic surface, regardless of the
humidity (Tables S1−S3), and the same freezing mechanism
was observed on all hydrophobic silane-treated surfaces at 50%
RH (Table S2).
3.3. Frost Propagation in the Presence of Deposited

Water Microdroplets. Figure 4 shows representative snap-
shots from the recorded thermal imaging videos as a function
of the relative humidity (25%, 50%, and 70%) in the presence
of a water droplet (5 μL) deposited in the center of each
sample. The complete set of samples is listed in Tables S4−S6.
The main distinctive feature of these image snapshots is the

Figure 4. Time snapshots from thermal videos showing a freezing front propagating in the presence of a 5 μL water droplet on the activated glass
slides as a function of relative humidity (a−c) and on superhydrophobic surfaces in 25% RH (d). The cooling rate in these experiments was set so
that the sample surface reaches −20 °C at 15 °C min−1. In a to c, the front line of each freezing event is highlighted with a white line, and, in d, the
isolated freezing events are marked by white circles. The white and black arrows indicate the direction of the freezing front propagation. The time
indicated in the top right corner of each image shows the time step between each snapshot and, therefore, does not correspond to the freezing onset
time. The black scale bars shown in the top left corners are 1 mm. The vertical color bars indicate the temperature at the surface measured by an IR
camera.

Figure 5. (a) Time−temperature plots from a 5 μL droplet freezing at 50% relative humidity. For sample A, the different stages of freezing are
marked with red numerals i, ii, iii, iv, and v. The plots are set to overlap each other at tonset (ii) to demonstrate the increase in freezing duration time
with increasing hydrophobicity of the samples. (b) Duration of the freezing event (tend − tonset) plotted as a function of the static WCA in 3 different
humidities. A linear dependence between droplet freezing and static WCA is observed.
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presence of a large round supercooled droplet in the center
lighting up when freezing. Notably, the droplet begins freezing
only when the propagation front line meets it, as clearly seen in
Figure 4c at the 20 ms snapshot. The presence of the droplet
seems to not have influenced the freezing propagation modes
discussed in Section 3.2.
3.4. Freezing of the Microdroplets. The high accuracy

of thermal imaging allows extracting local temperature at any
location and time, for instance, at a water droplet present at the
surface as shown in Figure 4. Figure 5a plots the temperature
of supercooled droplets on the different studied samples as a
function of the freezing experiment time. Independently of the
surface chemistry, all droplets show the same temperature
profile during freezing: (i) supercooling to the temperature
around −15 °C; (ii) sudden temperature increase to around
−5 °C (tonset); (iii) isothermal at that temperature for varying
times; (iv) rapid temperature drop (tend), and (v) stabilization
to the initial temperature before the freezing event.

The sudden temperature increase (ii) originates from the
latent heat released in the phase change from liquid to solid.
Some of this heat release is observed as a temperature increase
in the videos, yet a part of it is dissipated into the substrate.
Figure 5b shows the extracted duration of the freezing event of
individual droplets (tonset until tend) as a function of the WCA.
Even though the water droplets have the same volume in all of
the experiments, the plot reveals a linear increase of the
freezing event duration (length of stage (iii)) with the WCA.
In general, the higher the contact area (the lower the contact
angle), the earlier the freezing event ends (shorter stage (iii)).
The superhydrophobic sample keeps the general trend and
shows the longest freezing event duration, presumably due to
having the lowest contact area and, therefore, slowest latent
heat dissipation into the substrate and surrounding environ-
ment.
3.5. Freezing Onset Time at the Surface with and

without a Droplet. From each freezing experiment recorded
using the thermal camera (Figures 3, 4 and Tables S1−S6), a
freezing onset time (tfo) was extracted and plotted in Figure 6a
as a function of the surface chemistry (represented by the
WCA) and the relative humidity (RH). The freezing onset
time is described as the time from when the cooling plates are
turned on to the moment at which the first freezing event is
captured by the observation window of the thermal camera.

In Figure 6a, the freezing experiments done with and
without a droplet show the same trend shape for every relative
humidity. The freezing onset times grow exponentially with
increasing WCA until reaching an apparent plateau at WCA >
120° with the superhydrophobic samples, showing much lower
freezing onset times than expected. However, without
additional data points at WCA > 150°, it is not possible to
confirm what happens to the trend in the case of super-
hydrophobic surfaces.

Similarly, freezing onset times also decrease as the RH
increases. The presence of the droplet did not seem to have a
large effect on the results at RH 25% and 70% nor on the
freezing onset values of any of the hydrophilic surfaces at any
RH. In the case of RH 50%, the presence of the droplet seems
to have delayed the freezing onset times of the hydrophobic
samples; however, all freezing onset measurements at RH 50%
fit between rather wide error bars.

A similar exponential growth toward a plateau has been
found for the dependence of the supersaturation degree (SSD)
and nucleation pressure on WCA, following the mathematical

procedure by Nath and Boreyko32 (eqs S1−S6). In the
experiments therein, there are two possible mechanisms that
explain frost development on the sample surfaces: (i) water
first condenses on the sample surfaces and then freezes via
condensation frosting or (ii) water deposits directly from vapor
to solid ice. The phase change of water vapor to liquid
(condensation) or solid ice (deposition) on a substrate
requires either an undercooling of the substrate temperature
or supersaturation of the surrounding vapor pressure. SSD is a
parameter that describes the extent of supersaturation needed
for condensation or deposition to occur on the substrate at a
given temperature, whereas the nucleation pressure gives the
pressure required for each phase change. The values of SSD
and nucleation pressure are both dependent on substrate
wettability and therefore have different values for each of the
samples.

In Figure 6b, the SSD and nucleation pressure have been
plotted as a function of WCA for both condensation and
deposition at −20 °C. The similarities between plots 6a and 6b
can be understood, since both SSD and freezing onset times

Figure 6. (a) Freezing onset times as a function of the static WCA of
the sample surfaces in the experiments conducted with a 5 μL water
droplet placed in the center of the sample (filled symbols, solid line)
and without a water droplet (empty symbols, dashed line) in three
RHs. The continuous and dashed lines serve as a guide to the eye. (b)
Supersaturation degree (SSD) and nucleation pressure (pn),
respectively, plotted as a function of the static WCA for condensation
(vapor-to-liquid, marked with circle symbols) and deposition (vapor-
to-solid, no symbols). The functions are calculated for −20 °C surface
temperature using 1029 m−2 s−1 as a fixed kinetic constant for embryo
formation for both condensation and deposition using eqs S1−S6 .
The black inverted arrows indicate the WCA intersection point of
nucleation pressure curves below which deposition is thermodynami-
cally favored (WCA < 47°).
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can be used to describe the energy barrier of nucleation on
surfaces. It is also notable that, in Figure 6b, the nucleation
pressure required for deposition becomes lower than the
nucleation pressure required for condensation at WCA < 47°,
indicating that deposition is theoretically a more favorable
mode of nucleation on the hydrophilic surfaces at −20 °C.
3.6. Relation between Freezing Front Propagation,

Surface Chemistry, and MWL. Previous research dedicated
to freezing propagation phenomena on surfaces mostly focused
on frost growth using optical microscopy under experimental
conditions leading to visible water droplet condensation.33−44

Under these circumstances, individual droplets sequentially
freeze when optically detectable ice bridges, formed at a frozen
droplet, propagate and reach a neighboring liquid droplet. In
line with these observations, freezing propagation on surfaces
has been related to the formation of interdroplet ice bridges
(i.e., percolation-induced frost propagation). Experimental
evidence35−41 suggests that the propagation rate of such
interdroplet bridges occurs at ∼0.01 mm s−1, 4 to 5 orders of
magnitude slower than the reported intradroplet freezing
propagation rate (10−100 mm s−1).45−48 As a consequence,
the overall frost propagation rate on surfaces has been reported
to be around 0.01 mm s−1 based on a (relatively) limited
number of substrates and environmental conditions studied. In
this work, we identified different freezing front propagation
mechanisms and rates as a function of the relative humidity,
substrate hydrophilicity, and topology. Figures 3 and 4 and
Tables S1−S6 show snapshots of the freezing experiments
monitored by thermal imaging used in this work to calculate
freezing front propagation rates and to identify freezing
propagation mechanisms as a function of RH and surface
energy. Analysis of the images and identification of the freezing
front propagation lines were performed using the image
processing program ImageJ. This allowed us to identify
different freezing front lines depending on the experimental
conditions (front lines marked as white lines in Figures 3 and 4
and Tables S1−S6). Replicates of the freezing experiments
allowed obtaining average freezing propagation rates with
deviation for each experimental (RH) and sample surface
energy (WCA) as shown in Figures 7 and Figure S3.

Figure 7 shows how, independent of the front-line geometry
and propagation mechanism, the freezing fronts propagate
faster at higher environmental humidities. Larger differences
are nevertheless seen at low surface energies (WCA in the
range of 20−60°) and high relative humidities (50% and 70%).
This trend seems to hold true for all of the experimental
conditions except for the superhydrophobic surfaces (WCA ∼
150°) for which the freezing front propagation rates increase at
all RHs slightly above the most hydrophobic of all smooth
surfaces (both perfluorinated samples with WCA around 105−
110°). The increase in the freezing propagation rate for the
superhydrophobic sample is attributed here to moisture
entrapment within the porous structure of the super-
hydrophobic samples shown in Figure 2.

In addition to the values of propagation rates, valuable
information about the freezing propagation mechanisms can be
obtained by visual examination of the thermal imaging videos.
As seen in Figures 3 and 4 and Tables S1−S6, the shape of the
freezing front can vary dramatically from a smooth round line
(e.g., sample A with WCA ∼ 21° at 70% RH) to a complicated
fractal border (e.g., sample C with WCA ∼ 54° at 25% RH).
When examining simultaneously the propagation rates and the
shape of the propagation front line, it appears that the

smoothness of the freezing front is directly related to faster
freezing front propagation rates. Droplet condensation density,
on the other hand, did not have a measurable effect on the
mode and kinetics of ice propagation. When analyzing the
freezing propagation fronts under all conditions (WCA and
RH), four freezing front propagation modes can be identified.
Table 2 summarizes the characteristics of these propagation
modes and the conditions under which they were observed.

The specific freezing front propagation rates for all RHs and
WCAs and their relation to the freezing propagation mode are
shown in Table 3.

As summarized in Tables 2 and 3, freezing propagation
mode I and mode II show propagation rates in the same
ballpark (0.01−0.1 mm s−1). The lower limit of this range
(0.01 mm s−1) is well aligned with values previously reported
for percolation-induced freezing as shown in Figure 7.
However, the upper limit (0.1 mm s−1) observed in samples
with both propagation modes is about 1 order of magnitude
faster than percolated-induced freezing. This suggests the
influence of another surface factor appearing at a certain RH
and surface hydrophilicity that homogeneously affects the
surface without visibly detectable water condensation. As
summarized in Table 2, mode II (low-speed fractal
propagation) appears to be limited to low relative humidity
(25% RH) and smooth surfaces (independently of their
hydrophilicity). The fractal-like propagation observed for
mode II is well aligned with previous studies at low humidity
(RH ≤ 35%) on hydrophobic PMMA and hydrophilic metallic
substrates attributed to a visibly detectable deposition-limited
frost growth.49,50

A detailed look at the thermal imaging video recordings
(Tables S2, S3, S5, and S6) reveals the presence of small ice
bridges in all the samples showing mode I propagation (e.g.,
see snapshots in Figure 8). The ice bridges’ presence is in good
agreement, together with the average propagation rates around
0.01−0.1 mm s−1, with ice-bridge controlled frost propagation

Figure 7. Freezing front propagation rates (mm s−1) as a function of
the static WCA measured at three RHs in the absence of a droplet.
The error bars of the freezing front propagation rates are indicated by
the dashed lines for each RH. The upper and bottom gray pattern
blocks mark the range of propagation rates previously reported for
intradroplet freezing (10−100 mm s−1) and percolation-induced frost
growth (∼0.01 mm s−1), respectively.
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observed in samples freezing in the presence of condensation
droplets.

The identification of these two propagation modes (mode I
corresponding to ice-bridge-limited frost growth and mode II
corresponding to deposition-limited frost growth) at all RHs
and most surface energies (WCAs) hints at a relation between
the propagation mode and the presence of water at the surface.
In line with this, higher amounts of water at the surface should
lead to faster and more homogeneous propagation front lines,
as hereon discussed.

Frost propagation modes III and IV show significantly earlier
freezing onset times (1−3 min) and faster propagation rates
(2−400 mm s−1) than modes I and II, and more continuous
propagation fronts instead of fractal lines. These two modes

(III and IV) are observed only for the most hydrophilic
samples (samples A and B with WCAs below 40°) at the
highest RHs (50% and 70%). In general, a clear trend from a
fractal frontline with a slow propagation rate to a continuous
frontline with a fast propagation rate is observed when the RH
and the hydrophilic nature of the surface increase. It is
remarkable to note that the flash-like (see Movie S4) freezing
propagation rates observed in mode IV for high RH and
hydrophilic surfaces are 1 order of magnitude faster (up to 400
mm s−1) than the reported values of bulk water freezing (50
mm s−151) and several orders of magnitude slower than the
speed of sound in water (1000 m s−152). The freezing
propagation rate is similar to the speed of rapidly released
vapor bolus (500 mm s−1) observed during cascade freezing in
reduced pressure (∼3 mbar) reported in literature.53 In our
work, the freezing experiments were conducted in normal
atmospheric pressure, which would reduce the diffusion speed
due to cascade freezing to a maximum of 3 mm s−1. These
factors and the observation of the freezing front in the presence
of nonfrozen individual water droplets from condensation (see
Tables S2 and S5) rule out freezing propagation dominated by
regular water freezing of a thick continuous water film layer

Table 2. Characteristics of the Four Freezing Propagation Modes Observed via Thermal Imaging and the Conditions under
Which They Are Observed

Table 3. Quantified Freezing Propagation Rates (mm s−1) in
Relation to RH and Surface WCA and Their Relation to the
Freezing Propagation Modea

aGray background marks propagation mode I, light blue mode II,
medium blue mode III, and dark blue mode IV.

Figure 8. Time snapshot from a thermal imaging video showing the
surface freezing of (a) sample E (WCA = 106°) at 50% RH and (b)
sample D (WCA = 90°) at 70% RH with frozen condensation on top.
The numerous connecting pathways between the frozen droplets
(highlighted with a black line) are here identified as interdroplet ice
bridges.
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created by condensation as well as the acceleration of the
freezing propagation by an acoustic wave traveling in water or a
vapor bolus released during droplet freezing cascade. However,
comparable freezing propagation rates (200−400 mm s−1)
have been reported for the intradroplet freezing of impacting
supercooled water droplets on surfaces.47,48 Moreover, the
experimental values obtained by us and those reported for
supercooled droplets freezing are comparable and just 1 order
of magnitude lower than those calculated with numerical
simulations for freezing of supercooled water on ice (1000−
10000 mm s−1 at RH 100% and WCA ∼ 0°).54

Altogether, the above considerations suggest freezing in
modes III and IV took place through a supercooled water layer
and pave the way to the relation between surface freezing and
the presence of molecular water layers (MWL), whose
thickness and continuity affect the freezing front propagation
mode and rate. Even though we did not measure the thickness
of the water layers for the samples showing mode III and IV
propagation (i.e., hydrophilic surfaces, samples A and B, at
high relative humidities (RH 50−70%)), a MWL of around 1
nm can be assumed based on previous experimental
studies19−26 reporting MWLs of more than 1 nm thick on
hydrophilic silicon surfaces at RH 60%. We hypothesize that,
since thickness decrease accelerates freezing propagation rates,
propagation delays observed in mode III compared to
conditions leading to mode IV cannot be explained by the
lower thickness induced by lower RH but by discontinuities in
the MWL causing a wavy fluctuating propagation front line,
with overall propagation rate decrease due to local differences
in freezing propagation rates.

In line with the above, and as reported by others in the case
of hydrophilic and hydrophobic chemically modified silicon
wafers,20 there should be no liquid-like molecular water
present on the sample surfaces in the case of modes I and II.
However, there is 1 order of magnitude difference in the
propagation kinetics of modes I and II (between 0.1 and 0.01
mm s−1). Based on literature, the highest propagation rates
measured in conditions leading to propagation mode I and
mode II (0.1 mm s−1) can be explained by the presence of a
solid-like MWL of around 0.5 nm as identified for similar
conditions in previous works.19,20,22,23 According to reports on
MWL, these thin solid-like MWLs are not smooth even layers
but rather noncontinuous depositions of solid-like molecular
water on the hydrophilic sites. Since the presence of liquid-like
MWL dramatically affects the freezing propagation rates in
modes III and IV, the presence of a more or less continuous
solid-like MWL arguably influences the observed freezing
propagation rates in modes I and II as well.

Figure 9 summarizes the proposed relation between the
presence and state of molecular water layers (MWL) and the
freezing mechanisms, onset times, and propagation rates
observed in this work. At RH 25%, both hydrophilic and
hydrophobic surfaces exhibit deposition−controlled frost,
although the presence of solid-like MWL on the hydrophilic
samples promotes faster freezing propagation rates. Similarly,
at RH 50% and 70%, all surfaces with WCA ≥ 54° froze via
percolation-limited frost propagation, while among them the
hydrophilic samples with solid-like molecular water showed ten
times faster freezing propagation rates. On the two most
hydrophilic samples (WCA ≤ 38°) at RH 50% and 70%, the
freezing events propagate via a discontinuous or continuous
layer of supercooled liquid-like water, respectively.

4. CONCLUSIONS
In this work, the role of the molecular water layer (MWL) on
the frost propagation rate and propagation front mode has
been identified and studied using high-resolution thermal
imaging. To do so, glass slides were functionalized to obtain a
broad range of hydrophilic and hydrophobic surfaces. Exposure
to selected relative humidities (RHs) and in situ monitoring of
freezing at −20 °C in the presence and absence of a
predeposited water droplet were monitored using infrared
imaging. The systematic results obtained, and previously
reported literature, allow establishing for the first time a direct
relation between MWL and freezing kinetics (ranging from
0.01 to 500 mm s−1) and mode (from fractal to continuous
front line). Depending on the MWL state, four frost
propagation modes are described: ice-bridge percolation-
controlled (in the presence of solid-like MWL), deposition-
controlled (in the presence of solid-like continuous MWL),
and continuous and discontinuous supercooled water layer-
controlled freezing (in the presence of liquid-like MWL). The
observations confirm that freezing in porous superhydrophobic
surfaces can occur due to the presence of surface MWLs even
at low RHs. The results here reported bring new insights into
surface freezing and establish guidelines for the development of
novel ice-controlling passive strategies using surface energy
local variations.
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Figure 9. Overview of the relationship between relative humidity,
surface energy, the resulting molecular water layer state, and the
freezing propagation mode.
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