
Soft Matter
www.softmatter.org

ISSN 1744-683X

PAPER
Xuehua Zhang et al.
Mixed mode of dissolving immersed nanodroplets at a solid–water 
interface 

Volume 11 Number 10 14 March 2015 Pages 1853–2056



Soft Matter

PAPER

Pu
bl

is
he

d 
on

 0
6 

Ja
nu

ar
y 

20
15

. D
ow

nl
oa

de
d 

on
 0

3/
03

/2
01

5 
10

:5
0:

05
. 

View Article Online
View Journal  | View Issue
Mixed mode of d
aSchool of Civil, Environmental and Ch

Melbourne, VIC 3001, Australia. E-mail: xu
bPhysics of Fluids Group, Department of App

Fluid Dynamics, University of Twente, P.

Netherlands
cPhysics of Interfaces and Nanomaterials

University of Twente, P. O. Box 217, 7500 A
dSchool of Electrical and Computer Engine

3001, Australia

† Electronic supplementary information
reconstructed proles and contact angl
water. Also provided are the lateral di
shown in the confocal microscopy imag
images of decane under water in a ow co

‡ JW and LB contributed equally.

Cite this: Soft Matter, 2015, 11, 1889

Received 31st October 2014
Accepted 5th January 2015

DOI: 10.1039/c4sm02397h

www.rsc.org/softmatter

This journal is © The Royal Society of C
issolving immersed nanodroplets
at a solid–water interface†

Xuehua Zhang,*ab JunWang,‡b Lei Bao,‡a Erik Dietrich,bc Roeland C. A. van der Veen,b

Shuhua Peng,a James Friend,d Harold J. W. Zandvliet,c Leslie Yeoa and Detlef Lohseb

The dissolution dynamics of microscopic oil droplets (less than 1 mm in height, i.e. nanodroplets) on a

hydrophobilized silicon surface in water was experimentally studied. The lateral diameter was monitored

using confocal microscopy, whereas the contact angle was measured by (disruptive) droplet

polymerisation of the droplet. In general, we observed the droplets to dissolve in a mixed mode, i.e.,

neither in the constant contact angle mode nor in the constant contact radius mode. This means that

both the lateral diameter and the contact angle of the nanodroplets decrease during the dissolution

process. On average, the dissolution rate is faster for droplets with larger initial size. Droplets with the

same initial size can, however, possess different dissolution rates. We ascribe the non-universal

dissolution rates to chemical and geometric surface heterogeneities (that lead to contact line pinning)

and cooperative effects from the mass exchange among neighbouring droplets.
Introduction

Submicron surface droplets – also called surface nanodroplets –
refer to droplets at a solid–liquid interface that have at least one
dimension less than 1 mm. Those droplets are important in
various chemical and environmental processes, such as in oil-
assisted mineral otation, oil spill clean-up, or droplet-tem-
plated porous materials. They are also highly relevant to uid
transport in microuidics for applications across chemical
synthesis and biomedical diagnosis, amongst others.1–4

Very similar to surface nanodroplets are surface nano-
bubbles, i.e., microscopic bubbles at solid–liquid interface.5–12

An intriguing property of surface nanobubbles is their very long
lifetime up to days. The mechanism for the nanobubble
stability has been highly controversial. We think that the crucial
mechanisms contributing to the long lifetime of surface nano-
bubbles are contact line pinning and collective effects that arise
emical Engineering, RMIT University,

ehua.zhang@rmit.edu.au

lied Physics and J. M. Burgers Centre for

O. Box 217, 7500 AE Enschede, The

, MESA+ Institute for Nanotechnology,

E Enschede, The Netherlands

ering, RMIT University, Melbourne, VIC

(ESI) available: Data pertaining to the
e of nanodroplets in MMA-saturated
ameter of the different nanodroplets
es as a function of time and optical
ndition. See DOI: 10.1039/c4sm02397h

hemistry 2015
from neighbouring nanobubbles.13–15 Quantitative experiments
to probe the lifetime of these bubbles and thus their dissolution
behavior are however difficult for surface nanobubbles as it is
highly non-trivial to control the exact gas saturation level which
of course plays a crucial role for the bubble lifetime.

The theoretical framework to understand the dissolution
behavior of surface nanobubbles is equally applicable to surface
nanodroplets. The big advantage of nanodroplet dissolution
experiments as compared to surface nanobubble dissolution
studies is that the solvent concentration can be much easier
controlled and that the lifetime can be tuned more easily by
choosing a solvent with appropriate solubility, thus setting the
timescale of the process to an appropriate value, allowing for
detailed tracking of the surface nanodroplet dissolution
dynamics.

This is what we will show in the present work, i.e., we will
present our experimental results from dissolution studies of
surface nanodroplets. The formation of surface nanodroplets
was achieved through solvent exchange,16–18 akin to that
employed to generate surface nanobubbles.19–21 The
morphology of the droplets was subsequently characterised by
polymerising them to permanent stable microstructures,17,18,22

which are oen referred to as lenses because of their lens-like
shape.16–18 In particular, we examined their lateral diameter
using confocal microscopy imaging and the contact angle by
polymerising droplets at different times. The results show that
those droplets shrank both in lateral diameter and in height
during the dissolution, conrming that the pinning of the
nanodroplet boundary plays an important role, giving rise to a
mixed dissolution mode, i.e., neither the constant contact angle
mode nor the constant contact radius mode.
Soft Matter, 2015, 11, 1889–1900 | 1889
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Theoretical analysis of a dissolving
droplet

A sketch of a surface droplet, including our notation, is shown
in Fig. 1. The droplet volume

V ¼ pH(3L2 + 4H2)/24 (1)

follows from the droplet height H and the lateral diameter L.
The contact angle q expressed in terms of these quantities reads

sin q ¼ 4LH

L2 þ 4H2
: (2)

In the quasi-steady limit, the diffusion of the solute in the
solvent is the rate-limiting mechanism, which is the relevant
case for dissolution in still water. In this limit, the diffusion
equation governing the transport of a species with a concen-
tration eld c(r, z) around the droplet is then the diffusion
equation

vtc ¼ DV2c z 0, (3)

where r and z are the radial and vertical coordinates, respec-
tively, and D is the diffusion constant. At the droplet–water
interface, the solvent concentration equals the saturation
concentration cs. Far away from the droplet c(z / N) ¼ c(z /
N) ¼ cN, whereas the no-ux condition vc/vz ¼ 0 applies on the
Fig. 1 Sketch and notation of a surface droplet. L is the lateral diam-
eter, q the contact angle, H the maximum height of the droplet, and R
the radius of curvature.

Table 1 Material properties of the analysed droplets and the resulting tim

Here cs is the oil solubility in water, r is the droplet density, and D the d

Droplet liquid
cs

kg=m3

Methyl methacrylate (MMA) 15
1,6-Hexanediol diacrylate (HDODA) 0.343
n-Decane 5.2 � 10�5

1890 | Soft Matter, 2015, 11, 1889–1900
substrate surface z ¼ 0. The diffusive ux can also be specied
by Fick's law: J ¼ �DVc.

The approximate droplet dissolution in the small contact
angle limit was calculated by (ref. 23 and 24). The full problem
for any contact angle was solved by (ref. 25), using an elegant
analogy to the electric potential around a charged lens-shaped
conductor. The mass loss dM/dt of a droplet is25,26

dM

dt
¼ � p

2
LDðcs � cNÞ f ðqÞ (4)

where

f ðqÞ ¼ sin q

1þ cos q
þ 4

ð  N
0

1þ cosh 2qx

sinh 2px
tanh½ðp� qÞx�dx: (5)

Given the density r the mass M of the droplet can then be
expressed in terms of the lateral diameter L and the contact
angle q as

MðqÞ ¼ r
p

8
L3 cos

3 q� 3cos qþ 2

3sin3
q

¼ r
p

8
L3gðqÞ: (6)

From eqn (4) and (6) we can read off (apart from the prefactor
8, which we introduce for later convenience) the time scale s(L)
of the dissolution process of a droplet of lateral extension L,
namely,

sðLÞ ¼ L2r

8Dcs
: (7)

In Table 1 we give the material properties of the three droplet
liquids employed in this study and the resulting dissolution
time scales. Further quantities determining the dissolution
time are the contact angle q and the undersaturation

z ¼ 1 � cN/cs, (8)

with the maximum z ¼ 1 for pure water cN ¼ 0, with z ¼ 0 for
full saturation cN¼ cs, and z < 0 for oversaturation (which we do
not consider here).

The above dynamical equations can be analytically solved for
two limiting cases,27 namely for the constant contact angle
mode (‘CA’ for constant angle, Fig. 2b) and for the constant
contact area mode (‘CR’ for constant contact radius, Fig. 2a).

(i) CR-mode, i.e. pinned contact line and thus xed L:
Eqn (4)–(6) then reduce to
e scale s ¼ L2r
8Dcs

for a typical droplet with lateral extension L¼ 10 mmm.

iffusion constant

r

kg=m3

D

m2=s
sðL ¼ 10 mmÞ

s

936 8.8 � 10�10 0.9
1202 6.5 � 10�10 68
730 7.5 � 10�10 2.4 � 105

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Schemes of the four possible dissolution modes of a surface
nanodroplet (or a surface nanobubbles): (a) CR-mode, i.e., constant
contact radius due to perfect pinning. (b) CA-mode, i.e., constant
contact angle. (c) Stick–slide (SS) mode, i.e. the nanodroplet dissolves
in an iteration of the CR and the CA modes. (d) Jumping-mode. The
droplet first is in a CR mode, but for an angle smaller than q* jumps
towards a smaller constant radius due to sudden depinning on one
side. Due to mass conservation at the jump the droplet height and
contact angle jump up. After the jump, the droplet is again in a CR
mode, up to the next jump, finally resulting in a cascade of jumps (not
drawn).

Fig. 3 (a) Wall correction factor f(q)/(3g(q)), representing the modifi-
cation of the dissolution time scale of a hemispherical droplet with
constant contact angle q at a wall as compared to an individual
spherical droplet in the bulk. For q ¼ 90� this correction factor is 1. The
inset shows the same, but now with the correction factor on a loga-
rithmic scale. (b) The theoretical dissolution rates k(q) for MMA (red
curve) and HDODA (blue curve), assuming dissolution with constant
contact angle q throughout the dissolution (pure CA-mode). The
curves are obtained from eqn (15) with the material parameters from
Table 1, assuming dissolution in pure water (z ¼ 1). As one can see, the
dissolution rate of MMA is two orders of magnitude larger than that of
HDODA.
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dq

dt
¼ � 4Dðcs � cNÞ

rL2
ð1þ cos qÞ2f ðqÞ: (9)

This equation can easily be solved by numerical integration
and, for the case of an evaporating pinned droplet in still
ambient air, the result gives excellent agreement with experi-
mental data.26,28 Here we numerically integrate eqn (9) for a
MMA droplet in pure water (cN ¼ 0) with (constant) L ¼ 10 mm
and initial contact angle q0 ¼ 30�. From the resulting q(t) and
eqn (1) and (2) we nally obtain the time evolution of the
volume V(t) in this assumed CR mode, see Fig. 4d. We also
obtain the lifetime of about 0.25 s.

(ii) CA-mode, i.e., constant contact angle q:
We then obtain

LL
:
¼ 4ðcs � cNÞD

r

f ðqÞ
3gðqÞ (10)

which can be integrated to obtain a relationship that describes
the time evolution of the lateral diameter of the dissolving
droplet with constant contact angle q:
This journal is © The Royal Society of Chemistry 2015
LðtÞ ¼
�
L0

2 � 8ðcs � cNÞD
r

f ðqÞ
3gðqÞ t

�1=2

(11)

Note that apart from the wall correction factor f(q)/(3g(q)) this
is the same result as for the dissolution of an individual
spherical droplet or bubble with diameter L(t) in the bulk, as
rst derived by Epstein and Plesset.29

Eqn (11) can be rewritten as

L2ðtÞ
L0

2
¼ 1� t

tdiss
(12)

with the dissolution time

tdiss ¼ L0
2r

8Dðcs � cNÞ
3gðqÞ
f ðqÞ ¼ sðL0Þ 1

z

3gðqÞ
f ðqÞ (13)

As seen from eqn (13), the dissolution time quadratically
depends on the initial lateral droplet extension L0, as expected
already from eqn (7). Therefore, to better work out the univer-
sality, we rewrite eqn (11) or (12) as
Soft Matter, 2015, 11, 1889–1900 | 1891
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Fig. 4 Time evolution of various characteristic quantities of a dissolvingMMA droplet in purewater (z¼ 1) with initial lateral extension L¼ 10 mmand
initial contact angle q¼ 30� when dissolving in the fourmodesCR, CR, stick–slide (SS), and jumping. For this latter casewe assumed that the jumping
occurs at q* ¼ 10�. (a) Lateral diameter square L2. (b) Contact angle q. (c) Maximal droplet height H. (d) Droplet volume V ¼ pH(3L2 + 4H2)/24.
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L2ðtÞ ¼ L0
2 � 8Dcsz

r

f ðqÞ
3gðqÞ t ¼: L0

2 � kðqÞt: (14)

In a plot of L2(t) vs. time t the slope (i.e., the dissolution rate)

kðqÞ :¼ 8Dcsz

r

f ðqÞ
3gðqÞ ¼

L0
2

sðL0Þ z
f ðqÞ
3gðqÞ ¼

L0
2

tdissðL0Þ; (15)

which carries the dimensions of an diffusion constant (i.e., m2

s�1) and which can easily be extracted, now only depends on the
contact angle q. If q were constant and the same for all droplets
(i.e., pure CA-mode for all droplets), the slope of the curves
should be universal. In the experimental part of the paper, we
will use such plots of L2(t) vs. t to extract k for the various
droplets we will analyse.

We now discuss the wall correction factor in more detail. It is
plotted in Fig. 3a, both on a linear and on a log scale. As expected,
for q ¼ 90� it equals 1, implying that the dissolution of a hemi-
spherical droplet is identical to that of a spherical droplet, due to
the ‘image’ of the hemispherical droplet, with together with the
hemispherical droplet itself is spherical. For smaller q < 90� the
dissolution is enhanced, as then f(q)/(3g(q)) and thus k(q) becomes
larger than 1, whereas for larger q > 90� the dissolution is delayed.
As seen from Fig. 3a, this angular effect can be considerable.
Fig. 3b shows the resulting contact angle dependence of the
theoretical dissolution rates k(q) forMMA and HDODA, assuming
dissolution with constant contact angle (CA-mode).

In Fig. 4d we plotted the time dependence of the volume
V(t) for a MMA surface nanodroplet of initial lateral extension
L ¼ 10 mm in pure water (z ¼ 1), dissolving in the CA-mode
(for q¼ 30�) and compare it to above calculated dissolution in
the CR mode. The droplet lifetime is about 0.25 s in the CA
mode and about 0.18 s in a CR mode.
1892 | Soft Matter, 2015, 11, 1889–1900
In general, it must be expected that the droplets dissolve in a
combined CR–CAmode. This could be the so-called ‘stick–slide’
(SS) mode,30,31 comprising the two limiting cases in alternate
succession, as sketched in Fig. 2c. Interestingly, the lifetime of a
droplet in such a general mode is not constrained by the life-
times of the limiting cases, but can be larger.31 A fourth disso-
lution mode is what we call the jumping-mode, see Fig. 2d: it
also is a combined CR–CA mode, starting with constant contact
radius due to pinning. Here the height H and thus the contact
angle q shrink. Once the contact line suddenly depins on one
side, the contact radius jumps towards a smaller value,
implying an upwards jump in the height H and in the contact
angle q, due to mass (fL2H) conservation at the jump.

The dissolution dynamics for MMA droplets in the four
dissolution modes is compared in Fig. 4.

Experimental section
1. Chemicals and surface preparation

Octadecyltrimethylchlorosilane (OTS, >90%), methyl methac-
rylate (MMA, 99%), 1,6-hexanediol diacrylate (HDODA), and a
photo-initiator (2-hydroxy-2-methylpropiophenone) were
purchased from Sigma-Aldrich (U.S.). Toluene (AR), chloroform
(AR), ethanol (absolute, 100%) and n-decane (anhydrous, 99%)
were supplied by Merck Pty Ltd (Australia). All chemicals were
used as received unless otherwise specied. Single-sided pol-
ished silicon wafers were acquired from Mitsubishi Silicon
(U.S.) and cover glasses from Menzel-Gläser (Germany).

OTS coated silicon wafers/glasses were used as the hydro-
phobic substrates in the formation of the submicron surface
droplets. The silicon wafers or glasses were rst immersed into
freshly prepared Piranha solution (70% H2SO4–30% H2O2) at
70 �C for 30 min, then rinsed with Milli-Q water and dried in an
This journal is © The Royal Society of Chemistry 2015
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Table 2 Overview on the nine analysed cases in this paper. The
various cases are given numbers for easy reference

Droplet liquid
sðL ¼ 10 mmÞ

s Saturated
Initially
clean

Continuously
refreshing

MMA 0.9 Case 1 Case 2 Case 3
HDODA 68 Case 4 Case 5 Case 6
n-Decane 2.4 � 105 Case 7 Case 8 Case 9
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oven at 120 �C for 2 h. The dry substrates were immediately
immersed in 0.5 vol% OTS in toluene solution inside a sealed
container. Aer 12 h, the OTS-coated substrates were taken out,
rinsed with chloroform and toluene subsequentially, and then
dried.

In the formation of MMA nanodroplets, solution A consisted
of a the monomer mixture of 90% methyl methacrylate (MMA)
and 10% 1,6-hexanediol dimethacrylate (HDODA). 0.16 mL of
the monomer mixture was added into 10 mL of 50% ethanol
aqueous solution to obtain saturation of monomer in solution
A. The same monomer mixture was used to prepare solution B,
which comprised the monomer-saturated water. The nano-
droplets that precipitate out from the solutions should there-
fore consist of mainly MMA with a small fraction of HDODA.
nanodroplets of HDODA or decane, on the other hand, were
produced by using their saturated solution A and B. To aid
visualisation, the nanodroplets were uorescently dyed using
the Rhodamine 6G dissolved in the monomer at a concentra-
tion of 5 mM for the solvent exchange. It is impossible to provide
the exact chemical composition of the droplets. However, the
compositions are expected to be same for all droplets, because
those monomers are highly soluble in each other. The dye is
highly soluble in the monomer solution, too. So no segregation
effects can be expected.
Fig. 5 Confocal microscopy images of (a and b) MMA (case 1) and (c
and d) decane (case 7) surface nanodroplets in saturated water. The
lateral diameter of MMA nanodroplets in (a) are observed to change
over time, as seen after 70 min in (b). For example, MMA nanodroplets
can be seen to shrink (green circles) or even to disappear completely
(white circles). On the other hand, there is little change observed in the
size of decane nanodroplets in (c), even after 70 min, as seen in (d).
2. Formation and dissolution of nanodroplets

To form the nanodroplets on OTS-Si substrates, the solvent
exchange was performed in a custom-made uid cell with OTS-
Si substrates xed to the bottom of the cell. Briey the solution
A was rst injected into the cell, followed by solution B in
exchange for solution A at a uid rate of 0.2 mL min�1, which
then led to the formation of surface droplets. The schematic
drawing of the uid cell was shown in our previous publica-
tions16,17,32 and we do not reproduce it here.

To measure the dissolution rate, the monomer-saturated
water in contact with the nanodroplets was gradually replaced
with pure water. We examine two scenarios. In one set of
experiments, the water was kept stationary, and any perturba-
tion to the system was carefully avoided. In the other set of
experiments, pure water was ushed continuously over the
nanodroplets at a ow rate of 0.2 mLmin�1. Confocal images of
the nanodroplets (see below) were then collected at different
times to obtain information on the evolution of their lateral
diameter during their dissolution.

To measure the height and hence contact angle of the
nanodroplets, we added a photoinitiator to solution B, followed
by UV cross linking aer the nanodroplets were formed. The
polymerisation conditions (UV intensity, duration etc.) were
identical in all the experiments. The substrate with the poly-
merised nanodroplets (i.e., the microlenses) was then removed
from the uid cell for further characterisation. In the dissolu-
tion experiments, the HDODA nanodroplets were polymerised
aer 5 min, 10 min and 20 min in a ow of pure water. Our
measurements showed that the contact angle of the droplets
decreased by approximately 1� aer the polymerisation due to
the density difference between its monomer and the polymer.
This journal is © The Royal Society of Chemistry 2015
3. Characterisation of liquid and polymerised nanodroplets

Laser scanning confocal microscopy (LSCM, N-STORM, Nikon)
was used to obtain the bottom view of liquid nanodroplets. As
the LSCM only needs a very short scanning time, high contrast
images can be obtained through point illumination using a
green laser and out-of-focus light elimination by a spatial
pinhole.

The LSCM images were post processed by loading them in to
a custom-written Matlab program. The bright spots in the
images, representing the droplets, were automatically detected
and measured to extract the footprint diameter (i.e. lateral
diameter, L) of the droplets. All droplets were tracked
throughout the image sequence, so that the size evolution of
each droplet in time could be followed. Only those droplets that
could live long enough and be detected in the rst four frames
were considered for analysis. Dissolution rates were measured
by plotting the squared footprint diameter in time. A straight
line was tted to these points using a least square method.
Soft Matter, 2015, 11, 1889–1900 | 1893
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Fig. 6 Morphology of the PMMA microlenses. (a) and (b) are reflection mode optical images from nanodroplets polymerised (a) immediately, or
(b) 60 min after their formation. (c) Representative reconstructed cross-sectional profiles, determined from the color and spacing of Newton
rings from the blowups in (a) and (b). The axis Z is the distance from the lens surface to the substrate. (d) The maximum lens height versus lateral
diameter of microlenses. The uncertainty in height is 70 nm, determined by limitation of the technique.
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Images of the polymerised nanodroplets, on the other
hand, were acquired using a reection-mode optical micros-
copy. The interference pattern due to the reection between
the lens' surface and the underlying non-transparent
substrate was then used to extract the morphological char-
acteristics of those microlenses. More specically, the prole
of the microlens can be reconstructed from the color and the
spacing of the rings in the reection mode image via the
image processing.33 This method relies on a color-matching
approach in combination with known reference surfaces. The
inclusion of a non-unity refractive index in the analysis is
required. Refractive indices of 1.491 for the PMMA lenses and
1 for the surrounding air medium are used. The uncertainty in
the height is �140 nm, with an intrinsic part of 40 nm in the
reference color database33 and 100 nm due to differences in
e.g. the white balance and exposure between the measure-
ments and reference images.

High resolution images of the microlenses were also
obtained from normal contact mode AFM imaging. In partic-
ular, the morphology of the polymerized droplets were imaged
in air by using the contact mode of a MFP-3D atomic force
microscope (Asylum Research, Santa Barbara, CA), from whose
topography images allowed the reconstruction of the height,
lateral size and cross-sectional proles of the polymerized
droplets.

4. Explored cases

We did experiments with three different droplet liquids whose
material properties are given in Table 1. They have very different
1894 | Soft Matter, 2015, 11, 1889–1900
solubilities, to be able to explore different time regimes. These
are indicated by giving the time scale s(L ¼ 10 mm) for a L ¼ 10
mm nanodroplet. In addition, we employ three different ow
conditions: droplets in saturated water, droplets in initially
fresh water (which will be ‘contaminated’ by the droplet liquid
during the dissolution process), and droplets in fresh and
continuously renewed water, which will guarantee cN ¼ 0 for all
time, apart from transients in the beginning of the exchange
process. The nine cases are summarised in Table 2 and given
numbers for easy reference.
Results and discussion
1. Stable droplets

We rst show results for case 1, i.e., MMA droplets in saturated
water. Fig. 5a and b are confocal microscopy images, demon-
strating that the lateral diameter of the MMA droplets was non-
uniform, ranging from 1.5 mm to 11 mm. It is possible that
smaller droplets may also be formed but were beyond the
confocal resolution limit. It can be observed that even though
many droplets remained on the surface even aer 70 min in the
MMA-saturated water, some small droplets were observed to
have shrunk or even completely dissolved. With this method, no
growth of any droplets could be detected.

In contrast, decane nanodroplets in saturated solution (case
7) with lateral diameters between 1.5 mm and 10 mm were
observed to remain fairly stable even aer 70 min in decane-
saturated water (Fig. 5c and d). This clearly indicates that
decane nanodroplets possess superior stability compared to
This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Confocal microscopy snapshots of MMA nanodroplets at different times in still initially clean water (case 2). The circles are placed at
identical locations in all the images with different colors indicating the droplets with different initial sizes. The diameters of the circles are 5 mm
(pink), 8 mm (white), and 12 mm (green). Scale bar: 40 mm.

Fig. 8 Confocal microscopy images of dissolving MMA nanodroplets (case 2), highlighting the effect of pinning. (a) t ¼ 25 min after the liquid
exchange. (b) t¼ 50min after the liquid exchange. Green circles and white dots are placed on the same location in two images. The arrows point
to the directions of the shrinkage and the white dots indicate the pinning points. Length of the scale bar: 40 mm. (c) The sketch shows the top-
view of patches of chemical heterogeneities (grey) with more hydrophobicity, where droplets (red) sit. During the dissolution, the boundary is
pinned and the droplets jump towards a smaller footprint, as drawn by the smaller purple circles.

Fig. 9 Confocal microscopy images of MMA nanodroplets at different times under the flow of pure water (case 3). The open circles indicate
identical locations in all images with a diameter of 12 mm, whereas the filled circles that were added indicate the disappearance of the droplets in
the previous frame. Length of the scale bar: 40 mm.

This journal is © The Royal Society of Chemistry 2015 Soft Matter, 2015, 11, 1889–1900 | 1895
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their MMA counterparts. This can be explained by the much
lower solubility of decane in water compared to that for MMA,
leading to a time scale which is more than ve orders of
magnitude larger, see Table 1.

The PMMA lenses which formed from the polymerisation of
the MMA nanodroplets in MMA-saturated water (case 1), either
immediately aer their formation or 60 min later, are shown in
Fig. 6. The circular Newton rings on the PMMA microlenses
allowed for the reconstruction of their cross-sectional proles
via image processing and hence the estimation of their height.
All of the reconstructed proles are provided in the ESI.† The
ratio of height and lateral size of nanodroplets became slightly
larger aer 60 min, as shown in Fig. 6c and d. Together with the
observation of Fig. 5 that some small droplets shrink or vanish,
this suggests some Ostwald ripening type process for this
saturated liquid case: an expansion in the volume of larger
droplets with time at expense of smaller droplets. Note that we
expect such ripening process to go on also in case 7, but due to
the low solubility of decane it takes way too long to be observ-
able in reasonable time. Below we will discuss Ostwald ripening
in more detail.
2. Dissolving droplets

We now come to the case of dissolving droplets, i.e., the
surrounding water was slowly (on a time scale of two minutes
for the exchange of the full volume) replaced by a ow of pure
water. Note that we do not stir the liquid and the Peclet number
is thus much smaller than 1. Therefore the mass transfer is
determined by the diffusion equation, without any contribution
from convection. The dissolution of MMA nanodroplets was
tracked under both static and slow ow conditions of pure
water, i.e., cases 2 and 3, respectively. In case 2, solution B was
replaced by pure water aer nanodroplet formation, and kept
stationary. Fig. 7 shows that a large proportion of the MMA
nanodroplets under these conditions dissolved within 60 min.
Fig. 10 Sequential optical image of HDODA nanodroplets under the
flow of pure water (case 6). Many droplets disappeared in 20 min. The
red and blue circles indicate the same features in four images. Length
of the scale bar: 200 mm.

1896 | Soft Matter, 2015, 11, 1889–1900
For these dissolving nanodroplets their lateral diameter
gradually decreased with time. Three size groups are marked in
red, white, and green circles in Fig. 7a. The initial size of the
droplets was 5 mm (red), 8 mm (white) and 12 mm (green). The
location and size of the circles in the sequential images are the
same as they are in the rst image. The nanodroplet shrank
laterally, clearly suggesting that the three-phase contact line of
droplets moved during the dissolution. Interestingly, in all
cases the three-phase contact line moved only on one side, so
the centre of droplet shied as highlighted in Fig. 8. It is evident
that the strength of the pinning on the three-phase contact line
is not homogeneous, and the boundary moved towards the
locations with the strongest pinning. The top-view of the
dissolution process is sketched in Fig. 8c. It is hard to obtain
ideally homogeneous surfaces under our experimental condi-
tions. The heterogeneities are ubiquitous even on surfaces
prepared with extreme caution34,35 and lead to contact line
pinning.36,37

Another salient feature is that nanodroplets with the same
initial size did not dissolve simultaneously, but at different
rates. For a given initial size of 5 mm, some of the nanodroplets
had became smaller aer 25 min while others completely dis-
solved. For the initial size of 8 mm and 12 mm, the nanodroplets
became clearly smaller at the time of 30 min and 50 min,
respectively, while the others completely dissolved. We trace
this individuality of the surface nanodroplets back to different
local pinning conditions.

MMA nanodroplets were also exposed to a slow ow of pure
water (case 3). Fig. 9 shows that many of these nanodroplets had
already disappeared within 9 min. The subsequent images
could clearly reveal the extent of their lateral shrinkage during
the dissolution. They also again revealed the individuality of the
droplets. Even when similar in size, their dissolution rate varies.
For instance, the nanodroplets with a 12 mm initial lateral
diameter disappeared gradually in a time span between 6.6 min
and 8 min. As expected, the lifetime of the nanodroplets under
the slow ow of water (case 3) is considerably shorter than that
under static conditions (case 2). In the latter, the water that was
initially MMA free became increasingly rich in MMA as the
droplets progressively dissolved, thus causing the dissolution
rate to decrease with time. Since the concentration of MMA in
water (i.e., the undersaturation z) is a key parameter governing
the dissolution and hence the shrinkage of the surface nano-
droplets, the gradual replenishment of water under the slow
ow condition allows for cNz 0 and thus an undersaturation of
z z 1, facilitating faster droplet dissolution.

For comparison, nanodroplets comprising HDODA and
decane were also exposed to the same ow of pure water (cases 6
and 9, respectively). Images of the HDODA nanodroplets
obtained from the reection mode optical microscopy in the
absence of uorescent dyes are shown in Fig. 10. Whereas some
of the HDODA droplets (case 6, with a time scale about 80 times
longer than that of the MMA droplets) had dissolved within 20
min, decane nanodroplets (in ESI†) did not change noticeably
even aer 90min. This is due to the very low solubility of decane
(see Table 1), which has by far the lowest solubility of three oils
we employed, leading to a dissolution time scale s(L¼ 10 mm) of
This journal is © The Royal Society of Chemistry 2015
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Fig. 11 Plots of the squared lateral MMA droplet diameter as a function of time for the case with initially pure water (case 2, shown in (a)) and for
the case with continuously refreshing water (case 3, shown in (c)). The fluctuations in the curves presumably reflect the stick–slide behavior of
the dissolving droplets. For an overall estimate, we fitted the data to a straight line, from which the dissolution rates k for these various droplets
can be determined. They are shown in (b) for the static case 2, and in (d) for the refreshing case 3. Clearly, the dissolution rates depend on the
initial lateral diameter. In general, the dissolution rates for the refreshing case are larger than for the static case.
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more than 20 days, much larger than that of MMA and HDODA.
Clearly, given our resolution it is impossible to detect any
change in size within our observation time of 1.5 hours.
Fig. 12 Morphology of the polymerized nanodroplets. AFM images of the
water flow (case 5) at (a) 0min, (b) 5min, (c) 10min and (d) 20min. The cro
four different polymerised nanodroplets with the same lateral diameter
function of the lateral diameter were computed. The data in (f) can be ba
for different lateral diameters.

This journal is © The Royal Society of Chemistry 2015
Representative plots of the square of the lateral diameter as a
function of time t for the MMA nanodroplets are shown in
Fig. 11 under both static (case 2, Fig. 11a) and ow (case 3,
HDODA nanodroplets that were polymerised after dissolution in pure
ss-sectional profiles in (e) were extracted from the images in (a)–(d) for
. From (a)–(d) the corresponding (f) height and (g) contact angle as a
rely fitted with linear lines, because the contact angles are not constant
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Fig. 11c) conditions. The dissolution curves for all the MMA
nanodroplets (case 2 and 3) are provided in the ESI.† The
decane droplets do not visibly shrink within our observation
time, as already stated above.

Fig. 11a and c show that the square of the lateral diameter
decreases approximately linearly with time as one would expect
from eqn (14) for the CA mode. The typical dissolution rate k is
obtained from a linear t to relation (14). The dissolution rates k
varied from 0.012 to 0.043 mm2 s�1 in the static case 2, and from
0.046 to 0.258 mm2 s�1 in the ow case. The faster dissolution in
the refreshing case was to be expected as then cNz 0 is reached
aer the initial transients. The dissolution rates k as a function
of the initial lateral diameter (L0) are shown in Fig. 11b and d.
On average, smaller droplets possessed slower dissolution rates
and vice versa, clearly showing that the droplets do not dissolve
in a pure CA mode.

The plots also show that the dissolution rate (mm2 s�1) of two
different nanodroplets with the same initial diameter of 6 mm
was 0.020 mm2 s�1 and 0.012 mm2 s�1 in the static water. Two
other droplets of both 8 mmdissolved at a rate of 0.12 mm2 s�1 or
a much higher rate of 0.18 mm2 s�1 under the ow of water, thus
conrming our previous observation that the droplets of the
same size oen dissolve at different rates.

We now come to the comparison of the absolute numbers
of the dissolution rates with our above theoretical calculation,
see Fig. 3b and 4a. Lets us rst focus on the MMA droplets for
which we have the most data. We see the theoretical lifetime
(less than 1 s) is more than three orders of magnitude faster
than the measured one (several minutes). The reason for this
is that in the experiments we could not switch the MMA
concentration in water to cN z 0 instantaneously, i.e.
simultaneously with the start of the droplet dissolution. The
transient time during which the water with dissolved MMA
could be thoroughly replaced by pure water was about two
minutes. In the MMA case with its very fast dissolution
timescale of less than one second the much longer duration
for the changeover thus contributes signicantly to the life-
time of the MMA nanodroplets.

The situation is better for HDODA droplets. As shown in
Fig. 10, the time scale for HDODA droplet dissolution in pure
water is on the order of 10 min, which is comparable with the
theoretical timescale in Table 1. Due to their much longer theo-
retical lifetime as compared to MMA droplets, the duration for
changeover (about two minutes) now only counts for a smaller
portion of their measured lifetime and thus to better agreement.
We think that an even more favourable one-to-one comparison
between experiments and theory is possible for liquid droplets
with much larger lifetime than the time of the transients (here
about two minutes), though still not as long ones as those for the
practically insoluble decane. Such quantitative studies are
ongoing in our lab, but beyond the scope of the present paper,
which focuses on the qualitative features of the dissolution.
3. Morphology of dissolving droplets

The contact angles of the submicron HDODA droplets were
measured by polymerising them into microlenses in saturated
1898 | Soft Matter, 2015, 11, 1889–1900
water (case 4) to obtain the angles before the droplets start
dissolving, and at different times under slowly owing fresh
water (case 6), as previously discussed in Fig. 6. Then they were
AFM-imaged. The resulting AFM images shown in Fig. 12 reveal
that the microlenses became progressively atter with ongoing
dissolution. For example, a droplet with an initial lateral
diameter of 20 mm possessed a height of 1 mm in saturated
water, which decreased to 900 nm, 400 nm, and 300 nm aer 5
min, 10 min, and 20 min, respectively. The ratio of the
maximum height and the lateral diameter of the nanodroplet
decreased with the extent of the dissolution time. The apparent
linear relationship between the height and the lateral diameter
was discussed extensively in our recent work.18

Fig. 12g shows the corresponding contact angles across the
entire range of droplet sizes. In saturated water (case 4) the
contact angle of the droplets was between 8.9� and 12.8�. In the
ow of pure water (case 6), the contact angle decreased to 5� to 10�

and 3.2� to 6.2� aer 5 min and 10 min, respectively. It further
decreased to 0.7� to 1� at 20 min. The dependence of contact
angles on the droplet size is seen to become less pronounced, as
the range of the contact angles had become so small.
4. Dissolution mechanisms

According to eqn (14), if q were the same for all droplets, the
slope k(q) of L2 as a function of time t should be universal for all
the droplets. This, however, does not represent the dissolution
of surface droplets. Instead Fig. 9d shows that the dissolution
rates k depend on the initial droplet size, indicating that the
wall correction factor f(q)/(3g(q)) is not constant, due to the
variation in q over time. The dissolution rate was slower for the
smaller droplets. This can be understood from Fig. 12g: at time
zero, the droplets have a contact angle between 8� and 13�. Aer
10 minutes, the contact angle is between 3� and 6�, i.e., smaller
than even for the small droplets in the beginning. From eqn (14)
and the plot in Fig. 3 of the wall correction factor f(q)/(3g(q)) this
smaller contact angle implies a larger dissolution rate, just as
seen.

The decrease of contact angle as a function of the disso-
lution time can exclude the scenario that the nanodroplets
dissolve in a mode of constant contact angle. It seems to be
that the dissolution process of surface nanodroplets is in a
stick–slide mode, as sketched in Fig. 2c, where the contact
area remains constant while the contact angle is decreasing
from the dissolution or vice versa. A similar dissolution mode
was also observed for dissolving nanobubbles.13 Also a
jumping-mode is possible. Strictly speaking, as we could not
observe the decrease of the lateral diameter and the contact
angle in parallel, we logically cannot exclude that the contact
angle decreases with the three-phase contact line moving at
the same time, but we consider this scenario as very
unrealistic.

The droplet individuality of the dissolution rates of same-
sized surface droplets can have two reasons. The rst, as already
mentioned above, originates from chemical or geometric
surface heterogeneities, giving rise to different pinning
strengths at the three phase contact line. The presence of local
This journal is © The Royal Society of Chemistry 2015
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heterogeneities is evident from the manner how the lateral
diameter shrank during the dissolution. The droplet boundary
moved to a side where the pinning was strongest. Nevertheless,
given that droplets appeared to be mostly circular, the surface
heterogeneity cannot be so strong to prevent surface tension to
restore the spherical cap shape of the droplets.

An alternative mechanism for the individuality of the
dissolution rate could arise from the cooperative effect between
neighbouring droplets. In other words, the droplets do not
dissolve independently, but crosstalk with other droplets
through diffusion. Similar cooperative effects were observed
and analysed for evaporating droplets.38,39 Such cooperative
effect is due to dissolving neighboring droplets which change
the concentration eld seen by a droplet. It thus is conceivable
that each nanodroplet surrounded by others dissolves at a
different rate, given that their local environment differs from
that of the other droplets in the system. It is difficult to quantify
the extent of such cooperative effects on the dissolution rate of
individual droplets in our system, due to their polydispersity
compounded by the evolution of their size and the distance with
their neighbours during the dissolution. In any case, the
crosstalk between the droplets is obvious.

Also the already above mentioned Ostwald ripening of some
droplets is a form of cross-talk. Indeed, our results that small
surface droplets became smaller or disappeared suggest the
undergoing of Ostwald ripening processes in the system.
Although the lateral diameter of the big droplets did not visibly
increase presumably due to pinning, the height of those big
droplets may have grown at expense of smaller droplets, leading
to a slightly larger contact angle with time as shown in Fig. 6. On
the other hand, the pinning of the three phase contact line may
also slow down the Ostwald ripening, similar to the case for
surface nanobubbles.13,14 Potential approaches for future
experiments to minimize the cross-talk between nanodroplets
during the dissolution process would be to create nanodroplets
with low number density, so that they are far apart from each
other. An extremely low solubility of the droplet liquid in the
surrounding liquid can also minimize the cross-talk between
the droplets.
Conclusions

We show in this work that the dissolution rate of surface
nanodroplets is closely related to the solubility and saturation
level of the droplet phase in its surrounding liquid phase. In
particular, we observed that both the lateral size and the
contact angle of the surface nanodroplets decrease during the
dissolution, thus suggesting that the nanodroplets shrink
neither in the CA mode nor in the CR mode, but in a mixed
mode. Our ndings reveal that the dissolution rate is faster
for droplets with larger initial sizes, although the droplets
with the same initial size can dissolve at different rates,
exhibiting individualism in their stability. These non-
universal dissolution rates can be attributed to the local
surface heterogeneity and/or cooperative effects among
multiple droplets.
This journal is © The Royal Society of Chemistry 2015
This work clearly also sheds light on the stability mechanism
of surface nanobubbles, which we suspect to be analogous to
surface nanodroplets, as the dissolution process is governed by
the very same equations. In particular, we expect that the
pinning on the contact line, cooperative effects from neigh-
bouring bubbles, and the imposed initial gas concentration
prole also play signicant roles in the extended lifetime of
nanobubbles.
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