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A B S T R A C T

The spreading performance of aqueous solutions containing a novel branched trimethylsilyl hedgehog ionic
surfactant, Mg(AOTSiC)2, was compared with that of trisiloxane superspreaders on a hydrophobic poly-
vinylidenefluoride substrate. The work shows that Mg(AOTSiC)2 is a superspreader with spreading kinetics si-
milar to trisiloxane surfactants, demonstrating that a hammer-like molecular architecture is not a necessary
requirement for superspreading. The aqueous solutions of Mg(AOTSiC)2 are much more stable than trisiloxane
solutions and retain the same spreading performance for at least 45 days. Comparison of the spreading kinetics
with dynamic surface tension revealed that Mg(AOTSiC)2 requires a 10 fold faster equilibration rate at the air/
water interface to demonstrate the same spreading kinetics as trisiloxane superspreaders. Addition of 20 %
glycerol to the Mg(AOTSiC)2 solutions suppressed superspreading by slowing down surfactant diffusion; then
only surfactant enhanced spreading with a time dependence of spread area S ∼ t0.8 was observed.

1. Introduction

The spreading of liquids over solid surfaces is an ubiquitous com-
ponent of many natural phenomena, for example the wetting of soil by
rain and of industrial processes including painting, printing, enhanced
oil recovery, foliar application of pesticides and fertilisers in agri-
culture. In many applications, it is important to know not only whether
the liquid wets the solid or not, but also how fast it spreads, especially

in the case of complete wetting. If the liquid is not volatile, then the
spreading time is theoretically unlimited and thus the equilibrium
thickness of spreading film will be reached eventually. If the liquid is
volatile and if the spreading is slow, liquid will evaporate before cov-
ering a noticeable area of the substrate, thus the maximum spread area
is limited by the evaporation rate [1]. Therefore, understanding of the
spreading kinetics is essential for volatile liquids including water.

Theoretical consideration of the spreading problem shows that at
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the very beginning, spreading is governed by inertia. However, the
characteristic time scale of inertial spreading is very short, being
smaller than 10ms for mm-sized drops of water [2,3]. For later times,
the spreading is viscosity mediated and in this viscous regime, the
spread area of pure liquids increases with time according to Tanner’s
law S ∼ t0.2 [4,5], where S is the spread area and t is time. If a small
mm-size water drop spreads on a hydrophilic substrate under normal
ambient conditions, spreading is completely suppressed by evaporation
on a time scale of tens of seconds [6,7]. In this case, the maximum
spread area does not exceed several mm2.

It should be stressed that pure water wets completely only highly
hydrophilic substrates, such as clean glass or mica. Only partial wetting
is possible on any polymeric surface, plant leaves or human skin.
Surfactants are thus widely used to improve the wetting properties of
aqueous formulations. For example, drops of pure water may only
contact the tips of wax crystalloids and will eventually roll-out of many
plant leaves. Therefore surfactants (activator adjuvants) are used in
aqueous fertiliser and pesticide formulations to guarantee their effec-
tiveness [8,9]. Thus, the effects of surfactants on the spreading kinetics
of aqueous formulations are of great importance.

The derivation of Tanner’s law was carried out under the assump-
tion of constant surface tension. However, if a surfactant is present in a
spreading drop, it can redistribute under the influence of the local flow
field and due to adsorption on the newly created liquid/air and solid/
liquid interface. Temporal and spatial variations in the local con-
centration of surfactant over the surface of spreading drop will cause
surface tension gradients (and consequently Marangoni flows) which
will change the value of spreading exponent. This can strongly influ-
ence the spreading kinetics and numerous experimental studies show
that when a surfactant is added to an aqueous formulation, kinetics
become much faster than for pure liquids. In many cases, the spread
area increases proportionally to time or even faster and the maximum
spread area for a mm size drop is of O(102) larger than for pure water.
This fast surfactant enhanced spreading is called superspreading and
has been intensively investigated over the last few decades. There are
numerous review papers regularly updating achievements in the area
[10–16].

The essential characteristic features of superspreading include de-
pendence of the spreading rate on substrate properties and surfactant
concentration, see [11,17] and references herein. The spreading rate
reaches a maximum on substrates partially wetted by pure water with a
contact angle of ∼ 70° and decreases rather quickly with an increase or
a decrease of substrate hydrophobicity. There is also a certain optimal
surfactant concentration at which the spreading rate/spread area has a
maximum. The superspreading performance of trisiloxane surfactants
depends also on ambient humidity [18,19] raising a question about the
role of a precursor aqueous film in this phenomenon, ionic strength
[19] and solution pH [20]. It should be noted that aqueous solutions of
trisiloxane superspreaders are prone to hydrolysis resulting in a dete-
rioration of their spreading properties [21].

Despite intensive studies, the precise mechanism of superspreading
is not yet established. Considering that the best known superspreaders,
trisiloxane surfactants, have an unusual hammer-like shape with bulky
hydrophobic part and long hydrophilic tail, it has been suggested that
the surfactant architecture is crucial for superspreading [22]. Such a
shape is favourable for promoting a caterpillar-like motion of the pro-
pagating three phase contact line (TPCL) enabling direct transfer of
surfactant from the liquid/air to the solid/liquid interface. According to
[23] the caterpillar motion considerably reduces viscous dissipation in
the vicinity of TPCL and therefore can accelerate spreading. Shape of
TPCL characteristic for caterpillar motion was found in a molecular
dynamics simulation on superspreading [24]. According to CFD simu-
lations which have, for the first time, taken into account various me-
chanisms of transfer and adsorption of soluble surfactants during
spreading [25], direct transfer of surfactant from the liquid/air to the
solid/liquid interface through the TPCL results in a considerable

acceleration of spreading kinetics. The favourability of a hammer-like
shape for direct adsorption of surfactant molecules into the TPCL,
leading to faster spreading, was also supported by results of molecular
dynamics simulation [26], however according to [26], contribution of
surfactant chemistry is more important.

The importance of surfactant adsorption in the vicinity of TPCL as
well as a strong interaction of the surfactant with the solid substrate
were both postulated as being important to the mechanism of super-
spreading. According to [27,28], surfactant molecules with high affinity
for the solid surface adsorb sufficiently strongly to partially propagate
beyond the TPCL to the solid/air interface. As in this case the hydro-
philic part of the molecule is exposed to air, a surfactant bilayer should
be formed at the solid/air interface to minimise the free energy. Bilayer
formation was also observed in molecular dynamics simulations
[26,29]. According to [28] the bulk water is sucked into the hydrophilic
interior of the bilayer splitting it via an “unzipping” mechanism which
propagates the spreading front. It is suggested in [27,28] that the above
mechanism is facilitated by Marangoni flow directed towards the TPCL
and caused by surfactant depletion in that region.

The Marangoni flows mentioned above have been identified in
many studies as making an important contribution to the super-
spreading mechanism. As a drop spreads, surfactant in the vicinity of
the TPCL is adsorbed onto the newly created liquid/air and solid/liquid
interfaces. Therefore depletion of surfactant in this region is expected
resulting in higher surface tension, whereas the surface tension in the
central part of drop may remain unchanged. Therefore, under the ac-
tion of surface tension gradient, liquid will flow in the direction of the
TPCL (Marangoni flow) and contribute to the spreading kinetics.
Obviously, the surface tension gradient depends on the surfactant
concentration, diffusion coefficient and adsorption characteristics.
Estimations performed in [30,31] have shown that, depending on the
length scale on which the surface tension gradient is established, the
spreading exponent can vary between 0.5 and 2 in good agreement with
experimental data.

The role of Marangoni flows in superspreading is supported by both
numerical simulations [25,32] and experimental studies [30,33,34].
Numerical studies in [25] show that spreading accelerates in the pre-
sence of a surfactant as a result of surfactant depletion at the liquid/air
interface and formation of strong gradients of surface tension in the
vicinity of the TPCL. The essential parameters affecting spreading
performance are the surfactant concentration, the kinetics of surfactant
adsorption on liquid/air and solid/liquid interfaces, the limiting ad-
sorption on solid/liquid interface and the possibility of direct adsorp-
tion of surfactant from liquid/air to solid/liquid interface through the
TPCL [25].

A mechanism based on Marangoni flow can explain the known
regularities of superspreading [12,30]. For example, a maximum in the
spreading rate dependence on surfactant concentration can be ex-
plained as follows. The spreading rate due to the Marangoni flow is
proportional to the surfactant concentration gradient. Assuming that
the characteristic length over which the concentration gradient is
formed remains constant, the maximum gradient appears when the
surface tension near the drop centre is close to the equilibrium value,
whereas that in the vicinity of the TPCL is equal to pure water. If the
surfactant concentration is too small, then the equilibration rate is too
slow, so the surface tension in the centre of spreading drop can be larger
than the equilibrium value and therefore the surface tension gradient
does not reach its maximum. Conversely, if the concentration is too
high, the surfactant equilibrates too rapidly resulting in lower surface
tension near the TPCL, i.e. again smaller than the maximum surface
tension gradient. Thus if the equilibration rate slows down (for example
due to a decrease in the diffusion coefficient) then the concentration
corresponding to the maximum spreading rate has to increase. Such a
dependence of optimum concentration on diffusion coefficient has been
confirmed experimentally in [34].

The contribution of Marangoni flow to the superspreading
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mechanism is now broadly accepted, but many questions remain un-
answered. Are there other contributions and what are they? Is the
surfactant architecture crucial for superspreading? How exactly are the
gradients of surface tensions formed? What is the role of adsorption on
solid/liquid interface and the possibility of direct surfactant transfer
through TPCL? The importance of adsorption on the solid/liquid in-
terface, for example, is confirmed by the fact that aqueous solutions of
fluorosurfactants, which have lower surface tension than trisiloxane
solutions, usually do not have superspreading properties [35].

As highlighted above, experimental studies of superspreading have
focused mostly on trisiloxane surfactants and a broader range of su-
perspreaders is required, with various architectures and adsorption
characteristics, to tackle the above questions. However, literature on
new superspreaders is rather scarce. Synthesis of double-tailed trisi-
loxane surfactants with improved resistance to hydrolysis was reported
in [36], but the spreading of these surfactants was studied on parafilm,
where only partial wetting took place. Synthesis of gemini-type trisi-
loxane surfactants and their spreading performance on rice and mango
leaves was studied in [37], reporting superspreading behaviour for
some of them. The fluorinated surfactant, perfluoropolyether amide
propyl betaine, was found to completely wet parafilm as reported in
[38], however the spreading kinetics were not studied in [38] and
therefore it is not known whether this surfactant is a superspreader.

To fill this gap, the spreading performance of a new surfactant, the
magnesium salt of bis (3-(trimethylsilyl)-propyl) 2-sulfosuccinate, Mg
(AOTSiC)2, is presented below. The main distinctive features of Mg
(AOTSiC)2 are that

i) it is an ionic surfactant and has considerably higher critical ag-
gregation concentration (CAC) than non-ionic trisiloxane super-
spreaders;

ii) it is a branched trimethylsilyl hedgehog surfactant with a brush-like
structure [39], see Fig. 1, thus its architecture is different from that
of T-shaped trisiloxane surfactants;

iii) trisiloxane surfactants contain a –O-Si-O-Si- backbone making them
prone to hydrolysis, whereas in Mg(AOTSiC)2 the silicon atom is
connected only to carbon atoms (see Fig. 1) therefore it is expected
to be much more stable in aqueous solutions [39].

In this paper, the spreading kinetics of Mg(AOTSiC)2 in the regime
of complete wetting are studied over a range of concentrations and
compared with a trisiloxane superspreader using a similar substrate.
The other experimental parameters, such as drop volume, ambient
temperature and humidity are chosen to match experimental conditions
used in experiments with trisiloxane surfactants. Special attention is
paid to comparison of the spreading performance with surfactant
equilibration rate at the liquid/air interface assessed through the dy-
namic surface tension.

Kinetics of surfactant transfer is one of the critical parameters in
superspreading. The rate of diffusion transfer is proportional to both
surfactant diffusion coefficient and concentration gradient, i.e. surfac-
tant equilibrates faster in more concentrated solutions. To separate the
contribution of concentration and diffusion coefficient on the transfer
rate, a set of experiments was performed using surfactant solutions in
20 % glycerol/80 % water mixture. The glycerol/water mixture has
viscosity 1.8mPa·s, i.e. nearly twice larger than water viscosity. Whilst
such an increase in viscosity has a negligible effect on the spreading
kinetics in the case of pure liquids [34], it results in a diffusion coef-
ficient of surfactant which is approximately half that for pure water.

2. Experimental

Mg(AOTSiC)2 (molecular mass M =875.66 g/mol) was synthesised
according to the procedure presented schematically in Fig. 1. A detailed
description of this synthetic procedure is given in the supplementary
information S1.

Mg(AOTSiC)2 belongs to a novel class of branched trimethylsilyl
hedgehog surfactants [39]. These surfactants have a brush-like struc-
ture enabling a tight packing of hydrophobic tails at a water/air or
water/oil interface with mostly methyl groups connected to silicon
being exposed. Such a combination has the lowest energy among hy-
drocarbon tails. Therefore, solutions of these surfactants demonstrate a
very low surface/interfacial tension. The surface tension isotherm
presented in Fig. 2 demonstrates that the surface tension of Mg
(AOTSiC)2 at concentrations above critical aggregation concentration
(CAC=0.47mM =0.412 g/L) is σ=21.8mN/m, which is close to the
surface tension of trisiloxane superspreaders [34]. Here the term CAC is
used instead of critical micelle concentration, CMC, to include any self-
assembled structures formed in solution, not just micelles. Fitting the
results of Fig. 2 for concentrations below CAC with the Szyszkowski–-
Langmuir equation of state

− = +∞σ σ nRTΓ bcln(1 )0 (1)

under the assumption that bc> >1, gives the parameters of Langmuir
adsorption isotherm for this surfactant as ∞Γ =1.2·10−6 mol/m2 and
b=6.4·102m3/mol. In Eq. (1) σ0 is the surface tension of pure water at
absolute temperature T =298 K, R is the gas constant, ∞Γ is the limiting
adsorption, b is a parameter reflecting the surface activity of the sur-
factant and n accounts for the number of ions in the dissociated mo-
lecule. The value n=3 was used for the fitting procedure. Therefore
the limiting adsorption here was calculated for the surfactant molecule
as a whole [40]. The area per molecule at the CAC for Mg(AOTSiC)2 is
142 A2, much larger than for trisiloxane surfactants whose values range
from 53 – 66 A2 [12,41].

The surfactant was dissolved at a maximum concentration of 60
times the CAC in water and 20 CAC in 20wt % glycerol mixture with
water. Dissolution was carried out using a roller mixer over 48 h with a
periodic application of vibration. Afterwards, the solutions were soni-
cated for 10 h and left on the roller mixer for another 14 h. Then, the
solutions were diluted to concentrations of 2, 4 and 8 CAC.
Additionally, solutions of 16 and 30 CAC were prepared in water. Note
that a solution with a concentration of 1 CAC was prepared, but dis-
carded because it does not demonstrate complete wetting of the sub-
strate used in this study. Double-distilled water was produced by an
Aquatron A 4000 D water still (Stuart). Glycerol (Alfa Aesar, ultrapure,
HPLC grade) was used as received. The glycerol/water mixture used in
this study has a density of 1049 kg/m3 and a viscosity of 1.8 mPa·s [42].

Polyvinylidenefluoride (PVDF) film (GoodFellow) with a thickness
of 0.05mm was used as a substrate. The substrate has a noticeable
roughness with parallel grooves, Rrms ∼ 0.5 μm [33]. The contact angle
of water on this substrate was 81 ± 3°, measured using a Profile
Analysis Tensiometer PAT-1 P (Sinterface) in sessile drop mode. The
large error in contact angle determination is due to the rather opaque
surface of the samples which did not give a good reflection of the drop;
therefore there was uncertainty in identifying the contact line between
the drop and substrate surface in the image.

To take into account any possible non-uniformity in chemical
composition and structure (roughness) of the substrate, 6 pieces of size
∼ 40×40mm were cut from the original film, numbered and used
throughout the whole study. On each substrate sample, spreading ex-
periments were carried out at least 3 times, for some 4 or 5 times, to
estimate the ageing properties of surfactant solutions. Glass microscope
slides (Corning Incorporated) were used as a support for the films.
Before each spreading experiment, substrates were washed with
ethanol absolute (Fisher), rinsed with plenty of double-distilled water,
dried on a hotplate at 35 °C for 20–25min and conditioned at room
temperature for 5min.

A drop of surfactant solution with a volume of 5mm3 was deposited
immediately on the substrate using an Eppendorf pipette. Spreading
was recorded using a Photron SA3 camera equipped with a AF NIKON
24–85mm lens at 60 fps with an exposure time of 0.5ms and a spatial
resolution of 40 μm/pixel. The time zero for the measurement
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corresponded to the moment when the drop touched the substrate. All
measurements were performed at a temperature, T=23 ± 1 °C and a
relative humidity, RH=44 ± 2 % as measured by a temperature/
humidity meter (Fisher).

Image processing was carried out by ImageJ free software [43]. The
spread area after 6 s and 14 s of spreading (see Results and Discussion
for the choice of characteristic spreading time) was measured for all
samples and all runs. Afterwards, the average spread area for each
concentration was calculated. The spreading kinetics for each

concentration was studied for one selected run (including all 6 substrate
samples) plus for one or two selected substrates (including all available
runs for these substrates). The selection criterion for the chosen run/
substrate was the one which possessed an average area after 14 s closest
to the average value calculated over all runs and substrates. Therefore,
spreading kinetics was studied for at least 8 cases at each concentration.

Dynamic surface tension was measured by a maximum bubble
pressure tensiometer BPA-1S (Sinterface) and equilibrium surface ten-
sion was measured with a pendant-drop tensiometer made in-house
using a gauge 28 needle (o.d. 0.362mm and i.d. 0.184mm) [44].

3. Results and discussion

3.1. Properties of surfactant solutions

After preparation, all solutions exhibited a turbidity which in-
creased with concentration. When solutions were left unmixed for a
long time, a precipitate was slowly formed at the bottom. The pre-
cipitate was formed not only at room temperature, but also at higher
temperatures, up to 70 °C. The obvious assumption is that the Kraft
temperature for this surfactant is above 70 °C and that all concentra-
tions used in this study exceeded the solubility limit, i.e. the precipitate
was composed of undissolved macroscopic particles. In this case, it
could be expected that the spreading performance of the surfactant
solutions is independent of concentration. However, as shown below,
an increase in the surfactant concentration results in an improved
spreading performance. Moreover, although the equilibrium surface
tension at concentrations above the CAC is practically independent of
concentration, the dynamic surface tension depends on concentration,
with faster equilibration at larger concentrations as shown in Fig. 3.

Fig. 1. Pathway for synthesis of the anionic surfactant Mg(AOTSiC)2.

Fig. 2. Surface tension isotherm of Mg(AOTSiC)2 at ambient temperature
T= 25 °C.
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Therefore, it can be assumed that the precipitate, at least to some ex-
tent, is formed by self-assembled structures which can rapidly replenish
and thus maintain the bulk concentration as surfactant is lost to ad-
sorption on the newly created interface.

Notably, the time dependence of the dynamic surface tension of
original mixed samples does not change considerably after filtration
through a 450 nm or even a 200 nm syringe filter, i.e. the main con-
tribution to the dynamic surface tension is provided by self-assembled
structures with a size below 200 nm, most probably due to their higher
mobility. The equilibration of solutions prepared in the water/glycerol
mixture is considerably slower than for the purely aqueous solutions
(Fig. 3). This is the result of smaller diffusion coefficient caused by
larger viscosity. For comparison, data on the dynamic surface tension of
the superspreading trisiloxane surfactant BT-240 (Evonic) from Ref
[34] are also included in Fig. 3. Note, the CAC value for BT-240 is
around 0.06 g/L.

The prepared samples were kept for more than one month with
periodic sonication and further mixing on the roller mixer. No sig-
nificant change in the spreading performance was observed when
compared with the fresh samples. Therefore, it can be concluded that
there was an equilibrium between the surfactant in solution and the
precipitate. This supports an assumption that the precipitate is formed
by self-assembled structures, which are supposed to be in thermo-
dynamic equilibrium with monomers in the bulk liquid. It can be also
concluded that the spreading performance of Mg(AOTSiC)2 does not
deteriorate with time, including for the filtered solutions. This is a
significant advantage when compared with traditional trisiloxane su-
perspreaders whose spreading performance quickly declines with time
due to hydrolysis [21].

3.2. Spreading performance of Mg(AOTSiC)2 solutions in water

A typical spreading process is presented in Fig. 4. After the drop
touches the substrate, there is always some transition period related to
the inertia of the drop during deposition following detachment from the
pipette tip, after which quasi-stationary spreading was observed. To
exclude those disturbances as well as relatively large measurement er-
rors for small areas, the spread area used for kinetics analysis was taken
for t≥ 0.5 s. During the first 1−2 s the spreading front was practically
circular (the very inner ring in Fig. 4). However, at t= 3 s, the shape
changed and became elongated in the direction of the grooves on the
substrate. The movement perpendicular to the grooves is retarded be-
cause the real surface area in this direction is considerably larger than

the projected area. The movement in the direction of the grooves can be
further accelerated due to effect of capillary wicking [45]. The change
of the spreading shape from circular to elongated can be a manifesta-
tion of a change in the spreading mechanism.

At maximum spreading, the thickness of the film was less than
10 μm. As the spreading proceeds and the area covered by the surfac-
tant solution increases, the optical contrast between the wetted and
unwetted substrate decreases. Therefore, the reliable calculation of the
spread area becomes problematic, if not impossible. In addition, at
large spread areas and on sufficiently large time scales, the spreading
kinetics can be affected by evaporation [1,6,7]. Thus, to mitigate these
issues, the spreading kinetics of solutions in water was studied at
t≤ 15 s. Longer time scales (≥ 20 s) were considered for the glycerol/
water solutions due to their slower spreading and considerably slower
evaporation.

The spreading performance was dependent upon the substrate used,
with the lowest spread area consistently shown on substrate S4,
whereas the highest spread area was shown on substrate S1. The dif-
ference in spread area between the substrates at t= 14 s was normally
within 30 %, but for the case of high concentration, 60 CAC, filtered
through the 450 nm coarse filter it was around 50 % as shown in Fig. 5.
The legend of Fig. 5 shows relative humidity, RH, for each measure-
ment. This parameter remained practically the same, as was the tem-
perature, T, because measurements presented in Fig. 5 were performed
within several hours.

Another example of spreading kinetics is given in Fig. 6, where the
results for several runs on the same substrate are presented. The figure
shows that the variations of the temperature and humidity within the
range used in this study have no noticeable effect on spreading. All

Fig. 3. Dynamic surface tension of Mg(AOTSiC)2 solutions in water, W and
water/glycerol mixture, G_W (filled symbols) compared to dynamic surface
tension of trisiloxane superspreader BT-240 in water having the same equili-
brium surface tension [34] (empty symbols).

Fig. 4. Binary images of spread area vs time for 5 mm3 drop of 30 CAC solution
in water filtered through 200 nm syringe filter. The contours correspond to the
spreading time 1, 3, 5, 8, 12 and 20 s.

Fig. 5. Spreading kinetics of 60 CAC solution of Mg(AOTSiC)2 in water filtered
through 450 nm filter, Run 2 on various substrates at temperature T=23 °C.
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these measurements were performed on the same substrate, but on
different days. Runs 4–6 were performed on the same day, 45 days later
than Run 1. Thus, Fig. 6 clearly shows that the spreading performance
of solution is unaffected by time, at least within 45 days. The sample for
the Run 6 was sonicated for 15min immediately before the spreading
experiment, whereas the other samples were premixed for 15min on a
roller mixer. Clearly, the sonication at this stage has no noticeable effect
on the spreading performance.

Figs. 5 and 6 show that spreading slows down with time and that
this slowing down depends on solution concentration. The inset in
Fig. 6 shows data for Run 6 on a logarithmic scale, demonstrating that
there are three distinct spreading regimes, each following a power law
relationship with a different exponent. On the shortest time scale, first
stage, t≤ 2 s, when the spreading profile is circular (Fig. 4), spreading
is rather slow. It considerably accelerates later in the second stage and
then slows down again in the third stage. These three stages of
spreading are in good agreement with results for trisiloxane super-
spreaders [34]. The duration of the second stage depends on surfactant
concentration (compare Fig. 5 and 6) and varies slightly between sub-
strates, but in most cases spreading slows down for t> 10 s. Thus, the
spreading exponent for the second stage was calculated between
2 s < t<8 s and that for the third stage between 11 s < t<15 s. As
well as the spreading exponents, the average spread area (over all runs
and substrates) was used to characterise the spreading performance.
Two different time points were chosen to calculate the representative
spread areas: t= 6 s within the second stage and t= 14 s within the
third stage. The last time value is also chosen for convenience of
comparison with results for trisiloxane superspreaders, which are re-
ported in [34] for t= 14 s.

Run 4 in Fig. 6 demonstrates faster spreading than the other runs.
The difference reveals itself at t> 9 s, and could be due to a variation in
the substrate drying conditions and larger residual water content on
substrate in Run 4. This assumption is supported by the fact that the
spread area at 14 s was on average 13 % higher for the substrates dried
at room temperature when compared with substrates dried at 35 °C.
However, the study of the effect of drying conditions was limited here
to one concentration, 30 CAC, and only for one run over the whole set
of substrates. Therefore, a more thorough study on the subject is re-
quired, employing a humidity chamber, where the substrates can be
conditioned within a range of precisely controlled humidity values.

To study the effect of the sediment presented, a comparison was
performed between the non- filtered samples and those filtered through
200 nm and 450 nm syringe filters. There was no difference at small
surfactant concentrations. A noticeable, although small, difference be-
tween unfiltered and filtered samples appeared at a concentration of 16

CAC, whereas at 30 CAC, differences between the 200 nm and 450 nm
filtered samples could be discriminated, as shown in Fig. S2. In all
cases, removal of large particles resulted in a better spreading perfor-
mance. Note, the spreading kinetics of trisiloxane surfactant BT-240
[34] is shown in Fig. S2 for comparison.

The dependence of spread area on surfactant concentration is pre-
sented in Fig. 7. At both t= 6 and 14 s there is a distinctive maximum
versus concentration corresponding to 30 CAC. Note, the relatively
large experimental errors in Fig. 7 are mainly due to the difference
between substrates, however the results for each substrate had smaller
experimental errors and were consistent with the dependencies pre-
sented in Fig. 7. The optimal concentration value is higher than that for
trisiloxane surfactants, where the maximum in spread area was ob-
served at concentrations in the range 10–20 CAC. It should be stressed
that CAC for Mg(AOTSiC)2 is 5–10 times higher than that for trisiloxane
surfactants, i.e. the difference in the molar concentration is even higher.
Comparison with data for trisiloxane superspreaders on the same sub-
strate [34] shows that the maximum spread area at t= 14 s is very
similar, around 400 mm2, for the same drop volume of 5mm3 (a value
more than 100 times larger than for the pure liquid on the same
timescale).

Comparison of the surfactant dynamic surface tension for Mg
(AOTSiC)2 and trisiloxane surfactant BT-240 (Fig. 3) shows that the
dynamic surface tension for 30 CAC of Mg(AOTSiC)2 on a time scale of
5ms – 20 s is similar to that of BT-240, at 5 g/L. This concentration of
BT-240 is much higher than the optimum concentration of 1.25 g/L and
spreading of corresponding solution slows down with transition to the
third stage at t ∼ 6 s. The spread area at 14 s for solution of BT-240,
5 g/L is only around 200 mm2. On the other hand, the dynamic surface
tension for the optimal concentration of BT-240, 1.25 g/L is even higher
that for Mg(AOTSiC)2 at 2 CAC. The last concentration is too small for
Mg(AOTSiC)2 and provides a spread area of around only 300mm2,
considerably below the maximum spread area.

In [34], the diffusion coefficient of surfactant was varied by chan-
ging the viscosity of the aqueous phase through addition up to 40 % of
glycerol. It was shown that similar changes in the viscosity of pure li-
quids do not affect the spreading kinetics and therefore all changes in
spreading performance of surfactant solutions in the presence of gly-
cerol were related to the changes in surfactant equilibration rate. An
increase in solution viscosity and therefore a decrease in surfactant
diffusion coefficient shifted the maximum in spread area to larger
concentrations. Dynamic surface tension corresponding to the optimum
concentration also changed: faster equilibration was observed for a

Fig. 6. Spreading kinetics of 8 CAC solution of Mg(AOTSiC)2 in water on sub-
strate S4.

Fig. 7. Dependence of spread area on surfactant concentration: circles at
t= 6 s, diamonds at t= 14 s; filled symbols – not filtered solutions, half-filled
symbols – solution filtered through 450 nm syringe filter, empty symbols –
solutions filtered through 200 nm syringe filter.
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larger optimum concentration, however the difference was not very
large. Notably, the best spreading performance, independent of glycerol
concentration, was observed for solutions reaching equilibrium surface
tension on a time scale of 1 s. For Mg(AOTSiC)2, the best spreading
performance was observed at an equilibration time of 0.1 s: it seems
that for a surfactant with 10 times larger CAC, equilibration should be
10 times faster to provide the best performance. Thus, comparing the
results of [34] and the present work it can be concluded that essential
changes in the type of surfactant, namely in its architecture, activity
and CAC value, result in considerable changes in the required surfactant
equilibration rate on the liquid/air interface. This highlights the crucial
role of surfactant adsorption on the solid/liquid interface and the
conditions for direct adsorption from liquid/air to solid/liquid interface
through the TPCL [25].

Fig. 8 presents the concentration dependent spreading exponent for
each stage. The spreading exponent for the first stage is around
α1= 0.6 and slightly increases with concentration. This value is slightly
larger than found for trisiloxane solutions in water (α1 in the range
0.3−0.5) [34], and the duration of the first stage is also larger (< 1 s
for trisiloxanes). Note, addition of glycerol in [34] increased con-
siderably the duration of stage 1, but also increased the spreading ex-
ponent in this stage. Such a correlation is in line with the results for Mg
(AOTSiC)2 obtained here. Thus, it can be speculated that for super-
spreading to begin a certain surfactant distribution (probably surfactant
concentration gradients) should be achieved and this is what happens
during the first stage.

The spreading exponent in the second stage was around α2= 1
(similar to trisiloxane superspreaders) for all studied solutions except
for 30 CAC solution filtered through 450 nm filter, i.e. Mg(AOTSiC)2 is a
superspreader. Considering that the molecular architecture of Mg
(AOTSiC)2 is very different from trisiloxanes, it can be concluded that
the hammer-like shape of trisiloxane molecules is not a necessary pre-
condition for superspreading to occur. A decrease in the spreading ex-
ponent for the second stage with an increase of surfactant concentration
was observed also for trisiloxane surfactants [34]. Comparison of the
data in Figs. 5 and 6 shows, that for 60 CAC solution, transition to the
third stage occurred earlier than for concentration of 8 CAC and the
spreading in the third stage was slower, the last result is reflected also
in Fig. 8. Overall, the results in Fig. 8 show clearly that the improve-
ment of the spreading performance in the studied range of concentra-
tions is mostly due to an increase of the spreading exponent in the third
stage, alongside the larger duration of the second stage. This is in line
with the results for trisiloxanes, where for the best performing

surfactants, the third stage was not observed at all within the time span
of observation.

3.3. Spreading performance of Mg(AOTSiC)2 solutions in 20 % glycerol/80
% water mixtures

The spread area for solutions in glycerol/water mixture on the time
scale of observations is practically independent of concentration and for
t= 14 s it is around 160 mm2 (see Fig. S3), i.e. much smaller than that
for solutions in water. The equilibration rate of solutions in G–W is
considerably slower than those in water (Fig. 3), showing that the
surfactant equilibration rate rather than the concentration is the para-
meter affecting the spreading behaviour. It should be however noted
that, due to slower evaporation, the spreading of solutions in glycerol/
water mixture lasts longer due to slower evaporation and as a result the
maximum spread area achieved is comparable with that of water (see
Fig. 9).

The kinetics of spreading of solutions in glycerol/water mixture is
different from those in water. Only two stages were observed (Fig. 9)
and spreading exponents for these stages are practically independent of
surfactant concentration (Fig. 10). The first stage has a spreading ex-
ponent of α1 ∼ 0.54, slightly lower than the exponent for solution of 2
CAC in water (α1= 0.57), although this difference is in the range of
experimental error. It lasts longer, up to 4 s, than the first stage for

Fig. 8. Dependence of spreading exponents on surfactant concentration: circles
– stage 1, diamonds – stage 2, hexagons – stage 3; filled symbols – not filtered
solutions, half-filled symbols – solution filtered through 450 nm syringe filter,
empty symbols – solutions filtered through 200 nm syringe filter.

Fig. 9. Spreading kinetics of 20 CMC solution of Mg(AOTSiC)2 in 20 % GL_W
mixture. Inset shows the contours correspond to spreading time of 3 s, 5 s, 8 s,
12 s, 18 s, 26 s, 36 s and 46 s. Spread area at t= 50 s is 497 mm2.

Fig. 10. Dependence of spreading exponents on surfactant concentration for
solutions in glycerol/water mixture: circles – stage 1, squares – stage 2.
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solutions in water. This is in line with assumption that the first stage
provides some initial surfactant distribution necessary for the faster
spreading to begin.

Spreading exponent for the second stage is around α1= 0.8, similar
to the highest exponent observed for solutions in water in the third
stage, i.e. technically solutions in glycerol/water mixture do not su-
perspread, as superspreading is related to the spreading exponent of 1
and higher. This shows that most probably there are at least two me-
chanisms contributing to a fast spreading of surfactant solutions: one is
superspreading itself and another is surfactant enhanced spreading,
which is slower, but still faster than the spreading of pure liquids [11].
This corresponds to the spreading of solutions in glycerol/water mix-
ture and the third stage of spreading of solutions in water.

4. Conclusions

A study of the spreading performance of aqueous solutions of
magnesium salt of bis (3-(trimethylsilyl)-propyl) 2-sulfosuccinate, Mg
(AOTSiC)2, a branched trimethylsilyl hedgehog surfactant with a brush-
like structure and its comparison with the performance of trisiloxane
superspreaders on the same substrate, polyvinylidenefluoride, has
shown the following.

1 Mg(AOTSiC)2 is a superspreader. It enables a very fast spreading
kinetics for aqueous formulations with spread area being propor-
tional to time. The spreading performance of Mg(AOTSiC)2 is similar
to the spreading performance of trisiloxane superspreaders on the
same substrate. Notably, within 14 s of spreading, the area covered
by both surfactant solutions increases more than 100 times and
reaches 400 mm2 for a drop of 5mm3 volume. This highlights that
the specific hammer-like molecular architecture of trisiloxanes is not
a necessary condition for superspreading.

2 The spreading performance of Mg(AOTSiC)2 solution remains the
same for at least 45 days. This is a considerable advantage in
comparison with solutions of trisiloxane superspreaders, which are
prone to hydrolysis and show a marked deterioration of spreading
performance after 1−2 days.

3 Similar to trisiloxane superspreaders, solutions of Mg(AOTSiC)2 in
water show a maximum in spread area vs concentration and three
distinctive stages in spreading kinetics with different power law
spreading exponents, α, for time dependence of spread area S ∼ tα.
The first stage lasts around 2 s and is characterised by the spreading
exponent α1 ∼ 0.6. Most probably it is related to the initial dis-
tribution of surfactant necessary for superspreading to begin. The
second stage with α2 ∼ 1 is the superspreading stage, which lasts
6–8 s. After that spreading slows down in the third stage of surfac-
tant enhanced spreading with spreading exponent α3 ≤ 0.8.

4 Comparison of dynamic surface tension corresponding to the op-
timum surfactant concentration shows that the best spreading per-
formance of trisiloxane superspreaders was observed for solutions
reaching equilibrium surface tension on the time scale of 1 s,
whereas for Mg(AOTSiC)2 the best spreading performance was ob-
served at larger concentration, 30 CAC, and a much shorter equili-
bration time at air/liquid interface of 0.1 s. Thus the essential
changes in the type of surfactant, namely in its architecture, activity
and CAC value, result in considerable changes in required surfactant
equilibration rate at liquid/air interface, displaying the importance
of surfactants adsorption on solid/liquid interface for spreading
performance of surfactant solutions.

5 Addition of 20 % of glycerol to Mg(AOTSiC)2 solutions results in an
approximately twofold decrease of the surfactant diffusion coeffi-
cient. For these solutions, superspreading was not observed in the
range of surfactant concentrations between 2–20 CAC; instead two
stages were identified. The first stage was similar to the first stage of
solutions in water, but lasted longer, up to 4 s, whereas the second
stage lasted up to 60 s and was characterised by the spreading

exponent α2 ∼ 0.8, close to the spreading exponent of the solutions
in water during the third stage. This stage can be denoted as a
surfactant enhanced spreading, which is more common phenom-
enon than superspreading.
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