Soft Matter

rsc.li/soft-matter-journal

’ ROYAL SOCIETY
P OF CHEMISTRY

ISSN 1744-6848

PAPER

Alexander F. Routh et al.

Scalloped pattern deposition during the spreading and
drying of polymer droplets

Volume 19

Number 44

28 November 2023
Pages 8475-8670




Open Access Article. Published on 02 October 2023. Downloaded on 5/10/2026 6:22:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Soft Matter, 2023,
19, 8483

Received 24th July 2023,
Accepted 1st October 2023

DOI: 10.1039/d3sm00968h

rsc.li/soft-matter-journal

1. Introduction

Scalloped pattern deposition during the
spreading and drying of polymer dropletsf

Ahmed M. Othman,® Andreas S. Poulos,” Ophelie Torres® and
Alexander F. Routh (=) *2

Droplets containing polyvinylpyrrolidone (PVP) dissolved in ethanol display a distinctive scalloped pattern
at the rim while spreading and drying on a high-energy surface. Two distinct spreading regimes are
observed, leading to the formation of a thin film with a uniform height that extends from the original
droplet. An experimental study indicates polymer accumulation at the edge containing trace water,
resulting in a surface tension gradient across the droplet, enhancing the droplet’s spreading. This fast-
spreading film develops a ridge at the contact line and becomes unstable. The influence of evaporation
within the droplet shows no significant effect on the wavelength of the instability. Instead, the
magnitude of the surface tension gradient and the surface energy of the substrate emerge as the
dominant factors influencing the instability. This observation is validated by saturating the environment
surrounding the droplet with ethanol vapour to reduce evaporation or employing solvents with low
vapour pressure. Additionally, PVP in ethanol droplets deposited on hydrophobic substrates demonstrate
a stable and pinned contact line, contrasting the behaviour observed on high-energy surfaces. By
identifying the critical overlap concentration of the polymer, the transitional threshold between the
scalloped instability and ringlike morphology is determined. The scalloped instability can be suppressed
by removing residual water from the solution, eliminating the surface tension gradient, indicating that
Marangoni forces are the underlying cause of the observed instability. The long-wave evolution
equation, assuming a constant Marangoni shear flow, accurately predicts the most unstable wavelength,
demonstrating good agreement with experimental observations.

higher volume fraction at the edge compared to the centre,
which, in turn, induces the formation of a well-known pattern

Spreading and drying of sessile droplets containing a volatile
liquid and a non-volatile solid are important for a wide variety
of coating processes. Droplets containing colloidal dispersions
or polymers are commonly used in inkjet printing, which has
attracted attention in different fabrication processes such as
biomaterials and microelectronics."™ Solute distribution of
pesticides on leaves and the identification of diseases in blood
are among the important applications for drying droplets
containing solids.*™®

The evaporation of pinned droplets that contain particles
has been observed to give rise to internal flows. Deegan et al.”
explained this as being attributed to the enhanced non-uniform
evaporation rate across the droplet. Another plausible explana-
tion is the reduced film height at the droplet’s edge, results in a
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referred to as the “coffee ring”.® Controlling the solid-
state morphology resulting from droplets containing a solid
is key to product stability. Numerous studies have analysed
deposition patterns from evaporating droplets with colloidal
suspensions.”™*? Interestingly, Fischer'® demonstrates that a
coffee ring forms even with a uniform evaporation profile.
Approaches such as regulating substrate pH,"* temperature,*
or applying an oscillating voltage'® have been proposed to
achieve uniform deposits. In addition to capillary flows, other
flows can also arise due to gradients in surface tension within
the droplet. This can occur as a result of gradients in either the
droplet’s composition or temperature.'®'” These gradients can
cause the surface tension to vary across the droplet, leading to
creation of pressure gradients that drive fluidic flows.

Drying polymer droplets can exhibit diverse instabilities and
deposition morphologies,’®! including intriguing structures
like a “sombrero” deposition pattern.*> Solute accumulation at
the liquid-air interface generates significant capillary pressure,
leading to high mechanical stress that can only be relieved
through crack formation or buckling. However, contact line
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pinning is a common characteristic observed in studies involv-
ing polymer-containing droplets, occurring due to either high
polymer concentrations or a hydrophobic substrate.>***

The spreading of thin liquid droplets and films on solid
surfaces can result in a hydrodynamic phenomenon called a
fingerlike instability. This occurs when a droplet or film
with a moving contact line experiences external forces, such
as centrifugal, gravitational, or surface shear, during the
coating process.>> > In spin coating processes driven by cen-
trifugal forces, the formation of fingerlike structures is also
observed.’*> The uniformity of spreading liquids can be
disrupted when the film experiences a shear stress, achieved
by inducing thermal or concentration gradients using surfac-
tants that drive the fluid from low to high surface tension.**73*
The presence of fingerlike structures leads to poor coating
quality on solid surfaces. A common characteristic of films
exhibiting a fingerlike instability is the formation of a capillary
ridge at the contact line due to fluid accumulation.?®° Theo-
retical studies employing the lubrication approximation, which
assumes the film thickness is significantly smaller than the
characteristic horizontal length scale, have successfully pre-
dicted the fingerlike instability and demonstrated excellent
agreement with experiments for thin films with a moving
contact line front.>®>%3%36

Gotkis et al.*’ reported a droplet edge instability called
“Octopi” during the spreading of highly volatile liquids on a
silicon wafer. They attributed the formation of small droplets
ahead of the main drop due to thermal Marangoni flow caused
by thermal gradients and heat and mass transfer between solid,
liquid, and gas phases. The authors proposed that the instabil-
ity was caused by the substrate’s thermal conductivity and fast
liquid evaporation. However, the wavelength of the instability
was predicted to be significantly larger than the experimentally
observed patterns.>” Mouat et al.*® suggested that the reported
instability was due to solutal Marangoni flow, possibly caused
by non-volatile contaminants in isopropyl alcohol.

Binary mixtures containing volatile and non-volatile liquids
can exhibit a deposition pattern resembling pearl or fingerlike
structures. Mouat et al.>® proposed that concentration gradi-
ents are generated due to fast evaporation of the volatile
component and a solutal Marangoni flow enhances the spread-
ing. In addition, the pattern at the contact line depends on the
wetting properties of the surface and the strength of Marangoni
forces. They regarded the rim breakup as being due to a
Rayleigh-Plateau instability. The breakup of the rim forming
due to solutal Marangoni flow in water-ethanol mixtures in a
wine glass, which is known as “tears of wine” has also been
considered to follow a Rayleigh-Plateau instability.>*™*!
Although the wavelength of the tears of wine instability appears
to be very similar to a Rayleigh-Plateau instability, the for-
mation of the fingerlike instability and tears of wine are
different from the breakup of a liquid jet. The contact line
and solid-liquid interactions are exclusive to spreading
problems.

Ma et al.** reported a fingerlike instability in a polymer
solution exhibiting viscoelastic and shear thinning properties.
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A droplet of PEO solution containing a surfactant is deposited
on a liquid sheet of the same polymer solution, and the droplet
displays a fingering instability, dependent on the molecular
weight and concentration of the polymer. In another study,
Poulard and Damman®® detected a contact line instability during
the drying and spreading of droplets containing polydimethyl-
siloxane and volatile solvents (heptane or toluene) on a solid
substrate. The experimental setup involved depositing a droplet
on a wettable substrate and exploring its behaviour under differ-
ent conditions. The polymer utilised in their study exhibited
surface active properties with a surface tension of approximately
21 mN m~'. The instability was controlled by changing the
viscosity of the liquid polydimethylsiloxane. Nonetheless, the
droplet was modelled with a pinned contact line, and the model
did not predict the observed instability wavelength.

In this study, we report scalloped pattern formation during
the spreading and drying of a polymer solution, polyvinylpyr-
rolidone in ethanol, droplet on a high-energy surface at ambi-
ent conditions. The scalloped pattern in our system is distinct
from prior reports in the literature.”>** The polymer, PVP,
employed in this study differs from that used in the study by
Poulard and Damman®® in that it does not exhibit surface
activity. Furthermore, this study deviates from the approach
taken by Ma et al.,*” as no surfactants were added. The pattern
formation observed in this study is unique to PVP, as other
polymers such as hydroxypropyl methylcellulose, which is also
not surface active, failed to demonstrate the edge instability.
PVP is widely employed in applications across various indus-
tries as a film-forming agent, stabiliser, and thickening agent.
It is used in pharmaceuticals, personal care products, food and
beverage production, inks, coatings, and electronics.***® Nota-
bly, PVP-ethanol polymer solutions serve as a fundamental
formulation in skin and personal care products and pharma-
ceuticals, functioning as a film-forming agent.

2 Experimental section
2.1 Materials

In this study, the materials used were polyvinylpyrrolidone
(PVP) (Sigma-Aldrich) with a number average molecular weight
of 10 kDa, ethanol (Thermo Scientific Chemicals, 99.5% Extra
Dry, AcroSeal), isopropanol (IPA) (Thermo Scientific Chemicals,
99.5%), and N,N-dimethylformamide (DMF) (Thermo Scientific
Chemicals, 99.8%). The polymer solution was prepared by
mixing PVP with ethanol as the primary solvent, allowing for
concentrations ranging from 1 to 40 wt% PVP. For the sub-
strate, glass slides (Fisher Scientific, SuperFrost) were selected,
which underwent a pre-cleaning procedure involving purified
Milli-Q water and isopropanol. Subsequently, the slides were
dried using nitrogen gas and exposed to a UV ozone cleaner for
10 minutes.

2.2 Experimental procedure

Droplets with volumes ranging from 2 to 5 uL were carefully
placed onto the prepared glass slides using an Eppendorf

This journal is © The Royal Society of Chemistry 2023
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micropipette (1-20 pL) with an error tolerance of 0.3%. To
minimise the impact of air currents, the deposition took place
within a confined glass chamber. Within this chamber, a
charge-coupled device (CCD) camera (FLIR, EOS-Flea 3) was
utilised, capable of capturing images at a rate of 60 frames
per second, thereby enabling detailed observations of the
droplet’s spreading and morphological evolution during the
drying process. The temperature and relative humidity within
the chamber were measured using a data logger (RS compo-
nent), and the values ranged between 21-23 °C and 45-55% RH.

To measure the surface tension of the mixture, a custom-
built pendant drop setup was employed in an enclosed environ-
ment containing ethanol to minimise the influence of evapora-
tion. The acquired images were subsequently analysed using
Opendrop software.”” The viscosity of the polymer solution,
with concentrations ranging from 1 to 40 wt%, was determined
using a Kinexus Pro+ rheometer with a cup and bob accessory.
The measurement of film thickness and the subsequent surface
scan for morphology analysis were conducted using a Micro-
Epsilon confocal thickness sensor (IFS 2405-3).

3 Results

3.1 Final deposition morphology

When the polymer droplet is placed on a smooth glass slide, it
instantly spreads and wets the substrate. After the solvent
evaporates, a film is formed on the surface. The state of this
deposited film depends on the initial polymer concentration.
For a solution of 10 kDa PVP in ethanol, the final film
morphology is visualised as a function of initial concentration
for a 5 uL droplet, and is shown in Fig. 1.

When manipulating the concentration of the polymer, it is
notable that two distinct deposition patterns emerge. At high
polymer concentrations, such as 30 wt%, a deposit in the form
of a crater or ring is observed. Conversely, as the initial polymer
concentration decreases, the droplet exhibits complete wetting
of the surface. In this scenario, a discernible pattern emerges at
the droplet contact line.

In order to understand the spreading dynamics and the final
film morphology, properties of the solution such as surface
tension and viscosity are determined. As seen in Fig. 2a PVP
exhibits negligible surface activity, as the surface tension values
show limited variation across different concentrations. The
slight increase above 15 wt% could be attributed to exceeding
the critical overlap concentration.

The effect of polymer concentration on the solution viscosity
is shown in Fig. 2b. The viscometric properties of the polymer
solution demonstrate Newtonian behaviour, as the viscosity
remains constant across varying shear rates (refer to Fig. S1 in
the ESIf). The lowest concentration values, with a linear
dependence, is shown in the inset of Fig. 2b. The slope of the
inset to Fig. 2b is used to determine the intrinsic viscosity [u],
and the critical overlap concentration C* is calculated accord-
ing to*®

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Final droplet morphology of PVP after solvent evaporation, images
were captured 50 seconds after deposition. Each droplet, pipetted onto
the substrate, had a volume of 5 pL. Initial PVP concentrations in ethanol:
(a) 5 wt%, (b) 10 wt%, (c) 20 wt%, and (d) 30 wt%.
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Fig. 2 Measurement of 10 kDa PVP in ethanol solution properties at
22 °C. (a) Surface tension variation of PVP in ethanol plotted against PVP
concentration, obtained under controlled conditions within an ethanol-
saturated environment. (b) Dependence of polymer solution viscosity on
the polymer concentration; the inset plot presents the reduced viscosity as
a function of concentration.
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The critical overlap concentration for entanglement of polymer
coils is found to be C* = 0.104 g mL ™' &~ 12 wt% PVP with a
molecular weight 10 kDa. As seen in Fig. 2b, the viscosity
increases dramatically when C > C*.

Fig. 3 shows the increase in droplet radius over time,
followed by a subsequent plateau, for concentrations of 5, 10,
20 and 30 wt% PVP in ethanol. For polymer concentrations
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Fig. 3 Time-dependent evolution of droplet radius for 5 pL droplets with
varying PVP concentrations in ethanol, deposited on a glass slide at 22 °C.

lower than 10 wt%, the droplet undergoes more rapid spread-
ing and covers a larger surface area. This visual distinction is
evident in Fig. 1, where the droplet with 5 wt% PVP exhibits a
radius of approximately 10 mm, while the droplet with 30 wt%
PVP has a radius of only about 4 mm.

The final film morphology exhibits the formation of a ring-
like deposit when C > C*, as seen in Fig. 1. This is similar to
the well-understood coffee ring deposits that have been exten-
sively studied.*****° The formation of a coffee ring is typically
observed in droplets containing colloidal particles where the
contact line of the droplet remains pinned.” Unlike the coffee
ring, a droplet with a concentration significantly above the
critical overlap concentration is not initially pinned on a high-
energy surface, and the contact line advances, as shown in
Fig. 3. However, following the initial spreading phase, the
contact line eventually becomes pinned, possibly due to gela-
tion at the droplet edge.>* Consequently, the polymer continues
to be transported and progressively accumulates at the contact
line, leading to the formation of a ringlike deposition.

3.2 Scalloped droplet morphology

At the advancing front of the spreading droplet, scalloped edge
pattern sometimes form, as shown in Fig. 1 and Movie S1
(ESIt). This occurs when the initial concentration of the poly-
mer is below the critical overlap concentration (C < C*). Fig. 4a
shows he spreading dynamics of a 5 wt% PVP in ethanol
droplet, revealing that the accumulation of fluid occurs at the
rim, forming a liquid ridge. After an elapsed time of approxi-
mately 3 to 5 seconds, this ridge starts undulating and subse-
quently breaks into smaller droplets along the droplet’s rim.
Following complete evaporation of the solvent, the resulting
polymer deposition is characterised using an optical confocal
profilometer. A surface scan is performed specifically at the contact
line region, allowing the construction of a three-dimensional
profile. In Fig. 4b and c, the average height of the scalloped pattern
is determined to be approximately 10 £ 2 pm. The pattern is
observed to extend from the main ridge, formed during the initial
spreading phase, which is followed by a uniform thin film.
Altering the polymer concentration controls the wavelength
of the pattern formed at the droplet’s rim, as shown in Fig. 5a.
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Fig. 4 Characterisation of the edge instability in a 5 pL droplet initially
containing 5 wt% PVP in ethanol deposited on a glass slide at 22 °C.
(a) Sequential top-view images capturing the development of the edge
instability, visualised using a CCD camera. (b) and (c) 3D and 2D surface
scan depicting the final film morphology obtained through an optical light
profilometer after the droplet dried.

The wavelength is determined by approximating the distance
between consecutive peaks or valleys within the pattern. A
linear correlation is observed between the polymer concen-
tration and the wavelength of the instability. Interestingly, the
droplet volume exhibits a negligible effect on the observed
results, as comparable wavelengths are observed for both
2 puL and 5 pL droplets. The shaded area in the graph represents
the uncertainty associated with the measurements, which

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Experimental measurement showing the effect of polymer mass
fraction on the wavelength, conducted for two droplet volumes of 2 and
5 uL, with a polymer molecular weight of 10 kDa. The shaded area
represents the experimental uncertainty. (b) Regime map illustrating the
relationship between polymer molecular weight, concentration, and the
resulting morphologies observed in PVP—ethanol droplets.

increases with concentration due to the tendency of the scal-
loped pattern to coalesce further during the spreading process.

A series of experiments was conducted to construct a regime
map characterising the scalloped instability, by altering both
the concentration and molecular weight of the polymer. The
results, presented in Fig. 5b, demonstrate that the occurrence
of the instability depends on the molecular weight of the
polymer. The data show that at a lower molecular weight, e.g.,
10 kDa, the instability is observed during the polymer droplet
spreading, with a concentration reaching almost 15 wt%. In
contrast, a higher molecular weight of 55 kDa only display the
instability up to 2 wt%. The instability is suppressed when
increasing the polymer concentration, likely due to viscosity
hindering droplet spreading and promoting pinning of the
droplet. The transition between the two distinct morphologies
appears to coincide with the onset of polymer chain entangle-
ment and the critical overlap concentration.

3.3 Physical mechanism of the scalloped instability

In Fig. 6a, the droplet radius and spreading time are normal-
ised by the radius at which the droplet starts to exhibit the

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Droplet radius development as a function of time plotted in
logarithmic scale for 5 puL droplets containing different PVP concentrations
deposited on a glass slide at 22 °C; the radius is normalised by the radius at
the onset of the instability and its corresponding time. (b) A schematic
shows the stages that a dilute PVP—ethanol droplet undergoes during
spreading, causing the formation of the scalloped instability. (c) Height
profiles for different PVP in ethanol droplet concentrations show the
formation of a capillary ridge at the droplet periphery and an extended
uniform thin film.

scalloped instability and its corresponding time. However, for
concentrated droplets where the instability is not observed, the
radius is normalised using the radius at which the ridge
emerges. Fig. 6a reveals two distinct spreading dynamics asso-
ciated with the droplets. Initially, droplets follow slow spread-
ing dynamics characterised by a scaling relationship of
R ~ t'*°, Subsequently, the exponent shifts to a higher value,
and the radius follows a scaling behaviour of R ~ ¢**. The
initial spreading dynamics align with Tanner’s law.’"*> For
dilute droplets with concentrations not exceeding 15 wt%, the
duration of capillary spreading is observed to be short, lasting
approximately 1 to 1.5 seconds. The later spreading dynamic is
the period where spreading is fast and the droplet continues to
spread until the surface is completely wetted or the droplet is
pinned. The scaling relationship R ~ t"* during this stage

Soft Matter, 2023,19, 8483-8492 | 8487
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suggests that solutal Marangoni forces are dominating the
outward flow rather than capillary forces.”*>® Therefore, the
later dynamics are believed to be due to a solutal Marangoni
flow, which might also be responsible for the formation of the
edge instability at dilute concentrations.

The polymer used in these experiments, polyvinylpyrroli-
done, is hygroscopic due to the existence of hydrophilic func-
tional groups.** Fig. 2a demonstrates that PVP itself is not
surface-active, indicating its inability to induce a Marangoni
flow. However, it is plausible that the polymer contains trace
amounts of water, leading to the generation of a Marangoni
flow resulting from the differences in surface tension between
ethanol and PVP containing trace water.

Fig. 6b is employed to propose a physical mechanism
underlying the observed instability. The slow capillary spread-
ing of the droplet, observed in Fig. 6a, facilitates the transport
of polymer towards the droplet’s periphery. This changes the
local concentration within the droplet as more polymer and
less solvent are present at the edge. PVP is hygroscopic and can
absorb a significant amount of moisture, up to 40% of its
weight depending on the relative humidity.’®”” The existence
of water within the polymer matrix will increase the surface
tension locally, and its value can be assumed to be similar to
the surface tension of water ~ 72 mN m™*. Therefore, a shear
flow will be generated from the centre of the droplet to the edge
due to the differences in the surface tension (Ay = ypolymer —
Yethanot)- This additional flow manifests as the second observed
spreading dynamics in Fig. 6a, where the radius exhibits a
scaling relationship of R ~ ¢"/%.

Once Marangoni flow occurs, a capillary rim is formed at the
edge of the droplet. This capillary ridge has the structure of the
liquid cylinder extended across the contact line as seen in
Fig. 4a. Notably, a uniform thin film is observed that extends
behind the capillary rim prior to the formation of the edge
pattern, as in Fig. 6c. Marangoni shear flows change the
dynamics of the spreading as it pulls a thin film from the main
droplet edge. The thickness of this uniform thin film remains
approximately constant throughout the spreading process.>*>®
The formation of this uniform thin film at early Marangoni flow
is shown in Fig. S2 in the ESI,{ and its thickness is reported in
Fig. 6c.

The underlying cause of the observed edge instability, lead-
ing to the fragmentation of the fluid column at the droplet
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edge, has been proposed to be associated with a solutal
Marangoni shear flow. When dealing with volatile components
such as ethanol, it becomes crucial to differentiate between
thermal and solutal effects. The evaporation of ethanol can
induce evaporative cooling, causing variations in droplet tem-
perature and subsequently giving rise to a thermal Marangoni
flow. The extent to which these phenomena are influencing the
flow can be estimated Smith and Davis®® computed a critical
Marangoni number to measure the thermal effects of a hor-
izontal layer in a system with large Prandtl numbers using

h?
M Acritical = b [2)
Lo

where 7 is the shear stress at the air-liquid interface, % is the
film thickness, u is the solution viscosity and « is the thermal
diffusivity.

The analogous compositional Marangoni number can be
evaluated by replacing the thermal diffusivity with the molecu-
lar diffusivity in eqn (2). Using the values in Table 1, the
compositional Marangoni number is evaluated

1 x (1076)2
(1.8x1073) x 1011

~ 60. 3)

Magiitical =

Using the thermal diffusivity instead of the molecular diffusiv-
ity gives approximately 0.007. This indicates that the solutal
Marangoni number is likely to be dominant.

The thermal effects of an evaporating droplet can be also
estimated using the Marangoni number, which is the ratio of a
shear velocity induced by Marangoni stress to the mass loss
velocity'®

dy ATteh

Ma = —— — 12 4
“ dT ,uRmaxT ( )

dy . . . .
where ar is the surface tension variation with temperature at

the liquid-vapour surface, AT the horizontal temperature gra-
dient, ¢ is the drying time, and R, the droplet maximum
spreading radius. The Marangoni number is computed to be
between 0.06 and 0.2, which is more than two orders of
magnitude less than in systems where thermal Marangoni
forces are significant.'® Therefore, in this case the effect of
thermal Marangoni forces are assumed to be negligible.

Table 1 Experimental and calculated values for parameters used to compare solutal and thermal Marangoni flow

Parameter Value
Shear stress (1) 1-2 Pa
Film thickness (%) 1-10 pm

Viscosity (u)
Molecular diffusivity (D)

Thermal diffusivity («)

o . . dy
Variation of surface tension with temperature (é) 60
Radial temperature gradient (A7)*'

Drying time (t)
Maximum radius (Rpax)

8488 | Soft Matter, 2023, 19, 8483-8492

1.8-4.3 mPa s

10710 m?s !
8.27 x 10 ¥ m?s™*
0.101 mNm 'K

2-4 K

50s
10-15 mm
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3.4 Influence of surface wettability and evaporation rate

The appearance of the scalloped pattern is observed in the case
of dilute PVP-ethanol polymer solution droplets that are
deposited onto surfaces with high surface energy, such as a
smooth glass slide or a silicon wafer. While pure ethanol
exhibits complete wetting, when a hydrophobic substrate like
polytetrafluoroethylene (PTFE) is utilised, ethanol only partially
wets the surface, resulting in an apparent contact angle 0,p, =
31.5°. When dilute PVP solutions are employed, the droplets
also exhibit partial wetting on a PTFE substrate, exhibiting
finite contact angles that vary depending on the polymer
concentration. In these droplets, the contact line becomes
pinned, leading to the formation of a spherical cap droplet,
as depicted in Fig. S3 and S4 in the ESI.{ The contact line
remains stable, and no discernible pattern is observed at the
edge. This suggests that a combination of high surface wett-
ability and outward Marangoni shear flow is likely responsible
for this instability.

The impact of ethanol evaporation from the droplet on the
observed instability was explored by saturating the drying
chamber with ethanol vapour. The objective of this approach
was to determine whether the observed wavelength of the
instability is controlled or modulated by the evaporation rate.
Despite a considerable reduction of evaporation, the scalloped
instability still manifests at the droplet edge, as seen in Fig. S5
in the ESL{ Furthermore, the wavelength of the instability
exhibits comparable values between experiments conducted
under ethanol vapour saturation and those conducted under
normal atmospheric conditions where ethanol evaporation
occurs unhindered (Table S1 in the ESIf). This observation
suggests that even in scenarios characterised by reduced etha-
nol evaporation, the instability wavelength appears to remain
unchanged.

Ethanol, characterised by high volatility, exhibits a vapour
pressure (P,) of 6.5 kPa at a temperature of 22 °C. Substituting
ethanol with another volatile solvent, such as isopropanol (IPA),
which possesses a lower P, of 4.8 kPa, did not yield a significant
impact on the observed instability, as depicted in Fig. 7. This
can be attributed to the fact that both solvents demonstrate

1.4 T T T T 7
—~12F 1
g
G ]
< 08} % .
=
006F 1
S 04} 5 :
B 02k é O Ethanol|d

o IPA
0 \ \ . -
0 0.02 0.04 0.06 0.08 0.1

PVP mass fraction, (-)

Fig. 7 Variation of instability wavelength with PVP mass fraction for PVP-
ethanol and PVP-isopropanol (IPA) systems.
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Fig. 8 Sequential top-view images capturing the spreading behaviour of a
5 pL droplet with 5 wt% PVP in N,N-dimethylformamide, a non-volatile
solvent, on a glass slide at 22 °C. The images highlight the observed
instability at the droplet edge.

comparable surface tensions of approximately 22 mN m™" at
22 °C,%* and the Marangoni forces at play in both systems are
comparable despite differences in volatility.

Furthermore, we modified the volatility of the solvent and
the surface tension to further investigate the influence of
evaporation and Marangoni forces on the observed instability.
By selecting a solvent characterised by a low P,, it becomes
possible to examine the influence of surface tension gradients
in the absence of significant solvent evaporation. DMF is
characterised by its low volatility (with P, ~ 0.4 kPa) and
higher surface tension (y ~ 36 mN m™ ') compared to ethanol
(y ~ 22 mN m™ ). By employing a PVP-DMF mixture, evapora-
tion from the droplet is rendered negligible, thereby resulting
in a reduction of the surface tension gradient within the system
and subsequently diminishing the magnitude of the Maran-
goni forces. The surface tension gradient in PVP-DMF is
15 times smaller than that in the PVP-ethanol system. While the
droplet edge instability persists in the PVP-DMF system, the
instability appears to have a fingerlike shape, as seen in Fig. 8
and Movie S2 (ESIt). Upon depositing the droplet, multiple regions
of the droplet break the symmetry and start to exhibit an edge
instability. The fingerlike shape can be attributed to the solvents’
surface tension and wetting properties.*® While the presence of
evaporation is important to initiate a solutal Marangoni flow, the
instability wavelength appears to remain unchanged even when
lower vapour pressure solvents are used.

3.5 Suppressing the scalloped instability

It has been shown that the presence of a scalloped instability at
the droplet edge arises from the additional shear flow resulting
from differences in surface tension within the droplet. The
experimental materials, namely PVP and ethanol, were utilised
in their commercially obtained forms, and trace water can
easily be dissolved from the atmosphere into both.

Various methods exist for eliminating trace water, with
molecular sieves of type 3 A being a commonly employed
approach. The following experimental procedure was employed
to ensure the removal of water from PVP solutions: solid PVP
was initially subjected to oven drying at a temperature of 70 °C
for 1 hour, ensuring the elimination of any residual water.
Subsequently, the dried PVP was stored in a vacuum desiccator.
The polymer solution was subsequently prepared by combining
the desiccated PVP with ethanol, after which molecular sieves
were washed, regenerated, and added to the different polymer

Soft Matter, 2023,19, 8483-8492 | 8489
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Fig. 9 Top-view sequence of images depicting the suppression of the
scalloped instability in a 5 pL droplet comprising 5 wt% PVP in ethanol on a
glass substrate at 22 °C.

mixtures. The resulting solutions were then sealed within vials
using screw caps equipped with PTFE liners, and left within a
desiccator for a period of one day.

Fig. 9 illustrates the successful suppression of the instabil-
ity. Quantifying the amount of water required to initiate the
instability within the mixture is challenging; however, the
complete removal of water is shown to suppress the instability.

The droplet in Fig. 9 exhibits a reduced spreading rate and
coverage area compared to a droplet where trace water removal
was not conducted, as shown in Fig. 3. Specifically, the final
radius of the 5 wt% droplet in Fig. 9 measures 5 mm, in
contrast to the 10 mm radius observed in Fig. 3. These
observations provide further evidence supporting that a solutal
Marangoni flow serves as the underlying physical mechanism
driving this particular instability.

3.6 Instability theoretical approach

The scalloped instability, which is driven by solutal Marangoni
flow, exhibits analogous characteristics to contact line instabil-
ities in thin films driven by other forces, such as gravity and
thermal Marangoni flow.>***** The mathematical derivation is
shown in depth in the ESL{ In the main article text, we
summarise the method and quote the result.

The starting point is the Navier-Stokes equations. The
lubrication approximation is assumed valid due to the small
aspect ratio of the droplet. A steady-state condition is assumed
for the droplet, whereby the flow is governed by a constant
shear solutal Marangoni flow from the centre of the droplet to
the extended film near the contact line. This flow regime
ensures uniform film thickness near the contact line, as has
been experimentally observed. Furthermore, experimental
observations indicate that evaporation from the thin film near
the contact line is negligible, owing to the continuous flow
from the parent droplet.>*® The free interface near the contact
line is derived through the use of a classical long-wave evolu-
tion equation, based on the premise of a constant solutal

View Article Online

Soft Matter

1600 ; : ' r : r

21300} -

2

<1000 | % -

B

B

% 700 ; ; -

5]

°

%z 400} o 1

B (0] O Experiment
100 b O Predicted |

0 2 4 6 8 10 12

Polymer concentration, (wt%)

Fig. 10 Predicted and experimental wavelength of the scalloped instabil-
ity for different PVP—ethanol concentrations.

Marangoni flow, which is in accordance with previous
studies.””*>** In addition, a linear stability analysis is con-
ducted on the steady state solution, revealing that the most
unstable wavelength is determined to be 4 = 17ho(y/3puu)"?
(refer to the ESIt). Here, u is the initial solution viscosity, 7 is
the initial solution surface tension, 4, is the uniform film
thickness behind the capillary ridge, and u, is the droplet
Marangoni velocity, which are presented in Table 2. Notably,
this wavelength is similar to previous studies that have con-
sidered a constant thermal Marangoni flow in spreading thin
films on vertical substrates.>®%*%
The predicted Marangoni velocity is derived at steady state, using
E(y —7a) )1/2
2u(Ca — Cy))
Here, C is the concentration, subscript A refers to ethanol, and
B is the polymer containing trace water. E is the evaporation
rate, which for ethanol was measured experimentally from
mass loss experiments at 22 °C, as E = 1.6 x 107’ m s .
Ethanol surface tension is 22 mN m~ " and PVP containing trace
water is 72 mN m™ . The predicted velocity is calculated and
tabulated along with the predicted wavelength in Table 2.
Fig. 10 depicts the good agreement between the measured
and predicted wavelength of the observed instability in dilute
PVP-ethanol droplets.

a solvent concentration equation to be uy = (

4 Conclusions

This study investigates the spreading and evaporation
dynamics of polymer droplets comprising a hygroscopic

Table 2 Experimental parameters used for estimating the instability wavelength and the predicted values of Marangoni velocity and wavelength for

different 10 kDa PVP—-ethanol initial concentrations

Concentration Viscosity Experimental velocity Film height Predicted velocity Predicted wavelength
(Wt%) (mPa s) (um s™") (um) (um s™") (um)

1 1.15 2597 £ 240 1.4 +£0.2 1883 356

5 1.67 1753 + 220 3+0.1 1631 709

7 1.96 1555 £ 160 3.8+£0.3 1540 868

10 2.71 1322 £ 105 5.2+ 0.2 1358 1112

12 3.26 1103 £ 80 6.4 £ 0.5 1270 1316
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polymer, PVP, dissolved in ethanol on a high-energy surface.
The analysis of the final morphology of these polymer droplets
reveals two distinct edge patterns: a ringlike and a scalloped
pattern. The transition between these two patterns coincides
with the onset of the critical overlap concentration. Droplets
with low polymer concentrations fully wet the substrate and
exhibit a scalloped instability at the droplet edge. The spread-
ing dynamics of such droplets exhibit two regimes: a slow
spreading regime driven by droplet curvature and a fast spread-
ing regime driven by concentration-dependent surface tension
gradients, specifically solutal Marangoni flow. The presence of
a surface tension gradient arises from the hygroscopic nature of
the polymer, which allows for the absorption of small amounts
of water. The onset of Marangoni flow is observed during the
initial spreading regime, where the polymer is transported to
the droplet edge, creating a concentration gradient within the
droplet. This leads to the generation of an interfacial flow and
the formation of a capillary ridge at the droplet edge. The front
ridge grows due to fluid accumulation and becomes unstable,
eventually breaking into smaller droplets, forming the scal-
loped instability pattern.

Thermal effects resulting from droplet evaporation were
estimated and found to be negligible compared to concen-
tration effects. The impact of evaporation on the observed
instability is found to be small. This observation is further
supported by comparing it to another system, PVP in DMF,
where DMF is non-volatile compared to ethanol. In this alter-
native system, the edge instability is still observed with finger-
like shapes. An investigation into the influence of the substrate
reveals that this instability exclusively occurs on high-energy
surfaces, where the droplets exhibit a low apparent contact
angle. The edge instability observed in PVP in ethanol droplets
can be controlled and suppressed by removing trace amounts
of water from the solution prior to droplet deposition, thereby
eliminating any Marangoni shear flow. The long-wave evolution
equation is employed, assuming a constant Marangoni shear
flow, to predict the most unstable wavelength. The results
indicate good agreement between the predicted and experi-
mental wavelengths.

PVP-ethanol droplets investigated in this study, driven by
Marangoni flow, have the potential to cover a large surface area.
This could be advantageous for producing thin coatings, typi-
cally less than 10 pm thick, which could be used for coating
polymer solar cells without significant material wastage.
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