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ABSTRACT: The surface tension of a freshly extruded pendant drop of a
nanoemulsion, 4-cyano-4′-hexylbiphenyl or 6CB (a liquid crystal) in water, exhibits
an unusual surface nucleation phenomenon. Initially the surface tension is that of pure
water; however, after a surface nucleation time, the surface tension decreases suddenly
in magnitude. This nucleation time, of hundreds to thousands of seconds, depends
strongly upon (i) the 6CB concentration in water, (ii) the 6CB nanodroplet size, and
(iii) the temperature. Similar behavior is observed in both the isotropic and nematic
phases of 6CB; thus, this surface nucleation phenomenon is unrelated to this system’s
liquid crystalline properties. The observed surface nucleation behavior can be
explained via considerations of the nanoemulsion’s bulk entropy together with the
number of 6CB nanodroplets in the vicinity of the surface.

1. INTRODUCTION
Nucleation at surfaces, and within conﬁned systems, has been
the subject of extensive study in the past. Wetting layer
nucleation at the noncritical surface of a critical binary liquid
mixture was quantiﬁed many years ago.1,2 Herminghaus et al.3
quantiﬁed the spinodal dewetting of unstable ﬁlms initiated by
the heterogeneous or homogeneous nucleation of holes in that
ﬁlm while, very recently, Campbell and Christenson4 observed
the nucleation of crystals from a saturated vapor phase in
conﬁned pores.
In this publication, we report the experimental observation
of a new type of surface nucleation behavior found at the air−
liquid surface of a nanodroplet emulsion. The nanodroplet
emulsion that was selected in these initial experiments is
perhaps more complex than one would have desired as it
consists of nanodroplets of a liquid crystal in water.
Nevertheless, we demonstrate that the experimental properties
that are observed can be successfully explained by simply
considering generic binary liquid mixture properties of the
nanoemulsion without having to explicitly account for any
liquid crystalline characteristics. We expect that this surface
nucleation behavior is a generic property of nanodroplet
emulsions and hence that it should be very common in nature.
Figure 1 schematically illustrates the generic surface nucleation
process that is expected to be present in nanodroplet
emulsions. The emulsion consists of nanodroplets of oil,
dispersed in water (Figure 1a). A proportion of the oil
droplets, Ns/Nb, are in the vicinity of the air−water interface
where Ns (Nb) is the number near the surface (in the bulk
phase). At the beginning of the experiment, the oil droplets in
the vicinity of the surface are entirely encompassed within the
© 2021 American Chemical Society

Figure 1. (a) Initial air−water surface in contact with a nanodroplet
emulsion (blue circles = nano-oil droplets). (b) A nanosurface droplet
has undergone a nonclassical surface nucleation event (blue oval
shape at air−water surface). (c) Enlargement of part a depicting an
initial surface oil droplet at the air−water surface a distance h from the
air−water surface. (d) Enlargement of a nano-oil droplet in
mechanical equilibrium at the air−water surface where the contact
angles α and β obey the Neumann−Young equations (eqs 1a and 1b),
and γi and Ai are, respectively, the surface tension and area of interface
i, while τ is the line tension, and rl is the lateral radius of the oil
droplet.
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Figure 2. (a) Mean 6CB droplet diameter d in water (4 mM) as a function of solution aging. Insets: pendant drop tensiometer setup used in the
surface tension measurements (upper); microscopic interferogram of a 6CB droplet at an air−dispersion surface, scale bar = 30 μm (lower). (b)
Liquid/vapor surface tension γ variation with time t for an emulsion of 6CB droplets in a water droplet at two diﬀerent 6CB concentrations for 6CB
nanodroplet diameter d = 800 nm.
meticulous preparation method (Method B) was required in order to
prepare droplets of diﬀering diameters in an aqueous solution.
Method A. The 4-cyano-4′-hexylbiphenyl, 6CB, (>98%) was
purchased from Tokyo Chemical Industry and used as received. At
room temperature, 6CB is in the nematic liquid crystalline phase and
is partially soluble in water (solubility in water6 3.2 × 10−5 g/L).
Nanoemulsions of diﬀering 6CB concentrations in water are prepared
using the following procedure. A 4 mM 6CB dispersion in water, for
example, is prepared by mixing 10.6 μL of 6CB in 10 mL of deionized
water. This solution is shaken vigorously for 30 s followed by
sonication at 40 kHz at maximum power in a Branson Company
Model 3800 sonication bath for 30 min. This step is repeated 4 times.
The solution is milky due to the formation of a nanoemulsion of 6CB
droplets in water. The mean diameter d of 6CB droplets in water, as
conﬁrmed by dynamic light scattering (Figure 2a), is found to be
∼800 nm and independent of time.
Method B. Changes in the sonication power and sonication bath
height allow one to control the 6CB dispersion droplet size (Table 1).

water phase; thus, their eﬀective contact angle with the air−
water surface is 180° (Figure 1c). However, as γo < γw, where
γo (γw) is the air−oil (air−water) surface tension, this surface
droplet will make a ﬁnite contact angle lens at this interface
when in mechanical equilibrium, as schematically depicted in
Figure 1d. The contact angle α + β for this lens (where angles
α and β are deﬁned in Figure 1d) will depend upon γw, γo, as
well as the magnitude of the oil−water interfacial tension γow
and the line tension τ at the three-phase oil−water−air contact
line. For suﬃciently small droplets, so that gravitational eﬀects
can be ignored, the surface tensions, line tension, and contact
angles must obey the Neumann−Young equations with5
τ
γo cos α + γow cos β = γw −
rl
(1a)
γo sin α = γow sin β

(1b)

Table 1. Sonication Power, Bath Height, and 6CB Droplet
Diameter

where rl is the lateral radius of the droplet. In transforming
from Figure 1c to Figure 1d, the volume of the oil droplet is
conserved. The transformation from Figure 1a to Figure 1b
illustrates the “nonclassical” surface nucleation event described
in this publication where a single surface nanodroplet
transforms from a spherical droplet, within the water phase,
to a surface lens at the air−water interface. It takes time, the
surface nucleation time tN, for a nanodroplet to undergo this
transformation. The purpose of this publication is (i) to
experimentally quantify tN which is found to depend upon the
bulk concentration x of oil in the water phase, the 6CB
nanodroplet diameter d, as well as the temperature T; and (ii)
to provide a theoretical explanation for these experimental
observations.
This publication is organized as follows. Section 2 describes
the experimental technique, methods, materials, and results for
the surface nucleation of oil nanodroplets at the air−water
surface of a nanoemulsion. In section 3, the interplay between
surface interactions and wetting phenomena is described as a
prelude to a discussion of surface nucleation. Section 4 outlines
a theory for nonclassical surface nucleation and compares this
theory with the experimental results. The paper concludes with
a summary and discussion of the experimental and theoretical
results (Section 5).

sonication power P at f = 40 kHz (W)

H (mm):V (L)

90−100
120−130
120−130
120−130
150−160
150−160

20:0.93
40:1.86
30:1.395
20:0.93
40:1.86
20:0.93

diameter d (nm)
1632
1184
832
641
525
403

±
±
±
±
±
±

258
158
107
76
101
96

In order to prepare a particular dispersion droplet size, the 6CB +
water solution was shaken vigorously for 20 s followed by sonication
at a power P and height H (Table 1) at 40 kHz for 10 min using a
Powersonic 605 instrument from Hwashin Technology Company.
This step was repeated 6 times. (The Powersonic 605 instrument
possesses an internal bath length and width of 300 and 155 mm,
respectively. The sonication bath volume V is changed by varying the
liquid bath height H.) Droplet dispersions, for all 6CB droplet sizes
studied, were found to be stable as a function of time. 6CB droplets in
water are expected to be negatively charged7 which probably plays a
role in the droplet dispersion stability.
Surface Tension Measurements. Dynamic surface tension
measurements γ(t) of a 6CB dispersion in water (Figure 2b), at
various bulk 6CB concentrations, were measured in a chamber at a
temperature either below (22.0 ± 0.1 °C, room temperature) or
above (32.0 ± 0.1 °C) the isotropic/nematic transition via the
pendant drop technique.8 The chamber humidity was kept high
(∼55%) throughout the experiment to minimize water evaporation;
droplet volume changes were less than 1%/h at room temperature.
For 6CB, the isotropic/nematic transition temperature TIN = 28.3

2. EXPERIMENTAL METHODS AND RESULTS
Sample Preparation. Initially, a simpliﬁed preparation method
(Method A) was used to prepare 6CB droplets, of diameter d ∼800
nm, in an aqueous solution. Later, it was realized that a more
9589
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°C.9 Figure 2a (upper inset) schematically depicts the tensiometer
setup (Ramé-Hart Instrument Co., Model 250 with DROPimage
Advanced software).
Microscopic Reﬂection Interferometry. Interferograms at
wavelength λ = 530 nm (Figure 2a, lower inset) of small ∼25 μL
6CB droplets deposited onto the air−liquid surface of a 10 mM 6CB
dispersion in water enabled the internal droplet contact angle α + β =
0.22° ± 0.04° to be measured. Interferograms were measured 1−2 h
after the initial 6CB droplet deposition in order to allow for any liquid
disturbances to dissipate.
Experimental Results. Figure 2b depicts the time variation of the
liquid−vapor surface tension γ for a dilute emulsion of 6CB droplets
of diameter d ∼800 nm dispersed in a water droplet at two diﬀerent
6CB concentrations, 0.4 and 4 mM. These surface tension
measurements were obtained using the pendant droplet technique
where, at time t = 0 s, a pendant droplet of volume Vp ∼14 μL
consisting of a 6CB dispersion in water, prepared using Method A,
was dispensed from a syringe and suspended in air from a stainless
steel needle. An analysis of the shape of the suspended droplet allows
one to determine the surface tension variation with time shown in
Figure 2b. At t = 0, the droplet exhibits a surface tension close to that
for pure water where, after a surface nucleation time tN, the surface
tension abruptly starts to decrease with time. The surface tension
eventually reaches its equilibrium value γ ≈ 66.15 mN/m, which is
independent of the 6CB concentration, after a decay time tD. Figure
2b demonstrates that although the initial and ﬁnal surface tensions are
independent of the concentration x of 6CB in water, both tN and tD
depend sensitively upon this 6CB concentration. In the following, all
6CB concentrations have been converted to volume fractions
determined from

general bulk and surface properties of 6CB, relative to water, rather
than speciﬁcally due to the liquid crystalline nature of 6CB. Figure 3
also depicts a rather similar behavior for tN as a function of ϕ for
diﬀering 6CB droplet diameters of d ≃ 400 nm (orange squares) and
d ≃ 1200 nm (green triangles). In the following, the d ≃ 800 nm data,
which is the most well characterized, will be primarily discussed. The
other 6CB droplet diameters (d ≃ 400 and 1200 nm) will be
discussed later.

3. WETTING TRANSITIONS AND SURFACE
INTERACTIONS
Wetting phenomena and surface interactions are discussed in
this section so that the reader more fully understands the
conditions under which surface nucleation is occurring in
Figure 3. Short- and long-ranged surface interactions play an
important role in determining the type of wetting (partial,
pseudopartial, or complete wetting) that can occur at a liquid−
vapor surface and, as a consequence, whether a wetting
transition is ﬁrst or second order and, correspondingly,
whether or not surface nucleation is possible.10−13 For our
system, the relevant surface tensions (γw, γ6CB, and γ6CB−w),
refractive indices (n), and static dielectric constants (ε(0)) are
listed in Table 2 at a temperature of 25 °C. The spreading
coeﬃcient is deﬁned as12
S = γw − (γ6CB + γ6CB−w )

where Vi is the volume of component i, x is the 6CB concentration in
mM, and the molecular weight and density of 6CB are, respectively,
MW6CB = 263.377 g/mol and ρ6CB = 1.008 × 103 kg/m3. Within this
pendant droplet of volume Vp, the number of 6CB droplets in this
nanodispersion is given by

N = 6ϕVp/πd

(4)

Table 2. Surface Tension, Refractive Index, and Dielectric
Constant at 25 °C

ϕ = V6CB/(V6CB + Vw) ≈ 10−3MW6CBx /ρ6CB = 2.613 × 10−4x
(2)

3

Article

water
6CB
6CB−water
a

γ (mN/m)

n

ε(0)

71.9717
32.8,9 33.94a
16.2a

1.332517
∼1.618

77.93617
9.519

Our measurements.

(3)

In the partial wetting region, S < 0, and a droplet would
possess a ﬁnite, nonzero contact angle θ at a liquid−vapor
surface. The data in Table 2 indicate that S > 0 for our system;
consequently, the short-ranged surface tension forces dictate
that the air−water surface will be covered by a 6CB layer, of
thickness l, when in mechanical and thermodynamic
equilibrium. This layer thickness is also inﬂuenced by the
long-ranged van der Waals surface energy, which varies as W/l2
in the nonretarded regime. If the Hamaker constant W < 0 (W
> 0), then the van der Waals interaction thins (thickens) this
surface layer, and the system is in the pseudopartial (complete)
wetting regime. In the pseudopartial wetting regime, a droplet
at the surface will be in coexistence with this mesoscopic
surface ﬁlm, whereas in the complete wetting regime, the
contact angle of any surface droplet is zero, and the surface ﬁlm
thickness is divergent (l → ∞). The Hamaker constant
W ≈ Wν = 0 + Wν > 0
(5)

The quantities N, ϕ, and d all play an important role in the surface
nucleation process, as described below.
The variation of tN with 6CB volume fraction ϕ is shown in Figure
3 (blue open circles for d ≃ 800 nm). Similar nucleation times are
found both above (red open circles, Figure 3) and below (blue open
circles) TIN; therefore, the variation of tN with ϕ is the result of

is to a good approximation the sum of a zero frequency Wν=0
and an optical frequency Wν>0 contribution. Wν=0 ∝ ε(0)w −
ε(0)6CB (Wν>0 ∝ nw2 − n6CB2) depends upon the dielectric
constant (refractive index squared) diﬀerence,14 which
determines the sign of this contribution. (A comment on
notation: the Hamaker constant used by Israelachvili,14 A, is
related to our deﬁnition of the Hamaker constant via W = −A/
12π; hence, A and W are of opposite signs.) According to
Table 2, Wν=0 > 0 (Wν>0 < 0) tends to thicken (thin) the 6CB

Figure 3. Variation of surface nucleation time tN with 6CB volume
fraction ϕ and 6CB droplet size d: d ≈ 400 nm (orange squares), 800
nm (blue circles), and 1200 nm (green triangles) at T = 22 °C (where
T < TIN) and d ≈ 800 nm (red circles) at T = 32 °C (where T > TIN).
The solid lines are best ﬁts to eq 26 as described in the text.
9590
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ﬁlm. In most situations, Wν>0 is the dominant contribution and
normally determines the sign of W. From section 13.5 in
Israelachvili14 and the data in Table 2, assuming a UV
absorption frequency νe = 3 × 1015 s−1 and temperature T =
300 K, the Hamaker constant for a 6CB ﬁlm at the air−water
surface is W = −1.0 × 10−21 J. In other words, our system is in
the pseudopartial wetting regime with S > 0 and W < 0; this
determination is consistent with our experimental observations
that at late times a 6CB droplet placed at the air−dispersion
interface possesses a ﬁnite contact angle with internal contact
angle α + β = 0.22° (Figure 2a, lower inset) while the surface
tension measurements indicate that such an air−dispersion
interface will be covered with a 6CB ﬁlm of surface tension
66.1 mN/m (Figure 2b).
The wetting of the air−water surface, by an oil (n-pentane or
n-hexane), has been extensively studied in the past. For a
droplet of pentane deposited at the air−water surface, a
second-order wetting transition was observed at a wetting
temperature Tw2,15 whereas for a hexane oil droplet, both a
ﬁrst-order and second-order wetting transition were observed
at wetting temperatures Tw1 and Tw2, respectively, where the
values for Tw1 and Tw2 could be controlled via the addition of
NaCl to the aqueous phase.16 Tw1 arises from a change in sign
of S where below (above) Tw1 the system is in the partial
(pseudopartial) wetting regime. Tw2 arises from a change in
sign of W (for S positive) where above Tw2 the system is in the
complete wetting regime. This particular n-alkane/water
system is rather unusual because n(oil) ≃ n(water), and a
change in sign of Wν>0 can be induced via a change in
temperature which correspondingly leads to a change in sign of
W with temperature. For our 6CB−water system, the refractive
index diﬀerence Δn = n(oil) − n(water) is a factor of 10 larger
than for the alkane−water system; hence, our 6CB−water
system will not be near any thermally induced second-order
wetting transition. Second-order wetting transitions are
continuous surface phase transitions where l increases
continuously upon approaching Tw2. Accompanying this
continuous change in l will be a continuous change in the
surface tension of the oil-coated air−water surface. First-order
wetting transitions possess a very diﬀerent physical character in
comparison with second-order wetting transitions. Below
(above) Tw1, at equilibrium, the surface is covered with an
adsorption layer (wetting layer of thickness l). Hence, at Tw1
(when in equilibrium), there is an abrupt change from a
nanoscopic adsorption layer to a mesoscopic wetting layer of
thickness l. This discontinuous change in the layer thickness is
accompanied by a change in the slope of the surface tension.
At temperatures above Tw1, it is possible to trap the surface in
the metastable adsorption state. For a surface trapped in a
metastable adsorption state to reach its equilibrium wetting
state, the system must overcome a surface nucleation barrier
associated with the formation of the wetting phase. It takes
time, the nucleation time tN, to surmount this surface
nucleation barrier. The abrupt change in the behavior of the
surface tension at nucleation time tN, exhibited in Figure 2b, is
indicative of a ﬁrst-order wetting transition with the creation of
a new wetting phase.
A complication for the air−water and oil−water surfaces is
that hydroxyl ions (OH−) preferentially adsorb at both of these
surfaces, and hence, these surfaces are known to be negatively
charged.7 The wetting transitions Tw1 and Tw2, observed for an
n-hexane droplet deposited at the air−water surface, were
consequently a sensitive function of the concentration of NaCl

Article

in the aqueous phase16 due to these surface charging eﬀects.
The ramiﬁcations of surface charging on surface nucleation
phenomena are discussed later in this publication.

4. THEORY OF NONCLASSICAL SURFACE
NUCLEATION IN NANOEMULSIONS
We start by discussing surface nucleation in the absence of any
surface charging; surface charging will be introduced at the
appropriate place. Our most well-studied sample is for d ≃ 800
nm (Figure 3, blue circles); thus, we start by discussing this
sample ﬁrst. The surface nucleation time tN decreases by a
factor of ∼25 as the bulk 6CB volume fraction ϕ changes from
3 × 10−5 to 8 × 10−3 (x = 0.1−30 mM) . This dependence of
the surface nucleation time upon bulk dispersion volume
fraction has never been reported in the past, as far as the
authors are aware. In this section, we attempt to ascertain the
principal factors that lead to the behavior observed in Figure 3.
To place these experiments in context, we ﬁrst brieﬂy review
traditional classical surface nucleation. In classical surface
nucleation, the initial surface state, of free energy Gis, is
metastable and possesses a higher free energy than the
equilibrium surface state, of free energy Gfs. These two free
energy states are separated by a free energy barrier of height
i
m
ΔGs = Gm
s − Gs where Gs is a free energy maximum which
i
f
separates Gs from Gs. It takes time for the system to “tunnel”
through this free energy barrier to reach the ﬁnal equilibrium
state. The surface nucleation time, in this situation, is given by
t N = toPs−1

(6)

where the probability for surface nucleation
Ps ∝ exp( −ΔGs /kBT )

(7)

to = 1/fo, fo is the nucleation attempt frequency, and kBT is the
thermal energy. In homogeneous classical surface nucleation
ΔGs is related to the energy involved for random thermal
ﬂuctuations to create a surface nucleus greater than a critical
size Vc. Fluctuations with volume V > Vc grow, whereas
ﬂuctuations with V < Vc shrink. A form for ΔGs is given in
earlier work.1 ΔGs consists of various surface energy terms and
does not exhibit a coupling to the bulk volume fraction ϕ. For
classical nucleation to be the explanation for the surface
nucleation phenomena observed in this publication, 6CB
molecules in the aqueous phase would need to cluster together
in the vicinity of the air−water surface and form a surface
nucleus greater than the critical size. In such a situation, at
ﬁxed ϕ, the nucleation time tN should not depend upon the
6CB droplet size d. As tN does depend upon d (at ﬁxed ϕ) in
Figure 3 classical surface nucleation is not believed to be the
explanation for the phenomenon observed herein.
For a nanoemulsion, surface nucleation is expected to occur
via a radically diﬀerent mechanism compared with classical
surface nucleation, which we have therefore called nonclassical
surface nucleation. In a nanoemulsion, the initial metastable
state (Figure 1c) has energy
Gsi = 4πr 2γow + A x γw

(8)

where r is the radius of a typical emulsion droplet while
A x = πrl 2 is the cross-sectional area of the lens at the air−
water surface (Figure 1d). The ﬁnal state schematically
depicted in Figure 1d, which initiates the sudden decrease in
the surface tension γ at time tN, has energy
9591
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Figure 4. (a) Plot of nucleation time tN versus ϕ−2/3 for the data in Figure 3 using the same color coding: d ≈ 400 nm (orange squares), 800 nm
(blue circles), and 1200 nm (green triangles) at T = 22 °C and d ≈ 800 nm (red circles) at T = 32 °C. (b) Plot of tNϕ2/3 versus ϕ on a semilog
scale where the solid line is a best ﬁt to eq 26 as described in the text.

Gsf = Aoγo + Aow γow + τ 2πrl

t N = Bϕ−2/3

(9)

where B is expected to be a constant independent of bulk 6CB
volume fraction.
Figure 4a demonstrates that tN is, to a reasonable
approximation, a linear function of ϕ−2/3 for the three diﬀering
values of d. In Figure 4b, tNϕ2/3 is plotted as a function of ϕ
where the weak dependence upon concentration, in this ﬁgure,
indicates that some element is missing from eq 14. For
example, for d ≃ 800 nm (Figure 4, blue circles), eq 14 largely
accounts for the factor of ∼25 change in tN exhibited in Figure
4a where B1 ≃ (6 ± 3) s from Figure 4b.
In reality, eq 10 is an approximation that assumes that the
change in the bulk Gibbs free energy ΔGb is zero. In fact it is
impossible to separate out the surface free energy from the
bulk free energy because, in the nucleation process, the surface
is populated from a droplet that originates in the bulk (or near
surface). The change in the total free energy is therefore

where Ao (Aow) is the area of the air−oil (oil−water) surface of
the lens depicted in Figure 1d. The volume of the nanodroplet
is conserved in going from Figure 1c to Figure 1d where, to
ensure a thermodynamic driving force for surface nucleation,
Gis > Gfs. The evolution of a nanoemulsion drop from Figure 1c
to Figure 1d is a complicated hydrodynamic process driven by
an attractive van der Waals force between the oil nanodroplet
and the air−water surface and a repulsive double layer force
due to the negative charge on the air−water and oil−water
surfaces where this surface charging is screened by counterions
in solution. This physical situation is analogous to the DLVO
theory14 for the coalescence of two charged oil droplets in
water except that, in the current situation, we are considering
the coalescence of a charged oil droplet with the charged air−
water surface. In analogy to eqs 6 and 7, for the current
scenario, the nonclassical surface nucleation time is given by
ÄÅ
É
ÅÅ ΔGsnc ÑÑÑ
1
Å
ÑÑ
t N = expÅÅÅ
Ñ
fo ÅÅÇ kBT ÑÑÑÖ
(10)

ΔGtot = ΔGsnc + ΔG b

The bulk free energy Gb is an extensive quantity, which
depends upon the number of 6CB droplets N (≡ Nb) in the
bulk phase. Normally, for a semi-inﬁnite bulk phase in contact
with the surface, a single surface nucleation event would have a
negligible inﬂuence on the bulk free energy Gb because N, in
this case, would be very large. In the current experiments, the
bulk phase (pendant droplet) is ﬁnite, rather than semi-inﬁnite,
where in addition the 6CB concentration is small. Hence, a
single surface nucleation event will have a measurable inﬂuence
on N and therefore on Gb. The change in the bulk Gibbs free
energy ΔGb consists of an interfacial free energy term ΔGI, an
entropy term −TΔS, and a chemical potential term μΔN,
speciﬁcally

(11)

where R is the radius of the pendant droplet (i.e., N is
proportional to the volume of the pendant droplet). The
number of 6CB droplets in the vicinity of the surface will be
proportional to the area of the pendant droplet, namely

Ns ∝ R2

ΔG b = ΔG I − T ΔS + μΔN

(12)

(17)

The interfacial free energy term is equal to the change in
interfacial energy between Figure 1a and Figure 1b; this term is
not expected to depend upon ϕ because only a single 6CB
nanodrop has undergone a change in interfacial energy. Note
that eq 17 neglects interactions between charged 6CB
nanodroplets in the bulk aqueous phase; hence, this equation
is equivalent to an ideal gas assumption (in the bulk) which
will be valid at low ϕ but may fail at higher ϕ.

and, therefore from eqs 11 and 12
Ns ∝ N 2/3 ∝ ϕ2/3

(15)

and a more appropriate equation, in comparison with eq 10, is
ÅÄÅ
ÑÉ
Å ΔG nc + ΔG b ÑÑÑ
1
ÑÑ
t N = expÅÅÅÅ s
ÑÑ
ÅÅÇ
fo
kBT
ÑÖ
(16)

where ΔGnc
s is the nonclassical free energy barrier separating
the surface states depicted in Figure 1c,d. ΔGnc
s is expected to
be independent of 6CB volume fraction ϕ as ΔGnc
s is related to
a single 6CB sphere undergoing this transition. Thus, the ϕ
dependence of tN, observed in Figure 3, can only enter via fo.
The nucleation attempt frequency fo will be proportional to the
number Ns of 6CB nanodroplets in the vicinity of the surface
where Ns will depend upon bulk 6CB volume fraction. In the
following, we provide an estimate for Ns. The total number of
6CB droplets in the pendant droplet

N ∝ R3

(14)

(13)

as N is proportional to ϕ (eq 3).
Thus, this simple analysis suggests that (at constant
temperature)
9592
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Figure 5. (a) Plot of nucleation time tN versus 1/T on a semilog plot at ﬁxed ϕ = 0.000 53 and various 6CB droplet diameters d ∼403 nm (purple),
832 nm (brown), 1184 nm (black), and 1632 nm (green) . (b) Plot of ΔGtot
s versus d determined from the slope of the lines in Figure 5a. The red
line is a linear ﬁt to eq 25 as described in the text.

system, μ will be a function of d and therefore a function of N.
Here, the chemical potential is calculated using a thermodynamic identity as well as eqs 3 and 19; thus

The entropy term depends upon the number of diﬀerent
ways that the oil phase can be arranged within the system. In
the case of a colloidal oil dispersion in water, the conﬁgurational entropy can be derived from a statistical analysis of the
number of oil droplets:20
S=−

NkB
[ϕ ln ϕ + (1 − ϕ) ln(1 − ϕ)]
ϕ

i dS yz
zz
μ = −T jjj
k dN {U , Vp
ÅÄÅ
ÑÉÑ
ÅÅ
ÑÑ
ij ∂S yz
i
y
ϕ
∂
ÅÅij ∂S yz
jj zzÑÑÑ
= −T ÅÅÅjj zz
+ jjj zzz
j zÑÑ
ÅÅÅk ∂N {U , Vp , ϕ k ∂ϕ {U , Vp , N k ∂N {ÑÑÑ
ÅÇ
ÑÖ

(18)

where N is the number of oil droplets in the colloidal
dispersion, and ϕ is the volume fraction of the dispersed oil
phase in water. The number of arrangements accessible to the
oil phase in an emulsiﬁed state is greater than in a
nonemulsiﬁed state; however, if an emulsiﬁed state is
thermodynamically unstable, then the system always prefers
the formation of separated phases.21 The entropy change
between the ﬁnal and initial states is therefore
ΔS = Sf − Si =

= −εkBT[ln ϕ − ln(1 − ϕ)]

Therefore, the nucleation time is expressed as
ÄÅ
É
ÅÅ ΔGstot ÑÑÑ
−2/3
Å
ÑÑ
Å
t N = B1ϕ
expÅÅ
Ñ
ÅÅÇ kBT ÑÑÑÖ
ÄÅ
ÅÅ Nε
expÅÅÅÅ−
[ϕ ln ϕ + (1 − ϕ) ln(1 − ϕ)]
ÅÇÅ ϕ
ÉÑ
ÑÑ
2
+ Nε [ln ϕ − ln(1 − ϕ)]ÑÑÑÑ
ÑÑÖ

NεkB
[ϕ ln ϕ + (1 − ϕ) ln(1 − ϕ)]
ϕ
(19)

where ε is the fractional change in the number of initial oil
droplets. The above analysis assumes that the volume fraction
is not changed (i.e., ϕi = ϕf ≡ ϕ), and the number of oil
droplets decreases from an initial value of Ni to a ﬁnal value of
Nf = Ni(1 − ε) ≡ N(1 − ε). The number of oil droplets in the
bulk decreases, and hence, the number of conﬁgurations is
reduced (i.e., the entropy change is always negative) because
oil droplets prefer the formation of surface lenses.
From eqs 16−19, therefore
ÄÅ
É
ÅÅ ΔGstot ÑÑÑ
−2/3
Å
ÑÑ
Å
t N = B1ϕ
expÅÅ
Ñ
ÅÅÇ kBT ÑÑÑÖ
ÉÑ
ÄÅ
ÅÅ Nε
μNε ÑÑÑ
Å
ÑÑ
Å
[ϕ ln ϕ + (1 − ϕ) ln(1 − ϕ)] −
expÅÅ−
kBT ÑÑÑÖ
ÅÅÇ ϕ

(23)

At ﬁxed pendant droplet volume Vp, eq 23 is a complex
function of N, ϕ, d, and T where N, ϕ, and d are interrelated
via eq 3. The numerator ΔGtot
s is expected to depend upon the
6CB droplet diameter d but to be independent of the number
N of 6CB droplets; speciﬁcally, ΔGtot
s is the free energy change
for a single 6CB to transform from Figure 1c to Figure 1d.
There are Ns 6CB surface droplets, all of diameter d, which are
attempting to undergo this surface nucleation transition. N (or
equivalently ϕ) determines the number Ns. In order to explore
the functional form entailed in eq 23, we systematically vary N,
ϕ, d, and T while measuring tN.
Thus far, the volume fraction ϕ has been varied, at ﬁxed
temperature T, for various 6CB droplet diameters d (Figure 3).
The temperature dependence of eq 23 is examined next. Figure
5a is a log−linear plot of tN versus T−1 in a temperature range
from T = 293 to 299 K at ﬁxed ϕ = 0.000 53 and for various
6CB droplet diameters d, prepared using Method B. (Note: A
limited temperature range was studied in order to avoid
pendant droplet evaporation eﬀects.) As expected, according to
eq 23, the surface nucleation time is well described by an
equation of the form
ÄÅ
É
ÅÅ ΔGstot ÑÑÑ
Å
ÑÑ
Å
t N = A1 expÅÅ
Ñ
ÅÅÇ kBT ÑÑÑÖ
(24)

(20)

where B1 is a constant. Here
ΔGstot = ΔGsnc + ΔG I

(22)

(21)

Equation 20 is a complicated equation which will be tested
sequentially by ﬁxing various components in this equation.
When discussing molecular solutions, μ is the chemical
potential energy per molecule, and all the molecules are the
same size; there are N molecules present in a system. In eq 17,
μ is the chemical potential energy per 6CB droplet, and there
are N 6CB droplets in a pendant droplet of volume Vp. For a
molecular system, μ is a constant as you change N. For our
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Table 3. Values for A1 and ΔGtot
s
d [nm]
403
832
1184
1632

±
±
±
±

96
107
158
258

N at ﬁxed ϕ = 0.000 53a
(2.16
(2.46
(8.53
(3.26

±
±
±
±

1.55)
0.95)
3.42)
1.55)

×
×
×
×

10
107
106
106

(1.12
(1.05
(4.47
(2.74

σN, the error for N, has been calculated using σN =

a

σ A1calc

ΔGtot
s (J)

A1 (s)

8

−18ϕVp

±
±
±
±

0.74)
0.80)
5.60)
1.97)

×
×
×
×

−10

10
10−8
10−6
10−3

(1.17
(1.00
(0.78
(0.63

±
±
±
±

0.03)
0.03)
0.05)
0.03)

×
×
×
×

b
Acalc
1 (s)

−19

(1.18 ± 0.06) × 10−10
(1.28 ± 0.14) × 10−8
(2.16 ± 0.10) × 10−6

10
10−19
10−19
10−19

calc
σd from eq 3. bThe error for Acalc
1 , σA1 , is obtained from

|1/2
l[ϕ−2/3 exp[− C (ϕ ln ϕ + (1 − ϕ) ln(1 − ϕ))]]2 σ 2+o
o
o
o
1
B1
o
o
o
o
o
o
o
o
o
−2/3
=o
}
m
o
o
[−
ϕ
ϕ
+
−
ϕ
−
ϕ
ϕ
B
(
ln
(1
)
ln(1
))
o
o
1
o
o
o
o
2
2
o
o
o
o
exp[− C1(ϕ ln ϕ + (1 − ϕ) ln(1 − ϕ))]] σC1
o
o
~
n
πd 4

using eq 31.

Table 4. Equation 26 Best Fit Values
ν = 2/3
d [nm]

ΔGtot
s [J]

B1 [s]

C1

D1

ε

B2 [s]

C2

D2

v

400
800
1200

11.8 × 10−20
9.9 × 10−20
8.1 × 10−20

(6.83 ± 0.29) × 10−13
(7.32 ± 0.78) × 10−11
(1.20 ± 0.05) × 10−8

26.7 ± 4.3
30.3 ± 4.4
36.3 ± 3.8

≈0
≈0
≈0

(6.39 ± 0.27) × 10−11
(5.80 ± 0.62) × 10−10
(2.35 ± 0.10) × 10−9

(5.69 ± 1.99) × 10−13
(8.37 ± 4.18) × 10−11
(1.39 ± 0.82) × 10−8

30.7 ± 12.6
23.3 ± 15.5
33.9 ± 20.6

≈0
≈0
≈0

0.69 ± 0.04
0.66 ± 0.05
0.65 ± 0.06

The solid lines in Figure 5a are ﬁts to eq 24 where the
parameters A1 and ΔGtot
s are listed in Table 3.
In Figure 5b, ΔGtot
s is plotted as a function of d using the
data in Table 3. These data are to a good approximation linear
with
ΔGstot = a + bd

(25)

where a = (1.36 ± 0.04) × 10−19 J, and b = −(4.6 ± 0.4) ×
10−23 J/nm. It is not understood at this time why ΔGtot
s
decreases with increasing 6CB droplet diameter d.
Since the variation of ΔGtot
s with d has been determined, it is
now possible to test other dependencies in eq 23. Equation 23
is rewritten in the following form (with the assistance of eq 3):
ÄÅ
ÉÑ
ÅÅÅ ΔGstot ÑÑÑ
ν
ÑÑ exp[−Ci[ϕ ln ϕ + (1 − ϕ)
t Nϕ = Bi expÅÅÅ
ÅÅÇ kBT ÑÑÑÖ
ln(1 − ϕ)] + Diϕ[ln ϕ − ln(1 − ϕ)]]
(26)

Figure 6. Log−linear plot of B1 versus d.

nonclassical nucleation process proposed above taking into
account any surface charging that may be present.
From eqs 3 and 26, the parameter

where the amplitudes Bi, Ci, and Di are adjustable parameters
possessing diﬀering meanings depending upon the index i as
described below. For index i = 1, the exponent ν is ﬁxed at ν =
2/3; the solid lines in Figure 4b represent the best ﬁt to the
experimental data for the diﬀerent droplet diameters d ≈ 400,
800, and 1200 nm where the values for B1, C1, and D1 are listed
in Table 4. In ﬁtting the experimental data to eq 26, the values
for ΔGtot
s have been calculated from eq 25 and are given in
Table 4. Equation 26 provides a good description of the
experimental surface nucleation results, at least for ϕ ≲ 0.004
(or equivalently x ≲ 10 mM). Deviations from this behavior,
observed at higher ϕ, may be caused by interactions between
6CB droplets in the bulk aqueous phase.
Figure 6 is a log−linear plot of B1 versus d which
demonstrates that
B1 = B0 exp[d /do]

ε=

πC1d3
6Vp

(28)

where the pendant droplet volume is taken as Vp = 14 μL.
Equation 28 leads to the values for ε given in Table 4. As
expected, ε is small where this small value for ε additionally
explains why D1(∼ε2) ≈ 0 (Table 4) in the ﬁtting process. It
would appear, from Table 4, that ε is a sensitive function of d;
however, this variation of ε with d is somewhat misleading.
Upon comparing eqs 19, 23, and 26, a more important
quantity to consider that drives this nonclassical surface
nucleation process is the entropy change given by
ΔS = C1kB[ϕ ln ϕ + (1 − ϕ) ln(1 − ϕ)]

(29)

where the experimental results in Table 4 indicate that

(27)

C1( ≡ Nε /ϕ) = 30 ± 4

with do = (78.44 ± 0.05) nm and B0 = (2.72 ± 0.03) × 10−15 s.
In order to understand the dependence of B1 upon d, exhibited
in eq 27, one would need to develop a theory for the

(30)

A more complete theory would be able to explain the
magnitude for C1.
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oil−water surfaces are negatively charged (and screened by
counterions), one would need to consider the electrical double
layer repulsion between a negatively charged 6CB droplet and
the negatively charged air−water surface, an attractive van der
Waals interaction, as well as any electrohydrodynamic
processes that would play a role in converting a near surface
spherical 6CB droplet (Figure 1c) into a 6CB nanolens (Figure
1d) at the air−water surface. This problem has similarities to
DLVO theory14 except that one is now examining the
coalescence of a charged oil droplet in the aqueous phase
with a charged air−water surface. To be consistent with other
work and to be as realistic as possible one should combine the
Lippmann equation22 with the Neumann−Young equations
(eqs 1a and 1b) where, in addition, the isoelectric points7,23 for
both the air−water and oil−water surfaces are considered
within the Poisson−Boltzmann equation. As far as we are
aware, the coalescence of a nano-oil droplet with the air−water
surface from a nanoemulsion has never been considered as an
initiator of surface nucleation. Instead, prior experimental15,16,24,25 and theoretical26−32 studies have primarily dealt
with wetting transitions in oil−water systems15,24 and how
wetting transitions are inﬂuence by the presence of
salt16,25−27,31 or how salt in aqueous solutions inﬂuences the
interfacial tension,28 bulk phase diagram,29,30 or surface phase
diagram.32

A slightly more general form for eq 26 has also been tested
against the experimental data. In this case, for index i = 2, there
are four adjustable parameters, speciﬁcally ν, B2, C2, and D2,
where the best ﬁt to the experimental data is shown as the solid
lines in Figure 3 while the values for these four parameters are
listed in Table 4. This data ﬁtting provides conﬁrmation that ν
= 2/3 is an accurate description of the experimental results.
Lastly, the data at constant T (Figure 4 and Table 4) should
be self-consistent with data at constant ϕ (Figure 5 and Table
3). Speciﬁcally, a comparison of eqs 24 and 26 would imply the
following interconnection between these data sets
A1 = B1ϕ−2/3 exp[−C1(ϕ ln ϕ + (1 − ϕ) ln(1 − ϕ))]
(31)

Acalc
1 , in Table 3, is deduced from eq 31 with ϕ = 0.000 53
where B1 and C1 are obtained from Table 4. Acalc
1 qualitatively
agrees with the A1 ﬁtting parameter in Table 3 where the
diﬀerences may arise from the linear averaging for ΔGtot
s in
Figure 5b.

5. CONCLUSION
In this publication, a new type of surface nucleation process,
which occurs in nanoemulsion systems, is studied. In the initial
state, nanoemulsion droplets of oil are dispersed throughout a
bulk aqueous phase where the emulsion−air surface resides in
a metastable surface state possessing a surface energy characteristic of pure water (γ ∼72 mN/m). Nano-oil droplets, in the
vicinity of the surface, therefore possess an eﬀective contact
angle of θ = 180°. In the ﬁnal equilibrium state, the emulsion−
air surface is covered by a 6CB layer of lower surface energy γ
∼66 mN/m (Figure 2b) at pseudopartial wetting with
spreading coeﬃcient S > 0 and Hamaker constant W < 0. [A
6CB droplet placed at such an air−dispersion surface possesses
a ﬁnite contact angle (α + β = 0.22°, Figure 2a, lower inset)
and is in equilibrium with this 6CB surface layer.] The
transition from the initial metastable surface state to the ﬁnal
equilibrium surface state is thought to arise via a nonclassical
surface nucleation process where a near surface 6CB
nanodroplet (Figure 1c) is transformed into a surface nanolens
(Figure 1d). For this morphological transformation to occur, a
surface 6CB nanodroplet must overcome an energy barrier.
“Tunneling” through this energy barrier takes time, the surface
nucleation time tN. This tunneling event is characterized by an
abrupt decrease in the surface tension at tN (Figure 2b). The
nucleation time data tN, which are available in the Supporting
Information, are found to depend sensitively upon the bulk
6CB volume fraction ϕ and 6CB droplet diameter d (Figure
3), as well as the temperature T (Figure 5a).
A consideration of the number of 6CB nanodroplets in the
vicinity of the air−dispersion surface as well as the bulk
entropy change associated with the nucleation process gives
rise to a model, eq 26 together with eq 3, which explains this
dependence of tN upon ϕ, d, and T, at least at low ϕ < 0.004.
Our model assumes that 6CB nanodroplets in the bulk act as an
ideal gas where interactions between 6CB nanodroplets can be
ignored. Deviations from this model, found at higher ϕ
(>0.004), may arise from departures from this ideal gas
assumption. Our model is incomplete as the model contains a
number of adjustable parameters: ΔGtot
s , B1, and C1. A more
complete theory would provide an explanation for the
dependence of ΔGtot
s (Figure 5b, eq 25) and B1 (Figure 6,
eq 27) upon d, as well as the value for C1 (eq 30). In
developing a theory for ΔGtot
s , B1, and C1, as the air−water and
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