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Controlling Frost Propagation on Polymeric Surfaces Using

SI-ATRP Chemical Micropatterning

Miisa . Tavaststjerna,* Stephen J. Picken, and Santiago J. Garcia

Micropatterned surfaces with both hydrophilic and hydrophobic regions are
relevant for a wide range of applications from fuel cells to water harvesting
systems. The preferential nucleation of water on hydrophilic regions can also
be used to control frost nucleation on chemically patterned surfaces. So far,
this concept has been tested on brittle silicon surfaces with only a few
different sizes and shapes of hydrophilic regions. In this work, the concept of
controlled icing is investigated on five polymeric surfaces with different
surface energies modified by micropatterning them with three types of
hydrophilic polymer brushes. Frost formation and propagation on the
resulting patterned surfaces with regions of varying wettability is monitored
and quantified using high-resolution thermal imaging. The study proves that
control over frost nucleation and propagation using regions of varying
wettability can be achieved on commodity polymers. In addition to influencing
the time and location of ice nucleation, the local patterning affects the
freezing propagation mode and rate due to its impact on the continuity and
thickness of molecular water layers (MWL). These results show that local
control over the state of MWLs is key to controlling both ice nucleation and

disadvantages and are often combined
to be able to reach good performance
in real-life applications.*®] A less ex-
plored alternative, is to influence ice nu-
cleation and growth.*”! In this strat-
egy, instead of removing already ac-
creted ice from surfaces, surfaces could
be fabricated to direct ice growth to-
ward the formation of brittle ice struc-
tures that can be continuously removed
by environmental factors, such as wind,
of relevance in applications as wind
turbines, electric cables, and airplanes.

The first step toward controlling ice
formation is to gain a better understand-
ing of the early freezing mechanisms
at surfaces and to investigate them at
a molecular level. In this regard, it is
important to consider the role of ad-
sorbed interfacial water in the initial nu-
cleation events. The presence of sub-

propagation of freezing events on surfaces.

1. Introduction

To combat ice accretion on surfaces, two strategies have re-
ceived most of the attention: i) the development of active de-
icing systems and ii) the fabrication of passive low ice-adhesion
surfaces.'*l Unfortunately, these strategies have intrinsic
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micron molecular water layers (MWL)

has been reported on all dry surfaces

as long as there is some humidity
in the environment. However, its state varies in continuity and
thickness depending on the surface wettability and environmen-
tal conditions.®'7] In general, the MWL thickness and continu-
ity increase with higher hydrophilicity of the surface (lower water
contact angle) and higher environmental humidity.

In our previous work, we connected the presence and state
of MWL to various freezing events observed on smooth func-
tionalized glass surfaces via high-resolution thermal imaging.['”]
The presence of solid-like MWL was found to promote the
speed of inter-droplet ice bridging and deposition frost growth,
whereas, very hydrophilic surfaces at high humidity showed
rapid freezing propagation via a continuous liquid-like MWL.
Since MWLs clearly affect the type and rate of freezing propa-
gation on surfaces,!'”) spatial control over the state and thick-
ness of MWLs may also lead to localized control over freezing
mechanisms on surfaces with both hydrophilic and hydrophobic
regions.

Even though surfaces with wettability patterns, also known as
contrast wettability surfaces, have been a popular topic among
researchers working on water-harvesting applications!**2} and
microfluidics,?#%7] there are very few studies investigating their
effect on freezing.[?-3] In one of the first reports, the spatial con-
trol of water condensation and freezing was observed using flu-
orinated silicon (Si) micropillars with hydrophilic polyvinyl alco-
hol tips.[?®] When the samples were cooled to —15 °C the water
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droplets froze one by one via ice-bridge formation on the hy-
drophilic tips of the pillars. Similar freezing propagation based
on ice-bridging was also reported on smooth fluorinated Si sur-
faces with hydrophilic silicon oxide micropatterning.*%! A follow-
up study using the same smooth patterned Si surfaces found that
introducing ice-nucleating proteins on top of the hydrophilic sil-
icon oxide micropatterns results in the formation of dry zones
around frozen hydrophilic regions.®!) The same effect has also
been observed on gold substrates patterned with hydrophilic
polyelectrolyte brushes in low supersaturation freezing condi-
tions (S < 1.5).21 This phenomenon has been explained by the
formation of a humidity sink as described already in 1981 during
the investigation of water condensation around salt crystals.3¢!
Once the hydrophilic areas freeze in low supersaturation condi-
tions, the frozen regions act as humidity sinks and prevent nu-
cleation events on the hydrophobic surrounding areas.[**3% This
is a result of the saturation vapor pressure over ice being slightly
lower than over liquid water.[3*]

So far, preferential freezing onset and frost growth on
patterned wettability surfaces have been successfully pre-
sented either on brittle silicon surfaces and/or in low super-
saturation environments with reduced nucleation density of
condensation.3**] However, there is no information on how this
phenomenon would work on more durable polymeric surfaces,
similar to those encountered in actual applications, and when the
environmental conditions fluctuate between high and low super-
saturation. There is also a lack of systematic studies on the role
of chemistry of the pattern, the size, shape, or distribution of the
hydrophilic regions, and how changes in these parameters influ-
ence the type of frost or ice accretion on the surfaces.

To address the aspects above, in this work, we create polymeric
surfaces with patterned wettability by modifying various hy-
drophobic polymeric substrates with three different hydrophilic
polymer brushes. The effect of the substrate (local) wettability
and the pattern chemistry on the freezing onset and propagation
is investigated in a high supersaturation environment (S > 6.5)
using a digital microscope and high-resolution thermal imaging.

2. Results and Discussion

2.1. Preparation of Patterned and Nonpatterned Surfaces

To investigate systematically the effect of patterned wettability on
freezing onset and propagation on the hydrophilic/hydrophobic
surfaces, five different polymeric substrates were grafted with
three different hydrophilic polymer brushes. The polymeric sub-
strates used in this study are polycarbonate (PC), polypropy-
lene (PP), poly(methyl methacrylate) (PMMA), polyvinylchloride
(PVC), and polyurethane (PU). The polymeric brushes were
linked covalently to the substrates using a bifunctional macroini-
tiator (PAzBrMA). Figure 1 shows the chemical structures of
the PAzZBrMA and the three hydrophilic polymer brushes used
in this study. The synthesis of PAzBrMA consisted of a re-
versible addition-fragmentation chain-transfer (RAFT) polymer-
ization of glycidyl methacrylate (GMA),[**#2 a ring-opening re-
action between the epoxide groups of the poly(glycidyl methacry-
late) (PGMA) and sodium azide (NaNj;),[**¥ and an esterifi-
cation reaction between the OH-groups of the azide-functional
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polymer (PAzMA) and 2-bromoisobutyryl bromide (BIBB)!*+#]
(see Figure S1 in the Supporting Information).

To obtain the functionalized polymeric substrates, as visual-
ized in Figure 2, sample preparation started with spin-coating
PAzBrMA (10 mg mL™!) on each polymer surface (PC, PP,
PMMA, PU, and PVC). After spin-coating, the surface was ex-
posed to UV light (<400 nm, 5 min) which initiated a reaction
between the azide groups of the PAzBrMA and the hydrocar-
bon chain of the polymeric substrates, thus covalently linking the
macroinitiator to the polymer surface.”] To remove any unre-
acted PAzBrMA, the samples were rinsed with Ethanol-Acetone
(6:1) mixture and dried under nitrogen flow (Figure 2, step 3).
When a striped mask (100 um wide stripes with 0.5 mm spac-
ing) was covering the surface during the UV exposure, only
the areas exposed to UV allowed for the fixation of PAzBrMA
on the surface; rinsing removed then the unreacted PAzZBrMA
at the areas covered by the mask and not exposed to UV light
(Figure 2, step 2 -left). In the last step of sample prepara-
tion, the areas functionalized with PAzBrMA were rendered hy-
drophilic via surface-initiated atom transfer radical polymeriza-
tion (SI-ATRP) of the monomers 2-hydroxyethyl methacrylate
(HEMA), 2-(dimethylamino)ethyl methacrylate (DMAEMA), or
poly(ethyleneglycol) methacrylate (PEGMA) followed by wash-
ing (Figure 2, steps 4-5). Similar to the azide groups at-
taching PAzBrMA to the sample surfaces, the bromide func-
tionalities (Br) were used as initiation points for the surface-
initiated polymerization of the polymer brushes on the (pat-
terned) surfaces.[*7]

To confirm patterning, fourier transform infrared spec-
troscopy (FTIR) and optical microscopy analysis were performed.
As a representative example, Figure 3 shows a confocal scanning
microscopy (CSM) and micro-FTIR images of a PHEMA stripe
on PP. The thickness of the stripes was measured to be 200 nm
as seen in the roughness profile of the stripe in Figure 3c. The
successful functionalization at the optically detectable patterns
with the intended chemical groups was confirmed using micro-
FTIR by mapping the absorbance intensity of C=0 vibration at
1720 cm™! as seen in Figure 3b.

2.2. Surface Wettability and Roughness

To assess the wettability of the patterned hydrophilic
/hydrophobic surfaces, water contact angle measurements
were conducted on all bare polymeric substrates and the sub-
strates fully covered with the hydrophilic polymer grafts (i.e.,
no patterns). Figure 4a shows the static (S-WCA), advancing
(A-WCA), and receding water contact angles (R-WCA) on all bare
polymer substrates (PC, PP, PMMA, PVC, and PU), as well as
their water contact angle hysteresis (CAH). The S-WCAs of the
substrates vary between 77° and 104°, PP having the highest and
PMMA the lowest S-WCA of the polymers. The substrates vary
particularly in their CAH values, with PC having the lowest CAH
at 25° and PU the highest CAH at 74°. The roughness values of
the bare substrates (Figure 4b) follow a similar trend as the CAH
values, with PC having the lowest mean area roughness (S, =
0.06 um) and PU having the highest S, (S, = 0.5 um).

As seen in Figure 4c, after the surface grafting, the S-WCAs
of the PDMAEMA, PHEMA, and PPEGMA-covered substrates
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Figure 1. Chemical structures of the bifunctional macroinitiator poly[3-azido-2-(2-bromo-2-methylpropanoyloxy)propyl methacrylate] (PAzBrMA),
and the three polymer brush structures poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA), poly(2-hydroxyethyl methacrylate) (PHEMA), and

poly[poly(ethylene glycol) methacrylate] (PPEGMA).

decreased from 77° to 104° corresponding to the substrate poly-
mers to 53°, 41°, and 26°, respectively. Since all the fully grafted
surfaces were characteristically hydrophilic, all their R-WCAs
are 0°, thus making their CAH values practically equal to their
S-WCAs. Additionally, the underlying polymeric substrates did
not seem to affect the wettability of grafted samples, confirm-
ing a homogeneous surface coverage with hydrophilic poly-
mer grafts. The roughness values of the hydrophilic surfaces,
as represented in Figure 4d for the case of PP and PU sub-
strates, are similar regardless of the chemistry of the polymeric
graft. Since the thickness of the polymer grafting is 200 nm
(Figure 3c) the overall roughness values of the hydrophilic sam-
ples did not change significantly compared to the bare polymeric
substrates.

2.3. Frost Propagation on Nonpatterned Polymer Substrates

To investigate the freezing onset and propagation on homoge-
neous surfaces, the nonpatterned polymeric samples were cooled
to —20 °C at a rate of 8 °C min~"' using a liquid-cooled Peltier
plate inside an environmental chamber at RH 50%. The poly-
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mer surfaces were monitored during the cooling and freezing
propagation experiment from above with a high-resolution ther-
mal camera. In this experiment, thermal imaging reveals the la-
tent heat release during the freezing of supercooled surface wa-
ter. In practice, this allows following the freezing propagation
front throughout the surface with high spatial and temporal res-
olution once a freezing event starts somewhere on the sample
surface.

Figure 5 shows selected snapshots from the thermal videos
representative of the freezing propagation on the five different
bare polymeric substrates and one PHEMA-grafted PMMA sub-
strate. Example videos of the different samples can be found in
Videos S1, S2, S3 (Supporting Information). In the video snap-
shots, the dark purple color corresponds to a lower temperature,
and the bright yellow to a higher temperature. As liquid conden-
sation freezes on the sample surface, a sudden temperature in-
crease (local yellow color in the snapshots) pinpoints the loca-
tion of the freezing event. Thus, the front line of the freezing
propagation on the bare polymeric substrates in Figure 5 can
be detected as a rim of bright yellow dots corresponding to the
freezing of condensed water droplets on the sample surfaces.
The white arrows indicate the direction of the freezing front-line
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Figure 2. Step-wise representation of the patterned and nonpatterned samples preparation: 1) The polymer substrate (purple) is spin-coated with a
solution of PAzBrMA (yellow). 2) UV light attaches the PAzBrMA covalently to the substrate through the azide group. 3) The UV-exposed substrate is
rinsed to remove all unreacted PAzBrMA. If a striped mask is used during UV exposure, only the exposed areas are attached to the polymer substrate. 4)
The Br-terminated surface is grafted with a hydrophilic polymer (blue) via SI-ATRP. 5) The grafted substrate is removed from the reaction flask, cleaned,
and dried before confirming surface modification through contact angle and IR.

propagation. In Figure 5, the freezing propagation front lines
on the (slightly)hydrophobic nonpatterned polymeric substrates
(WCA>80°) are composed of condensed water droplets individu-
ally and sequentially freezing (see Video S1, Supporting Informa-
tion). A closer examination of the video snapshots reveals small
ice bridges interconnecting the frozen droplets (Figure S8 in the
Supporting Information). This is in good agreement with an ice-
bridging process driving the freezing propagation as reported for
percolation-induced frost formation.[*$#]

Adv. Mater. Interfaces 2025, 12, 2400838 2400838 (4 of 13)

Freezing onset and propagation rates were also monitored for
the substrates fully covered with the hydrophilic PHEMA graft-
ing. The last row in Figure 5 shows one example of the freez-
ing front propagation on the hydrophilic surfaces. In this case,
the freezing propagation is captured as a bright yellow rapid
wave that eventually fills the entire window of observation. This
propagation mode was similar for all the PHEMA-grafted poly-
meric surfaces, independent of the underlying polymeric sub-
strate (Figure S4 in the Supporting Information). Based on our
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Figure 3. Representative images of patterning for the case of PHEMA stripes on a PP substrate using: a) Confocal Scanning Microscope and b) Micro-
FTIR imaging. Roughness profile of the PHEMA stripe c) extracted from the CSM image shows the thickness of the stripe to be 200 nm. The red color
in the micro-FTIR image visualizes the presence of carbonyl groups present in the repeating unit of PHEMA as shown in the corresponding FTIR spectra
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Figure 5. Thermal video snapshots showing freezing propagation on the five nonpatterned polymer substrates (PC, PP, PMMA, PVC, PU) and one
PHEMA-grafted PMMA substrate (PHEMA) in RH 50%. The white arrows indicate the direction of the freezing propagation frontline. The black scale
bars in the first column of images correspond to 2 mm. Note the time scale for the PHEMA-PMMA sample is in ms (three orders of magnitude faster
than the rest of the polymers).
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previous work'”] connecting the presence and state of molecular
water layer (MWL) to various freezing events observed on smooth
functionalized glass surfaces, the extremely fast freezing front-
lines are consistent with freezing events that propagate via a con-
tinuous liquid-like MWL.

The thermal snapshots like those shown in Figure 5 were an-
alyzed using the image processing program Image] to obtain
freezing propagation rates as shown in Figure S7 in the Sup-
porting Information. The average freezing propagation rates with
error bars obtained for all nonpatterned samples are shown in
Figure 6 as a function of the substrate WCA hysteresis (CAH).

Despite showing a propagation pattern corresponding to
percolation-induced freezing, the measured average propaga-
tion rates of the hydrophobic samples (Figure 6a) are signifi-
cantly higher (between 0.03 mm s~' for PP and 1.2 mm s™' for
PU) than those propagation rates previously reported for inter-
droplet ice bridging characteristic of percolation-induced freez-
ing (0.001-0.01 mm s~1148-54)) with the exception of the PC sam-
ple (0.007 mm s1). The results reported here (Figure 6a) there-
fore extend the previously reported propagation rates for ice-
bridging and show for the first time a linear relation between con-
tact angle hysteresis (CAH) and, to a lower extent surface rough-
ness (Figure 4b), with the propagation rate: the higher the differ-
ence between advancing and receding angles (higher CAH) the
faster the global freezing propagation rate is.

As seen in Figure 5, and different to the hydrophobic surfaces,
the freezing propagation frontline on the hydrophilic PHEMA-
grafted polymeric surfaces (Video S2 in the Supporting Informa-
tion) shows a rapid flash-like freezing propagation (e.g., PHEMA
on PP) in the scale of ~#20 mm ~'s (Figure 6b), regardless of the
underlying substrate. The slight variation in the freezing propa-
gation rates results from different degrees of supercooling of the
PHEMA-covered substrates at the time of nucleation. The cool-
ing stage was set to reach —20 °C at the start of the experiments,
but the initial nucleation event can occur before the sample sur-
face has cooled down to this temperature. Freezing events initi-
ated at slightly higher temperatures (lower degree of supercool-
ing) have a slightly lower freezing propagation rate.

Despite the small deviation between experiments, the freezing
propagation rates on the hydrophilic surfaces (20 mm s~!) are
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in good agreement with the reported values for freezing prop-
agation in bulk water (=1-100 mm s7)[>-%] and suggest that
the freezing event is propagating through a continuous layer
of molecular water layer (MWL). This hypothesis in line with
our previous report on MWL-promoted freezing propagation on
surface-modified glass/!’! and confirms a good homogeneous
surface coverage with hydrophilic moieties (e.g., PHEMA) in all
cases despite the eventual presence of water droplet freezing.

2.4. Frost Propagation on Patterned Polymer Substrates

Thermal video snapshots of the freezing propagation on the poly-
mer substrates patterned with hydrophilic PHEMA stripes can be
seen in Figure 7 for three polymer substrates (PC, PMMA, PU)
and in Figures S5, S6 in the Supporting Information. In all cases
the freezing events initiate at the hydrophilic stripes as seen by
the 0 ms snapshots, to rapidly propagate longitudinally along the
PHEMA stripes (MWL freezing controlled). Once the PHEMA
stripes are frozen, the freezing propagation continues laterally
outbound from the frozen stripe with the familiar, yellow-dotted
front line, highlighting individually freezing of condensed water
droplets (interdroplet freezing controlled process).

To study the effect of the hydrophilic stripe chemistry on the
freezing onset and propagation, freezing propagation tests on
PP substrates with PHEMA, PDMAEMA, or PPEGMA grafted
stripes were monitored separately. As seen in Figure 8, changing
the stripe chemistry did not influence the overall freezing propa-
gation mechanism of the patterned wettability surfaces: freezing
events still onset and propagate at the hydrophilic stripe(s) first
to further expand transversally onto the PP surface.

When analyzing the freezing mechanisms involved in the
freezing of the patterned wettability surfaces (Figures 7, 8; and
Figures S5, S6, and Video S3, Supporting Information), two
separate freezing propagation rates were calculated for the two
contrasting freezing propagation steps and modes: i) rapid
freezing initiation and propagation along the hydrophilic stripes
(Figure 9a,c), and ii) slower lateral freezing front propaga-
tion from the stripes into the more hydrophobic substrates
(Figure 9b,d).
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Figure 7. Thermal video snapshots showing freezing propagation in RH 50% on three different polymer substrates (PC, PMMA, PU) patterned with
hydrophilic PHEMA stripes. The white arrows indicate the direction of the freezing propagation. The black scale bar equals 2 mm. Note the similar

patterns but at different nucleation times and propagation rates.

When comparing Figures 6b and 9a, it becomes clear that
the propagation mode and speed on the stripes (10 mm s,
Figure 9a) resemble those seen on the polymers homogeneously
covered with PHEMA (20 mm s™', Figure 6b). A similar compar-
ison can be made for the freezing propagation rates for the hy-
drophobic polymers (Figure 6a) and the lateral freezing propaga-
tion mode on the patterned surfaces perpendicular to the stripes
(Figure 9b). In this case, we report an order of magnitude faster
propagation rates on the hydrophobic surfaces when the surfaces
are patterned with hydrophilic stripes.

An explanation to this difference can be found in the the-
ory of ice-bridge kinetics based on Kinetic Monte Carlo simu-
lations which predicted that the rate of ice-bridge formation in-
creases with decreasing inter droplet distance, increasing tem-
perature, or increasing surface wettability.®”! Since the exper-
imental procedure did not change at any point, the influence
of temperature, i.e., higher degree of supercooling cannot ex-
plain the observed faster propagation rates. Also, the wettabil-
ity of the polymer substrates at areas that were covered during
the UV exposure did not change after the grafting procedure,
as shown in Figure S9 in the Supporting Information. There-
fore, changes in both surface temperature and wettability of the
substrates can be excluded, and the increased frost propagation

Adv. Mater. Interfaces 2025, 12, 2400838 2400838 (8 0f13)

rate is likely due to shorter distances between condensed water
droplets.

On the patterned surfaces, the freezing events initiate on the
hydrophilic stripes where the nucleation events are energetically
more favorable and therefore happen earlier than on the more
hydrophobic bare polymers. The earlier the initial nucleation
event occurs, the less time the existing condensed water droplets
have to grow in size and coalesce with each other. Droplet co-
alescing leads to longer inter-droplet distances since depressed
vapor pressure over larger droplets promotes evaporation of its
smaller neighbouring droplets.3*! Therefore, during an earlier
nucleation event on the patterned surfaces, the condensed water
droplets are smaller and closer together which accounts for the
faster inter-droplet ice bridging rates.

In addition to the faster frost propagation rates in the patterned
surfaces, the same linear dependency with the hysteresis contact
angle (CAH) can be observed, i.e., connection of the lateral freez-
ing propagation rate to the wettability of the polymeric substrate
and the role of the MWL on local freezing propagation along the
stripes. Earlier research measuring the thickness and continuity
of MWLs with FTIR, AFM, thermal imaging, and X-ray reflec-
tometry has shown a clear difference in the presence and state of
MWL between hydrophilic and hydrophobic surfaces.[*!?17] In
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Figure 8. Thermal video snapshots showing freezing propagation in RH 50% on PP substrates patterned with PPEGMA, PHEMA, and PDMAEMA stripes.
The white arrows indicate the direction of the freezing propagation. The scale bar equals 2 mm. Note the different nucleation times and propagation

rates.

general, liquid-like MWL was found on all hydrophilic surfaces
(WCA<80°) at ambient conditions, while the hydrophobic sam-
ples (WCA>80°) showed either no water adsorption at all or some
water adsorption at surface defects depending on RH.
Considering the previous measurements on hydrophobic
methyl-terminated monolayer surfaces,!®! it can be assumed that
there is no water adsorption on the PP substrates at RT in 50%
RH. On the other hand, the polymeric substrates grafted with
hydrophilic polymers are expected to adsorb a continuous liquid-
like MWL with a thickness >0.4 nm, as previously reported for
hydrophilic COOH-terminated monolayers.l°! On the patterned
surfaces, following the same logic, the hydrophilic stripes are ex-
pected to be covered with a continuous liquid-like MWL, whereas
the surrounding bare polymeric substrate should have no MWL.
In our previous work,['”] we connected the presence and state
of MWLs to different freezing propagation modes on surface-
functionalized glass slides with varying wettability. On the dry
hydrophobic surfaces in 50% RH, the freezing events propagated
slowly (<0.05 mm s7!) via ice-bridge formation. In the same
environmental conditions, freezing events propagated rapidly
(>2 mm s7') on very hydrophilic surfaces via a thin continuous
liquid-like MWL. These same freezing propagation modes were
detected here on the bare polymeric substrates (Figure 5) and
the substrates grafted with hydrophilic polymers (Figure 5; and
Figure S4, Supporting Information). The faster freezing propa-
gation rates on the bare PU, PVC, and PMMA (0.1-1.0 mm s}
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in Figure 6a) are likely the result of some minor water ad-
sorption at surface defects/higher surface roughness, as previ-
ously suggested for chloro-terminated monolayers and Teflon
surfaces.[*12]

As seen in Figure 9a, changing the chemistry of the hy-
drophilic stripes seems to also influence the rate of the rapid
longitudinal freezing propagation on the patterned surfaces.
The fast-freezing propagation mode along the stripes still corre-
sponds to freezing via a continuous MWL, however, the prop-
agation rate decreases with increasing wettability of the stripe.
Similar to the bare polymer substrate, lowering the hydrophilic-
ity of the polymer brush can result in less continuous MWL and
a slower freezing propagation rate on the stripes.

The presence of the two distinctively different freezing
propagation mechanisms on the patterned wettability surfaces
(Figures 7 and 8) strongly indicates that localized wettability
difference can induce localized variability in MWL which, more-
over, can lead to localized variability in the freezing propagation
speeds. As shown in Figure 10, the freezing events first propagate
rapidly on the stripe through the continuous liquid-like MWL, af-
ter which the freezing propagation continues much more slowly
on the dry polymeric substrate via ice-bridge formation being
this process faster at higher hysteresis values of the hydrophobic
substrate. This is attributed to the lower receding contact angles
measured for the samples with the highest hysteresis which
arguably contribute to a faster propagation of the MWL from the
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Figure 9. Freezing propagation rates on the patterned surfaces with PHEMA stripes and varying wettability of the hydrophobic substrate a,b), and the
PP substrates with varying wettability of the hydrophilic stripes c,d). The propagation rates were calculated separately for the freezing events propagating
longitudinally along the hydrophilic stripes a,c) and for the freezing events propagating laterally from the stripes onto the substrate b,d).

hydrophilic regions, hence accelerating the propagation
rate in one order of magnitude with respect to the bare
(slightly)hydrophobic polymers (Figure 6a vs 9b).

3. Conclusions

In this work, a set of five slightly hydrophobic polymers (PP, PU,
PVC, PMMA, PC) were surface-modified to create stripped hy-
drophilic patterns on hydrophobic surfaces using SI-ATRP. This
allowed studying the effect of pattern and substrate wettability lo-
cal differences on surface freezing propagation mechanism. The
condensation frost onset and propagation rate and mode were
monitored in a high supersaturation environment (S > 6.5) using
high-resolution thermal imaging. Local wettability differences on
the polymeric substrates grafted with hydrophilic stripes were
linked to local variations in the presence and state of MWL: the
presence of localized liquid-like MWL was related to the fast-
freezing events on the hydrophilic stripes and to the accelera-
tion of the freezing propagation rate across the more hydrophobic
substrate for the studied patterns and environmental conditions.
A linear relation between inter-droplet ice propagation rate and
CAH was found for the hydrophobic surfaces revealing propaga-
tion rates one order of magnitude faster than those reported for
ice-droplet freezing. In the future, these insights could be used
to develop new ice-controlling surfaces based on the idea of lo-
cal ice nucleation and propagation control. The findings here re-
ported may also contribute to a better understanding of freezing
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mechanisms on surfaces with defects and impurities with vary-
ing molecular water layers.

4. Experimental Section

Reagents and Materials: PC, PP, PMMA, PU, and PVC were used
as substrates in this work. PU substrates were prepared as de-
scribed elsewhere.[501 All other polymer substrates (PC, PP, PMMA,
and PVC) used in this work were purchased from S-Polytec GmbH.
Glycidyl methacrylate (GMA, 97%), 2-hydroxyethyl methacrylate
(HEMA, 97%), 2-(dimethylamino)ethyl methacrylate (DMAEMA,
98%), 4-cyano-4-(phenylcarbonothioylthio)pentanoic  acid  (CTA),
2,2’-azobis (isobutyronitrile)  (AIBN, 98%), sodium azide (NaNjs,
99.5%), triethylamine (TEA, 99.7%), copper(l)bromide (CuBr, 98%),
copper(ll) bromide (CuBr,, 99%), and 2-bromoisobutyrylbromide
(BIBB, 98%) were purchased from Merck Sigma. Poly(ethylene
glycol) methacrylate (PEGMA, M, = 500), and N,N,NO,NO,NO-
Pentamethyldiethylenetriamine (PMDETA, 99%) were purchased from TCI
Europe. All solvents used in this study were of analytical grade and used as
received.

Synthesis of PGMA Backbone:  Poly(glycidyl methacrylate) (PGMA) was
synthesized via reversible-addition-fragmentation chain transfer (RAFT)
polymerization using 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid
(CTA) as a chain transfer agent.[*0] First, GMA (3 mL, 23 mmol), AIBN
(9.27 mg, 0.056 mmol), and CTA (63.1 mg, 0.23 mmol) were transferred
into a 50 mL round-bottomed reaction flask using 1,4-dioxane (2 mL) as a
solvent.[*1l The molar feed ratio of the reagents [GMAJ:[AIBNJ:[CTA] was
100:0.25:1. After oxygen was removed from the reaction flask by 5 freeze-
pump-thaw cycles, the reaction was carried out under a nitrogen atmo-
sphere at 65 °C while stirring at 250 rpm. The reaction was stopped after
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Figure 10. Illustration representing how local variations in the state of MWL can be used to control nucleation and propagation of freezing events
on patterned wettability surfaces. On hydrophobic surfaces with hydrophilic stripes, the initial freezing events nucleate on the hydrophilic areas and
propagate rapidly along the hydrophilic stripes a) via liquid-like MWL. After local hydrophilic stripes are frozen, the freezing event continues to propagate
laterally on the hydrophobic areas from the stripes at a significantly lower propagation rate b).

24 h by opening the reaction flask to air. To decrease the viscosity of the
reaction mixture, 5 mL of THF was added into the flask, after which, the
product was extracted from the reaction mixture by dropwise addition to
300 mL of cold methanol under vigorous stirring. The mixture was filtered
under reduced pressure, and the filtered product was redissolved to THF
to purify it with two reprecipitations.[*?] The purified pink-colored PGMA
was dried overnight under reduced pressure (5 mbar) at RT. Based on the
mass of the purified and dried PGMA, the yield of the product was calcu-
lated as 79%. All synthesis steps were monitored by FTIR and "H-NMR
(Figures S2, S3 in the Supporting Information).

Introduction of Azide Groups onto PGMA (PAzMA):  An azide function-
ality was introduced to the polymer chain via a ring-opening reaction be-
tween the epoxide groups of the PGMA and sodium azide (NaNj).[43-44]
Dried PGMA (1.5 g), sodium azide (2.06 g), and ammonium chloride
(1.7 g) were dissolved into DMF (25 mL) in a 100 mL round-bottomed
reaction flask. The reaction was carried out in a 50 °C oil bath while stir-
ring at 250 rpm for 24 h. Afterward, the product was extracted from the
reaction mixture by dropwise addition to 400 mL of cold deionized water
under vigorous stirring. The mixture was filtered under reduced pressure,
and the filtered product was redissolved to THF to purify it with two re-
precipitations. The purified colorless PAZMA was dried overnight under
reduced pressure (5 mbar) at RT. The yield of the product was calculated
as 92%.

Introduction of Bromide Groups onto PAzMA (PAzBrMA): A bromide
functionality was added to the polymer chain via an esterification reaction
between the OH-groups of the PAzMA and 2-bromoisobutyrylbromide
(BIBB).[*4] Dried PAZMA (1.0 g) and TEA (1.5 mL) were first dissolved into
THF (40 mL) in a 250 mL three-necked round-bottomed reaction flask. The
reaction flask was kept in an ice bath while 2.5 mL of BIBB in 20 mL of THF
was added dropwise into the reaction mixture over a 45-min period in con-
tinuous magnetic stirring. The reaction was allowed to proceed at room
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temperature for 24 h, after which TEA hydrobromide salt was removed
from the reaction mixture by filtering under reduced pressure. Before pre-
cipitation, the filtrate was concentrated to <10 mL by removing most of the
THF with a rotary evaporator. Finally, the product was extracted from the
concentrate by dropwise addition to 400 mL of cold deionized water under
vigorous stirring. The mixture was filtered under reduced pressure, and the
filtered product was redissolved to THF to purify it with two reprecipita-
tions. The purified slightly-orange-colored PAzBrMA was dried overnight
under reduced pressure (5 mbar) at RT. The yield of the product was cal-
culated as 93%.

Surface Functionalization with PAzBrMA:  The polymeric substrates (20
% 20 X 3 mm) were spin-coated with PAzBrMA solution (60 pL of 10 mg
mL~"in ethanol-acetone 6:1 mixture) at 1000 rpm for 20 s. Right after spin
coating, the panels were exposed to a UV-light lamp (<400 nm, 5 min) to
initiate the covalent attachment of the PAzBrMA macroinitiator through
the azide group. After UV exposure, the samples were washed with an
ethanol-acetone (6:1) mixture solution to remove the unreacted polymer
chains from the sample surfaces.[*3] For the preparation of the patterned
surfaces, a suitably patterned UV mask was placed on top of the substrates
during the UV-light exposure, followed by the same washing procedure.
The UV masks were created by laser-cutting predesigned patterns (100 um
wide stripes with 0.5 mm distance between stripes) into a 0.8 mm thin
polyester sheet.

Grafting of Hydrophilic Monomers on PAzBrMA-Modified Polymer Sub-
strates:  To modify the surface chemistry of the Br-functionalized surfaces,
SI-ATRP of three hydrophilic monomers (HEMA, PEGMA, and DMAEMA)
was carried out in a 50 mL round-bottom flask.[#3-4¢] All reagents and their
amounts in the three different polymerizations can be found in Table S1in
the Supporting Information. For example, HEMA (4 mL), CuBr2 (14.7 mg),
PMDETA (69 pL), and four of the PAzBrMA-functionalized surfaces (2 x 2
cm?) were placed in 4 mL of deionized water. After degassing the mixture
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with nitrogen for 30 min, CuBr (47.3 mg) was added to the mixture. The
polymerization was terminated after stirring at RT for 4 h by opening the
reaction flask to air. Finally, the samples were extracted from the flask and
washed in aqueous ethylenediaminetetraacetic acid disodium salt (EDTA)
solution, followed by rinsing with deionized water.

Water Contact Angle Measurements: Water contact angles (WCAs) of
the bare and grafted polymer surfaces were determined using a KSV CAM
200 optical contact angle goniometer. Static, advancing, and receding
water contact angles were recorded 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 uL) was first increased with a pumping speed
of 15 uL s~ " until a maximum droplet size of 15 uL. Then the volume of the
droplet was decreased from 15 L back to 3 uL using the same pumping
speed of 15 uL s~'. All WCA measurements were carried out at an ambient
temperature of 21 °C £2 and relative humidity of 40% =+5.

Surface Imaging: The polymeric substrates were imaged before and
after the surface functionalization using Laser Scanning Confocal Mi-
croscopy (Keyence VK-X1000) and micro-FTIR (PerkinElmer Spotlight
400). The 3D Laser Scanning Confocal images were further analyzed to
determine area roughness values (S,) for the sample surfaces.

Measuring and Quantifying Freezing Events with Thermal Imaging:
Freezing events on the substrates were monitored using a thermal imag-
ing setup described in the previous work.['7] The cooling system of the
setup was modified with a liquid-cooled thermoelectric cold plate (102
% 102 mm, LHP-300CP, ThermokElectric Cooling America Corporation). A
small acrylic environmental chamber (10 X 10 X 10 mm) was built to fit on
top of the cooling system for humidity control during the experiments. The
relative humidity was lowered with a flow of nitrogen gas and increased
with a flow of humid air from a bubbler system. The temperature inside
the chamber was monitored throughout the experiments as close to the
sample surface as possible. After turning the cooling stage on at the be-
ginning of each experiment, the in-chamber temperature dropped slowly
from 21to 4 °C.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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