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ABSTRACT: The process of convectively self-assembling particles in
films suffers from low reproducibility due to its high dependency on
particle concentration, as well as a variety of interactions and physical
parameters. Inhomogeneities in flow rates and instabilities at the air−
liquid interface are mostly responsible for reproducibility issues. These
problems are aggravated by adding multiple components to the
dispersion, such as binary solvent mixtures or surfactant/polymer
additives, both common approaches to control stick-slip behavior.
When an additive is used, not only does it change the surface tension,
but also the viscosity and the evaporation rate. Worse yet, gradients in
these three properties can form, which then lead to Marangoni
currents. Here, we use a series of alcohols to study the role of viscosity
independently of other solvent properties, to show its impact on stick-
slip behavior and interband distances. We show that mixtures of glycerol and alcohol or poly(acrylic acid) and alcohol lead to more
complex patterning. Marangoni currents are not always observed in co-solvent systems, being dependent on the rate of solvent
evaporation. To produce homogeneous particle assemblies and control stick-slip behavior, gradients must be avoided, and the
surface tension and viscosity need both be carefully controlled.

■ INTRODUCTION
The coffee-ring effect, also referred to as the stick-slip
phenomenon, is where particles are brought to the drying
line by convective flow and deposited at the edge of a drying
front on a substrate. The high concentration of particles pins
the meniscus, allowing more particles to come to the contact
line, until the meniscus becomes so stretched that it depins,
swiftly returning to a resting position. This effect is observed in
a drying sessile droplet but also when coupled to directed
particle deposition techniques, such as blade-coating and dip-
coating. Dip-coating is a simple process, where a substrate is
submerged in a particle suspension and then withdrawn at a
constant rate. Dip-coating is known to have two dominant
regimes based on substrate withdrawal rate; the advective
regime or Landau−Levich regime at high withdrawal velocities
(≳500 μm s−1 for alcohols) and the convective regime at low
withdrawal velocities (≲500 μm s−1 for alcohols). In the
advective regime, the particle volume fraction in the meniscus
is determined by viscosity, surface tension, and substrate
withdrawal rate. In contrast, at slower withdrawal rates,
particles are more concentrated in the meniscus relative to
the bulk solution via convective flow induced by evaporative
flux. Stick-slip banding is common when particle transport is
predominately due to convective flow. It is often desirable to
control band thickness, interband distance, or even suppress

banding, which is why evaporative particle transport must be
understood. Evaporative transport (Qe) is defined as1

Q cL Ve c e (1)

where c is particle concentration, Lc is capillary length (due to
surface tension and substrate wettability), and Ve is
evaporation speed (due to solvent volatility, chamber and
substrate temperature, and relative humidity, when evaporating
water-miscible solvents). To control stick-slip patterning, the
easiest solution is often to increase the particle concentration.2

However, this is not always possible due to particle aggregation
at high particle concentrations or difficulties generating large
quantities of specialty particles. In these cases, the capillary
length can be changed by modifying surface tension,3 or the
hydrophobicity of the substrate can be tuned.4 Alternatively, Ve
can be altered by changing the temperature or dispersant to a
solvent with higher volatility. Typically, coatings prepared at
temperatures too close to the boiling point lead to
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inhomogeneous and poorly reproducible depositions. High
temperatures can also lead to the Beńard−Marangoni effect,
where the surface tension varies due to a temperature gradient
across the meniscus, leading to circular currents within the
meniscus.5 One parameter that is conspicuously absent from
the evaporative transport equation, and thus never independ-
ently examined, is solvent viscosity. But, is it true that viscosity
has zero impact on particle transport? And how does viscosity
impact particle distribution on the substrate?

Cui et al. have proposed that higher viscosity increases the
resistance to outward particle flow, but many physical
parameters were simultaneously changed, including contact
angle, surface tension, and evaporation rate.3 Noguera-Marıń
et al. proposed a relationship between collective diffusion

during convective assembly and viscosity.6 An increased
viscosity has also been attributed to delaying meniscus
displacement.7,8

In this article, for the first time, we study the effect of
viscosity on evaporative flux as an isolated parameter. Silica
particles are used as model systems, both spherical and in the
form of nanoribbons, assembled using dip-coating. We
investigate particle assembly in both single and binary
dispersant phases and show that surface tension gradients
formed during evaporation in the binary system heavily impact
assembly patterns. Finally, we show how evaporative flux in a
binary solvent system leads to differences in self-assembly
patterns. Control over particle patterning is of interest as

Table 1. Solvent Properties at 50 °C for MeOH, EtOH, i-PrOH, and t-BuOH

solvent
viscositya
(mPa s)

density
(g cm−2)

surface tensionb
(mN m−1)

capillary length (Lc)
(mm)

evaporative flux
(g h−1 cm−2)

normalization
constant

MeOH 0.406 0.763 20.21 1.64 0.043 1.89
EtOH 0.673 0.763 19.82 1.62 0.023 1.00
i-PrOH 1.052 0.759 18.69 1.58 0.018 0.76
t-BuOH 1.428 0.754 17.70 1.56 0.021 0.88

aLiterature values from refs 9−11. bLiterature values from refs 14, 15.

Figure 1. Colloidal films prepared via dip-coating in different solvents at different withdrawal rates using 0.1 vol % 250 nm SiO2 particles with a
chamber temperature of 50 °C. Images were segmented to allow quantification of surface coverage and colored to improve the contrast between
regions of particles (blue) and substrate (red). Each image has been annotated with withdrawal velocities corrected to account for variations in the
evaporation rate (white text, see Section S5 for details). All images were taken at the same magnification. Scale bar = 50 μm.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.2c02890
Langmuir 2023, 39, 4216−4223

4217

https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02890?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02890?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02890?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c02890/suppl_file/la2c02890_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02890?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c02890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


scaffolds for biological media, for optically active substrates,
and as masks for substrate processing.

■ RESULTS AND DISCUSSION
To determine if there is an effect of solvent viscosity on
convective particle depositions, four alcohols with different
viscosities were selected: methanol (MeOH), ethanol (EtOH),
isopropanol (i-PrOH), and tert-butanol (t-BuOH). Each time
an additional carbon atom is added to the alcohol molecule in
this series of solvents, the viscosity at 50 °C increases by a
factor of ∼1.5 (Table 1).9−11 Other physical properties of
these alcohols, like density, surface tension, capillary length,
and evaporative flux, are quite similar (Figure S1). Table 1 lists
these physical properties at 50 °C, a temperature chosen
because it was the chamber temperature during evaporation-
induced particle self-assembly. The densities of the solvents are
very close to one another, which means that the buoyancy of
the particles will be roughly equivalent. The surface tensions,
which dictate contact angle and capillary length, are also
similar for this series of alcohols. Thus, the calculated capillary
lengths, which are the typical length over which the
evaporation contributes to particle deposition in a film, are
also comparable for these solvents. The substrate is highly
wetted by all four solvents, making it impossible to measure
the contact angle. However, convective flow can bring particles
to the drying line even when the contact angle is below 15°.12
Evaporative flux relates to how fast the solvent molecules
diffuse away from the liquid−air contact line upon
evaporation.13 The evaporation rate increases with increasing
solvent vapor diffusion away from this interface leading to
higher convective flux toward the meniscus. Although a strong
correlation between evaporative flux and carbon chain length
has been observed in the past,13 we measure similar values for
EtOH, i-PrOH, and t-BuOH (Figure S1d) at 50 °C, which we
attribute to the branching of the longer chain alcohols that
seems to increase their evaporative flux. MeOH was found to
have an evaporative flux approximately double that of the other
solvents, attributed to its higher volatility. Among these
solvents, there are small variations in solvent properties with
a large variation in viscosity. Thus, if viscosity were to have an

effect, we expect to observe it beyond the contribution of the
other multiple factors.

For the self-assembly studies, silica spherical particles were
produced using a seeded Stöber synthesis (Figure S2), which
had a mean diameter of (250 ± 3) nm (Figure S3). The
monodispersity of these particles is helpful in obtaining close-
packed, organized assemblies.16 The particles were then
deposited onto silicon wafers via dip-coating in a temper-
ature-controlled chamber. Figure 1 shows SEM images of films
prepared in MeOH, EtOH, i-PrOH, and t-BuOH over a range
of speeds within the convective and the transitional
convective/advective regime, with higher magnification images
shown in Figure S4. The images have been treated so that the
sections of bare substrate appear red, and the areas with
particle coverage are displayed in blue. Stick-slip behavior is
observed for all solvents, due to meniscus pinning at low
withdrawal speeds. However, stick-slip banding is not
equivalent for all solvents: stick-slip only becomes prominent
at very low speeds for higher viscosity solvents. To distinguish
the effect of viscosity from those due to differences in the
evaporative flux, the velocities were normalized relative to the
rate of evaporation of EtOH (Figure 1 and Section S5). No
obvious correlation can be seen between the corrected velocity
values and the observed particle patterning, supporting the
conclusion that the change in stick-slip patterning results from
viscosity. The most homogeneous films were produced for t-
BuOH, having the highest viscosity. As viscosity is the
resistance to motion in a fluid, intuitively, viscous forces
should impact the depinning of the meniscus. It does appear to
impact the particle patterning. Particle distribution should not
be confused with total surface coverage, which can be studied
quantitatively.

The particle coverage was investigated for these films, as a
function of speed and solvent. The observed increase in
particle coverage with decreasing substrate withdrawal speeds
is expected in the evaporative regime.1,17 The higher volatility
of MeOH, compared with the other solvents, produced films
that were much thicker at lower withdrawal speeds; these were
often disordered multilayer films with variable thicknesses and
gaps. When MeOH was used as the dispersant phase, all of the

Figure 2. (a) Surface coverage as a function of withdrawal velocity for different solvents. Coverage was calculated from the segmentation of
multiple images at 1.15 x 104 μm. (b) Surface coverage rescaled according to the inset equation.
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observed banded stick-slip structures at lower speeds were
multilayer. All other films, for all of the other solvents,
consisted of a single layer of particles of varying coverage
fraction.

Particle surface coverage was calculated through the
segmentation of six images containing areas of 1.15 × 104

μm2 from two replicate samples for each condition. The
surface coverage was then expressed as the percentage of pixels
identified as particles (Figure 2). Decreasing surface coverage
can be seen with solvent viscosity (Figure 2a). However, before
concluding that viscosity impacts surface coverage, it is worth
normalizing for the minor changes in other physical properties
using the normalization constants given in Table 1, which are
explained further in Section S5. Equation S4 gives the expected
surface coverage when rescaled by the capillary length and
evaporation rate of EtOH. Any difference in the relative
magnitudes of the surface coverage before and after rescaling
suggests that evaporative effects are responsible for the
observed changes in surface coverage. The rescaled values
are plotted in Figure 2b, demonstrating that not only do the
observed surface coverages change relative to each other, but
there is no longer a clear trend between viscosity and surface
coverage. This suggests that any effect of viscosity on surface
coverage is insignificant relative to the effect of the differences
in evaporative flux, quantified by eq 1.

Viscosity seems to impact the patterning, but not surface
coverage. The most common way of changing the viscosity is

to use a two-solvent system. Doing so is problematic for several
reasons. The first is that by adding a second solvent, usually a
highly viscous polymer or molecule, the surface tension may
change in addition to viscosity. Moreover, the volatility of the
two co-solvents is typically not the same, leading to an
enrichment of one solvent during the drying process. Thus, a
gradient in solvent composition establishes, leading to a
gradient in viscosity and surface tension, generating highly
complicated Marangoni flow patterns. In some cases, a
gradient in evaporative flux is generated as well, if the two
solvents have different evaporation rates.

We studied the combination of glycerol and i-PrOH to vary
viscosity. In this co-solvent system, only i-PrOH is volatile at
50 °C, meaning that glycerol will stay embedded between SiO2
particles. The changing volume fractions of the three
components, i-PrOH, glycerol, and silica, are shown as a
function of evaporated i-PrOH in Figure S5 and Table S1. We
observe that viscosities vary linearly with glycerol concen-
tration between the values of pure i-PrOH (2.86 mPa s) and
glycerol (1.47 Pa s) (Figure S6).18 However, the viscosity of
the particle solutions also depends on particle concentration.
When the viscosity is measured with a relative enrichment in
both glycerol and silica particles, we see that the viscosity
increases more significantly than for glycerol alone (Figures 3
and S7). The surface tension of i-PrOH/glycerol solutions has
been reported in the literature, showing that surface tension
stays roughly constant up to ∼70% glycerol content and then

Figure 3. (a) Dynamic viscosity of i-PrOH−glycerol−SiO2 particle mixtures as a function of shear rate. SEM images of dip-coated films prepared at
50 °C, withdrawn at 50 μm s−1, using an initial concentration of 0.11 vol % SiO2 particles and (b) 0 vol %, (c) 0.1 vol %, (d) 0.2 vol %, (e) 0.3 vol
%, (f) 0.4 vol %, (g) 0.5 vol %, (h) 2 vol %, and (i) 5 vol % glycerol. Dark gray zones represent bare substrates, and light gray regions contain
particles. The scale bar represents 60 μm for all images.
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ramps up very rapidly to high values (Figure S8).19 The surface
tension of glycerol is three times higher than that of pure i-
PrOH. Thus, there will be a significant gradient in surface
tension across the meniscus due to i-PrOH evaporation. The
evaporation rate is initially constant, decreasing linearly while
enriching the system in glycerol, and then decreases as the
system becomes significantly enriched in glycerol (Figure S9).
Thus, there is a gradient in surface tension, viscosity, and
evaporative flux during the drying process.

We found that at very low glycerol content (0.1−0.3 vol %),
there was a very large impact on the stick-slip behavior
(Figures 3 and S10). In opposition to the single-solvent
viscosity study, an increase in viscosity provoked more marked
stick-slip banding, with more interband particle deposition.
Break-up happens for a large-enough Marangoni number, a
dimensionless parameter comparing the relative effects of
surface tension and viscous forces. Thus, both surface tension
and viscous forces will impact pinning and interband distance.
In the case of the single solvents, increasing viscosity decreased
the propensity for pinning, leading to a more homogeneous
coverage. In the co-solvent case, the viscosity increases much
faster than the surface tension in the initial moments of
pinning. But, the Marangoni number will increase rapidly as
the alcohol evaporates, encouraging break-up. By 0.4 vol %
glycerol content, the distance between banding dropped
dramatically as pinning and depinning became more frequent
and more erratic. This behavior is consistent with Marangoni
flows away from the contact line. By 0.5 vol % glycerol, the film
pattern was completely disordered. Increasing to 2 vol %,
glycerol content generated lacy patterns, as if beading were
occurring. By 5 vol %, a mixture of mono- and multilayer
regions is observed on a highly inhomogeneous surface. What
is certain is that the quantity of particle deposition increases
with increasing glycerol content, but at the expense of
reproducibility, homogeneity, and an understanding of the
deposition process. We find it impossible to tease out the
contributions of surface tension and viscosity gradients across
the meniscus in the co-solvent system.

To better understand the stick-slip banding in a co-solvent
system (poly(acrylic acid) in i-PrOH), anisotropic silica
particles, in the form of long ribbons (0.5−1.0 μm in length,
∼20 nm in width), were studied. The ribbons are semi-flexible
and thus can follow the flow pattern of the Marangoni currents,
providing evidence for the currents upon drying. Based on our
previous study,1 the ribbons dispersed in poly(acrylic acid)/i-
PrOH were deposited at three different temperatures to
investigate the flow instabilities as a function of drying speed
(Figure 4). At room temperature, no evidence for flow
instabilities was detected, and the ribbons were aligned parallel
to the meniscus and largely parallel to each other. Thus, it
seems that break-up occurs before a significant gradient in
surface tension establishes at ambient temperature. Both the
leading and trailing edge were clean, attesting to classical stick-
slip behavior. As the temperature in the chamber was increased
to 35 and 55 °C, the leading edge remained clean and the
trailing edge showed swirling patterns. The organization of the
ribbons parallel to the swirling patterns reveals the direction of
the Marangoni flow current. Pinning seems to occur regularly,
creating a linear band at the leading edge. As in the co-solvent
system for the spherical silica particles, a gradient in surface
tension must be created before break-up, due to the
evaporation of the alcohol. Marangoni flows in a sessile
droplet, in the presence of 0.5 wt % PEG, have been studied by
Seo et al., where they observed a delay of 10 s before a surface
tension gradient generated, and the Marangoni flow began.20

Perhaps before break-up, as surface tension begins to increase
at the trailing edge, a flow instability is created where the silica
particles try to flow away from the drying line, rather than in
the direction of convective flux. The co-solvent system clearly
has several competing forces that make studying these systems
rather complex.

■ CONCLUSIONS
We have studied the impact of solvent viscosity, surface
tension, and evaporation rate on particle patterning and surface
coverage in films deposited via evaporation-induced self-

Figure 4. Temperature effect on the pattern of the anisotropic particle deposition. SEM images of ribbons deposited on silicon substrates when the
chamber temperature is (a, d) 25 °C, (b, e) 35 °C, and (c, f) 55 °C, at (a−c) low and (d−f) high magnification. The SiO2/poly(acrylic acid) ratio
is 1:10, the silica concentration is 0.4 mg mL−1, and the withdrawal speed is 10 μm s−1. Dark gray zones represent bare substrates, and light gray
regions contain particles. Scaling is the same for (a−c) and (d−f). Scale bar in (a) = 200 μm and in (c) = 2 μm.
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assembly using dip-coating. Both single-solvent and co-solvent
systems were studied. While viscosity did not affect surface
coverage, it had a visible impact on particle arrangement.
Surface coverage was sensitive to changes in evaporative flux.
The single and co-solvent systems did not give the same results
regarding patterning: in the single-solvent system, viscosity
decreased the propensity for banding arising from the stick-slip
phenomenon, whereas in the co-solvent system, marked
banding occurred despite an increase in viscosity. This
difference in banding distance depends on both viscosity and
surface tension, where surface tension appears to have a greater
influence.

Gradients in surface tension rely on fast evaporation. When
the chamber temperature was increased, a more significant
surface tension gradient was established, generating Marangoni
flow patterns. These could be visualized post-synthetically from
the deposition patterns of semi-flexible ribbons.

In pursuit of homogeneous monolayer films, it seems there
are two important factors: (1) to avoid generating gradients by
using a single-solvent system and (2) to suppress depinning
events by increasing the ratio between viscosity and surface
tension forces.

■ METHODS
Materials. Isopropanol (i-PrOH, ≥99.5%, 190764), glycerol

(≥99.5%, G7893), tetraethyl orthosilicate (≥99.0%, 86578),
ammonium hydroxide solution (29%, 221228), L-arginine (≥99.5%,
11009), methanol (MeOH, ≥99.8%, 322415), and tert-butanol (t-
BuOH, ≥99%, 360538) were purchased from Sigma-Aldrich. Ethanol
(EtOH, 99.9%, PC80101.9200) was supplied by Atlantic Labo. All
chemicals were used without further purification. Aqueous solutions
were prepared using deionized water, prepared using a Type 1 Milli-Q
water purification system (18.2 MΩ cm).
Characterization. Particles were imaged using a JEOL 1400F

TEM using a 120 kV acceleration voltage. Dip-coated particle films
were imaged using a JEOL JSM 6700F SEM using a 10 kV
acceleration voltage using a SEI detector at a working distance of 6
mm. Images of films were then segmented using the Trainable Weka
Segmentation ImageJ plugin.21 Viscosities were measured using a TA
Instruments AR2000 rheometer equipped with a 60 mm cone plan
geometry.
30 nm SiO2 Nanoparticle Seed Synthesis. Following a

protocol first published by Hartlen et al.22 and optimized by Deśert
et al.23,24 6 mM aqueous L-arginine (100 mL) was added to a 150 mL
single-necked, flat-bottomed cylindrical jacketed reaction vessel
(internal diameter ∼4 cm). The solution was put under stirring
(150 rpm, 30 × 8 mm2 Teflon-coated stir bar) under reflux. To this
was then added 10 mL tetraethyl orthosilicate which remained in a
separate phase to the aqueous solution. The mixture was left until the
upper tetraethyl orthosilicate phase completely vanished (∼2 days). A
small volume of the seed solution was checked by TEM before use
and confirmed to be (30 ± 3) nm (Figure S2). The concentration of
the sample was determined by dry extraction to be ∼14.5 g L−1 (∼4.7
× 1014 mL−1).
Regrowth of SiO2 Particles to 250 nm. The 30 nm silica seed

particles were regrown to a larger size following a seeded Stöber
approach. EtOH (910 mL) and ammonium hydroxide solution (70
mL) were mixed in a 2 L round-bottomed flask to which 1.6 mL of
the 30 nm SiO2 nanoparticle suspension was added under stirring.
Tetraethyl orthosilicate (100 mL) was then added by a syringe pump
(KD Scientific, 78-9100F) at a rate of 1.4 mL h−1 through a cannula
(Braun, Venofix A). The solution was left for ∼24 h after the
tetraethyl orthosilicate addition had been completed. The ammonia
was removed, and the volume of the nanoparticle solution was
reduced by rotary evaporation (ice-cooled condenser, 60 °C, 0.2 atm,
240 rpm). Once a suitable volume had been reached, the particles
were cleaned by centrifugation (3000g, 5 min) before resuspension in

a fresh solvent (MeOH, EtOH, i-PrOH, or t-BuOH). The size of the
particles was determined to be (250 ± 3) nm by TEM (Figure S3).
The concentration of the particles was determined by dry extraction
to be 26.9 g L−1 (1.5 × 1012 mL−1).
Silica Ribbon Colloidal Solutions. The silica ribbon suspensions

were prepared following three steps: synthesis of the organic template,
silica transcription, and ribbon dispersion; each of which has been
described by Okazaki et al.25

Step 1: the synthesis of organic surfactant template C2H4-1,2-
((CH3)2N+C16H33)2 with a tartrate counterion, also named 16-2-16
Gemini L-tartrate, was optimized in a previous work.25 First, 16-2-16
Gemini bromide was obtained from the reaction of N,N,N′,N′-
tetramethylethylenediamine with 1-bromohexadecane. Then, silver
acetate was used to replace the bromide in 16-2-16 Gemini bromide,
giving the product 16-2-16 Gemini acetate. Finally, L-tartrate was
chosen for the ion exchange of the acetate to give the 16-2-16 Gemini
L-tartrate. The complex self-assembled in water to form twisted
ribbons. A 1 mM 16-2-16 L-tartrate aqueous solution was heated to 60
°C for 15 min, and then the solution was cooled to 20 °C for 2 h.

Step 2: Tetraethyl orthosilicate (500 μL) was added to 10 mL of
0.1 mM aqueous solution of L-tartaric acid (pH 3.8) and
prehydrolyzed at 20 °C by stirring on a roller-mixer for 7 h. Then,
equal volumes of prehydrolyzed tetraethyl orthosilicate and organic
gels containing the ribbons were mixed (typically, 4 mL of each) and
stirred at 20 °C with a roller-mixer overnight. The excess silica
precursor and organic template were washed away by i-PrOH using a
centrifuge.

Step 3: A high-intensity ultrasonic processor (Vibra cell 75186)
equipped with a 2 mm microtip with variable power was used
(maximum power, 130 W). A 20 kHz pulse mode was used for the
dispersion and fragmentation of silica ribbons. Silica ribbons (2 mg)
were mixed with 2 mL of i-PrOH and sonicated for 15 min with
pulses of 1 s, separated by 1 s pauses. Samples were cooled in an ice
bath during the sonication process to avoid solvent evaporation and
an increase in the sample temperature, which could influence the
fragmentation process.

Step 4: Poly(acrylic acid) was dissolved in i-PrOH to a
concentration of 20 g L−1. The polymer solutions and silica
suspensions were mixed and then sonicated for 10 min in an
ultrasound bath to produce homogeneous suspensions.
Dip-Coating. Dip-coating experiments were performed on a

SolGelWay ACEdip 2.0 dip-coater. The withdrawal speed and
chamber temperature were controlled via a computer. Boron-doped
prime CZ silicon wafers with (100) orientation were obtained from
Sil′tronix. The wafers were stored in 3 M nitric acid until they were
required for use, after which they were rinsed with water, and excess
liquid was removed using compressed air. The substrates were then
treated using an ozone cleaner (Novascan, PSD Proseries & OES-
1000D) for 10 min before being placed in the dip-coating chamber.
Evaporation Studies. Each solvent (100 g) was placed inside an

oven at 50 °C in an 8 cm diameter beaker, and the mass of the beaker
was recorded periodically until all solvent was evaporated. The
evaporation rate was then determined from a linear fit to the mass loss
over time.
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