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Pinch-off in the presence of surface-active polymers
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PACS 47.20.Dr — Surface-tension-driven instability

PACS 47.20.Gv — Viscous and viscoelastic instabilities

PACS 47.57.Ng — Polymers and polymer solutions

Abstract — The rupture of fluid necks in a surrounding liquid in the presence of surface-active
polymers shows a variety of changes with respect to the pure-fluid case. The role of the surface
rheology due solely to the presence of such agents at the surface is uncovered by studying how
the fluid neck radius approaches zero at pinch-off. The thinning dynamics of the neck turn out to
be exponential in time. The thinning rate extracted from this dynamics is related to the surface
viscosity of the polymer layer coating the interface and estimates of this quantity are presented.

©

The pinch-off of fluid necks during the detachment of a
drop from an orifice is a classical nonlinear problem which
combines hydrodynamics and capillarity. For Newtonian
fluids, the thinning dynamics, which are characterized
by measuring the evolution of the minimum radius of
the neck hpyin vs. time ¢, follow temporal scaling laws
which result from a subtle interplay between the capillary,
viscous and inertial stresses. The shape of the neck shows
self-similarity close to break-up [1,2]. Many droplet-based
applications such as inkjet printing or the formation of
emulsions require a good understanding of the pinch-off
process. These applications often involve surface-active
chemicals such as surfactants or polymers, e.g., to control
the nature and the size of the emulsion and to stabilize the
droplets against coalescence [3]. These molecules change
the capillary, viscous and elastic properties of fluid-fluid
interfaces, and should therefore influence the thinning of
the neck.

While the effects of surfactant molecules on pinch-off
dynamics have been studied theoretically [4], numeri-
cally [5-7] and experimentally [8], the impact of surface-
active polymers has received no attention to the best of
our knowledge. It is known, for example, that polymer
laden interfaces may present important surface stresses [9].
Such stresses should lead to drastic effects on liquid bridge
formation and rupture during pinch-off. In this letter,
we present experimental evidence that the presence of
surface-active polymers at a fluid-fluid interface modi-
fies the thinning dynamics in a non-intuitive way. In
particular, we observe the growth of beads-on-a-string

structures, an exponential slowing-down of the thinning
dynamics as rupture is approached and the inhibition of
break-up. These observations, similar to those reported for
bulk polymeric solutions [10-13], are surprising since the
polymers lie only at the fluid-fluid interface in the case
considered here. We suggest that these observations can
be attributed to an increase of the interfacial viscosity 7
because of the presence of polymers at the interface. We
provide estimates of s which are the same order of magni-
tude as the interfacial viscosities reported for polymers at
other fluid-fluid interfaces.

We study the rupture of a liquid crystal, 5CB, in an
aqueous solution of a short chain polymer (poly (vinyl
alcohol): PVA, M, =104500g-mol ', Sigma Aldrich).
This combination of liquids allows to obtain droplets of
liquid crystal in water which are at the basis of switchable
films [14] and can be used for the study of finite-size effects
in the formation of defects in confined liquid crystals [15].
The polymer used here is known to be surface active at
the liquid-crystal water interface, a property used to fix
the orientation of the LC director near the surface [14,15].
Experiments are carried out in a microfluidic flow-focusing
set-up described previously [8]. The orifice through which
5CB and the aqueous solutions are forced was 120 pm wide
and 150 pm high. The flow rate of 5CB is kept constant at
20 ul-h~!. The external aqueous solution is supplied at a
flow rate 0.5ml-h™' < Q <6ml-h~ 1.

When the outer phase contains only PVA, 5CB wets the
walls of the channel and forms long filaments (fig. 1(a)).
Some drops actually detach but stick to the walls of the
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Fig. 1: (Colour on-line) (a) Image of the liquid crystal 5CB dripping in a channel in the presence of PVA only, [PVA] =1 wt%.
(b) Thinning of a liquid-crystal neck in a pure SDS solution, [SDS]=0.1cmc. (c) The same as (b) in a solution of SDS,
[SDS] =0.1cme with 1wt% PVA. Times are indicated with respect to the break-up time, ¢o. The black arrow indicates the

direction of flow.

channel, which ends up being clogged. In order to avoid
such effects we have added surfactant (sodium dodecyl
sulfate: SDS, M,, = 288.35g-mol ™', Sigma Aldrich, 98%
pure) to the aqueous solution of water and PVA. We will
show later that PVA and SDS are competing to cover
the 5CB-water interface with the PVA coverage increas-
ing for low surfactant concentrations. Thus, to study
the impact of PVA on the rupture process, we keep its
concentration high and constant, [PVA] = 1 wt%, while we
vary the concentration of SDS, 0.08 cmce < [SDS] < 2 cme
(cmec=28.2mM). As we will see below, the effects of the
polymer become manifest for small enough surfactant
concentrations. The viscosity of the aqueous solutions 7,
measured with a capillary viscometer, is 2 mPa - s and does
not change when varying [SDS]. The temperature is set
at 27°C, at which 5CB was in the nematic phase [16].
The viscosity of 5CB n5cp depends on the angle between
the direction of flow and the director of orientation 7
of the liquid crystal [17,18]. Here, 7 is set by the pres-
ence of SDS and PVA at the interface [14]. Rearrange-
ment of the liquid-crystal molecules during pinch-off can
also influence thinning dynamics [19]. Using polarizing
microscopy observations, we find that 7 points in a direc-
tion perpendicular to the direction of the flow during
all of the thinning process. Therefore, we assume that
Nscp ~ 80 mPa - s [20,21] and remains constant. Both PVA
and SDS are insoluble in 5CB. A fast camera mounted
on a microscope records pinch-off events at frame rates
between 2000 and 50000 frames per second, with a resolu-
tion as good as 0.31 um per pixel. The thinning dynamics

of the neck are extracted by performing image analysis
using a custom MatLab code.

Pinch-off in the presence of surfactants alone has been
investigated mostly with numerical simulations [5-7].
A major finding of these studies is that surfactants may
be depleted from the region around hApi,. This depletion
leads to heterogeneities in the surfactant coverage of the
interface and to the rise of capillary forces along the neck,
which will influence rupture. In a previous work [8], we
provided experimental evidence that surfactants cover
non-uniformly the interface between two fluids during
pinch-off and induce non-trivial thinning dynamics. At
the location of fastest pinching, the interfacial tension -y,
which is proportional to the thinning rate, can become
greater than the interfacial tension at equilibrium, veq.
This difference between v and 7., demonstrates the
occurrence of depletion. However, apart from a local
increase of the surface tension, surfactants do not change
the thinning dynamics drastically.

The effect of the presence of the short-chain polymer,
PVA, in the system is readily seen by comparing the
shapes of the liquid-crystal neck during pinch-off at a fixed
but low SDS concentration [SDS] = 0.1 cmc, with and
without PVA (fig. 1(b) and (c)). In the absence of polymer
(fig. 1(b)), the neck thins at one location near the center
of the drop during all of the thinning process. When the
polymer is present, the neck becomes roughly cylindrical
(image at 7=3.04 ms in fig. 1(c)), and then thins at
two different locations, one close to the liquid-crystal
reservoir and the other close to the main drop. As thinning
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Fig. 2: (Colour on-line) (a) Comparison of the thinning dynam-
ics hmin for different concentrations of SDS in the presence of
PVA, [PVA] = 1wt%. For [SDS] = 2 cmc, note that the dynam-
ics can be represented by two linear parts with different slopes:
a small slope at long times away from break-up and a higher
slope near break-up. For the other concentrations, the continu-
ous lines are exponential fits to the data, while the dashed lines
are the linear parts of the thinning dynamics. t,ef is the time
at break-up, to, to which we added 0.5 ms for [SDS] = 0.5 cmc,
1ms for [SDS] and 2ms for [SDS] = 0.08 cmc to separate the
different data sets. (b) Log-linear plot of the thinning dynam-
ics. (¢) Thinning dynamics for different flow rates of the exter-
nal phase, ). The thinning curves have been represented with
respect to the break-up time o for convenience. The inset
shows log-log plots of the thinning dynamics. (d) Compari-
son of the thinning dynamics of 5CB in a solution containing
[SDS] = 0.1 cmc with and without PVA.

proceeds, small droplets connected by threads grow on
the neck and form a beads-on-a-string structure (image
at 7=0.10ms in fig. 1(c)). This effect can become drastic
for [SDS] < 0.1 cmc, as break-up slows down considerably
and the length of the fluid neck can become comparable
to the length of the channel.

A study of the thinning dynamics of the neck shows
that the observation of the effects induced by the presence
of PVA depends on [SDS]. For [SDS] > 0.5cmec, we see
no beads-on-a-string structure. Moreover, the thinning
dynamics are described by a series of linear regimes
(fig. 2(a)) in a fashion very similar to what we had
observed with external phases containing SDS only [8].
This multiple-regime process is due to the temporal
variation of the interfacial tension  in the vicinity of the
region around A, during pinch-off. From the thinning
dynamics, v can be estimated using the two-fluid linear
thinning law [22-24], hAmin(t) = V(tg —t), where ¢, is the
time at which hp;, becomes zero and V is the thinning
velocity. For an outer fluid with viscosity 7,,t having an
interfacial tension v with an inner fluid with viscosity
Min, V' is given by V =H~y/Nout. The viscosity contrast
Min/Nout = N5CB/Nsol =40 sets the value of H, which is

roughly 2-1073 in our case [24]. For [SDS]=2cmc (see
fig. 2(a)), we find V3 =8.24+23mm-s~! for the linear
regime far from break-up and V5 =20.94+0.5mm-s~ ! in
the last instants before rupture. From this, we deduce
v =414+1.1mN-m™! and 92 =104+0.2mN-m~!, in
good agreement with what we had found in our previous
work in the absence of PVA [8]: the initial surface tension
is close to its equilibrium value while near rupture the
surface tension increases. The increase of the surface
tension, responsible for the increase in the thinning rate,
is due to the depletion in SDS of the interface in the
last instants before rupture. For [SDS] = 0.5 cmc, similar
results are obtained with y; =844+ 1.5mN-m~! and 7, =
18.3+£2.2mN-m~?!. Since this concentration is below the
cmc, v is larger than at 2cmec as expected. The surface
tension before rupture again shows that depletion is at
work.

The good comparison between the values of v obtained
here and those we reported in the case of pure SDS (8]
indicates that the surface properties seem to be governed
by the presence of surfactant only for [SDS]> 0.5cmc:
PVA has little to no influence on pinch-off.

The thinning dynamics of the neck change dramatically
when the surfactant concentration is further reduced
below 0.5 cme (fig. 2(a)). Far from the break-up time, the
thinning dynamics remains linear vs. time but with a slope
that decreases as [SDS] decreases. This observation means
that the interfacial tension ~ (the thinning velocity is
proportional to ) is reduced when [SDS] decreases, which
is opposite to what would be expected if only SDS was
present. This strongly suggests that the coverage of the
interface by the polymers increases as [SDS] is decreased.

Below Apin ~ 10 pm, the thinning dynamics slow down
and are best approximated by hmin(t) = hoexp(—at)
(fig. 2(b)) instead of the expected linear regime. Attempts
at approximating the thinning dynamics using a power
law turned out to be unsuccessful giving exponents
higher than 1 or no power law (inset of fig. 2(c)). The
exponential decay rate « depends on the degree of
polymer coverage and decreases from 3500s~! to 1900s~!
as [SDS] is decreased from 0.15 cme to 0.08 cmce at a fixed
flow rate Q@ =0.5ml-h~!. Increasing @ from 0.5ml-h~!
to 4ml-h™! at a fixed concentration [SDS]=0.1cmc
also leads to a decrease in a from 3200s~! to 1800s~!
(fig. 2(c)). Figure 2(d), which compares the thinning
dynamics in two solutions containing [SDS] = 0.1 cmc
with and without polymers (as in figs. 1(b) and (c)),
shows clearly that the exponential thinning and therefore
the slowing-down are observed only in the presence of
PVA. Note that thinning occurs identically both close to
the main droplet and close to the reservoir.

All of these results indicate that the observations
reported in figs. 1 and 2 are related to the presence
of PVA in the system and to its ability to cover the
5CB-water interface. Note that our observations can be
explained only by the influence of the polymers present at
the interface. If the polymers in the bulk of the external
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Fig. 3: (Colour on-line) (a) Thinning dynamics (closed squares)
and elongation rate ¢ (open squares) vs. time. (b) Interfacial
viscosity 7s for different SDS concentrations in the presence of
PVA vs. the flow rate of the external phase, Q.

phase affected pinch-off, we would observe different
thinning dynamics for the rupture of 5CB in solutions
containing [SDS] > 0.5 cmc with and without PVA, which
we do not. Also, the polymer is insoluble in the inner
liquid (5CB) so effects due to polymers in the bulk of the
rupturing fluid are ruled out.

To illustrate the validity of the exponential approxi-
mation to the thinning dynamics of the necks, we esti-
hj;n dh“&iit“(t). We extract
€ from spline fits to the thinning dynamics. The exten-
sional rate € increases as the system gets closer to pinch-off
and reaches a quasi-plateau value during the slowing-down
(fig. 3(a)). A simple calculation indicates that ¢ must be
constant during an exponential regime and proportional
to the decay rate a, ¢ =2a. For the case shown in fig. 3,
the calculated value of € is 4400s~!, which compares very
well with the plateau value we measure, €, ~ 4500 s~!. The
agreement between the two values of € suggests that the
thinning dynamics can be correctly approximated by an
exponential law.

Growth of beads-on-a-string structures, an exponential
slowing-down of the thinning dynamics and the inhibition
of break-up have been observed during the pinch-off of
bulk polymeric solutions and attributed to the stretching
of polymers in the neck region and to the importance of

mate the extensional rate, ¢ = —

an elongational viscosity [10-13]. Besides the fact that the
polymer is insoluble in the LC, our results actually rule out
an interpretation invoking an elongational viscosity as for
bulk polymer solutions. Indeed, by balancing the capillary
stress and the extensional stress during the exponential
regime, we can estimate the elongational viscosity, 7, =
v/ (hmin€). For some of the runs analyzed in this way,
the computed value of 7, comes out to be smaller than
the elongational viscosity of 5CB estimated in our case,
Ne,5¢B = 3Ns5cB- This result rules out this approach as
the addition of the PVA layer should not decrease the
extensional viscosity.

As we have mentioned earlier, the short-chain polymer
used here, PVA, is insoluble in the rupturing liquid crys-
tal, and the changes of the thinning dynamics occur only
when the polymer coverage of the interface is important.
Therefore, we propose another explanation to our observa-
tions based on a balance involving the interfacial tension ~y
and the interfacial viscosity ns. In this framework, a time
scale w appears naturally, w ~ /75, the units of 75 being
g-s~ 1. Then, any continuous function f(wt) may represent
the thinning dynamics, the exponential function being a
simple example. We identify w to € and, by extracting
the values of the interfacial tension from the linear regime
preceding the slowing-down (from a measurement of the
thinning velocity), we obtain estimates of 7 as a function
of the flow rate of the external phase @ for [SDS]=0.08,
0.1 and 0.15 cme (fig. 3). These estimates are on the order
of a few 1073 g-s~!, which is the same order of magnitude
as the interfacial viscosities reported in the literature for
polymers at fluid-fluid interfaces [25,26]. Note that we are
not aware of measurements of 7 for PVA at the 5CB-water
interface. A decrease in [SDS] increases 7s threefold and
is therefore related to the increase of polymer coverage of
the surface as the concentration of surfactant decreases.
The interfacial viscosity also increases mildly with Q.

As noted above, the onset of the exponential regime
occurs only below about 10pum. At larger neck radii,
the dynamics is set by the balance between viscous and
capillary stresses and the thinning dynamics remains
linear as expected. The balance between the interfacial
viscosity and capillarity that we propose for the small
radii implies that the interfacial viscous stress becomes
greater than the bulk viscous stress near rupture which
can be summed up in the criterion 7 /My hmin > 1 [27,28].
Here, this condition is true only if Ay <50 um for
ns =4x10"3g-s~1. This criterion is well verified in our
experiments, as the onset of the exponential regime occurs
at about A, = 10 pm.

In conclusion, we show that the presence of surface-
active polymers at the interface between two fluids is
sufficient to affect pinch-off. The thinning dynamics slows
down exponentially as break-up is approached. The final
instants show the formation of beads-on-a-string struc-
tures. These observations are usually reported for bulk
polymeric fluids led to rupture. We argue that such
dynamics occurs when capillary pressure is balanced by



a purely interfacial viscous stress. We extract the relevant
surface viscosities from the experimental thinning curves
and show that our estimates are in agreement with previ-
ous measurements. These results show that the use of poly-
mers as surface-active agents can impair the production
of dispersions either by affecting the polydispersity of the
emulsion through the formation of beads on a string struc-
tures or by inhibiting the pinch-off singularity which leads
to the detachment of droplets.
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