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Abstract The initial stages of spontaneous spreading of a
solvent drop (toluene) on the surface of a soluble polymer
(polystyrene) have been studied with a high-speed camera.
For drops of 1-4 pL volume, the increase in contact radius 7
can be described by a power law r o< ¢4 with the spreading
exponent «=0.50 and for the first ~8 ms. Thereafter, the
three-phase contact line was pinned leading to a macroscopic
static contact angle of ©y=12-15°. The insoluble liquids
ethanol (=0.47, ©(=0) and water (a=0.35, ©¢=90°)
showed a slower spreading. We attribute the fast spreading
of toluene to the strong interaction with the polymer, like in
reactive wetting. The finite macroscopic contact angle
indicates the formation of a ridge by softening of polystyrene
due to permeated toluene and the subsequent plastic
deformation by the surface tension of the liquid. This
interpretation is supported by experiments on polymers
grafted from a silicon wafer. Toluene completely wets
polymer brush surfaces. Transport of toluene through the
vapor phase plays a significant role.
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Introduction

Spontaneous spreading of liquids is relevant in a number of
processes like soldering, printing, and coating. The dynamics
of spontaneous wetting has been studied extensively
[1-5]. When a liquid drop is placed on a hard, inert surface
the interfacial tensional forces cause the drop to spread. The
gradient of curvature of the liquid surface and thus the
capillary [6] (Laplace) pressure between the center and the
periphery of the drop cause the drop to expand. The contact
radius increases with time ¢ as [7, §]

r=rot” (1)

Here, « is the spreading exponent and r( is a coefficient
depending on the initial conditions and the materials
properties. Depending on the effect limiting the speed of
wetting, the spreading exponent varies. Typically, in the
first few milliseconds the inertia of the liquid mass
transported limits the spreading speed. In this initial regime
and for low static contact angles (©y<<90°) a=0.5 [9-11].
In the second regime, wetting is limited by viscous
hydrodynamic effects. Spreading slows down and a=0.1-
0.14 [12-16], depending also on drop size. Small spherical
drops seem to follow a power law with a=0.1 [12-16]. For
liquid with a viscosity n above 0.05 Pa s, the viscous
regime dominates right from the beginning [9]. When the
drop has reached a contact radius of typically 1 cm or larger
gravitation becomes the dominant force driving the
expansion of the liquid. Then a=0.125 [13].

While the spontaneous wetting in the viscous regime has
been studied extensively, it is only recently that researchers
have started looking at the inertial phase of wetting. Soboleva
et al. could show experimentally the transition from inertial to
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viscous spreading of a liquid drop on a solid surface and
derive a model for describing the transition taking place in the
first milliseconds of drop spreading [9, 17]. They verified that
for liquids of low viscosity (7<0.05 Pa s) in the inertial
regime the wetting speed is indeed independent on the
viscosity and a=0.5 for polar and non-polar liquids.

Biance et al. [11] investigated the first milliseconds of
spreading of a water drop on a glass slide using a high-
speed camera. They confirmed that in the inertial phase and
for ©¢p=0 the drop contact radius increases with a square
root dependence on time («=0.5). Similar results had also
been predicted [10, 18] and observed for coalescing drops
[19] and drops coalescing with a pool of liquid [20]. These
experiments indicated that a drop of a liquid with ©y=0
shows much the same dynamics as two coalescing drops or
a drop coalescing in a pool.

Bird et al. [21] investigated this issue by preparing surfaces
of varying wettability and focused on the first few milli-
seconds of spreading of a water—glycerol mixture drop with a
high-speed camera. The time was rescaled by the Rayleigh
time scale 7= +/pR*/y, and the contact radius r was
rescaled with the initial radius R of the drop before touching
the surface. Here, p is the density of the liquid and ~ denotes
its surface tension. They confirmed the power law of Eq. 1.
However, the exponent o gradually dropped from 0.5 to
around 0.3 when the wettability of the substrate became
poorer, i.e., the exponent of the power law decreased with
increasing Og. Thus, the only factors affecting spreading in
this initial fast regime were found to be the surface wettability
and drop size, and thus inertial forces. Viscosity was found to
play no role; the study was, however, limited to liquids with
viscosities up to around 11 mPa s.

Here we report on the initial phase of wetting of a flat
polystyrene surface by toluene, a good solvent for polysty-
rene. Unlike on an inert surface, the formation of a prewetting
layer is unlikely because toluene would diffuse into the
polystyrene after adsorption. Toluene drops wetting polysty-
rene have been studied in detail by Li et al. [22-24] and
Bonaccurso et al. [25, 26]. They concentrated on the later
stage after the drop had spread on the polystyrene. They let
the drop evaporate in air and analyzed the microstructures
that had been formed afterwards. Depending on the
molecular weight of the polystyrene, different shapes of the
evaporation structures developed. Analysis of the evapora-
tion structures showed that toluene formed a finite contact
angle with polystyrene. This is in contrast to expectation.
Since polystyrene is soluble in toluene a contact angle of
zero was expected. To understand the wetting behavior of a
solvent on a soluble substrate, we performed wetting
experiments of toluene drops on flat plates of polystyrene
with different molecular weight of the polymer. For
comparison, also the wetting of ethanol and water were
analyzed. Ethanol (y=22.1 mN/m, n=1.13 mPa s at 23 °C)
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has a surface tension close to toluene (y=28.2 mN/m, n=
0.57 mPa s). Water (y=72.3 mN/m, n=0.95 mPa s) was
chosen because it forms a high contact angle on the
hydrophobic polystyrene (©,=80-90°). The three liquids
have dynamic viscosities of the same order of magnitude.

Materials and methods
Experimental setup

Liquid drops were placed on the solid substrate by a microliter
syringe (Fig. 1). The needle of the syringe was either Teflon
coated of outer diameter 260 um or a borosilicate glass
microtip. The diameter of the glass microtip could be tuned
down to a few tens of micrometers by the procedure used to
pull the glass capillary. This allowed making drops of
different sizes. The substrate was placed on a vertical stage
and illuminated from behind by a cold light source (Zeiss,
KL2500) and a diffuser. The process was visualized with a
high-speed camera (Photron SA1) which was inclined at an
angle (below 5°) to the plane of the drop so as to also get the
reflection of the drop on the substrate. The spreading process
is captured as a movie with a frame rate of typically 36.000
fps. We use a macro-zoom optic (Navitar) that allowed for a
spatial resolution of 6 wm. Experiments were carried out at
23+1 °C.

Materials

Polystyrene with molar masses My=26, 65, 210, and
560 kDa was synthesized by anionic polymerization. The
polydispersity of all samples was 1.05 or better. To produce
flat substrates, the polystyrene powder was compression
molded at 175 °C. The powder was placed in a split mold
and compressed by a hydraulic press at a defined force of
50 kN. An optional vacuum fitting was occasionally used,
however, no difference was found in the quality of the
samples. The diameter of the plates measured 25 mm, and

Micro-liter syringe
with micro-capillary

0 j

(slightly inclined)
Substrate on vertical stage

Ay

|

Light Source

Fig. 1 Schematic diagram of the experimental setup
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the thickness was 1 mm for all samples except the 26 kDa,
where a thickness of 3 mm was used to avoid damaging the
polymer plate by wrinkling. The molds were coated with
Kapton sheets (Polyimide films, Dupont, USA) of diameter
25 mm. This was done to ensure a smooth surface of the
polystyrene, which is essential to study wetting. Using the
Kapton sheets usually imparted a root-mean-square rough-
ness of 100—200 nm of no particular direction to the surface
of the polystyrene plate, as was measured by scanning
confocal microscopy (uSurf, Nanofocus AG, Germany).
The polystyrene plates were cleaned in an ultrasonic bath of
ethanol for around 10-15 min and then vacuum dried at
40-50 °C for a period of 15-20 min prior to the
experiment.

Experiments were also carried out on polystyrene
brushes. These brushes had a thickness of 15-20 nm and
were end-grafted on one side onto silicon substrates. The
cleaning procedure of the brushes was the same as that of
the plates. The preparation of polymer brushes by a grafting
from synthesis was described before [27]. Briefly, first
naturally oxidized silicon wafers were immersed in a
mixture of NH3 (8 mL, 25%), H,O, (8 mL, 35%) and
Millipore water (100 mL) at 80-85 °C for 20-25 min.
Afterwards, the wafers were rinsed with copious amounts
of Millipore water and dried under nitrogen flow. Then the
wafers were immersed in a mixture of dry toluene,
triethylamine, and starter (25 mM) for 20 h. The wafer
was removed from the starter solution and cleaned by
extraction in dichloromethane. The starter, (3-(2-bromoiso-
butyryl)propyl)dimethyl chlorosilane, was synthesized
following the procedure described in [28] and purified by
distillation under reduced pressure. To prevent degradation
by moisture, it was stored under argon atmosphere over
silica—gel in a desiccator.

Brushes were synthesized by an ATRP reaction under
protective argon in modified Schlenk flask that contained
the silanised wafer, CuBr (13 and 26 mg), degassed anisole
(10 mL), styrene (10 mL), and N,N,N',N',N"-pentamethyl-
diethylenetriamine (PMDETA, 38 and 19 uL, Aldrich,
99%). After stirring for 15 min under an argon atmosphere,
ethyl 2-bromoisobutyrate (2-EiBBr, 26 and 13 pL, Aldrich,
98%) was added. The reaction mixture was then deoxy-
genated by three freeze/pump/thaw cycles and stirred at
90 °C. To remove bulk polymer, the wafer was extracted
24 h in a soxhlet apparatus. The bulk polymer was
precipitated twice in methanol and dried. The resulting
molar masses M, were 20.6 and 23.9 kDa with a PDI of
1.17 and 1.28, respectively.

Image analysis and processing

Static contact angles were analyzed with a commercial
software (FDS, OCA-20). For dynamic contact angles we

developed an automatic analysis program, which calculated
for each frame of the movie contact angle, contact radius,
volume, and other drop parameters. The code was written
in Matlab. The algorithm relies on good quality images
with a uniform contrast over the area of interest. The
images captured also include the reflection of the drop on
the substrate (Fig. 2). The brightness is reduced in the
image to reduce saturation and pick out more details. Then
the movie is thresholded using /mageJ to obtain an image
in black and white. This has only 2 pixel values 0 and 255,
255 representing the drop and 0 the background. To avoid
complications, only the part where the drop meets the
substrate was extracted. Image informations were exported
as a matrix of intensities in ASCII format. The exported file
essentially contains the coordinates of the drop shape. This
file was given as input to the algorithm which outputs the
relevant parameters of interest. For a quantitative analysis,
the cross-section of the drop needs to meet the substrate at a
single point; only experiments in which drops fulfilled this
condition were analyzed. Time zero /=0 is taken as one
frame before the formation of the liquid bridge with the
substrate.

Results and discussion
Wetting of polystyrene

As soon as a toluene drop gets into contact with the
polystyrene surface it forms a meniscus and the meniscus
starts to expand (Fig. 2). While the drop is spreading, a
capillary wave propagates along the drop surface. Spread-
ing lasts approximately as long as the capillary wave takes

Capillary
wave

Fig. 2 Snapshots in time of a toluene drop spreading on the planar
polystyrene (Mw=26 kDa). The first image was recorded 0.65 ms
after contact, and the second image was recorded 7.73 ms after the
first image. The capillary wave is seen to be traveling out from the
point of contact over the drop to the micro-capillary
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to propagate from the contact point to the top of the
drop. When the capillary wave reached the top of the
drop at the rim of the syringe it pinched off. After
typically 8 ms the toluene drop is pinned at the
periphery. It further evaporates with a pinned contact
line and a decreasing contact angle. The apparent, static
contact angle of toluene drops on polystyrene was 12—15°.
“Static” refers to the contact angle reached after the initial
spreading before a significant amount had evaporated. It did
not depend on the molar mass of the polymer or on the initial
drop size.

As reported in the literature on the spreading on
undeformable, insoluble surfaces, we observed a fast and
a slow wetting regime. The increase of the contact radius
with time in the fast spreading regime could be described
by Eq. 1. When plotting the contact radius versus time on
a double logarithmic scale, straight lines were obtained
(Fig. 3). For a better comparison of different liquids, we
also show the normalized contact radius 7/R versus the
normalized time f#/7. For toluene a spreading exponent
of «=0.50+0.014 (standard deviation of the experimental
values) was obtained, independent on molecular weight
(Fig. 4). In normalized units, the power law described the
results well for #/7=0.1 to 2. Afterwards, the slow regime
started. A change in slope was observed in the plots of
contact angle versus normalized time at #/7=2.

Ethanol spread slightly slower than toluene; its fast
spreading could be described by an exponent a=0.47+0.01.
It finally spreads to a continuous film with zero contact
angle.

Water was distinctly slower than toluene and ethanol,
with an exponent aw=0.36+0.01. The static contact angle
was 90°. The lower spreading exponents for water can be
explained by the high static contact angle of water on
polystyrene. A high static contact angle leads to a lower
driving force for spreading, y(cos @y — cos ©), where O is
the dynamic contact angle. It further leads to a reduced
curvature and thus a reduced gradient in the Laplace
pressure. It should also influence the entrained mass and
the driving force for spreading. Bird et al. [21] found for
water a value of «=0.35 for ©¢=100°, which agrees with
our results.

Wetting of polystyrene brushes

To further elucidate the reason for a finite contact angle
of toluene on polystyrene, experiments were also
performed with toluene and ethanol drops spreading on
polystyrene brushes (Fig. 5). Polystyrene brushes cannot
dissolve in the solvent but only swell since they are
covalently attached to the surface with one end. The
spreading of ethanol drops on polystyrene brushes did not
show significant differences with respect to flat polystyrene
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Fig. 3 Log-log plots of contact angle versus real time, contact radius
versus real time, and normalized contact radius versus normalized
time, respectively. The normalized radius is the radius r divided by the
radius R of the hanging drop just before contact. The normalized time
is the actual time divided by the Rayleigh time 7. The substrate for the
experiments was a flat polystyrene plate of Myw=69 kDa. The initial
drop radii in this particular experiment were R=0.58 mm (water)
and R=0.79 mm (ethanol and toluene)

substrates. Toluene drops, on the other hand, spread com-
pletely, and the static contact angle was zero. The wetting
coefficients for the fast wetting regime, though, were the same
as for bulk polystyrene (a=0.50).
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Fig. 4 Wetting exponents of toluene, ethanol, and water on polystyrene
versus the molecular weight of the polystyrene

Fast spreading of toluene

The difference of the fast wetting velocity between toluene
and ethanol on polystyrene could be explained by a
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Fig. 5 Contact angle and normalized contact radius for toluene and
ethanol spreading on polystyrene brushes of 26 kDa. The initial drop
radii were R=0.79 mm

mechanism similar to what is observed in reactive wetting
of metal alloys at high temperatures ([29-31] and refer-
ences therein). In such processes, like soldering or brazing,
a liquid metal drop at high temperature (7>250 °C) wets
another metal surface at lower temperature (room temper-
ature). It has been observed that if the metals are miscible
wetting proceeds much faster than if the metals are non-
miscible. Based on experiments and simulations it has been
postulated that wetting speeds directly dependent on
dissolution kinetics. In general, reactions occurring between
liquid and solid accelerate spreading. The gain in free
energy due to a mixing is proposed to create an additional
driving force for wetting [32]. This phenomenon seems to
apply also for toluene on a polystyrene surface, in contrast
to ethanol or water. The additional free energy comes from
the high interaction parameter of polystyrene and toluene

Ridge formation

Why does toluene not spread infinitely and form zero static
contact angle? After the fast regime (#/7>2), ethanol spreads
out and finally completely wets the substrate, while toluene
spreads out only to a certain finite macroscopic contact angle
and then the contact line is pinned. We propose that the
three-phase contact line is pinned because the polystyrene
surface is softened by the toluene and a ridge is formed, like
in the case of immiscible drops sitting on deformable
substrates [33, 26, 34]. That such ridges form is evident
from images of polystyrene surfaces after toluene drops had
evaporated [22-24]. Ridges as high as several micrometers
have been observed previously [25, 26, 34]. On the brushes,
the deformation is limited to a few nanometers since the
polymer chains cannot extend more. For a ridge to form, the
toluene has to diffuse into the polystyrene to a sufficient
concentration and depth. Then, the polystyrene/toluene
mixture deforms plastically by the force caused by the
vertical component of the surface tension of the liquid. These
processes, diffusion and plastic deformation, have to be fast
enough so that the three-phase contact line has not moved on
before a ridge of sufficient size has formed.

The spreading speed of toluene on polystyrene just
before pinning was 7.5 cm/s. If we estimate the lateral
extension of the ridge to be of the order of 1 um, the three-
phase contact line crosses that distance in 13 ps. This time
has to be related to the diffusion of toluene into polysty-
rene. For temperatures above the glass transition tempera-
ture of polystyrene of 100 °C and for high weight fractions
of toluene, diffusion coefficients have been measured by
various techniques (e.g., [35, 36]). Diffusion of toluene in
polystyrene depends sensitively on the concentration of
toluene. It is fast at high weight fractions of toluene.
Experimental results for room temperature and low toluene
content are rare and they differ significantly [37, 38]. Ata
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weight fraction of toluene below 0.1 and at room
temperature diffusion is not even Fickian [39—42]. Kriiger
and Sadowski [40] report a diffusion coefficient of toluene
in polystyrene at 30 °C and a weight fraction of 0.14 to
be D=2.8x10""* m?/s. We take this as an upper limit for the
diffusion of toluene with low toluene content at room
temperature. In Ar=13 us, toluene diffuses of the order
of Ax = v6DAt = 5nm. This is not enough to soften the
polystyrene sufficiently for ridge formation.

Transport through the vapor phase

Therefore, we conclude that there is an influence of
diffusion of toluene vapor through air ahead of the
spreading liquid. The toluene vapor is absorbed by the
polystyrene, which increases the toluene content before the
liquid actually wets the polystyrene. Toluene vapor in air
has a diffusion coefficient of 8x10~® m%/s [23]. In 8 ms, the
time after which a toluene drop is typically pinned, toluene
vapor diffuses ~0.6 mm. This is of the same order of
magnitude as the contact radius of the drop. Furthermore, in
the experiments the pipette with the toluene drop was
slowly moved towards the polystyrene surface. Some
toluene continuously evaporated. It was unavoidable that
some toluene vapor adsorbed onto the polystyrene. This
could have led to a softening of the polymer surface even
before the liquid toluene got into contact with the
polystyrene. We tested this possibility by letting a drop
hang in air close to the surface for 30 s. No difference in
spreading was observed. In another experiment, we
exposed polystyrene to toluene vapor by placing a filter
paper soaked with toluene close to the polymer surface in a
closed beaker for 15-20 min. Then, we noticed a slight
change in the speed of wetting. Hence, a long exposure to a
high vapor pressure of toluene softens polystyrene suffi-
ciently to alter the spreading process.

The absorption of toluene could be reduced by releasing
the toluene drops from a certain height. When releasing
toluene drops from a height of 10 mm onto the surface, the
final contact angle was around 2—3° smaller than what was
observed at small release heights. In these experiments, the
spreading is, however, partially enforced by the increased
inertia of the drop and not purely spontaneous. At the end
of the fast regime, the droplet had spread to a greater extent
because of the inertia of falling.

Possible dissolution effects

A possible alternative explanation of the line pinning is the
following: polystyrene dissolves in toluene (in the case of
the bulk polystyrene, not the brushes). Once it is dissolved,
it starts to diffuse. It can get concentrated close to the three-
phase contact line because of evaporation. Close to the
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three-phase contact line, the concentration of polystyrene
might be high, which can lead to an increased viscosity of
the spreading liquid. An increased viscosity slows down the
wetting process, allowing evaporation to become even more
dominant and finally stops the movement of the three-phase
constant line. However, it is unlikely that dissolution plays
an important role during the first =8 ms because dissolution
and the diffusion coefficient of dissolved polystyrene in
toluene depend sensitively on the molar mass. Neither the
static contact angle nor the wetting exponent did, however,
depend on the molar mass. In addition, the diffusion
coefficient of polystyrene in toluene can be estimated
from D = 2.8 x 1078My%%m? /s [43]. With Mw=26 kDa
we get a diffusion coefficient of 107'° m?/s. Thus, in the
first 10 ms, a polymer chain diffuses not more than 2 pum.
Furthermore, it seems unlikely that evaporation of toluene
is sufficiently fast compared with the contact line speed to
significantly enrich PS close to the contact line.

The surface tension of a polystyrene/toluene solution
increases with the volume fraction of polystyrene according
to v=28.2 mN/m+5®'? [44], with ® being the volume
fraction of polystyrene in toluene. A process, called
solutocapillarity, could enhance spreading. Due to solvation
of polystyrene at the drop rim, the surface tension there
becomes higher, while at the top of the drop it remains low.
The difference could be up to Ay~1 mN/m for concentrated
solutions. This effect is even enhanced, when evaporation sets
in. Drops with so small contact angle evaporate predom-
inantly from the rim. The temperature decrease due to the
loss of latent heat would further increase the surface
tension gradient. This difference causes a convective
Marangoni flow from the top of the drop to the three-
phase contact line. The additional convective velocity
can be estimated by dr/df = A~ sin®y/n=0.3 m/s,
with ©¢=12°, Ay=1 mN/m, and n~=0.57 mPa s [45, 46].
This value is certainly overestimated since at this late
spreading stage the rim velocity is below 10 mm/s. It tells
us, however, that there might be an additional convective flow
inside the drop during the late stages of wetting.

Conclusions

The dynamics of wetting of a solvent on a soluble polymer
has been studied for combinations of toluene on polysty-
rene substrates of different molecular weights and com-
pared with non-soluble liquids (ethanol and water). For
drops of initially 1-4 uL volume, spreading of toluene
drops can be described by a power law with a spreading
exponent of 0.5. Ethanol and water show lower spreading
exponents. Toluene is observed to wet the polystyrene faster
than ethanol, most probably by the mechanism of reactive
wetting because of its affinity to the substrate. The apparent
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static contact angle reached after ~10 ms was 12—15°. For
polymer brushes, instead, complete wetting was observed.
The pinning in the case of bulk polymer is interpreted by the
formation of a ridge formed by the polymer. For ridge
formation, transport of toluene through the vapor phase and
subsequent adsorption by the polystyrene is a prerequisite.
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