
Introduction

Polymer nanoparticles have been used broadly across indus-
tries from sanitation to construction1, with their potential
impact in emerging areas expanding exponentially. Take
targeted drug delivery as an example, polymer nanopar-
ticles were the subject of study in ~90 independent clinical
trials conducted under the supervision of the US Food and
Drug Administration (US FDA) during 2016–2019.2 Specifi-
cally, nonspherical polymer particles like polymer nano-
domes (PNDs) have gained increasing interest in healthcare
and advanced manufacturing in the past decade due to their
optical properties, in vivo uptake profile, emergent assem-
bly, and mechanical properties,3–6 all of which are distinct
from spherical counterparts. In one example, PNDs applied
to a fiber optic plasmonic sensor lowered the detection limit
of antibody–antigen interactions by an order of magnitude.3

PNDs have also enabled real-time drug concentration moni-
toring through the intravenous (IV) tubing during IV injec-
tion via surface-enhanced Raman scattering, mitigating
61% of the life-threatening errors during such therapy.7 The
dome shape has been shown to increase spleen uptake of the
PNDs, enabling targeted drug delivery via particle shape en-
gineering.4 The particle dispersion and assembly have also
been controlled using nonspherical particles, with a promi-
nent example in suppressing the notorious coffee-ring effect
during ink-jet printing.8

In the applications mentioned above, the size and size
distribution of PNDs emerge as a critical design parameter
that dictates the detection sensitivity, the in vivo circulation
time, and the group behaviors like jamming. Furthermore, a
collection of PNDs with programmed size distribution has
the potential to enable new technologies, such as personal-
ized medicine with tailored pharmacokinetics or injectable
implants via designed particle packing to balance the per-
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Abstract Size-controlled polymer nanodomes (PNDs) benefit a broad
cross-section of existing and emerging technologies. Condensed drop-
let polymerization (CDP) is a vacuum-based synthesis technology that
produces PNDs from monomer precursors in a single step. However,
the effect of synthesis and processing conditions on the PND size distri-
bution remains elusive. Towards size distribution control, we report the
effect of substrate temperature, on which monomer droplets condense,
on the size distribution of PNDs. We take a reductionist approach and
operate the CDP under batch mode to match the conditions commonly
used in condensation research. Notably, despite the rich knowledge
base in dropwise condensation, the behavior of nonpolar liquids like a
common monomer, i.e., 2-hydroxyethyl methacrylate (HEMA), is not
well understood. We bridge that gap by demonstrating that dropwise
condensation of HEMA follows a two-stage growth process. Early-stage
growth is dominated by drop nucleation and growth, giving rise to rela-
tively uniform sizes with a lognormal distribution, whereas late-stage
growth is dominated by the combined effect of drop coalescence and
renucleation, leading to a bimodal size distribution. This new framework
for understanding the PND size distribution enables an unprecedented
population of PNDs. Their controlled size distribution has the potential
to enable programmable properties for emergent materials.
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meation of nutrients and impact resistance. While existing
synthesis approaches have achieved size control for PNDs,
there have been few examples of control over the size distri-
bution of PNDs.

A critical limiting factor in the design, synthesis, and
manufacturing of PNDs is that existing synthesis techniques
are often lengthy and laborious, requiring multiple pro-
cesses that are hard to scale up.9,10 For example, PNDs have
been formed by heating spherical polymer nanoparticles
above their glass transition temperature followed by me-
chanical deformation, e.g., via stretching or shearing
forces.11 Janus particles have also been leveraged to enable
PNDs through chemical modification via click chemistry.12

In contrast to these multi-step and often multi-day proce-
dures, an emerging vacuum-based synthesis technique,
namely condensed droplet polymerization (CDP), has dem-
onstrated the swift synthesis of PNDs using a single vac-
uum-based procedure. By avoiding liquid processing,
lengthy purification steps are eliminated entirely. Indeed,
CDP produces PNDs from the monomer precursors in a sin-
gle step within minutes.

Distinct from nearly all the other vacuum-based synthe-
sis techniques, such as chemical vapor deposition (CVD) and
molecular layer deposition (MLD),13 CDP operates under
oversaturated conditions for the precursor (i.e., monomer).
It comprises two simple steps that occur in a single vacuum
chamber: (i) dropwise condensation of monomers on a low
surface energy substrate material such as poly
(1H,1H,2H,2H‑perfluorodecyl acrylate) (pPFDA),14 which is
actively cooled; and (ii) free radical polymerization of the
condensed monomer droplets. The average diameter of the
PNDs is controlled, e.g., in the range of 200 to 800 nm in a
previous work,1 using real-time and in-situ characterization
techniques, including interferometry and a long-focal-range
reflective microscope. The aspect ratio of the PNDs is tuna-
ble by manipulating the surface energy of the solid sub-
strate. However, despite the facile synthesis and tunable
PND morphology, the effects of synthesis conditions on the
PND size distribution remain elusive. For example, PND size
distribution beyond the demonstrated normal distribution
has not been achieved.1

To address the gap in PND synthesis, here we focus on the
effect of the solid substrate temperature on the monomer
droplet growth kinetics, based on which we develop a
framework of two-stage condensation kinetics to help
understand the emergence of particle size distribution dur-
ing CDP. 2-Hydroxyethyl methacrylate (HEMA) was chosen
as a model monomer due to its biocompatibility and its
demonstrated applications in sustained, targeted, or local
drug delivery.4,15–18 We believe that the size of the con-
densed monomer droplets largely determines the size of
the resulting PNDs. The two key parameters that govern the
monomer condensation are the monomer partial pressure
in the vacuum chamber (PM) and the temperature of the

cooled substrate (Ts) on which the monomer is condensed
(Figure 1).15 For a given Ts, monomer condensation (e.g., rate
of drop nucleation and growth) can be controlled by manip-
ulating PM,16 and vice versa. We chose to perform CDP under
constant PM and batch mode while systematically varying Ts.
This choice is informed by the plethora of the existing liter-
ature on dropwise condensation,17 which predominantly
studied the condensation mechanisms and kinetics under
batch conditions while varying the condensation tempera-
ture. For example, the broadly adopted Rose model was es-
tablished by varying the vapor–substrate temperature dif-
ference,18 which led to distinct size distributions of the con-
densed water droplets. By performing CDP under similar
batch conditions, we could build upon the rich existing the-
ories on dropwise condensation to formulate an initial
framework to understand droplet growth of nonpolar liq-
uids such as monomers.

Our results show that the maximum attainable PND size
increases as Ts decreases. The PND size distributions map
well onto the well-established two-regime growth mecha-
nism of droplets on a nonwetting surface, with the early
growth dominated by vapor absorption and late growth do-
minated by drop coalescence.19,20 At the higher Ts values that
we studied (i.e., 30 °C and 27°C), the PND size distribution is
close to a lognormal distribution, reflective of the early-
stage droplet growth dominated by vapor absorption. At
the lower Ts values studied (i.e., 24°C and 21°C), the PNDs

Figure 1 Left: a schematic of the CDP reactor consisting of monomer
feed through lines, a capacitance manometer coupled with a throttling
valve to maintain constant monomer partial pressure (PM), a thermo-
electric cooling (TEC) plate to precisely control the substrate tempera-
ture (Ts), and a heated filament array to generate free radicals (by
thermally breaking down tert-butyl peroxide, TBPO) that initiate
polymerization. The monomer, 2-hydroxyethyl methacrylate (HEMA), is
delivered into the chamber and condensed on a substrate cooled by the
TEC plate. The PND size distributions reflect the two-regime condensa-
tion kinetics, with the size distribution at high Ts dominated by monomer
drop nucleation (hence close to lognormal distribution) and that at low
Ts dominated by drop coalescence and renucleation (hence bimodal).
Right: a scanning electron microscopy (SEM) image taken from a single
substrate, with a temperature gradient along the substrate (in the
vertical direction) during condensation. That gradient was created by
lifting the substrate slightly off the cooling module.
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demonstrate a bimodal distribution, reflective of the late-
stage monomer droplet growth dominated by the combined
effects of droplet coalescence and renucleation.21,22 These
findings establish a framework for understanding the emer-
gence of PND size distributions and the effect of system tem-
perature on size distribution, which will inform future re-
search into the dropwise condensation kinetics of nonpolar
liquids. This work also sets the stage to produce PNDs with
programmable size distributions and group behaviors, with
enormous impact in nanomedicine, drug delivery and bio-
materials, sensing, nano-optics, and advanced manufactur-
ing technologies.5,23–25

Results and Discussion

Synthesis of PNDs Using Batch-Operated CDP Tech-
nology

PNDs made of poly(HEMA) (pHEMA) were obtained using
batch-operated CDP (Figure 2), as detailed below. A sub-
strate with low surface energy was used to obtain the de-
sired dropwise condensation of the monomer HEMA.1 To
ensure the low surface energy, a silicon wafer was coated
by pPFDA that was synthesized using initiated CVD (iCVD)
(see Figure S1A in the Supporting Information for its X‑ray
photoelectron spectroscopy (XPS) spectrum and the Experi-
mental section for deposition conditions). We have demon-
strated previously that the contact angle of liquid HEMA on
a pPFDA coating is 86.5° ± 1.6°,1 which enables dropwise
condensation of HEMA on pPFDAwhile avoiding small drop-
lets from hiding underneath large droplets, which often oc-
curs when the contact angle exceeds 90° and complicates
the image analysis to obtain the size distribution.26

The batch CDP process started with delivering vaporized
HEMA into the vacuum chamber (totaling approximately
2.7 ± 0.8 × 10−5 mol) to reach a PM of approximately
100mTorr. Subsequently, Ts was reduced to the desired tem-
perature (i.e., 21 °C, 24°C, 27 °C, or 30 °C) and maintained
there for 5 minutes. During this step, dropwise condensation
of HEMA occurred on the substrate, which was monitored in
real time using an in-situ long-focal reflective microscope.
Droplets were allowed to grow (and/or coalesce) for the du-
ration of the 5minutes, and at the end of which, a vapor flow
of an initiator, i.e., tert-butyl peroxide (TBPO), was intro-
duced at ~0.6 sccm for 1 minute. TBPO generates free radi-
cals upon passing through a heated zone inside the vacuum
chamber (generated by a resistively heated filament array
kept at approximately 270°C). The radicals initiate free-rad-
ical polymerization in the condensedmonomer droplets and
convert them into solid PNDs. The polymerization pro-
ceeded for an additional minute before the chamber was
evacuated, marking the end of a batch-operated CDP cycle.
Previous work polymerized the monomer droplets for

merely 45 seconds and observed complete polymerization.1

We adopted the total polymerization time of 2 minutes here
to ensure that all monomer droplets were fully polymerized.
The PND size distribution can thus be attributed to the con-
densation kinetics of monomer droplets.

The chemical/elemental composition of the PNDs was
confirmed using confocal laser Ramanmicroscopy (Figure 2),
XPS (Figure S1B), and Fourier-transform infrared spectros-
copy (FTIR; Figure S1C). As an example, the composition of
PNDs synthesized at Ts ~21°C is detailed below. Using the
100 x objective lens focused on a PND that was ~1 µm in di-
ameter, the Raman spectrum revealed the characteristic
O–H stretching of pHEMA, signified by a broad peak from
3130 to 3650 cm−1 (Figure 2, green-highlighted region).27,28

The carbonyl stretching at 1730 cm−1,29 CH2/CH3 stretching

Figure 2 (A) Schematic showing the experimental procedure to
synthesize the PNDs. HEMA and pPFDA are indicated by pink (e.g., the
monomer vapor and condensed droplets) and yellow, respectively; free
radicals are indicated by red stars. The HEMA droplets formed atop a
pPFDA‑coated substrate that was cooled by a TEC plate, and the HEMA
droplets were subsequently polymerized to form PNDs. (B) Confocal
Raman microscopy was applied to obtain the spectrum of the pHEMA
PNDs on a pPFDA‑coated substrate; the broad peak highlighted in green
signifies the O–H stretching characteristic of pHEMA.
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at 2850 to 3000 cm−1,30 and C–C/C–O stretching at 1000 to
1400 cm−1 also corroborated the successful obtainment of
pHEMA.31,32 The CF2 and CF3 stretching from the pPFDA base
layer may also contribute to the peaks at 1000 to
1400 cm−1,33,34 as the sampling area of the Raman micro-
scope we employed was 1 µm by 1 µm and greater than the
area of a single PND (< 1 µm2).

We performed end-group analysis on the pHEMA PNDs
(using those synthesized at Ts ~21°C as an example) to gain
insight into the initiation and termination mechanisms at
play during batch CDP. End-group analysis data were ob-
tained using MALDI‑TOF and analyzed using the Polymerix
software by altering the alpha and omega end groups to
identify the most significant m/z peak (Figure S2). Results
showed that pHEMA chains in the PNDs predominantly pre-
sented methyl end groups, indicating substantial β-scission
during the thermolysis of TBPO (Figure S2). Briefly, when
TBPO is exposed to temperatures above 270°C (the condi-
tion used in this paper), in addition to the homolysis of TBPO
that generates tert-butoxyl radicals, β-scission of the tert-
butoxyl radicals also occurs, which gives rise to methyl rad-
icals (and acetone as a byproduct).35 Notably, no HEMA end
groups were observed (which has been observed in previous
work).1 That absence of HEMA end groups implies that the
batch CDP likely suppressed chain transfer during polymer-
ization, the precise origin of which will be an important fo-
cus of our future studies. The dominant polymeric chain
showed a number average molecular weight (Mn) of
4314 Da, weight average molecular weight (Mw) of 5214 Da,
and a polydispersity of 1.209.

Effect of Substrate Temperature on PND Size and Size
Distribution

To understand the effect of substrate temperature (Ts) on the
size distribution of the PNDs, we synthesized PNDs under
different Ts while holding all the other synthesis conditions
unchanged (e.g., PM, filament temperature, experimental
procedure). The PND size distribution was captured using
scanning electron microscopy (SEM) and quantified by ana-
lyzing the dome sizes using ImageJ. Manual adjustments to
the ImageJ analysis were made until all PNDs on the SEM im-
age were included in the analysis (see the Experimental sec-
tion for details).

Before presenting and discussing the PND size distribu-
tion results, we believe it is crucial to review the relevant
condensation theories, which serve as the foundation for
our interpretation of the size distribution data and the
underlying kinetic processes. Specifically, the size distribu-
tion results below will be discussed in the context of the
Rose model and its derivative theories. In its simplest form,
condensation can be described as having multiple genera-
tions. The first-generation droplets appear randomly on the

surface at the onset of condensation, described by Rose et al.
using the nucleation site density.36 Mu et al. further sup-
ported this theory and demonstrated the influence of the
surface fractal dimension on nucleation sites.37 As the first-
generation droplets grow, droplet coalescence begins to oc-
cur, andwith every coalescence event, more substrate area is
freed up from underneath a liquid droplet. For example, if
one droplet coalesces with another of equal radii, the result-
ing droplet would occupy an area that is 20% less than the
two parent droplets combined (Figure S3). This opens up
free space on the cold substrate. The re-exposure of the sub-
strate surface subsequently leads to nucleation of fresh
droplets, often termed a second generation.16 However, the
term generation may be misleading as this cyclic process of
coalescence and renucleation results in the continuous for-
mation of droplets (and not discretized generations as the
description implies). This continuous droplet formation has
been confirmed bymonitoring the surface coverage of a sub-
strate by condensed droplets, which quickly ramps up and
stabilizes at a constant value throughout the condensation
process.38 Below, we instead adopt the nomenclature of
first-generation droplets and non-first-generation droplets
and the treatment that if a non-first-generation droplet coa-
lesces with a first-generation droplet, the resulting drop re-
mains in the first-generation population, with the rationale
for this treatment explained below.

Using a Ts of 30 °C led to a relatively narrow size distribu-
tion, with 100% of PNDs ranging from 44 nm (minimum) to
112 nm (maximum) in Feret diameter (Figure 3A–C). The

Figure 3 Size distributions of pHEMA PNDs obtained at Ts of 21°C,
24°C, 27°C, and 30°C. (A) A violin plot of the Feret diameters of the
PNDs obtained at each Ts (extracted from SEM images with a width of
5 µm); the dashed line shows the cutoff between small and large PNDs,
i. e., 112 nm; the inset shows the size distributions of PNDs obtained at
24°C and 21°C that were extracted from SEM images with a width of
20 µm to capture a representative number of larger PNDs (see Figure
S4). (B) Average and standard deviation of the small and large PNDs, and
the maximum and minimum Feret diameter obtained at each Ts. (C–F)
SEM images (scale bar = 200 nm) of the PNDs obtained at each Ts on a
pPFDA‑coated substrate.
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PNDs were lognormally distributed with a mean of 72 nm
and a shape parameter (i.e., the geometric standard devia-
tion of the log of the distribution) of 1.2 (Table S1). This log-
normal distribution is consistent with the molecular clus-
tering physical model of steam condensation, which pre-
dicts that vapor molecules become clusters with lognormal
size distribution in the bulk vapor phase before condensing
onto a cooled surface.39 Experimentally, pre-coalescing
water droplets with sizes up to several microns have been
shown to follow the molecular clustering model, demon-
strating lognormal distributions. In our experiment, the log-
normal size distribution of pre-coalescing monomer drop-
lets was subsequently transferred to the PNDs through poly-
merization. To further illustrate the difference among the
PND size distributions obtained under each Ts, we calculated
the substrate area occupied by each PND size group (Fig-
ure 4). At Ts of 30 °C, the substrate surface coverage was en-
tirely due to the PNDs that reside within the lognormal dis-
tribution, with an areal density of 7 PNDs/µm2.

A bimodal distribution started to emerge under the Ts of
27°C (Figure 3A, 3B, and 3D). The minimum and maximum
Feret diameters were 35 and 255 nm, respectively. Com-
pared to Ts = 30 °C, the smallest PNDs synthesized at 27 °C
were 20% smaller, and the largest 130% bigger. Interestingly,
the group of PNDs with Feret diameters less than 112 nm
demonstrated a lognormal distribution with an average of
82 nm and a shape parameter of 1.3 (Table S1), close to those
obtained at Ts = 30°C. This resemblance hints at a similar nu-
cleation-growth mechanism during the early-stage conden-
sation of monomer. In addition to this population, a second
group of larger drops emerged (here defined as drops with
Feret diameter > 112 nm), with an average Feret diameter of
166 nm and a shape parameter of 1.3 when regressed using
a lognormal function (Table S2). As discussed above, mono-
mer droplets can grow through vapor absorption or drop co-
alescence, and Figure 3(A and D) indicates that both pro-
cesses were likely occurring at 27 °C. The lognormal function
was chosen here for the population with larger Feret diame-
ters because previous work has shown that double lognor-
mal distribution accurately captures the bimodal distribu-
tion that emerges from simultaneous nucleation and coales-
cence on a horizontal surface.40 The noncircular shape of the
larger PNDs (Figure 3D) also supports the occurrence of drop
coalescence due to contact line pinning,41 whereas the circu-
lar domes likely grew through vapor absorption. When com-
paring the areal occupancy (Figure 4B), the small drops
(< 112 nm) occupied merely 8% of the PND-covered sub-
strate area, while the large drops (> 112 nm) occupied 92%
of the area.

Lowering the Ts to 24 °C (Figure 3A, 3B, and 3E) further
broadened the PND size distribution. Compared to 27°C,
the minimum drop size was reduced by 17% to 29 nm, and
the largest PND was enlarged by 65% to 420 nm. Again, two
distinct lognormal populations emerged, with an average

Feret diameter of 40 and 235 nm, and a shape parameter of
1.4 and 1.4, respectively (Figures 3B, 3E and S4 and Tables S1
and S2). Figure 4C shows that large PNDs (> 112 nm) occu-
pied 92% of the total PND-covered area, whereas small PNDs
(< 112 nm) occupied 8% of the total area. The size distribu-
tion and areal occupancy combined indicate that droplet co-
alescence was more prevalent under Ts = 24°C compared to
27°C, as coalescence has been shown to yield larger droplet
sizes, reduced number density of large droplets, and a
broader size distribution.42 The increased number density
of small PNDs hints at the greater presence of non-first-gen-
eration droplets, which formed on the substrate area freed
up due to nearby coalescence.

At Ts ~21°C, large PNDs with diameters up to 800 nm
were observed, as shown in Figure 3(A, B, and F). Compared
to 24°C, the minimum drop size was reduced by 20% to
23 nm, and the largest PND was enlarged by 90% to 800 nm.
While PNDs with Feret diameters greater than 112 nm occu-
pied 94% of the PND-covered substrate area, their number
density was merely 1 PND/µm2. As such, the distribution
function of the PND Feret diameter under Ts ~21 °C was do-
minated by small PNDs (< 112 nm) (Figure 3A). Enhanced co-
alescing compared to 24°C was likely the reason for the re-
duced number density of large drops. Similar to 24 °C, the
small PNDs obtained at Ts ~21 °C exhibited a lognormal dis-
tribution with an average Feret diameter of 40 nm and a
shape parameter of 1.7 (Figure 3F and Table S1). The Feret
diameters of large PNDs (> 112 nm) were largely randomly
distributed. A normal distribution regression yielded an
average diameter of 333 nm and a standard deviation of

Figure 4 Histograms comparing the relative frequency (i. e., the
fractional number density) of PNDs in each size group versus their
occupied area, obtained at Ts of (A) 30°C, (B) 27°C, (C) 24°C, and (D)
21°C.
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219 nm (Figure S4). This distribution, combined with the
small number density of large PNDs, likely reflects the sto-
chastic nature of the coalescence of monomer drops, as coa-
lescence can occur between droplets of any size.43

It has been well accepted in condensation-based heat
transfer research that lowering the solid substrate tempera-
ture increases the density of water droplet nucleation sites
(under constant steam temperature).44–46 While the PND
density data presented above do not follow a clear trend
with respect to Ts because they are not a direct result of
droplet nucleation but rather the combined effect of nuclea-
tion and coalescence, theory predicts that the density of
small drops (e.g., with Feret diameter < 112 nm) should in-
crease as Ts decreases. To eliminate the subjectivity in choos-
ing a group of small PNDs to calculate their number density,
we instead calculated the average distance between small
PNDs under each Ts to assess the effect of Ts on the density
of nucleation sites. Assuming small drops represent nuclea-
tion sites, we obtained an average separation distance of
370 nm (N = 106) at Ts = 30 °C, which decreased to 150 nm
(N = 81) at Ts = 21°C (analysis depicted in Figure S5).

In addition to the increasing density of nucleation sites
under lower Ts, coalescence was also enhanced by a faster
condensation speed and more rapid droplet growth at lower
Ts. Previous research has shown an increase of 40% in the
droplet growth rate upon a 10°C decrease in Ts.47 Consistent
with the previous reports showing the accelerated progres-
sion along the condensation cycles at a lower Ts, our results
demonstrated that the particle size distribution obtained
after 2.5 minutes of condensation at Ts = 21°C was similar to
those obtained after 5 minutes at Ts = 30°C and 27°C (Fig-
ure 3). Thus, by shortening the time of condensation on a
substrate kept at a lower temperature, we achieved a PND
size distribution similar to those obtained on warmer sub-
strates, thus corroborating the condensation literature (Fig-
ure S6).44

Occurrence of Drop Coalescence during Condensa-
tion and Effects on PND Size Distribution

A simple yet effective way to identify the occurrence of drop
coalescence is to rank the PND sizes from smallest to largest
under each Ts (Figure 5). As such, the coalescence of drops
would be manifested by step changes and discontinuity in
the ranking curve, whereas a uniform size distribution of
PNDs would lead to a smooth and continuous ranking
curve.40 We emphasize that the curves represent the small-
to-large ranking of the diameter of the PNDs, and thus it
does not reflect the growth rate of the monomer drops
under each substrate temperature.

We first validated that interpretation by examining the
ranking curve obtained at Ts = 30°C, which was continuous
and relatively constant. That ranking curve shape implied

minimal coalescence under this condition, consistent with
the SEM images of the PNDs formed under 30 °C
(Figure 3C). The ranking curve demonstrated a slight slope,
which we attributed to the stochastic nature of heteroge-
neous nucleation, i.e., monomer drops nucleated at different
times had different growth times and thus demonstrated
different sizes.

Interestingly, that smooth and steady lower segment of
the ranking curve was observed under all Ts, occupying
varying portions of the total population. At 27°C, the rank-
ing curve followed a similarly smooth and continuous shape
as that at 30°C, hinting at their similar growth mechanism
(i.e., nucleation and growth via adsorption of vapor-phase
monomer). The slope of the ranking curve was greater at
27°C than at 30°C, which we attributed to (i) the more rapid
rate of condensation at 27°C (that magnified the stochastic-
ity of drop nucleation) and (ii) the greater surface area of the
monomer drops at 27°C than at 30°C, leading to faster
growth through monomer surface adsorption. Discontinuity
of the ranking curve was observed at 27°C for the largest 6%
of the domes, possibly due to drop coalescence or simply the
small sample size in this range.

Similarly, at 24 °C, the smallest 31% of the domes likely
underwent nucleation and growth without significant coa-
lescence, leading to a uniform size distribution and thus a
small slope of the ranking curve in this segment. A pseudo-
step change in the ranking curve was observed in the 70 to
170 nm range, which implied drop coalescence at small drop
sizes, likely due to the low substrate temperature and high
drop density, as evident from the SEM image (Figure 3E). In-
triguingly, another pseudo-plateau was observedwith dome
sizes ranging from 150 to 330 nm, averaging 242 ± 45 nm.
The slope of this pseudo-plateau is larger than that at 27°C,
indicating the greater heterogeneity in the PND size distri-
bution in this range. We attributed that greater heterogene-
ity to the fact that at Ts = 24°C, the droplet growth is driven
by a combination of vapor absorption and drop coalescence.
Drop coalescence is known to broaden the drop size distri-
bution in the condensation literature.44

Figure 5 Ranked curves for the Feret diameters of the PNDs obtained
at Ts of 30°C (n = 106), 27°C (n = 81), 24°C (n = 1578), and 21°C
(n = 879).
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The most apparent coalescence occurred under Ts ~21°C,
which gave rise to a nearly vertical ranking curve for PNDs
with Feret diameters over 200 nm. A complete discontinuity
was observed in the 260 to 330 nm range, which serendipi-
tously corresponds to the coalescence of two drops with a
diameter of 260 nm giving rise to one drop with a diameter
of 327 nm. It also matches the areal density of 1 PND per
370 nm2 observed at 30°C, i.e., the nucleation site density
prior to coalescence. While this simple explanation likely
does not fully account for all the possible reasons for this
gap, it hints at a critical size at which droplets experience
heightened chances to undergo a coalescing event. The
ranking curve at 21 °C nonetheless demonstrated a smooth
and continuous segment (i.e., for the first 37 percentiles),
just like that for 24 °C, 27°C, and 30°C, which we attributed
to the fresh nucleation and growth of monomer drops on the
substrate space that was freed by coalescing of larger drops.

Although not a focus of this report, the polymerization
step during CDP may also affect the final PND size distribu-
tion. For example, incomplete polymerization of a large
monomer drop may lead to shrinking of the dome size upon
removal of unreacted monomer (e.g., by evacuating the vac-
uum chamber). It is likely that dome shrinking occurred in
this study, especially at lower Ts, as seen by the blank space
observed in the SEM image at Ts = 21°C, which outlined a
boundary between the populations of large and small PNDs
that may not be explained by simple renucleation that fol-
lows a drop-coalescence event. Similar morphologies have
been observed in the condensation literature.26 The blank
areas surrounding large liquid drops have been attributed
to the evaporation of the condensed liquid, typically
achieved by warming the substrate and thus shrinking the
large drops.48,49 In the context of CDP, evaporation of the
condensed monomer could occur at the end of the polymer-
ization step, when the reactor chamber was evacuated. The
large domes with blank areas around them likely experi-
enced incomplete polymerization and shrinkage upon ap-
plication of vacuum. Nevertheless, we emphasize that the
current manuscript focuses on the effect of monomer con-
densation on the PND size distribution, and we reserve a de-
tailed investigation into the effect of incomplete polymeriz-
ation for a future study.

While the density discrepancy between the HEMAmono-
mer and pHEMA could contribute to the aforementioned
blank space observed in the SEM image at Ts = 21°C, it is
likely not the sole explanation. The density of a polymer-
izing HEMA drop could increase from 1.12 g/mL (for HEMA
monomer) to 1.26 g/mL (for pHEMA),50,51 and the corre-
sponding volume change thus accounts for a small fraction
of the blank space as shown in Figure S7.

Furthermore, varying Ts may also affect the rate of poly-
merization. To estimate that effect, we applied the Arrhenius
law using the activation energy reported in the literature for
HEMA and the Ts values.51 The propagation constant (kp) for

HEMA can be reduced by ~23% (Figure S8) as the substrate
temperature was decreased from 30°C to 21°C. As such, we
assume the overall effect of kp on PND size distribution
(under conditions used here) is minimal, which is further
corroborated by the observation of larger PNDs at lower Ts,
indicating that the monomer condensation step dominates
the PND size and size distribution. Furthermore, the effect
of lower kp under lower Ts may be offset by the larger surface
area of each monomer drop obtained under lower Ts, en-
abling the capture of more free radicals and hence a greater
rate of initiation.

Conclusions

Taken together, the PND size distributions obtained at the
four Ts values (21°C, 24°C, 27°C, and 30°C) demonstrate
the potential to program PND size distribution using the
batch-CDP synthesis approach and by manipulating the
temperature at which monomer condensation occurs. High-
er Ts (e.g., 30 °C) leads to a slower rate of condensation and a
lognormal distribution of PND sizes, which resembles early-
stage condensation governed by surface nucleation and drop
growth via absorption of vapor monomer. That lognormally
distributed drop size is, in turn, recapitulated in the PND
size distribution as the monomer drops are converted to
PNDs via free-radical polymerization. A bimodal distribu-
tion emerges as Ts is reduced to 27°C, 24°C, and 21°C. Inter-
estingly, all three Ts values lead to a population of small
PNDs with an average size close to those obtained under
Ts = 30 °C, which points to the continuous nucleation and
condensation on the solid surface throughout the observed
period. In addition to this population, the particles synthe-
sized under Ts of 27 °C, 24 °C, and 21°C include a second pop-
ulation of larger PNDs, with the average size increasing and
the distribution broadening as Ts decreases. We attribute
this population of larger PNDs to the coalescence of mono-
mer droplets during late-stage condensation, which has
been frequently observed in past studies of dropwise con-
densation.52 The maximum Feret diameter observed among
the PNDs obtained under each Ts increases as Ts decreases,
which roughly doubles upon each decrease of Ts by 3°C, i.e.,
112 nm for Ts ~30°C, 255 nm for Ts ~27°C, 420 nm for Ts
~24°C, and 800 nm for Ts ~21 °C, respectively. The minimum
Feret diameter obtained under each Ts decreases by ~20%
upon each decrease of Ts by 3°C.

This report builds upon the plethora of condensation re-
search conducted using water and at the macroscopic scale
and illustrates that the dropwise condensation of nonpolar
liquids, such as HEMA, follows a similar two-stage growth
process to water. It establishes an initial framework to
understand the condensation kinetics of nonpolar nano/mi-
cro-drops and illuminates the process–property correla-
tions that will guide the selection of synthesis parameters
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to obtain targeted PND size and size distributions. The PNDs
with programmable size distribution have the potential to
revolutionize infrastructure, consumer products, health-
care, and robotics.

Experimental Section

Materials

All purchased chemicals were used as received. The base
layer was synthesized using 1H,1H,2H,2H-perflurodecyl ac-
rylate (PFDA; Sigma Aldrich, 97%) polymerized via TBPO
(Sigma-Aldrich, 98%). Nanodomes were synthesized using
monomer HEMA (Sigma-Aldrich, > 99%).

Methods

The PNDs were synthesized using the CDP technique, as de-
scribed below, and characterized for chemical composition
using XPS, Raman microscopy, and FTIR. The molecular
weight and end-group analysis were determined using a
Bruker autoflex maX to obtain the MALDI‑TOF spectra. De-
tailed morphology of PNDs was obtained via SEM, and par-
ticle size and size distribution were determined using Im-
ageJ. All data manipulation and graphing were conducted
using Prism9.

Procedures

Base layer preparation: All purchased chemicals were used
as received. Substrates used in CDP were silicon (Si) wafers
coated with a base layer of pPFDA, synthesized using mono-
mer PFDA (Sigma-Aldrich, 97%). Briefly, a silicon wafer was
first placed onto the stage in an iCVD reactor chamber to de-
posit the pPFDA film. The stage was set to 30 °C during iCVD
using a recirculating chiller (Thermo Scientific), and the
chamber was evacuated to base pressure (< 5mTorr) by con-
necting to a vacuum pump. A glass jar containing PFDA was
heated to 80 °C. PFDA was vaporized and metered into the
chamber at 0.25 sccm using a needle valve. Argon and TBPO
were also delivered to the chamber at 0.9 sccm and 1.6 sccm,
respectively, using mass flow controllers. The throttling
valve was programmed to maintain a chamber pressure of
400mTorr. Positioned 3 cm above the substrate was a fila-
ment array of 0.5mm copper/nickel wire (55% Cu/45% Ni,
Goodfellow) set to 300°C by an external DC power supply
to thermally decompose TBPO into tert-butoxyl and methyl
radicals, which initiate polymerization on the wafer surface.
The base layer thickness was observed in real time using an
interferometer equipped with a 633 nm helium–neon laser
(JDS Uniphase). When a thickness of 100–200 nm was

reached, the reaction was halted by ceasing the flow of all
reactants and evacuating the chamber. Due to tendency of
pPFDA to form crystalline domains, hence creating rough-
ness on the nanoscale,53 the pPFDA‑coated substrate was
placed into an oven set at 80°C for 1 hour to reduce the
roughness. Next, the flat pPFDA wafer was removed from
the oven, cooled, and stored until further use.
Synthesis of PNDs: An iCVD reactor chamber and monomer
delivery channels were heated to maintain a temperature
between 90 and 100°C to direct condensation solely on the
base layer. The chamber stage was held at 65 °C during CDP.
Precise temperature manipulation of the monomer-con-
densing surface was achieved using a thermoelectric cooler
(TEC; VT-127-1.0-1.3-71, TE Technology). To ensure effec-
tive heat transfer under vacuum, the TEC was secured to
the stage using a ceramic thermal compound (GC ELEC-
TRONICS). An external DC power supply (Extech) was con-
nected to the TEC using copper feedthroughs. The substrate,
a pPFDA‑coated silicon wafer, was secured atop the TEC us-
ing the ceramic thermal compound. Kapton tape was used to
attach a thermocouple to the substrate for real-time temper-
ature readings. The chamber was then sealed and brought
down to vacuum (< 5mTorr) by fully opening the throttling
valve. The filament array was then heated to 300°C. A glass
monomer jar containing HEMA (Sigma-Aldrich, > 99%) was
heated to 105°C, and the HEMA vapor was delivered contin-
uously to the vacuum chamber for 2 minutes. The TEC was
then cooled to the desired temperature (21 °C, 24 °C, 27°C,
30°C) and maintained for 5 minutes. TBPO was delivered
subsequently for 1 minute. After ceasing the TBPO flow, the
chamber remained isolated for 1 minute of further polymer-
ization. Finally, to end the reaction, the TEC and the filament
array were turned off, and the throttling valve was opened
fully to bring the chamber to base pressure (< 5mTorr).
Sample characterization: PNDs with Feret diameters of
~1 µm were used (synthesized at Ts = 21 °C) in XPS. The XPS
used was a Scienta Omicron ESCA-2SR Spectrometer with
an operating pressure of 1 × 10−9 Torr. Monochromatic Al Kα
X-rays (1486.6 eV) were used, and photoelectrons were col-
lected from a 1.1mm diameter analysis spot. Photoelectrons
were gathered at a 90° emission angle with a source-to-ana-
lyzer angle of 54.7°. A hemispherical analyzer determined
electron kinetic energy using a pass energy of 200 eV for
wide/survey scans and 50 eV for high-resolution scans. A
flood gun was used for charge neutralization. Raman mi-
croscopy was performed using a WITec alpha300 R Raman
imaging microscope. A 532 nm laser was used to collect
spectrawith a power of approximately 1mWand a 100 x ob-
jective lens. A spectral grating of 1200mm−1 was used with a
resolution of 3 cm−1 using 300 lines mm−1 and an accumula-
tion of 10 scans of 10 seconds each. Using the same sample,
FTIR spectra were collected. Data were collected using a
Bruker VERTEX Series V80v spectrometer in the transmis-
sion mode, a mercury cadmium telluride detector, and FTIR
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spectra of nanodomes on a pPFDA‑coated Si wafer were col-
lected. The spectra were recorded across a range of
4000–1000 cm−1 (4 cm−1 resolution) and were averaged
over 128 scans. The background-corrected spectra were ob-
tained by subtracting the spectra of a bare Si wafer and then
baseline-corrected. Three batches of PNDs with Feret diam-
eters of ~1 µm were used in MALDI‑TOF analysis. The PNDs
were dissolved in methanol and vortexed with a solution
(20mg/mL ethanol) of α‑cyano-4-hydroxycinnamic acid
(CHCA, Sigma-Aldrich, > 98%), and Milli-Q water at the ratio
of 1 :1 :0.4. Next, 3 µL mixture was pipetted onto a
MALDI‑TOF analysis plate and allowed to air dry. A Bruker
autoflex maX in positive reflectron mode was used to collect
MALDI‑TOF spectra. The collected spectra were baseline-
subtracted and analyzed using Polymerix (Sierra Analytics).
The homopolymer analysis in Polymerix was used to deter-
mine the dominant series of alpha and omega end groups.
Analysis was performed up to m/z = 10000, beyond which
peaks were indistinguishable from background noise. SEM
was performed on a Zeiss GeminiSEM 500. Samples were co-
ated with gold/palladium prior to imaging. Images were tak-
en using an acceleration voltage of 1 kV. Acquired images
were imported into ImageJ (National Institutes of Health,
Bethesda, MA), and PNDs were analyzed for diameter, area,
surface coverage, and count. Non-PND features were man-
ually removed; threshold was set manually to enable recog-
nition of PNDs from background; PNDs were analyzed using
the Analyze Particles tool.

Prism9 (GraphPad Software Inc., La Jolla, CA) was used for all
data graphing and fitting. For Ts of 30 °C and 24°C, lognormal
distribution fits were applied to PNDs binned into four bins
for small Feret diameters (< 112 nm) and large Feret diame-
ters (> 112 nm) yielding R2 values of > 0.99. For Ts of 24 °C
and 21°C, the small PNDs were fit to a lognormal distribu-
tion as described above. The lognormal distributionwas also
applied to large PNDs obtained under Ts of 24°C, with four
frequency bins and an R2 value of > 0.99. ChemDraw (Perki-
nElmer, Waltham, MA) was used to create all chemical struc-
tures. Tinkercad (Autodesk, Mill Valley, CA) was used to cre-
ate a 3D rendering of the reactor chamber used in this work.
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