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ABSTRACT: This work involves an experimental investiga- [ 1 F | ' |
tion of the spreading of liquids on gel layers in the presence of ] |
surfactants. Of primary interest is the instability that ‘ > >
accompanies the cracking of gels through the deposition and : ‘ \ ‘ : ‘1
subsequent spreading of a drop of surfactant solution on their ] 3

surfaces. This instability manifests itself via the shaping of

crack-like spreading “arms”, in formations that resemble starbursts. The main aim of this study is to elucidate the complex
interactions between spreading surfactants and underlying gels and to achieve a fundamental understanding of the mechanism
behind the observed phenomenon of the cracking pattern formation. By spreading SDS and Silwet L-77 surfactant solutions on
the surfaces of agar gels, the different ways that system parameters such as the surfactant chemistry and concentration and the gel
strength can affect the morphology and dynamics of the starburst patterns are explored. The crack propagation dynamics is fitted
to a power law by measuring the temporal evolution of the length of the spreading arms that form each one of the observed
patterns. The values of the exponent of the power law are within the predicted limits for Marangoni-driven spreading on thick
layers. Therefore, Marangoni stresses, induced by surface tension gradients between the spreading surfactant and the underlying
gel layer, are identified to be the main driving force behind these phenomena, whereas gravitational forces were also found to play
an important role. A mechanism that involves the “unzipping” of the gel in a manner perpendicular to the direction of the largest
surface tension gradient is proposed. This mechanism highlights the important role of the width of the arms in the process; it is
demonstrated that a cracking pattern is formed only within the experimental conditions that allow S/Aw to be greater than G/,
where S is the spreading coefficient, Aw is the change in the width of the crack, and G’ is the storage modulus of the substrate.

1. INTRODUCTION

The spreading of fluids over various substrates has attracted
interest in many fields of science and technology such as
environmental engineering, biomedicine, and the chemical and
petrochemical industries.”” The addition of surface-active
agents (surfactants) can have a tremendous effect on the rate
and extent of the spreading process. Therefore, the ability to
control these properties can be beneficial in many applications,
including surfactant replacement therapy,> lipid tear layers in
the eye,” coating processes,” and the spraying of pesticides,”
among others. That is the reason that surfactant-enhanced
spreading has been investigated in numerous experimental and
theoretical studies and has been the subject of two major
reviews by Lee et al.® and Matar and Craster.” Such spreading
processes have been shown to be accompanied by rich,
interesting dynamics that owes its existence to the delicate
interplay between the different mechanisms that play a role in
the observed phenomena. These forces are operative over a
large range of scales, complicating the understanding of the
relative contribution of each one of them, the derivation of
appropriate predictive models, and the performance of
simulations of the spreading process.

Although the spreading of thin films on liquids and rigid
solids has been the subject of numerous studies, the majority of
these studies have largely focused on the case of Newtonian
fluids and materials having relatively simple rheology (an
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elastic, rigid solid or another Newtonian liquid, for instance).
The dynamics of spreading on compliant substrates of complex
rheology, however, has received less attention in the literature.
A limited number of studies on the spreading on gel-like
materials have been carried out''' and very few of these
feature the spreading of surfactant-laden liquids. This is
particularly surprising given the scientific and industrial interest
that the nature of a gel-like material can have because it is
possible to exhibit the full spectrum of solid-like to liquid-like
behavior simply by changing the gel concentration. Further-
more, the complex interactions between spreading liquids and
underlying gel-like materials are a problem that lies at the heart
of a wide range of engineering, biological, biomedical, and daily
life applications, which include drug delivery over compliant
substrates such as the sg)reading of bioadhesive or mucoadhe-
sive liquids over tissue, > or over mucus-laden films" in the
lung,'* or elsewhere in the body; the development of scaffolds
in tissue engineering, which are porous, degradable structures
that can be gels, designed to degrade within the patient'
(however, it is sometimes required that drugs are administered
through or over the scaffold without fracturing it). Under-
standing and improving the emplacement, fracturing, and
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Table 1. Surface Tension Values of the Different SDS and Silwet L-77 Solutions Used in This Study

concentration (cmc)

SDS 0.4 0.8 1.2 2 2.8 4
surface tension (mN/m) 60 + 0.5 52 +05 40.5 + 0.5 355+ 0.5 345+ 0.5 33+05
concentration (cmc)
Silwet L-77 0.6 1 4
surface tension (mN/m) 28 + 0.5 25 + 0.5 23 + 0.5 22 + 0.5 21 + 0.5 20 + 0.5

subsequent removal of gels in reservoirs in the oil industry,
which is a commonly used technique'®'” to limit water
production while retaining oil or gas production; optimizing the
deposition of multilayers of gel-like materials in the
manufacturing of photographic films; and the spreading and
subsequent breakup of particle rafts by surfactant,'® which is
relevant to the collapse of particle shells encapsulating drugs for
inhalation delivery."

It is expected that the interactions of the spreading liquid
with the underlying gel-like material will lead to exceedingly
complicated flow structures. This has been confirmed in a
recent study by Daniels et al.>**" that has shown that such
systems can also exhibit flow instabilities and complex behavior
that are very poorly understood. This work considers the
spreading of either pure silicon oil droplets, or droplets of
Triton X-305 dissolved in deionized water on agar gels. These
investigators report that the droplets are observed to spread
into spreading arm patterns in formations that resemble a
starburst.

The formation of these patterns can be considered to be
behavior similar to the fingering instability that occurs on the
surfaces of liquids and solids and has been reported in many
experimental”*™>* and theoretical®*~*® studies, being mainly
associated with the presence and spreading of surfactants. An
example of the complex dynamics accompanying the spreading
of a surfactant-laden droplet on a thin liquid film is provided by
the work of Edmonstone et al.*’ in which it was demonstrated
how the presence of surfactants at concentrations beyond the
critical micelle concentration gives rise to a fingering instability
that exhibits highly nonlinear processes such as tip splitting,
merging, and shielding. The isolation of the mechanism
underlying these patterns has been a hotly disputed topic in
the literature since these patterns were reported for the first
time.>

According to Daniels et al,,*" the formation of the cracking
patterns on the surfaces of gel layers is associated with the
Marangoni effect;*>° however, a fundamental understanding
of this new class of flow behavior has not yet been achieved,
and the precise mechanism behind the intriguing observation of
these patterns remains unclear. By experimentally examining
important system parameters that can influence the instability,
possible explanations can be investigated. Furthermore, it is
possible that important contributions to the problem can be
made by the use of a specific class of surfactants that have the
unique ability to reduce the surface tension of water drastically
and thus promote strikingly rapid spreading on very hydro-
phobic substrates, even in very small quantities.’’ These
surfactants are termed superspreaders, and the phenomenon is
called superspreading.®*~®* Recently, a mechanism for super-
spreading was proposed by Karapetsas et al.®® whereby
surfactant adsorption at the contact line was demonstrated to
be primarily responsible for the rapid spreading observed for
superspreaders. The contact line adsorption provides a
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mechanism for the removal of surfactant from the contact
line region and an impetus for sustained Marangoni-driven
spreading.

This work is aimed at achieving a fundamental understanding
of this new class of flows that can be observed during the
spreading of surfactants on the surfaces of gel layers. Through
direct experimentation, the spreading of an anionic surfactant
(SDS) and a nonionic trisiloxane (Silwet L-77) on thick
underlying agar gel layers has been studied in order to provide
insight into the nature of the liquid—gel interactions and
examine the effect of varying important system parameters such
as the gel and surfactant concentrations on the observed
pattern characteristics and spreading dynamics. Furthermore,
this work represents the first attempt to take into consideration
the presence of superspreading surfactants in the cracking and
pattern-forming process. A detailed rheological characterization
of agar gels of various concentrations is aimed at identifying the
link between the different experimental findings and the
rtheology of the underlying substrates.

2. EXPERIMENTAL DETAILS

2.1. Materials. The surfactants used in this study were anionic SDS
(sodium dodecyl sulfate from Sigma-Aldrich UK.) and nonionic
Silwet L-77 (poly(alkyleneoxide)-modified heptamethyltrisiloxane
85% from De Sangosse U.K.). The choice of SDS is dictated by the
fact that it has well- characterized properties®*®* and is one of the most
common materials used in studies on surfactants.***>3*%~7 Tt
critical micelle concentration (cmc) is 2307 mg/ L% and its surface
diffusivity, D,, is on the order of 107' m?/s.%°

Silwet L-77 is a well-known superspreader. Superspreaders are
surfactants that are able to reduce the surface tension of water
drastically and promote rapid spreading on very hydrophobic
substrates even in very small quantities. The surface diffusivity of
Silwet L-77 was assumed to be of the same order of magnitude as the
corresponding values for superspreading trisiloxane surfactants of
similar molecular structure, also on the order of 107*° m?/ s.”! Tts emc
was found to be ~150 + 16 mg/L at 20 °C. The latter, together with
the surface tensions of all of the solutions, were measured using a
platinum Wilhelmy plate suspended from a Kriiss microbalance
(model K10 automatic tensiometer from Kriiss USA). Table 1
summarizes the surface tension values of the different SDS and Silwet
L-77 solutions used in this study.

The underlying substrates consisted of agar, a polymer made from
subunits of galactose, and one of the most extensively studied and used
polysaccharides.”>”® Agar gels are tunable gels because they can
behave either as viscoelastic solids, or as liquids, depending on the
concentration of their solutions.

2.2. Experimental Procedure and Visualization Technique.
The water used to clean the glassware and prepare solutions was
deionized and passed through a water purification unit comprising
three cartridges: reverse osmosis, ion exchanger, and activated carbon
(Barnstead Nanopure Systems UX.). The purified water had a
resistivity of 18 MQ cm and a surface tension of 72.2 + 0.5 mN/m at
23 °C.

Gel solutions were prepared by mixing agar powder (from Sigma
Aldrich UK.) with deionized water and heating the subsequent
mixture. After heating, the mixtures were poured into 14-cm-diameter
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glass Petri dishes and allowed to set overnight. The resulting gel layers
have a thickness of approximately 4 mm.

The spreading was visualized using shadowgraphy”* in a setup that
has similarities to that used by Daniels et al.*' and enjoys the benefit of
geometrical simplicity. The circular Petri dish containing agar gel
layers of different concentrations was positioned on a flat surface above
a paper screen. A Dino X-Lite digital microcamera with a 1.3
megapixel resolution and a magnification capability of up to 500X
(model AM-413M, from Dino-Lite Europe) was used to record the
spreading at a rate of 30 frames/s. To make the spreading patterns
visible, because both the gels and the surfactant droplets were
transparent, the Petri dish was illuminated using extra light from a
white light fiber-optic lamp at maximum intensity (model KL 1500
LCD, from Schott UK.). The latter was held at a slight angle above
the Petri dish and moved around until optimal shadows of the
spreading patterns were projected on the paper screen. A schematic
sketch of the experimental setup is shown in Figure 1.

Digital microscope

Micro-syringe

S

a= 320 mm

White light Petri dish containing gel
fibre optic lamp [ | 1_
| | | b=4mm
| |

Paper screen

Figure 1. Schematic sketch of the experimental setup.

A S uL drop of surfactant solution of known concentration was
delivered to the surface of the gel using a 20 yL precision microsyringe
(from Hamilton U.K.). The drop was first released and allowed to
hang from the tip of the needle and then to contact the surface of the
gel layer in order to spread. This was done so as to minimize any
effects that the dropping velocity would have on the gel fracture
process. The spreading was followed for some seconds after deposition
and recorded by the digital microscope. Each spreading run was
repeated multiple times to ensure good reproducibility, and all of the
experiments were conducted at ambient temperature and humidity.

2.3. Rheological Characterization of Agar Gel Solutions. The
rheological properties of the agar gel solutions used in this study were
measured by running the appropriate tests on an AR-G2 rheometer
(from TA Instruments USA). This rheometer allows the character-
ization of sensitive samples because it has a magnetic thrust bearing
that applies ultralow torques to the samples. A Peltier system on the
lower place of the rheometer where the gel samples were placed
allowed the temperature to be controlled to an accuracy of +0.1 °C.
Parallel plate geometry was used, having a titanium rotating disk of 40
mm diameter whereas the gap was up to 1150 ym, depending on the
quantities and the response waveform of the gel sample. For the
oscillatory measurements, the default value limits of the rheometer
were 107 rad for the displacement and S uN m for the torque, and the
tolerance within the measurement was 5% for the displacement and
1% for the torque. The software for the apparatus could depict the
applied and measured waveforms for each final point of every
oscillatory measurement so that it could be easily seen whether the
results were in phase, or out of phase. It was also able to provide

7199

additional information by showing the 64 points consisting of each of
the final waveforms.

Special care was taken with the loading of the samples in order to
prevent the destruction of the structure of the gels due to shear
movements and normal forces. The first sample for each concentration
was effectively created on the lower plate of the rheometer (the Peltier
base) by pouring the prepared solution into a polypropylene ring
having the same diameter as the rotating disk. A closed plastic
cylindrical cover was used to avoid evaporation and remained there for
over S h. Then the ring was slowly removed, and gradually the
titanium upper disk squashed the sample with steps of about 10 ym to
a gap of 1000 pm, where good waveforms were observed during
preliminary tests. After the procedure of setting the gap, the sample at
the fixed gap was left to rest for at least 3 h and was covered again with
the cylindrical cover. When rheological measurements on a sample
from a previous batch were needed, (after 48 h, for instance), then the
sample preparation was as follows: the glass pot containing the gel was
slowly tilted to obtain the sample from the gel batch almost
tangentially, rather than vertically, so that a slice of gel was obtained
without any cracks in the structure and placed in the plate of the
rheometer. The disk over the sample was slowly lowered, an adequate
gap was fixed as previously described, and any overfill was removed
gradually with a spatula. The same procedure as in the case of the first
sample was repeated afterward.

After the preparation process described above, rheological measure-
ments were conducted with oscillatory and steady-state flow
conditions. Oscillatory measurements were performed at 20 °C to
record the evolution of the mechanical properties in time, namely, G,
G", and 7’ against time, after the gelation of agar solutions. At the
selected time intervals, typical frequency and temperature sweeps were
also performed. Preliminary oscillatory time sweep measurements on
agar samples at concentrations of 0.06 and 0.12 wt % during a period
of 72 h showed that 10—12 h after preparation a stable response was
achieved because practically constant values of G’ and G” with an
increase of no more than 10% were obtained. By applying strain values
of up to 0.4%, it was observed that the storage modulus G’ was about
an order of magnitude higher than the loss modulus G” for applied
frequencies of 0.06 to 10 rad/s, notably retaining both values in time,
even after 96 h in certain cases.

Representative results for the storage modulus G" and loss modulus
G" of agar gel solutions of varying concentrations over time sweeps are
shown in Figure 2a,b, respectively. It should be noted that in all cases
the raw phase difference between the application and the response of
the gels was between 3.5 and 5.5 degrees, indicating almost purely
elastic behavior even for the lower weight percent agar gels.

The experiments were performed at the same frequency of 0.5 Hz
(3.14 rad/s) except for the 0.08 wt % agar, where this frequency was
close to the nonlinear region. This concentration seems to have a
narrow linear viscoelastic region, and low frequencies are needed to
give relatively smooth waveforms (ie., after the 0.5 Hz distorted
waveform was recorded), so a frequency of 0.04 Hz was chosen for the
time sweeps. As shown in Figure 2, the storage modulus is constant
over wide period of measuring time (over an hour), and the loss
modulus appears to be more sensitive in time, showing some
fluctuation, mainly for lower agar concentrations. From these data,
Figure 3, which summarizes the concentration effect on the storage
modulus G’ and loss modulus G”, is formed.

The data in Figure 3 indicate that there is a semilogarithmic
correlation of the mechanical properties with the weight percent agar
concentration, whereas the elastic character of the material is dominant
(ie, tan § < 1, where tan § = G"/G’) throughout the investigated
concentration range.

3. RESULTS

3.1. Spreading of SDS. The spreading of droplets of
aqueous SDS solution over a range of surfactant concentrations
on agar gel layers of varying concentrations and strengths yields
three types of qualitatively different regimes: the droplet
remains approximately circular at the point of deposition;
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Figure 2. Time sweeps for agar gels of concentrations from 0.08 to
0.14 wt % for (a) the storage modulus and (b) the loss modulus. The
frequency was 3.14 rad/s, except for a concentration 0.08 wt %, where
it was 0.25 rad/s.

cracking patterns develop ahead of the deposition point; or the
droplet spreads out, as it would on a liquid substrate, with no
pattern formation. It is evident that the starburst pattern
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Figure 3. Effect of the weight percent agar concentration on G’ and G".
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formation occurs only under intermediate conditions, when the
concentration of the gel allows it to have elements from both
solid-like and liquid-like behaviors. A summary of the observed
behavior corresponding to the experimental conditions
investigated in this study is given in Figure 4.

All of the cracking patterns observed here seem to have a
central darker region that is surrounded by a brighter border.
The latter represents the contact line between the crack and the
uncontaminated gel. This indicates that the crack has a depth
and it penetrates into the surface of the gel and that the region
between the crack and the uncontaminated gel surface is
slightly elevated.

An increase in the surfactant concentration up to and around
the SDS cmc results mainly in the development of a flow
instability that is much more evident than in the case of lower
SDS concentrations. Above the cmc, there is a clear formation
of patterns with visible, well-defined crack arms for all cases
investigated between gel concentrations of 0.06 and 0.12 wt %.
Immediately after deposition, these arms are observed to grow
from the point of the drop deposition region and to extend
further into the surfactant-free regions of the gel surface. The
arms are mostly straight, with some exceptions observed in the
patterns formed from 0.8 to 1.2 cmc and from 4 cmc drops
(Figure SB,F) and also in the patterns seen in the weakest gel of
0.06 wt % concentration (e.g, Figure SE). On weaker gels
(concentrations from 0.06 to 0.08 wt %), the arms are
noticeably longer and narrower. On intermediate gels (from
0.08 to 0.12 wt %), the arms are generally smaller in size. When
highly concentrated surfactant droplets are used, numerous
long arms can be seen (Figure SF). No clearly visible arms can
be observed at gel concentrations of 0.14 wt % and above, with
the single exception being the arm that is observed for a highly
concentrated drop of 4 cmc. Thus, this is the upper limit of the
flow instability for SDS. On much weaker gels and for
concentrations near 0.04 wt % and below, the drops spread out
as they would on a liquid substrate, and the formation of
fingering patterns similar to those reported during the
spreading of SDS on thin liquid films is observed.**

Figure 6 shows a typical example of the spatiotemporal
evolution of the crack-like patterns. The arms start to grow
from the region of drop deposition that seems to be like a
circular disk, and they propagate along the surface of the gel.
Most patterns observed here have been developed fully after a
time of approximately 30 s.

During typical spreading processes of liquids, either on other
liquids, or on solids, the spreading front advances with time
following a power law of the following form

L(t) ~ kt" (1)

where L(t) denotes the radial extent of spreading, k is a
prefactor, t is the spreading time, and n is the spreading
exponent; the latter provides an indication of the balance
between the dominant forces involved in the spreading
phenomena.” In this study, the spreading fronts are clearly
nonaxisymmetric with spreading arms being formed instead.
Therefore, a uniform spreading front and a radial extent of
spreading cannot be described; what is important instead is the
length of the spreading arms and how this changes with time.
Hence, in the power law described by eq 1, L will denote the
length of a spreading arm for the remainder of this article. To
determine the spreading exponent 7, the same method used by
Daniels et al.”'was employed; values of the spreading exponent
of each one of the arms of a single pattern were obtained from
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Figure 4. Pattern map showing fully developed patterns from SDS droplets of different concentrations that have spread on approximately 4-mm-

thick agar gel layers of varying concentrations.

logarithmic plots of the evolution of its length for
approximately the same time duration in each case. From
such plots, both n and k were determined. Each arm of the
same pattern was found to have a somewhat different spreading
exponent value; these were then ensemble-averaged for the
experimental runs associated with a surfactant and a gel
concentration pairing in order to find a single spreading
exponent value for each pattern. The results are shown in
Figure 7.

The majority of the values of n were found to be very close to
*/, and are independent of gel and surfactant concentrations.
Therefore, there seems to be a broad agreement with the P4
scaling prediction, which is characteristic of the Marangoni-
driven spreading of a finite mass of surfactants on thick films,
suggesting that Marangoni stresses are dominant.>”%””

To determine the spreading rate, or the velocity of the
evolution of the spreading arms, we consider the following:
Differentiating eq 1 gives

dr = nkt""!

dt ()

where dL/dt denotes the growth velocity of an arm. Fitting n =
*/, in eq 2 gives

dL

— = ikt_l/“
dt

4 3)

dL/dt is proportional to power-law prefactor k; therefore, k can
be used to describe the spreading velocity. The higher the value
of k, the higher the velocity.

The general trend discerned from Figure 8, which
summarizes the different values of log k found for different
values of log G’ and for different SDS concentrations, is that k
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has higher values for weaker gels (lower G’) and lower values
for stronger gels (higher G'), thus it is suggested that the faster
evolution of cracks occurs on the surfaces of weaker gels
whereas slower evolution occurs on stronger gels. It seems that
the driving force for cracking is more favorable to overcoming
the retarding effects of gel rheology in cases where the gel is
weak. An increase in the concentration (strength) of the gel
increases the resistance of its rigidity against the force that
promotes the propagation of the crack, resulting in smaller
spreading rates. For a fixed gel concentration, there seems to be
a tendency for increasing SDS concentration to increase k;
however, this is mostly the case for surfactant concentrations up
to 2 cmc.

Increasing the concentration of the gel seems to have an
effect on the width of the arms, with the latter being thinner as
the gel becomes stronger. This behavior is illustrated in Figure
9, where the storage modulus is again a measure of the gel
concentration (strength).

3.2. Spreading of Silwet L-77. The spreading of drops of
aqueous Silwet L-77 solution over a range of surfactant and gel
concentrations gives rise to a range of behaviors broadly similar
to those observed in the spreading of SDS. The main difference
is the fact that the starburst patterns can now be formed over
wider ranges of gel and surfactant concentrations (Figure 10).

The presence of Silwet L-77 can make it possible for these
formations to occur on the surfaces of gels with concentrations
of around 0.14 wt % at one extreme, or even on the surfaces of
gels with concentrations of around 0.04 wt % at the other
extreme, something that was not observed in the case of SDS.
In addition, droplets of SDS of very low concentrations (below
0.4 cmc) produce no visible arms, whereas Silwet L-77 droplets
of lower concentrations can still generate cracks, which,
although shallow and small, are nevertheless still visible.

dx.doi.org/10.1021/1a205163n | Langmuir 2012, 28, 7197—7211
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Figure S. Close-up view of shadowgraph images of fully developed
patterns after the spreading of (A) 2 cmc SDS on 0.08 wt % agar, (B)
4 cmc SDS on 0.10 wt % agar, (C) 1.2 cmc SDS on 0.08 wt % agar,
(D) 2.8 cmc SDS on 0.10 wt % agar, (E) 2 cmc SDS on 0.06 wt %
agar, and (F) 4 cmc SDS on 0.08 wt % agar.

It is also important that in most of cases, and mostly for agar
concentrations lower than 0.10 wt %, the cracks start to form
and propagate directly from the spot where the deposited

Figure 6. Spreading pattern evolution with time after the deposition of
a 2.8 cmc SDS droplet on a 0.08 wt % agar gel. After t = 30 s, the
evolution is complete.
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Figure 7. Variation of the spreading exponent with SDS concentration
for spreading on agar gel layers of different agar concentrations. These
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Figure 8. Dependence of log k on log G’ for the spreading of SDS
droplets. An increasing storage modulus corresponds to an increasing
gel concentration.

droplet contacts the gel surface and no circular disk is formed
initially, with the exception being concentrations higher than
0.10 wt % (in the cases of 8 cmc drops spread on 0.12 wt % gels
and 1 cmc drops spread on 0.14 wt % gels, for instance). For
lower surfactant concentrations, the pattern morphologies look
comparatively less complicated, whereas increasing the
surfactant concentration leads to more complex morphologies.
For instance, the patterns that occur when droplets of very high
surfactant concentration (between 6 cmc and 8 cmc) are spread
on agar gels with concentrations near 0.04 wt % have arms with
no well-defined edges, but ridges along the edges can be
observed instead (Figure 11E,F). When the more concentrated
droplets spread on much stronger gels (concentrations near
0.14 wt %), thin cracks emerge from the edges of the main
cracks (Figure 11A,B). The formation of the latter can be a
result of the relief of the surface-tension-induced stresses from
new arms emanating from the existing ones because the crack
formation is limited by the diameter of the Petri dish. Such
behavior was not observed in the case of SDS.
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Figure 9. Dependence of the width of the pattern arms on the storage
modulus of the agar gel. Each point represents the average of multiple
runs. G’ = 1.38 Pa corresponds to 0.08 wt % agar, G' = 5 Pa
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Figure 12 shows a typical example of the spatiotemporal
evolution of the patterns. Most patterns observed took less time
to fully develop compared to the case of SDS, and the growth
of the cracks is usually complete after 15—20 s. This difference
manifests the superior spreading ability of Silwet L-77 and can
probably be attributed to the fact that Silwet L-77 is more
surface active than SDS.

Figure 13 shows that a majority of the values for the
spreading exponent n of the power law L(t) = kt" for a starburst
arm are close to 3/ 4 with values near 1/, also observed. These
findings are independent of surfactant and gel concentrations
and suggest that the spreading is Marangoni-driven.

The superspreading behavior of Silwet L-77 is evident when
the velocity of the evolution of the cracks is considered; this
velocity for the spreading of Silwet L-77 is much higher than
the velocity of SDS spreading, as suggested by a comparison
between the values of log k in Figures 8 and 14. When Silwet L-
77 is used on the same substrate, higher values of log k and k
can be achieved.

The ability of Silwet L-77 to promote more rapid crack
propagation speeds than SDS is illustrated in Figure 1S, where
dL/dt is plotted against time for Silwet L-77 and SDS droplets
spreading on agar gel substrates of the same concentrations.
The spreading rates associated with Silwet L-77 are consistently
higher than those of SDS.

This finding becomes even more intriguing given that the
concentrations of Silwet L-77 used in the experiment are much
smaller than those of SDS because the cmc of Silwet L-77 is
much smaller than the cmc of SDS. In other words, Silwet L-77
can promote extremely rapid spreading and cracking because
even at concentrations smaller by an order of magnitude than
those of SDS it can generate higher arm-formation and crack-
propagation speeds. This can be explained by the fact that
Silwet L-77 is more surface active than SDS and also by the
significance of the adsorption of superspreading surfactants at
the substrate (analyzed further in the Discussion section). Such
rapid spreading rates can be tentative evidence for assuming
that there is no accumulation of the superspreading surfactant
at the contact line, and this can be achieved possibly by
adsorption of the surfactant at the contact line and its
subsequent diffusion away from this region, which reduces
the surfactant concentration in relation to that upstream,
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sustaining the magnitude of the Marangoni stresses. Super-
spreading trisiloxane surfactants such as Silwet L-77 that are
adsorbed at the air/liquid interface are more likely to transfer
directly onto the substrate, compared to nonsuperspreading
surfactants.®> Figure 15 also demonstrates that crack prop-
agation is faster on the surfaces of weaker gels but slower on
stronger gels.

The increase in gel concentration seems to have an effect on
the width of the arms, with the arms becoming thinner with
increasing concentration (Figure 16), as in the case of SDS.

4. DISCUSSION

4.1. Spreading Exponent. The results shown in Figures 7
and 13 indicate that that the power-law scaling of the evolution
of the length of a starburst arm varies from L = /2 to %%, with
the majority of the spreading patterns being found to grow with
time as L ~ /% independently of the gel concentration and the
surfactant type and concentration. The crack length and growth
rate reflect the spreading of the surfactant. The £/* scaling is
characteristic of Marangoni-driven spreading on thick films,
suggesting that Marangoni stresses are dominant for the cases
examined here. Daniels et al.*' also found values close to n =
3/, for the spreading of PDMS and Triton X-305 on agar gels
and in a geometry similar to that used in our experiments. It
should be noted that the only surfactant used in the latter study
was Triton X-305; therefore, it could be expected that there will
be no agreement with the £/ scaling prediction in the case of
PDMS, which is not a surfactant. However, the patterns formed
during the spreading of PDMS were also found to grow with
time as L ~ £/**' The roots of this phenomenon could be
attributed to the fact that PDMS solutions can have a much
lower surface tension than water, typically 20 mN/m,*" giving
rise to Marangoni stresses that could still play a role in the
spreading process.

The same time dependence has been both theoretically
predicted’®”® and experimentally confirmed in the past, for
instance, in a recent study by Berg® on the spreading of SDS
and DTAB surfactants along the interface between thick layers
of water and decane. It has also been confirmed in the case of
oil and silicon oil spreading on water,””*~® on surfactant
solutions,®® and on the surfactant-induced fracture of a particle
raft."® All of the studies mentioned above considered spreading
on viscous liquids, and it should be noted that the theoretical
argument behind the /# scaling requires the assumption that
the surface tension gradient is balanced by the viscous drag of
the underlying fluid,*” which is not applicable to solids.

The t"/% scale is characteristic of the diffusive spreading of
surfactants or the spreading of surfactant from an infinite
reservoir.®* In the case of gels, Szabo et al.'® and Kanenko et
al.'' report an R ~ /2 scaling in the studies involving the
spreading of different liquids on the surface of PAMS (2-
acrylamido-2-methylpropanesulfonic acid) gels. More specifi-
cally, Kanenko et al.'" found values of the spreading exponent
for a polymer gel underlying layer of n = 0.45 and 0.3 for
miscible and immiscible spreading liquids, respectively. It
should be noted, however, in the latter studies that large
Marangoni stresses are absent, and it is argued that the
spreading on the surface of a highly concentrated gel is very
similar to that on a solid surface; therefore, the assumption that
takes into account the effect of the viscous drag of the
underlying fluid is not applicable to solids. However, the gels
that we examine in this study have very low concentrations and
are largely composed of water; therefore, it is not appropriate to
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Figure 10. Pattern map showing fully developed patterns from Silwet L-77 droplets of different concentrations that have spread on approximately 4-

mm-thick agar gel layers of varying concentrations.

characterize their behavior as dominantly solid-like, particularly
on the molecular scale.

The fact that not all arms of the same pattern were shown to
grow following the same scaling relationship can be explained
by the high degree of local heterogeneities on the surface of a
gel. These arise from the fact that a gel consists of
heterogeneous populations of molecules that can have different
physicochemical and hence mechanical properties.*® Therefore,
on a local level, concentration and surface tension gradients can
arise between different regions of the same gel surface. Weaker
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gels can exhibit more heterogeneities than stronger gels.86 In
the surfactant-induced gel fracture studied here, concentration
and surface tension gradients can affect the crack propagation
phenomenon in terms of the size and the shape of the arms and
in terms of the propagation velocities. The nonuniformities on
the surface are also responsible for the fact that the starbursts
are asymmetrical and that the patterns of the same starburst are
not morphologically identical to each other. Furthermore, the
conditions in a specific region of the gel surface can be different
from those in a neighboring region. Therefore, the conditions
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1'em
Figure 11. Close-up view of shadowgraph images of fully developed
patterns after the spreading of (A) 6 cmc Silwet L-77 on 0.14 wt %
agar, (B) 8 cmc Silwet L-77 on 0.14 wt % agar, (C) 2 cmc Silwet L-77
on 0.10 wt % agar, (D) 8 cmc Silwet L-77 on 0.12 wt % agar, (E) 6
cmc Silwet L-77 on 0.04 wt % agar, (F) 8 cmc Silwet L-77 on 0.04 wt
% agar, (G) 6 cmc Silwet L-77 on 0.12 wt % agar, and (H) 4 cmc
Silwet L-77 on 0.06 wt % agar.

for one potential arm may be different and more conducive to
growth from those of another. In addition, as an arm grows it
may shield and hinder the growth of a neighboring arm by
making the conditions less conductive to growth (smaller
concentration gradients, for instance). The large opportunity
for discrepancies in the rheology of the gel can also increase the
degree of local heterogeneities because even small disturbances
in the gel surface during its preparation, storage, or use can
change its rheological properties.

4.2. Mechanism: Initiation and Hindrance of Crack
Growth. Given the dominant presence of Marangoni stresses
in the SDS agar and Silwet L-77 -agar systems, it can be
suggested that the formation of the starburst patterns is the
result of the competition between those stresses and the gel
strength and that the main driving force behind the cracking
instability that manifests itself via the formation of these
patterns is the surface tension gradients generated between the
surfactant and the gel.

Whether a droplet spreads on a gel surface is thermodynami-
cally determined by the spreading coefficient®”

S=0'g—o;1—0'gd

4)
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Figure 12. Spreading pattern evolution with time after the deposition
of a 2 emc Silwet L-77 droplet on a 0.12 wt % agar gel. After t = 15 s,
the evolution is complete.

15 ¢ @ 006wt
W0.08wi%
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§ 1 *012wt%
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Surfactant Concentration (cmc)

Figure 13. Variation of the spreading exponent with Silwet L-77
concentrations for spreading on agar gel layers of different
concentrations. These points represent the average of the multiple
runs. The dashed line is the theoretical value of 3/ , that is characteristic
of Marangoni-driven spreading on thick layers.>”%””

with 6, 04 and 6y being the interfacial tensions for gel—air,
droplet—air, and gel—droplet, respectively. The droplet will
spread if S > 0. Under the assumption that o4 is negligible®>*!
because both the droplet and the gel are mainly composed of
water, the spreading parameter is defined as § = 6, — 4. The
crack-like patterns can be formed when the surface tension
gradients are sufficiently large to generate Marangoni stresses
strong enough to overcome the resistance of the rigidity of the
gel and to form cracks on its surface. This explains the
observation of a higher probability for cracks to occur in cases
where the surfactant concentration is large and the gel
concentration is small. Because the length scales along the
direction of propagation are longer than those perpendicular to
it, one expects the largest surface tension gradients to be in the
latter direction. Hence, one also expects that this will lead to an
unzipping of the gel in a manner perpendicular to the direction
of the largest surface tension gradient, as shown in the
schematic depicted in Figure 17. This mechanism highlights the
width of the arms as an important parameter that can
characterize this spreading instability.
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Figure 14. Dependence of log k on log G’ for the spreading of Silwet
L-77 droplets. An increasing storage modulus corresponds to an
increasing gel concentration.
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Figure 1S. Comparison between the spreading rates of 2 cmc Silwet L-

77 on 0.10 and 0.12 wt % agar gel and the spreading rates of 2 cmc
SDS on the same substrates.

It is easier to visualize this assumed unzipping mechanism by
creating a small artificial crack of known size on the surface of
the gel with a needle and then depositing a droplet of surfactant
inside the crack and measuring its increased width, as illustrated
in Figure 18. The way that the crack opens during its
propagation gives an impression of unzipping to the observer.

Because the width of the cracks can be associated with the
storage modulus of the gel (Figures 9 and 16), a change in the
width (Aw) together with the difference in surface tension can
quantify a stress that can be compared to the storage modulus.
Therefore, a crack-like arm will be formed on the surface of the
gel if

S
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Figure 16. Dependence of the width of the pattern arms on the
storage modulus of the agar gel. Each point represents the average of
multiple runs. G’ = 1.38 Pa corresponds to 0.08 wt % agar, G'= 5 Pa
corresponds to 0.10 wt % agar, G’ = 11 Pa corresponds to 0.12 wt %
agar, and G' = 17.5 Pa corresponds to 0.14 wt % agar.

Surface tension gradients
perpendicular to the direction
of crack propagation

Direction of crack propagation

Figure 17. Unzipping of a crack perpendicular to the direction of
surface tension gradients.

Figure 18. Artificial crack, 1 mm in width, created on the surface of a
0.10 wt % agar gel. Eight seconds after the deposition of a 6 cmc Silwet
L-77 droplet the width of the crack increases to a maximum of
approximately 6 mm. The directions of the arrows show how the crack
unzips.
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Inequality S is similar to the one suggested by Daniels et al.*' in
characterizing the Marangoni instability and in associating it
mainly with the number of arms that can form. Daniels et al.*'
found that the number of arms depends on the gel strength. In
a recent study on the cracking of a jammed particle band
formed by the introduction of a surfactant droplet into a
monolayer of hydrophobic particles, the number of cracks was
observed to depend on the initial packing fraction.*® In our
experiments, however, no clear trend that could connect
changes in the gel and surfactant concentration to changes in
the number of arms was identified, and the distribution of the
number of arms was scattered fairly evenly across the range of
cases studied. Therefore, the number-of-arms parameter is not
taken into consideration in this study.

A comparison of S/Aw against G’ for all of the cases studied
here is illustrated in Figures 19 and 20, where it is shown that

——G'
W S/w-SDS1.2 cme
A S/w-SDS2cme
X S/w-SDS 2.8 cmc
X S/w-SDS4 cme

S/Aw (Pa)
G' (Pa)

0.08 0.10 0.12 0.14
Gel concentration (wt%)

Figure 19. S/Aw and G’ against the agar gel concentration, with the
SDS concentration varying parametrically. S/Aw is consistently greater
than G’ wherever cracking patterns are observed.

inequality S is valid for both surfactants and within the limits of
the surfactant and gel concentration where a pattern can be
formed. For lower gel concentrations, S/(Aw) is much greater
than G’, and this results in the formation of very wide arms,
whereas for very high gel concentrations S/(Aw) is greater than
but very close to G’, and this results in the formation of very
narrow arms. A further concentration increase does not allow
any arm formation. Thus, it may be possible using inequality 5
to get an estimate of the arms’ width by dividing S by G’, both
of which are a priori measurable quantities.

For the agar gel concentrations where the cracks were
observed, the gel is in an intermediate situation and can behave
like both a solid and a liquid. For the high concentrations
within these limits, the substrate starts to behave more like a
solid, even though this behavior is not as dominant as at even
higher concentration (where eventually there would be no
crack formation). Therefore, the characteristics of spreading on
both solid and liquid substrates can be attributed to this
phenomenon, and the adsorption and diffusion of the
surfactant can both participate in the spreading process.

The high crack propagation speeds (Figures 8 and 14) are
indicative of very high Marangoni stresses that can promote
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Figure 20. S/Aw and G’ against agar gel concentration, with te Silwet

L-77 concentration varying parametrically. S/Aw is consistently
greater than G’ wherever cracking patterns are observed.

very rapid arm growth. To get such high Marangoni stresses,
especially at concentrations much higher than the cmc
examined here, it is essential for the accumulation of the
surfactant at the contact line to be prevented. This can be
possible by the adsorption of the surfactant on the substrate,
which induces high surface tension gradients and in turn
generates high Marangoni stresses. For spreading on solids, the
unique behavior of superspreaders has been associated with
their ability to adsorb at the substrate. The adsorption of a
surfactant at the substrate has been considered to be an
important factor by researchers in the spreading proc-
ess>®037189%0 and in other ghenomena such as the autophobic
effect.”’ Karapetsas et al® suggests that a soluble super-
spreading surfactant can adsorb at the solid surface through two
mechanisms: either the surfactant monomers that reside in the
bulk can freely adsorb/desorb at the substrate, or the surfactant
monomers in the liquid—air interface can adsorb/desorb
directly at the substrate through the contact line.

For Silwet L-77, the ability to adsorb significantly at the
substrate has been attributed to the intriguing T-shaped
structure of the trisiloxane molecule and the large area of the
hydrophobic trisiloxane group.®””"> The structure of trisilox-
ane surfactants allows them to adsorb directly onto a solid
surface when dissolved in an aqueous phase and to assemble
into bilayers at the contact line. On the contrary, for a
nonsuperspreading surfactant adsorbed at the air/liquid
interface, it is less possible to transfer directly onto the surface
of the underlying substrate, but it tends to accumulate in front
of the contact line.%” In addition, because a gel consists of a
network of polymer chains, the adsorption of the surfactant on
the liquid/gel interface could possibly occur in the form of an
entanglement of the surfactant molecules with the polymer
chains. In this case, the hydrophobic part of the surfactant
molecule would be attached to the polymer chain and the
hydrophilic part would be attached to the aqueous phase.
Because of its T-shaped structure, a Silwet L-77 molecule would
be more favorable to entangle in a polymer chain and to
provide better packing, compared to an SDS molecule. To
support the latter theory, however, more information on the
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molecular structure and the molecular dynamics of the
materials involved here needs to be obtained because one has
to investigate whether the sizes of the surfactant molecules and
the polymer chains would allow such an entanglement.

It is also worth examining the relative strength of the
Marangoni stresses with respect to other forces that might be
present; the surface Peclet number Pe; gives a measure of the
relative strength of Marangoni stresses to surface diffusion
transport, and it is defined as Pe, = SH,/uD,, where S is the
spreading coefficient or the surface tension between the
surfactant and the gel, H, and p are the thickness and the
viscosity of the underlying fluid, respectively, and D, is the
surface diffusivity. For all cases of SDS spreading studied, S
varied from 22 to 35 mN/m, whereas for Silwet L-77 spreading,
S varied from 36 to 47.5 mN/m. Therefore, Pe, was found to be
on the order of 10° for both surfactants, suggesting that
Marangoni stresses dominate surface diffusive effects. The
relative strength of Marangoni stresses with respect to bulk
diffusion transport is given by the bulk Peclet number Pe,
defined as Pe, = (UH,)/(D,,) = £(SH,/uD,), where £ = H,/L,
is the aspect ratio of the developed crack and has to be much
less than 1 for the lubrication approximation to hold in the
theoretical studies on drop spreading. Here, L, is the length of
the developed crack, which can be of the order of 107> m when
the cracks start to develop and then increases to the order of
1072 m at later times. Therefore, for both surfactants € is
initially on the order of 1 and decreases thereafter; Pe, is
initially on the order of 10® and can decrease to the order of 10°
when the developed cracks become longer, suggesting that
Marangoni stresses once again dominate and that bulk diffusive
transport can be more significant than surface diffusion.

For thick underlying films, Marangoni stresses and hydro-
static pressure are expected to act in opposition during the
spreading process.”””* The Bond number, Bo, expresses the
relationship between the two physical mechanisms and is
defined as™ BO = (pH,%g)/S, where p is the density of the
underlying fluid and g is the gravitational acceleration. Bo is
likely to achieve its greatest value for low surfactant
concentrations on a thick substrate. For the spreading of
SDS, Bo achieves values of between 4.6 and 7.2, whereas for the
spreading of Silwet L-77 Bo achieves values of between 3.3 and
4. This suggests that gravitational forces play a significant role
in the spreading of both surfactants on thick agar gel layers.
However, in the case of Silwet L-77 they seem to be less
significant than in the case of SDS.

A combination of different effects can be responsible for
preventing the further growth of the arms. The relaxation of the
surface tension gradients due to the accumulation of surfactant
when the initial surfactant concentration is high, or at later
times during the spreading of a surfactant of intermediate
concentration is the most obvious one; at low surfactant
concentrations, the surface tension gradients are not sufficiently
large to give rise to pattern formation. At very large surfactant
concentrations, surfactant might accumulate at the contact line,
resulting in the reduction of surface tension gradients, or even
in the generation of reverse Marangoni forces. At intermediate
concentrations, large surface tension gradients can be generated
and maintained, and the formation of the crack occurs.
However, in this case, the surface tension gradients can relax
with time, when the rate of surfactant transport near the contact
line is higher than the rate of its removal. At this stage,
significant gravitational forces can increase further.
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As observed in Figures 4—6 and 10—12, all of the cracks have
a central darker region surrounded by a slightly elevated
brighter border that represents the contact line between the
crack and the uncontaminated gel. This elevated region in the
contact line can be linked to the thickening regions that can be
created locally at the surfactant leading edge from the
disturbance in the film height caused by Marangoni spreading
on liquids.>****” Tt could also be considered to be the analogue
of the raised rim that is observed during the surfactant
superspreading on solids.**%*%° In the region very close to the
contact line, the surfactant concentration is reduced by the
adsorption of the surfactant. The high surface tension generated
locally resists the deformation of the interface and allows the
contact angle to retain high values, leading to the formation of
this elevated rim.

The significance of gravitational forces highlighted by the
high values of the Bond number has an effect on preventing the
arms from propagating further on the surface of the gel. With
time, gravitational effects increase while the surface tension
gradients are relaxed. Gaver and Grotberg™ suggested that,
whenever hydrostatic forces overwhelm Marangoni stresses, a
flow reversal effect can arise. This will move fluid from the
thickened or elevated regions back to the thinning regions
(cracks) of the substrate, diminishing the original substrate
height disturbance.

5. CONCLUSIONS

Parametric experimental work that involves the spreading of
SDS and Silwet L-77 surfactant solutions on the surfaces of agar
layers was conducted in order to contribute to the fundamental
understanding of the complex interactions between surfactants
and underlying gels. The spreading of droplets of both
surfactant types on approximately 4-mm-thick agar gel layers
was found to be accompanied by the formation of cracking
patterns that are similar morphologically to those observed by
Daniels et al.>' The typical pattern observed constitutes mainly
crack-like projections emanating from the location where the
surfactant droplet is deposited on the gel layer. These
projections can be described as spreading arms with well-
defined edges that grow to resemble asymmetrical starburst
formations. It is evident that the patterns can be formed only
inside a “window” of surfactant and gel concentrations, which
represents an intermediate state of the gel where it has
elements from both solid-like and liquid-like behavior.

There seems to be an agreement with the £/* scaling
prediction of the evolution of the length of the cracks,
suggesting that Marangoni stresses are dominant during the
spreading in all cases examined here. Gravitational forces also
play a role in the process. The spreading of Silwet L-77 results
in higher crack-propagation speeds, as reflected by the higher
values of power-law prefactor k measured for Silwet L-77
compared to those found for the spreading of SDS. The rapid
crack propagation promoted by Silwet L-77 is even more
intriguing given the fact that in this study Silwet L-77 was used
in much smaller quantities compared to SDS. Thus, the
superspreading behavior of Silwet L-77 is evident. The
existence of a mechanism where the basic feature is the
unzipping of the gel in a manner perpendicular to the direction
of the largest surface tension is suggested. This is indicated by
the fact that the length scales along the direction of crack
propagation are longer than those perpendicular to it, hence the
surface tension gradient is expected to be larger in the latter
case. Therefore, the width of the arms, which in fact is found to
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decrease while the gel concentration and strength increase,
plays an important role in the cracking process. It was observed
that a crack is formed on the gel surface only when S/(Aw) >
G’ and via this equality it may be possible to control the width
of the cracks by changing S and G'. Further growth of the arms
is prevented when the Marangoni stresses are initially weak
because of the very high surfactant concentration, or when they
relax with time when the rate of surfactant transport near the
contact line becomes higher than the rate of its removal. In the
same period of time, gravitational forces become more
significant and flow reversal is possible. When the latter occurs,
fluid is moved from the elevated regions back to the interior of
the cracks, leveling the original height disturbance of the
substrate. It is also possible for an arm to hinder the growth of
another neighboring arm by making the conditions in the
specific region of the gel surface less conductive to growth.
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