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The presence of submicrometer structures at liquid-fluid interfaces modifies the properties of many
science and technological systems by lowering the interfacial tension, creating tangential Marangoni
stresses, and/or inducing surface viscoelasticity. Here we experimentally study the break-up of a liquid
filament of a silica nanoparticle dispersion in a background oil phase that contains surfactant assemblies.
Although self-similar power-law pinch-off is well documented for threads of Newtonian fluids, we report
that when a viscoelastic layer is formed in situ at the interface, the pinch-off dynamics follows an
exponential decay. Recently, such exponential neck thinning was found theoretically when surface viscous
effects were taken into account. We introduce a simple approach to calculate the effective relaxation time of
viscoelastic interfaces and estimate the thickness of the interfacial layer and the viscoelastic properties of
liquid-fluid interfaces, where the direct measurement of interfacial rheology is not possible.
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Introduction.—In many situations, including the dripping
of liquid from a leaky faucet and the formation of droplets in
an inkjet printer [1–5], a transient liquid filament connects a
droplet to the rest of the fluid. Unconfined liquid threads are
unstable and eventually form droplets to minimize the
surface energy with the surrounding fluid [6,7]. The dynam-
ics of such droplet pinch-off has been studied extensively for
various systems, from pure Newtonian fluids [8,9] to
complex non-Newtonian liquids [10–14]. In many cases
the thinning dynamics for Newtonian liquids is self-similar
and evolves through various regimes that are characterized
by the reduction of the minimum neck radius (hmin) with
the time to pinch-off (τ ¼ tp − t) ashmin ∼ τα, where tp is the
time instant that pinch-off occurs and t is the time of the
experiment [7–9,15–19].
Surfactants are widely used in inkjet printing and spray

drying applications to keep droplets stable after their
formation [20,21]. The self-similar breakup dynamics char-
acteristic of clean jets is evident also when surfactants are
present [22]. The addition of surfactants reduces the surface
tension and consequently the capillary pressure, which is the
driving force for pinch-off; thus, the breakup of a surfactant-
laden thread is slower than that of pure liquid [23–27]. For
surfactant concentrations below the critical micelle concen-
tration, as fluid is expelled from the thread’s neck, surfac-
tants are swept away from the neck region, which produces
Marangoni stresses that tend to further slow thinning
[24,25,28,29]. In addition, the assembly of surfactants at
the interface, on account of their size and structure, can lead
to a more complex surface rheology, which may show
liquidlike (viscous) or solidlike (elastic) behavior at the

interface. So, aside from the effect of surfactants on the
interfacial tension reduction and Marangoni stress gener-
ation, the surface rheological effects, due to the surfactant
network at the interface, may affect the dynamics of the
pinch-off [30–34].
The influence of interfacial shear and dilatation viscosity

on droplet pinch-off, other than one pioneering study in
1980 [30], has not been the focus of research until recently
[31–33,35]. For example, Ponce-Torres and co-workers
theoretically and experimentally examined the pinch-off
dynamics of water droplets in air in the presence of
insoluble [31] and soluble surfactants [32] and found that
when Marangoni and surface viscous stresses are impor-
tant, surfactants are not swept away from the thread neck.
Interfacial viscosity resists the driving capillary pressure
close to the breakup, where pinch-off occurs in the
viscocapillary regime [32]. In particular, in recent theo-
retical studies on Newtonian viscous interfacial layers, it
was shown that when the thread interface is fully saturated
with surfactants the thinning dynamics is governed by a
balance of surface viscosity and surface tension, and the
neck radius decays exponentially with time [33,35], while a
linear decay has been reported if the surfactant concen-
tration changes over time [33]. However, this exponential
regime has not been confirmed through experiments.
For practical physical systems, we can expect that

interfaces are not purely viscous and they may also have
elastic properties. Despite the rich literature on the pinch-
off of non-Newtonian fluids [10–14], the effect of inter-
facial viscoelasticity on the dynamics of thread breakup
has not been studied. In this Letter, we experimentally
investigate the droplet pinch-off dynamics in immiscible

PHYSICAL REVIEW LETTERS 130, 034001 (2023)

0031-9007=23=130(3)=034001(7) 034001-1 © 2023 American Physical Society

https://orcid.org/0000-0003-1111-8824
https://orcid.org/0000-0002-9670-0639
https://orcid.org/0000-0003-1916-2678
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.130.034001&domain=pdf&date_stamp=2023-01-18
https://doi.org/10.1103/PhysRevLett.130.034001
https://doi.org/10.1103/PhysRevLett.130.034001
https://doi.org/10.1103/PhysRevLett.130.034001
https://doi.org/10.1103/PhysRevLett.130.034001


liquid-liquid systems, when viscoelastic materials are
generated in situ at the interface and discuss how non-
Newtonian interfaces change the neck thinning dynamics
of Newtonian liquids.
Results.—The aqueous phase is injected vertically

with a fixed flow rate of 0.1 μl=s (injection speed of
∼8 × 10−4 m=s) using a needle with inner diameter (D)
of 0.4 mm into a glass cuvette filled with 1.0 wt.%
Sorbitane monooleate (Span 80) micellar solutions (see
Supplemental Material [36]), as shown in Fig. 1(a). After
the injection, the droplet is approximately at rest for 10 sec
before the thinning starts. We record the thinning of the
liquid thread with a camera (Kruss, DSA 100) at 1000
frames per sec (fps) and a resolution of 6.1 μm=pixel,
resulting in the time history of the minimum thread
radius hminðτÞ.
We first present the thinning dynamics of a water thread

with the equilibrium interfacial tension of γeq ∼ 2.5 mN=m
and Ohnesorge number, Oh ¼ μ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ργeq R ¼ 0.04
p

, where
μ, ρ, and R are, respectively, the viscosity, density, and
radius of the thread, Fig. 1(b). For water (black circles), the
neck radius decreases with τ2=3, which is known as the
capillary-inertia regime, i.e., hmin ¼ Aðγeq=ρÞ1=3τ2=3, where
A is the prefactor [9,18,37–39]. The magnitude of the
prefactor can be estimated from the slope of the line, which
yields A ¼ 0.47; theory predicts A ≈ 0.717 while experi-
ments show 0.4⩽A⩽0.6 [37]. The constant slope of hmin
versus τ in a log-log plot in Fig. 1(b), i.e., the prefactor A
for DI water, also suggests the absence of Marangoni
stresses at the surfactant concentration of 1.0 wt.% (880
times the CMC) used in these experiments [27]. The length
scale of the minimum neck radius prior to breakup,
estimated from μ2=ðγeqρÞ [7], is less than a micrometer,
which precludes capturing the dynamics close to pinch-off.
The minimum neck radius of a 4.0 wt.% silica dispersion

drop with γeq ∼ 0.2 mN=m and Oh ¼ 0.16 (red triangles)
as a function of τ, when reported on a log-log plot, exhibits
a linear flow regime prior to pinch-off and a nonlinear

regime at early times. The neck thinning of the silica
dispersion is neither dominated by inertia as expected for
low viscosity fluids [9] nor by diffusion (τ1=3) as expected
for low interfacial tension fluids (near-miscible aqueous
two phase systems) [40]. However, the linear pinch-off
dynamics has been previously reported for high viscosity
fluids with Oh≳ 1. Thus, we examine the similarities in
pinch-off dynamics of silica dispersion droplets and a
high viscosity fluid, i.e., a glycerol drop (Oh ¼ 52) and
a glycerol-water (5%, v=v) mixture (Oh ¼ 22), with
γeq ∼ 2.5 mN=m (see Supplemental Material [36]). Unlike
the aforementioned multiple regimes in the silica dispersion
case, the minimum neck radii of the glycerol droplet (blue
stars) and the glycerol-water (green square) in Fig. 1(b)
linearly decreases over time throughout the entire process
(see Supplemental Material [36,41]).
The images in Figs. 2(a)–2(c) show that for water,

glycerol, and glycerol-water, pinch-off occurs simultane-
ously at two locations, which straddle a satellite droplet. The
water thread connects two drops, nearly conical in shape,
where the minimum radius is near the thread’s center for
about 5 ms before the occurrence of the twominima close to
the separating droplets. During the pinch-off in both the low

FIG. 1. The dynamics of droplet pinch-off. (a) Schematic of
droplet pinch-off. (b) Minimum neck radius versus time to pinch-
off for DI water (black), 4.0 wt.% silica dispersion (red), glycerol
(blue), and a water-glycerol mixture (5%, v=v) (green) in Span
1.0 wt.% micellar solution. Representative error bars are shown.

FIG. 2. Images of droplet pinch-off that highlight the role of
interfacial viscoelasticity on the neck thinning dynamics. (a) DI
water, (b) glycerol mixture, (c) 4.0 wt.% silica dispersion, and
(d) glycerol-water (5%, v=v). Although the silica dispersion
droplet has a viscosity close to that of DI-water, its pinch-off
occurs at a single point, which is not similar to the pinch-off of
liquids with Oh < 1 or liquids with Oh > 1.
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viscosity [Fig. 2(a)] and high viscosity [Figs. 2(b)–2(c)]
cases, the fluid is expelled from the center of the filament
toward the ends, as, by symmetry, there is a mid-plane
stagnation point, which experiences pressure buildup.
Consequently, the minimum neck radius moves away from
the midplane towards the filament ends, forming two
minima close to the separating droplets. This pinch-off is
self-similar and has been reported for a variety of Newtonian
fluids through experiments and simulations [16,42,43].
In contrast, the shape of the neck in the silica dispersion

drop is asymmetric, where the pinch-off occurs at the rear
of the filament [the last two panels in Fig. 2(d)]. The thread
is initially close to cylindrical in shape, and then transitions
into an asymmetric neck connecting a more rounded
droplet to a nearly conical shape at the later stages. The
minimum neck radius is located near the top end of the
thread. No satellite droplet is formed for the silica case.
This type of pinch-off, known as exit pinch-off, has been
reported previously for non-Newtonian polymer solutions,
and is governed by a balance of elastic and capillary forces
[14,44]. The similarity in the pinch-off location and the
thread shape between the silica dispersion and bulk non-
Newtonian fluids signals the possible generation of an
interfacial viscoelastic skin, as shown next, which can
affect the pinch-off dynamics.
A concentrated silica dispersion (4.0 wt.% concen-

tration), upon contact with Span 80 micellar solution

(10.0 wt.% concentration), can spontaneously form struc-
tured layers of emulsions embedded in the oil, with a
thickness on the order of one micrometer, in the vicinity of
the fluid-fluid interface [45,46]. The possibility of forming
such an interfacial material for the present system, which is
at a lower Span concentration, is investigated by forming a
pendant drop of silica dispersion in the micellar solution.
In particular, Fig. 3(a) shows a pendant drop connected
to a syringe to apply a compression and expansion cycle.
The liquid is withdrawn from the silica dispersion droplet
during the first 100 sec where wrinkles are observed at the
interface within the first 6–7 sec (see Supplemental
Material [36] and movie S1). Upon re-injection of liquid,
the interface returns to its original state. The wrinkle
formation and disappearance by compression and expan-
sion cycles indicate the presence of a viscoelastic skin
at the droplet’s interface, which is the emulsion phase [as
shown in the inset of Fig. 3(b)] with distinct rheological
characteristics.
We carried out shear and frequency sweep tests on

the in situ generated emulsion phase (see Supplemental
Material [36,47,48]) and the results confirm the viscoelastic
properties of the emulsion layer [Figs. 3(b)–3(c)]. The
rheology of the material at a dynamic interface is more
complex, so we first compute numerically the range of
shear or extension rates occurring during the neck thinning
process of a silica dispersion at the pinch-off location as

FIG. 3. Rheological properties of the interfacial layer. (a) Formation of an interfacial layer at the silica dispersion droplet-Span
micellar solution interface. (b) Shear viscosity of the emulsion phase at the oil-water interface. The inset shows a confocal image of the
collected emulsion phase from the silica dispersion-micellar solution interface. The red color shows the oil phase and the black zone
represents the submicrometer water droplets. (c) Frequency sweep test of the emulsion.
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ðdhmin=dτÞ=D. As shown in Fig. S3, the average shear or
extension rate at the pinch-off location is ∼3 s−1. The
emulsion phase at this shear rate has the viscosity of
≈520 mPa:s [Fig. 3(b)]. We do not have an approach to
directly measure the extensional viscosity and recognize
that the shear viscosity is different from the extensional
viscosity as the liquid filament experiences an extension
during the pinch-off. However, shear and extensional
viscosities should have a comparable order of magnit-
ude as long as long-chain polymer molecules are not
involved [49].
The formation of the emulsion phase at the silica

dispersion-Span micellar solution interface creates a vis-
coelastic skin that affects the dynamics of the droplet
pinch-off. Since the thinning of bulk viscoelastic threads
undergoes an exponential decay [10–14], we examine the
possibility of such an exponential thinning dynamics for
the silica dispersion drop. The measurement of the thinning
for a silica dispersion drop is reported on a semi-log plot of
the minimum neck radius versus time and exhibits an initial
exponential decay, hmin ∝ e−ωt, for about 100 ms with
ω ∼ 12 s−1, which then transitions into a linear regime prior
to pinch-off [blue triangles, Fig. 4(a)]. The effective
relaxation time constant, λe, is the time constant of the
exponential regime (hmin ∼ e−t=3λe) [14], which is about
28 ms, shown in Fig. 4(a). Since λe is shorter than the
shortest relaxation time [calculated from the crossover of
viscous and elastic moduli in Fig. 3(c) to be λ ≈ 32 ms], the
reported exponential decay for the silica dispersion droplet
with a viscoelastic interface differs from the bulk visco-
elastic materials [14].
To differentiate between the pinch-off dynamics of

viscoelastic interfaces and viscoelastic bulk materials, we
analyzed the thinning dynamics of the emulsion sample
collected from the interface of a silica dispersion-Span
micellar solution, which was previously used for the
viscosity and rheology experiments. The emulsion drop

is formed with the injection flow rate of 0.1 μl=s in Span
micellar solution and neck thinning is recorded over time
[Fig. 4(b)]. The thinning of the emulsion drop also shows
an exponential decay [black stars, Fig. 4(a)], however,
unlike systems where interfacial viscoelastic materials are
formed in situ at the oil-water interface, the effective
relaxation time (47 ms) is longer than the shortest relax-
ation time of the emulsion sample, confirming that the
pinch-off is dominated by the elastocapillary regime for the
bulk emulsion system. The emulsion drop exhibits a linear
decay before the breakup, which could be an indication of
alignment of emulsion droplets under strong extensional
flow, where the pinch-off occurs in the finite extensibility
regime (Supplemental Material [36,49–52]).
The exponential thread thinning regime has been

reported for viscous interfacial layers in theoretical work
[33,35]. In our experiments, the local Boussinesq number
is greater than 1, hence, the surface viscous effects are
expected to be more significant than the bulk viscous
effects (see Supplemental Material [35,36]). The elastic
forces can overcome the capillary forces at length scales
below 0.1 μm, which is much smaller than the minimum
neck radius in the exponential thinning regime of our
experiments (see Supplemental Material [36,53–57]).
Therefore, the reported exponential decay for the silica
dispersion droplet can result from the balance of surface
viscous stresses with the capillary forces [35]. The linear
regime prior to the pinch-off [Fig. 4(a)] could be due to the
nonuniform distribution of emulsions at the interface when
the rate of the interface expansion is fast and interface is not
fully covered with the viscoelastic skin, similar to the
viscous interfaces with surfactants [33].
In the presence of surface viscous stresses, the pinch-off

follows hmin ∼ e−FðΘÞt=tc , where tc ¼ ð3μs þ ksÞ=γ is the
characteristic timescale, μs is the surface shear viscosity, ks
is the surface dilatational viscosity, andΘ ¼ ks=μs. FðΘÞ is
a universal function that varies between 0.113 to 0.225

FIG. 4. Effect of viscoelasticity on the pinch-off. (a) Minimum neck radius over time for the silica dispersion droplet that is formed
with the injection flow rates of 0.1, 0.2, and 0.3 μl=s in blue, red, and green, respectively. The neck thinning of a bulk phase emulsion
droplet formed with 0.1 μl=s flow rate is shown in black. (b) Images of the emulsion droplet during the neck thinning.
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whenΘ changes from 0.1 to 10 [35,58]. For a thin layer of a
Newtonian fluid with the viscosity μ on top of a second
fluid, the shear and dilatational surface viscosities can be
estimated as μs ¼ μb and ks ¼ 3 μb, respectively, where b
is the film thickness [59]. Considering FðΘ ¼ 3Þ ¼ 0.166
[35], substituting the surface shear and dilatation viscosity
equations into the exponential decay (hmin ∼ e−FðΘÞt=tc),
and equating it with the time constant of the exponential
decay plot (hmin ∼ e−ωt), the thickness of the interfacial
layer is obtained as 0.9 μm, which is within the range of the
diameters of the emulsion droplets (100 nm − 1 μm)
[45,46]. The interfacial material may consist of single or
several emulsion droplets, so the magnitude of the calcu-
lated thickness is plausible, although the interface might be
thicker. Thus, the estimated thickness from the exponential
decay time constant also confirms the formation of an
interfacial layer at the silica dispersion-Span micellar
solution interface.
We further extend this analysis to two other silica-Span

systems (silica 10.0 wt.%-Span 1.0 wt.% and silica
10.0 wt.%-Span 2.0 wt.%), Fig. S5, for which we expect
an enhanced emulsification rate and consequently an
increased interfacial layer thickness. Increasing the con-
centration of particles from 4.0 to 10.0 wt.% and surfactants
from 1.0 to 2.0 wt.% slightly increases the computed
thickness of the interfacial layer to 1.3 and 2.5 μm,
respectively. The in situ generated viscoelastic interfacial
layer in this Letter follows the exponential decay of viscous
interfaces and the thickness of emulsion layers can be
estimated based on the properties of the materials and the
dynamics of the droplet pinch-off.
The effect of resting time on the pinch-off dynamics is

distinguished by conducting two experiments where the
silica droplets are formed with the injection flow rates of
0.2 and 0.3 μl=s [Fig. 4(a)]. In these cases, resting time
before pinch-off is 3–5 sec, the neck thinning follows the
same trend as the droplet formed with the injection flow
rate of 0.1 μl=s (10 sec resting time); see Supplemental
Material [36]. Although the thickness of the emulsion layer
may increase over time, the resting time does not signifi-
cantly affect the pinch-off dynamics (Fig. S4 [36]).
Conclusion.—We studied the role of interfacial materials

on the droplet pinch-off dynamics. Two such regimes are
distinguished when silica nanoparticles are added to the
system: (i) an exponential neck thinning regime with
hmin ∼ e−ωt, and (ii) a linear regime with hmin ∼ τ prior
to the neck rupture. The surface viscoelasticity, triggered by
the in situ generation of emulsion at the thread interface
during the experimental timescale, is responsible for the
change in the pinch-off dynamics of Newtonian fluid
threads. The interface elasticity allows the droplet to
wrinkle and interface viscosity resists the pinch-off.
Controlling the pinch-off process in the presence of in situ
generated interfacial materials is a critical step in many 3D
printing process including dropwise additive manufacturing

and direct ink writing techniques. Our experimental
findings and interpretation offer a guideline for the future
numerical and theoretical research on the influence of
interfacial viscoelasticity on the drop pinch-off dynamics.
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