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ABSTRACT: Elucidating the mechanisms of heterogeneous
condensation on viral and bacterial envelopes is crucial for
understanding biothreat transport phenomena and optimizing
capture efficiency in condensation-based detection devices. We
investigate the impact of viral envelope geometric parameters [e.g.,
surface structure pitch-to-diameter ratio (p/d)] due to protruding
glycoproteins and surface wettability [via liquid—solid interaction
intensity (f)] on heterogeneous condensation using molecular
dynamics simulations. Complex glycoprotein structures were
modeled as cylindrical pillars to analyze condensation rates and
active surface areas across a range of p/d ratios (1.0, 1.2, 1.3, 1.7,
2.0, and o) and contact angles (6 = 15°, 75°, and 105°, corresponding to f = 3.0, 2.0, and 1.5) to address envelope geometries for a
wide variety of viruses. The results indicate that initial condensation rates on surfaces with intermediate p/d ratios (e.g.,, 1.2—1.3) are
significantly higher due to increased active surface area and droplet cluster formations. The rapid initial condensation fills up the gap
between the pillars, reducing the active surface area and leading to a gradual decrease and a plateau in the condensation rate. The
increased peak condensation rates are not observed as p/d increased to and above 1.7, as the exhibited behavior is like condensation
on the unstructured surface. An increase in surface hydrophilicity (6 = 15°, f = 3.0) leads to faster nucleation and higher peak
condensation rates compared to hydrophobic surfaces (6 = 105°, f = 1.5). The influence of viral envelope geometries and surface
wettability on the heterogeneous condensation mechanisms offers foundational insights required to understand airborne biothreat
transmission, which is particularly important in the atmosphere and respiratory tract, and improve biothreat detection methods
utilizing condensation-based capture devices.
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B INTRODUCTION insights into the structural characteristics of various viruses,
highlighting differences in viral diameter, glycoprotein (GP)
sizes, shapes, and distributions. The diameters of Simian
immunodeficiency virus (SIV) and human immunodeficiency
virus (HIV-1) are 109 + 14 and 100 + 8 nm, respectively.'*
SIV virions have 73 + 25 uniformly distributed envelope spikes
with an average interspike distance of ~15 nm, while HIV-1
virions have an average of 14 + 7 envelope spikes without a
periodic distance.'* Their glycoproteins have an average height
of 13.7 nm, and the diameter of the head is 10.5 nm."* SARS-
CoV-1 and SARS-CoV-2 virions have diameters ranging from
approximately 50 to 200 nm."®> The spike proteins on these
virions have heights between 9 and 12 nm, with a center-to-
center distance of 22 nm and a diameter of 12—13 nm.'*™"*

Heterogeneous condensation occurs in various natural' and
industrial contexts, including nanoparticle grow’th,2 cloud
formation,’ frosting,4 and dew formation.’> A critical yet
underexplored application of heterogeneous condensation with
significant health implications is the nucleation and growth of
liquid films on airborne viral particles. These liquid droplets
enclosing viruses can undergo significant growth in environ-
ments with high humidity, such as in tropical climates, at high
altitudes, fog,” inside respiratory tract,” and inside condensa-
tion-based growth tubes® and particle counters.” The
condensation mechanisms play a crucial role in virion transport
in the atmosphere and collection devices.”'* Viruses, typically
classified as enveloped or nonenveloped, may feature diverse
nanostructured surfaces. Nonenveloped viruses are generally
enclosed by capsid proteins and have relatively uniform surface Received: January 24, 2025
roughness,' "' whereas enveloped viruses, characterized by Revised:  April 7, 2025
lipid bilayers with envelope proteins like glycoproteins, feature Accepted:  April 14, 2025
a wide range of surface topologies." Published: May 3, 2025
Imaging techniques, such as cryo-EM tomography, X-ray
crystallography, electron tomography, etc., have provided
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The Ebola virus exhibits a filamentous morphology with
glycoprotein spikes of approximately 13 nm in height, a head
diameter of 18 nm, and a stalk length and diameter of 5 and
3.5 nm, respectively.'” Influenza A viral particles have an
average diameter of 120 nm, with hemagglutinin (HA)
glycoproteins measuring about 13—14 nm in height and 8
nm in diameter, and neuraminidase (NA) glycoproteins
measuring 14—16 nm in height.”"~>’ Respiratory syncytial
virus (RSV) particles are filamentous, with diameters of ~130
nm and lengths ranging from 500 nm to 12 ym, and feature a
dense layer of fusion glycoproteins (F) and attachment
glycoproteins (G) having heights ranging from 11.9 to 16.7
nm and a diameter of ~10 nm.”*">° The measles virus, with
diameters of about 100—200 nm, has HA and F glycopro-
teins.”” Mumps viral particles range from 100 to 600 nm in
diameter and have hemagglutinin—neuraminidase (HN) and F
glycoproteins.”®*’ Parainfluenza viruses have diameters of
150—200 nm with HN and F proteins.*’

The wettability of viral surfaces and glycoproteins may play a
key role in the viral condensation behavior and stability. The
SARS-CoV-2 spike glycoprotein has hydrophilic regions for
environmental interaction and hydrophobic regions for
membrane fusion.'® Influenza virus HA shows similar
characteristics, with hydrophilic receptor-binding domains
and hydrophobic entry regions.”’ HIV’s glycosylated glyco-
protein 120 (gp120) is hydrophilic, while glycoprotein 41
(gp41) contains hydrophobic regions essential for fusion.'*
Ebola virus glycoproteins feature hydrophilic mucin-like
domains and hydrophobic fusion regions.”> RSV’s F and G
glycoproteins also combine hydrophilic attachment sites with
hydrophobic fusion domains.”> MERS-CoV’s spike glycopro-
tein* and the rhinovirus™ (common cold virus) exhibit similar
patterns.

In summary, viral surface geometry and interaction energy
can vary significantly based on their glycoproteins’ size, shape,
density, and surface wettability. Therefore, fundamental insight
into the role of surface characteristics in heterogeneous
condensation and liquid film growth is necessary to fully
understand the transport phenomena of these viruses.

While condensation on viral and bacterial particles has not
received significant attention, extensive research has been
conducted on condensation enhancement on various small-
scale structured and unstructured surfaces.”* ™" These studies
include condensation on chemically treated surfaces, surfaces
with topology-based control, and condensation on whole
particles. Toxvaerd et al. used molecular dynamics (MD)
simulations to model homogeneous*’ and heterogeneous
nucleation”' of water vapor on unstructured solid surfaces.
Sheng et al.* further characterized different modes of surface
condensation using MD simulations. Others have investigated
condensation on unstructured Mica (001) surfaces™ and the
effect of noncondensable gases** and electric fields.*

In addition to unstructured surfaces, the effect of surface
modifications on condensation has also been computationally
investigated. Chemically treating surfaces to alter various
properties, such as the surface free energy% and surface
wettability,"”*® has been modeled through changes in the
interaction of the surface atoms with water atoms. The
parameters of the interatomic Lennard-Jones (L-]J) potential,
specifically the well depth of the potential (&) and the distance
where the L-] potential becomes zero (), are modified to
achieve the desired wettability. Combinations of modified

hydrophobic and hydrophilic surfaces have been utilized to
enhance surface condensation.””

Topology-based control through the introduction of
nanostructures has also been extensively studied. Various
nanostructures, such as cuboidal,®’ cylindrical,39 nano-
grooved,52 nanodimpled,53 curved,”* rough surfaces,” surfaces
with varying solid fractions,”® and a combination of modified
surfaces and nanostructures,”” have been used to control
condensation. Furthermore, atomistic simulations have been
used to model condensation on entire particles, including
spherical57 and cubic particles,58 nanotubes,”” nanorods,*® and
inside polymer networks.’’ Despite these advances, these
studies do not address the influence of intricate surface
structures found on viral and bacterial envelopes on
condensation. A fundamental understanding of heterogeneous
condensation on biothreat-like surfaces is crucial for predicting
their transport in condensation-based capture devices and
addressing a significant gap in understanding the airborne
transport of viruses and bacteria.

Herein, we report the influence of viral envelope geometric
parameters [pitch-to-diameter ratio (p/d)] and surface
wettability on heterogeneous condensation. Three levels of
surface wettability are considered: very hydrophilic (contact
angle of @ = 15°, corresponding to an interaction intensity of f
= 3.0), hydrophilic (8 = 75°, f = 2.0), and hydrophobic (6 =
105°, f = 1.5). Pitch-to-diameter ratios of p/d = 1.0, 1.2, 1.3,
1.7, 2.0, and oo were used, where p/d = 1.0 and oo represent an
unstructured surface. Water molecule condensation on
modeled surfaces was simulated to investigate the impact of
surface topology and wettability on the normalized con-
densation rates and the normalized active surface area. The
simulation results show that the condensation rates are heavily
influenced by the surface parameters, which can vary
significantly between the viral particles.

B RESULTS AND DISCUSSION

Figure la shows the surface topology of a representative SARS-
CoV-2 particle, which features glycoprotein structures on the
viral envelope. In this study, we model this as a cylindrical
pillar structure on a flat surface with uniform hydrophilicity.
Figure 1b summarizes the general trend of the condensation
rate on the simplified viral glycoprotein versus time. The
features of the plot may vary across different cases, and all
features may not be observed in every case. Initially, the
condensation rate increases quickly due to the high surface

(b)

Condensation Rate

Time

Figure 1. (a) Representative SARS-CoV-2 viral particle and the
simplified viral glycoprotein structure modeled herein as a cylindrical
pillar on a flat surface. (b) Generalized trend for the condensation rate
versus time.
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Figure 2. Effect of pitch-to-diameter ratio (p/d) on the normalized active surface area (a—c), normalized condensation rate (d—f), and average
normalized condensation rates for the first 10 ns (g—i) for contact angles of 8 = 15° (f = 3.0), 75° (f = 2.0), and 105° (f = 1.5), respectively. The
colors corresponding to various pitch-to-diameter ratios shown in the legend in Figure 2c apply to the entire figure (ie., a—i).

area of the solid surface, which serves as the condensation
nucleation surface [region I in Figure 1b]. Shortly after
nucleation, there is an increase in the active surface area
[vapor—solid and vapor—liquid interfacial area (A,)] due to
initial cluster formation since the nonplanar vapor—liquid
interface of the liquid clusters increases the active surface area.
Shortly thereafter, the time rate of change in the condensation
rate becomes negative [near the middle of region I of Figure
1b], which causes the increasing condensation rate to slow
down and reach a maximum value. This is caused by liquid
droplet coalescence, resulting in a decrease in the active surface
area. As the clusters continue to coalesce, the solid surface
becomes covered in liquid, gradually decreasing the active
surface area and thus the condensation rate, as illustrated in
region II in Figure 1b. Once the volume between the simplified
glycoproteins is completely filled with liquid and no solid viral
surface is exposed to vapor, the active surface area becomes
constant and approaches the projected surface area [i.e., the
unstructured surface area (A,)]. At this point, the con-
densation rate approaches that of a plateau but has a slight
negative slope, as shown in region III in Figure 1b. This
negative slope is attributed to the continuously increasing
thermal resistance between the solid and the vapor due to the
increasing number of layers (ie., thickness) of condensed
water molecules.®”

Figure 2 shows the results of the condensation simulations
on simplified glycoprotein structures modeled as cylindrical

pillars with varying pitch-to-diameter ratios (p/d) and different
contact angles (6). The figure illustrates the evolution of the
normalized active surface area (Aa/Ap) and the normalized
condensation rate (C) over time, as well as the average
normalized condensation rate (C,_;,,) from 0 to 10 s for
different p/d ratios and contact angles. The active surface area
(A,) was normalized by dividing it by the projected surface
area (A,). Similarly, the condensation rate was normalized by
dividing it by the peak (maximum) condensation rate of the
unstructured surface for a contact angle of @ = 15°. Due to the
structured surface, the initial (i.e., at t = 0) normalized active
surface area is greater than one, and this initial value increases
as p/d decreases. Shortly after the simulation begins, the
normalized active surface area increases due to the convex
vapor—liquid interface that forms the clusters of condensed
water molecules (Figure 2a—c and Figure S1 in the Supporting
Information). The increase in active surface area (relative to
the initial area) is more pronounced for surfaces with larger p/
d ratios (e.g., p/d = 1.7 and 2.0) since these surfaces have more
space for cluster formation between pillars, which then leads to
increases in active surface area. Surfaces with smaller p/d ratios
(e.g, p/d = 1.2 and 1.3) have less pillar-to-pillar distance,
which facilitates water molecules bridging between pillars and
creates vapor pockets under the liquid bridges and above the
solid surface. This bridging prevents vapor molecules from
reaching the bottom of the pillars, which rapidly reduces the
normalized active surface area and subsequently reduces the
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Figure 3. Effect of contact angle (interaction intensity) on normalized condensation rate for (a) p/d = 1.3, (b) p/d = 2.0, and (c) p/d = 1.0 or oo.
Comparison for the time to reach the peak condensation rate for contact angles (interaction intensities) of 8 = 15°, 75°, and 105° for (d) p/d = 1.3,

(e) p/d = 2.0, and (f) p/d = 1.0 or oo.

condensation rate, as shown in Figure 2a—f, in Supporting
Videos 1—15, and in Figure S1 in the Supporting Information.
As time progresses, the liquid clusters coalesce, causing the
normalized active surface area to decrease and approach unity
as the condensation rate approaches the rate of an
unstructured surface (as shown in region III in Figure 1).
This trend is observed for all surfaces, regardless of the contact
angle, although the initial increase and subsequent decline of
the normalized active surface area vary in magnitude. The
normalized condensation rate shows two different trends as
time progresses, depending on the pitch-to-diameter ratio (p/
d) [Figure 2d—f]. For intermediate ratios of p/d = 1.2—1.3,
which feature an initial normalized surface area greater than six
[Figure 2a—c], a larger normalized condensation rate [Figure
2d—f] is observed during the first approximately 10 ns
irrespective of the contact angle compared to unstructured
(p/d = 1.0 or ) or high pitch-to-diameter ratio (p/d > 1.7)
surfaces. After the peak normalized condensation rate of
approximately 1.6—2.0 is achieved for p/d = 1.2 and 1.3 at
approximately 4—6 ns, a gradual decline is observed, and the
condensation rates approach the plateau at C & 0.8 observed
for all other surfaces after approximately S ns. This 2—3X
enhancement indicates favorable condensation conditions for
surfaces with intermediate p/d ratios. This indicates that
biothreats with these intermediate spike protein densities (p/d
= 12-1.3) may demonstrate enhanced particle capture
efficiency due to rapid growth in a bioaerosol capture device.

For unstructured and p/d > 1.7 surfaces, which feature
initial active surface area ratios less than five, a peak in the
condensation rate is not observed. Instead, a gradual increase
and subsequent plateau in the condensation rate to C = 0.8 is
observed. The one exception to this is for § = 105° and p/d =
1.2, which shows the normalized condensation rate rapidly
drops to & 0.2 after the large initial peak is observed at t & 4 ns
[Figure 2f]. This rapid drop is caused by a Wenzel-to-Cassie
state transition that occurs at t & 4 ns (Supporting Video 16).

27832

This transition is attributed to the combination of densely
packed surface structures (i.e., p/D = 1.2) and the hydrophobic
surface (ie, O = 105°). In the Cassie—Baxter state,” water
clusters experience limited surface contact and rest on top of
the surface structures. After the transition, the vapor condenses
on an effectively very thick layer of water (due to the added
pillar height). This increases the thermal resistance, resulting in
a decreased condensation rate. It is worth noting that the
Wenzel-to-Cassie state transition could have important
implications because it may have the potential to induce
other interesting phenomena, such as jumping droplets,*
which could significantly alter the condensation processes.
These phenomena can be explored in future work.

The enhancement in the normalized condensation rate for
intermediate p/d ratios is illustrated in Figure 2g—i, which
shows the average normalized condensation rate during the
first 10 ns (after which all of the condensation rates are
identical). The maximum average condensation rate is
observed for p/d = 1.2 and 1.3, regardless of the contact
angle (interaction intensity). These results suggest that the
glycoprotein distance on the viral particle significantly impacts
the condensation mechanisms and rates. It is also widely
reported that flat (unstructured) hydrophilic surfaces tend to
exhibit higher condensation rates.”"***” A similar trend is
observed in our simulations for both structured and
unstructured (flat) surfaces. As shown in Figure 2g—i, the
average normalized condensation rate is lower for 8 = 105°
compared to 6 = 15° and 75°, regardless of the pitch-to-
diameter ratio.

The obtained results can be broadly applied because the
range of pitch-to-diameter ratios used herein (1 < p/d < 2)
spans those of common viruses. For instance, the estimated p/
d ratios for RSV, Influenza, SIV, and SARS-CoV-2 are
approximately 1, 1.3, 1.43, and 1.69, respectively.'*™'%>072¢
This suggests that Influenza and SIV are likely to exhibit higher
initial condensation rates, while RSV and SARS-CoV-2 may
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experience condensation behavior similar to that of a
structureless surface. Moreover, viruses that are more hydro-
phobic will likely feature reduced condensation rates compared
to those that are more hydrophilic.

Figure 3 illustrates the effect of the contact angle (6) on the
normalized condensation rate for three pitch-to-diameter ratios
(p/d). Figure 3a—c shows the time-resolved normalized
condensation rate (C), and Figure 3d—f shows the time to
reach the peak normalized condensation rate (tpeak) for
different contact angles and pitch-to-diameter ratios, as
indicated by the dashed vertical line in Figure 3a—c. The
effect of contact angle (interaction intensity) is only visible
until all of the surface area is fully covered by water molecules,
as shown in Supporting Videos 1—15 and Figure S2 in the
Supporting Information. As shown in Figure 3a—c (from ¢ =
0—2 ns), nucleation begins sooner for more hydrophilic
surfaces (e.g, 0 = 15°), regardless of the p/d ratio, because
they have more affinity to water molecules (i.e., are more
hydrophilic). This earlier nucleation can be attributed to the
lower energy barrier for water molecule adsorption on
hydrophilic surfaces.****** Similarly, the peak condensation
rate is achieved more quickly for more hydrophilic surfaces,
affirming the higher initial condensation rate. This suggests
that viral or bacterial particles with hydrophilic glycoproteins
will exhibit earlier and faster condensation compared to those
with hydrophobic surfaces. For p/d = 1.3, large, distinct peaks
in the normalized condensation rate with subsequent gradual
decline that plateaus out at C & 1 are visible. In contrast, for p/
d =2.0 and p/d = 1.0 or oo, the normalized condensation rate
profiles increase monotonically (i.e, do not peak and then
reduce) before plateauing out at C &~ 1. Moreover, for p/d =
2.0 and p/d = 1.0 or oo, the three curves are more similar to
each other than those for p/d = 1.3. This uniformity suggests
that the contact angle (which corresponds to the three
different lines) has less influence on the condensation process
for p/d = 2.0 and p/d = 1.0 or oo than it does for p/d = 1.3.
Figure 3d—f compares the time to reach the peak condensation
rate for different contact angles and for each pitch-to-diameter
ratio. It is observed that the ., increases as the contact angle
increases because the weaker interaction between water
molecules and surface atoms (i.e., smaller interaction intensity,
which results in a larger contact angle) slows down the
condensation process. This trend is consistent across all p/d
ratios, emphasizing the critical role of surface wettability in
condensation dynamics on glycoprotein-covered viral particles.

B CONCLUSIONS

This study provides detailed insights into the relatively
unexplored and intricate dynamics of heterogeneous con-
densation on simplified viral and bacterial envelopes. Since
condensation-based growth can significantly increase the mass
of bioaerosols and thus reduce the suspension/settling/
residence time of the biothreat in the air, this study aids the
understanding of airborne biothreat transport phenomena in
various applications, such as the atmosphere, respiratory tract,
and condensation-based capture devices. By exploring the
surface topological parameters, such as the normalized pitch-
to-diameter ratio (p/d) and surface wettability using MD
simulations, we showed that there is a strong correlation
between these parameters and condensation rate and active
surface area. These interactions govern the particle growth
during the condensation process, which thereby affects
transport phenomena. The simplified viral surface topologies

used in this study enable the results to be applied to a variety
of viruses and other microorganisms that feature a wide range
of protein structure arrangements. With continual increases in
computational power and advanced modeling capabilities,
future research can model complex and specific viral envelope
structures to obtain application-specific condensation and
transport behavior. Additionally, investigating the effects of
varying aspect ratios, whether by altering pillar height or
spacing, could provide deeper insights into how diffusion
length scales influence condensation dynamics. Furthermore,
studying condensation on viral envelopes under dynamic
conditions, mixed surface wettability, or external fields (e.g.,
electric fields) could provide a valuable understanding of
specific cases.

B METHODOLOGY

The heterogeneous condensation of water molecules on
simplified viral envelopes was simulated using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS).®
A cuboidal simulation domain was utilized with periodic
boundary conditions on all sides, as illustrated in Figure 4. A
single glycoprotein structure, approximated as a cylindrical
pillar with a height of 10 nm and a diameter of 3 nm, was used
in the simulations. The pitch (i.e., the center-to-center distance
between pillars) was varied for each of the cases for various
pitch-to-diameter ratios (p/d) (1.0, 1.2, 1.3, 1.7, 2.0, and ).
This range was chosen such that it encompasses the pitch-to-
diameter ratios observed in common viruses, such as SARS-
CoV-2, SIV, HIV, Influenza, and RSV, which are generally
between one and two."*""*?°7° The height of the simulation
domain was set to 64 nm in the z-direction, more than six
times the pillar height, to eliminate the possibility of any
boundary-related effects in that direction. The dimensions
along the x- and y-axes were determined from the pitch and
pillar diameter. Given that the size of a viral particle can be
approximated as a 60—300 nm sphere, as discussed before, the
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Figure 4. Simulation domain with periodic boundary conditions is
used to investigate heterogeneous condensation of water (blue) on a
simplified glycoprotein-viral envelope, modeled as a cylindrical pillar
(red) on a flat surface (gray). The height and diameter of the pillar are
10 and 3 nm, respectively.
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curvature effect of the surface that the pillar is attached to was
disregarded, treating the unit cell around a single glycoprotein
on the viral envelope as a flat surface. The simulation domain
consists of the bottom surface, a cylindrical pillar, which
represents the simplified glycoprotein structure, the top
surface, and water molecules adjacent to the top surface. The
simplified glycoprotein structure and flat surfaces were formed
by adding Au molecules in a face-centered cubic (FCC)
structure with a lattice constant of 4.08 A. The top and bottom
surfaces consist of six layers of atoms, including one frozen
layer on the uppermost and lowermost positions, respectively
(Figure 4), to maintain their shapes, and were kept in 7place
using the Embedded Atom Potential (EAM) force field.%” The
simplified glycoprotein structure consists of a ‘frozen’ cylinder
with a diameter of 2 nm and a height of 9.6 nm in the core,
surrounded by Au atoms to form the cylindrical pillar.
Although the EAM potential is often used for modeling
metals, the purpose of using it here was to form the structure.
The interaction between the surface atoms and water
molecules was modified to achieve a range of contact angles.
The water molecules were modeled using the extended simple
point charge (SPC/E) water model,”® which has been proven
to be reliable for modeling phase change phenomena and can
accurately predict liquid—vapor interfacial tension.*”

For each simulation, a single pillar with the desired pitch was
simulated as opposed to employing multiple pillar structures,
given the utilization of periodic boundary conditions. Notably,
simulations featuring a single unit cell (with one pillar) and
multiple pillars yielded essentially identical results, as
illustrated in Figure S3 in the Supporting Information.

The interaction between water molecules and the interaction
between water molecules and Au atoms were modeled using
the 12—6 L-J and Coulombic potentials with a cutoff distance
of 10 A. The atomic potential is given by

12

4re, 1,

6
%
k M
where ¢; represents the depth of the potential well between
atom i and atom j; o; is the distance between atom i and atom
j, where the interparticle potential is zero; r; is the distance
between atom i and atom j; g; and g; are the electric charges of
atoms i and j, respectively; and &, is the permittivity of the
vacuum. The particle—particle particle—mesh (PPPM) method
was used for the Coulombic long-range interaction. The
SHAKE algorithm”® was used to constrain the bond and angle
in the water molecules.

Determining the pair potential for the viral envelope is
challenging due to its high nonuniformity. The viral envelope
differs from virus to virus, even within the same virus family. In
general, the viral envelope surface consists of a lipid bilayer,
which is predominantly hydroghilic,71 with reported contact
angles typically less than 60°.”* While the constituent amino
acids of the envelope glycoprotein can exhibit specific
hydrophobic or hydrophilic properties in their monomer,””
determining the overall surface wettability of a protein
structure poses significant difficulty because it comprises
multiple amino acids and forms a complex chain with distinct
topologies. The limited data available on the surface wettability
of these proteins suggests the final glycoprotein structure can
be hydrophilic, hydrophobic, or a combination of hydrophilic—
hydrophobic spots.”* In MD simulations, the wettability of the
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surface can be controlled by tuning the depth of the L-J
potential well between oxygen and Au (€0-pu)-* For
simplicity, the depth of the L] potential well between oxygen
and Au (&g_,,) was kept constant across the entire bottom
surface and pillar in each simulation. The influence of the
contact angle (i.e., surface wettability) was investigated by
varying the interaction intensity (f), which is the ratio of the
depth of the LJ potential well for surface atoms to oxygen
atoms (£o_nu/€0_o). Herein, £5_o = 0.0067 eV is held
constant, while the depth of the L] potential well between Au
and oxygen atoms is varied, with £5_,, = 0.01005, 0.13400,
and 0.02010 eV, resulting in interaction intensities of f = 1.5,
2.0, 3.0, respectively, which correspond to constant angles of 6
= 105°, 75°, and 15°, respectively.** Thus, the contact angles
range from hydrophobic to hydrophilic surfaces. The potential
energy parameters used in the simulations are shown in Table
1. The hydrogen—oxygen interaction parameters are deter-
mined by the Lorentz—Berthelot mixing rules’> using

0 T 0
K 2)
& = i (3)

It is crucial to introduce the correct number of water
molecules in the simulation to prevent unrealistic system
behavior. This can be achieved by either calculating and
introducing the exact number of water molecules required to
achieve a particular saturation pressure at a given temper-
ature*>** or by boiling water inside the domain and allowing
the water to vaporize as needed based on the system’s
saturation level.””>” While the former approach is computa-
tionally less intensive, the latter method offers a more stable
saturation profile. Therefore, the latter approach was used.

The simulation comprised two stages. First, the entire
system was allowed to achieve equilibration at 298 K using a
Nose—Hoover thermostat in the NVT [constant moles (N),
volume (V), and temperature (T)] ensemble. This was
achieved within 1 ns. In the second stage, the thermostats
were removed, the NVE [constant moles (N), volume (V), and
energy (E)] ensemble was imposed, and the top surface
temperature was set to 500 K using the Langevin thermostat.
The beginning of the second stage is defined as t = 0 ns in all
figures. A time step of 2 fs was used for the simulation, which
was validated by comparing the results obtained using various
time step sizes, as shown in the Supporting Information
(Figure S4). OVITO® software was used for the visualization
of atomic interactions, the analysis of clusters using the
Stillinger criterion”” with a cutoff distance of 3.36 A between
two oxygen atoms, and the evaluation of the active surface area.
MATLAB scripts were used to analyze the raw data and
analyze the temperature, energy, and pressure data, as
described in the Supporting Information (Figure SS).

Table 1. Potential Energy Parameters Used in the MD
Simulations®”%®

atoms i—j q(e) @ (A) & (eV)
H-H +0.4238 0 0
0-0 —0.8476 3.16600 0.006700
H—-Au 0 0
O—Au (top surface) 2.86750 0.02010
O—Au (bottom surface) 2.86750 0.01005-0.02010
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t=0.0ns 40ns 64ns 7.7ns 83ns

(a) Contact angle, 6 = 125°
(Interaction intensity, f< 1)

1 ns

t=0.0ns 32ns 49ns 6.5ns 15.5ns

(b)Contact angle, 6 < 125°
(Interaction intensity, > 1)

Figure S. Visualization of the transient evolution of condensation on (a) very hydrophobic surface (@ > 125° f < 1) and (b) hydrophobic-to-
hydrophilic surface (6 < 125°, f > 1). The Wenzel-to-Cassie state transition that often occurs on hydrophobic surfaces during condensation is

illustrated in panel (a) and shown in Supporting Video 16.

Our rationale for the selection of the range of contact angles
used in this study is illustrated in Figure S. Surfaces with
contact angles greater than 125°, which indicate moderate-to-
high hydrogphobicity, often exhibit a Wenzel-to-Cassie state
transition, ® as illustrated in Figure Sa and Supporting Video
16 and as reported by others.””***®”® This behavior was
observed in this study for @ = 105° and p/d = 1.2 and for all
cases with @ > 125. Because condensation in the Cassie—Baxter
state resembled that of condensation on a flat surface (as
previously described), we limited our investigation to surfaces
with contact angles <125°.
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B NOMENCLATURE

A, active surface area
A, projected surface area

C normalized condensation rate

average normalized condensation rate from 0 to 10
Co-10 ns

pillar diameter

f interaction intensity
p pitch (i.e., center-to-center distance between pillars)

g; and g; electric charges of atoms i and j
; distance between atom i and j
toeak time to reach the peak condensation rate

P
U, Lennard-Jones (L-J) potential between i and j atoms

i

Greek letters

£, permittivity of the vacuum
€; depth of the L-J potential well between i and j atoms
€0_o depth of the L-J potential well between two oxygen

atoms

€o_ay depth of the L-J potential well between oxygen and
gold (surface) atoms

€pu_au depth of the L-J potential well between gold (surface)

atoms

oj; distance where the interparticle potential is zero for i
and j atoms

0 contact angle
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