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Abstract. We review the studies on the wetting of soluble polymeric substrates by their solvents, both
in the literature and conducted in our group in the past decade. When a droplet of solvent spreads on a
soluble polymer layer, its wetting angle can strongly vary with the contact line velocity even at capillary
numbers smaller than unity, in contrast to non-soluble substrates. The solvent content in the polymer
is a key parameter for the spreading dynamics; that content is set by the initial conditions, but also by
the transfers occurring from the droplet to the polymer layer during spreading. We focus on hydrophilic
amorphous polymers that are glassy at room temperature, and we discuss the consequences on wetting of
the very large changes in the polymer physical properties induced by solvent sorption. We finally present
new results on polymers of varying molar masses, and show how they open new perspectives for a better

understanding of powder dissolution.

1 Introduction

Dissolution of powders is an experiment of daily life which,
as everybody knows, can be difficult and result in the for-
mation of lumps. Although frequent and of dramatic im-
portance in several industrial processes, lump formation
is a poorly understood problem. When a powder is put in
contact with a liquid, capillary imbibition drives the lig-
uid between and within grains (fig. la). Imbibition may
be heterogeneous leading to remaining dry parts in grains
(fig. 1b), which results in lumps. At a smaller scale, imbi-
bition is ruled by the advance of the contact line in a pore
(fig. 1c). Understanding of how the soluble solid matter is
wetted by the liquid is therefore necessary to fully prehend
dissolution of powders.

In this paper we review the experimental findings on
wetting of soluble substrates. We focus on the case of
substrates constituted by amorphous polymers for which
the glass transition temperature is larger than room tem-
perature, as for powders of amorphous polymers. When
they are wetted by their solvent, rich wetting behaviours
emerge, owing to the possible large variations of the poly-
mer properties according to its solvent content. At low
solvent fraction, the polymer is glassy and behaves as a

* Contribution to the Topical Issue “Wetting and Drying:
Physics and Pattern Formation”, edited by Duyang Zang,
Ludovic Pauchard and Wei Shen.

# e-mail: laurence.talini@espci.fr

rigid solid in which solvent uptake is small and solvent dif-
fusion is slow, whereas at large solvent content it turns into
a viscous liquid with a large solvent sorption and diffusion
coeflicient. Between those two situations, the polymer be-
haves as a soft viscoelastic medium that can easily be
deformed. Such dramatic changes have important conse-
quences on the wetting behaviour that are both described
and interpreted in the following.

We will consider the simple experiment that consists in
depositing a droplet of solvent on a polymer layer and in
measuring both the contact angle and spreading velocity
of the droplet (fig. 2). We discuss results from the litera-
ture and synthesize the results obtained in our group in
the past decade, shedding new light on the ensemble of the
experimental findings. We finally discuss the future works
and advances needed to further understand the dissolution
process of powders.

The paper is organised as follows: in sect. 2 we sum-
marize the main trends of the wetting dynamics on solu-
ble polymeric substrates and underline the solvent content
in the polymer is a key parameter; sect. 3 is devoted to
the solvent transfers occurring from the droplet to the
polymer, and to their consequences on wetting dynamics.
In sect. 4, we focus on glass transition effects. Finally, in
sect. 5 we present new experimental data and discuss mo-
lar mass effects on the wetting dynamics. The conclusion
offers perspectives, with regard to the understanding of
powder dissolution.
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Fig. 1. Schematic representation of the dissolution process of a powder showing the grains being put in contact with the liquid
(a), the incomplete imbibition of a grain by the liquid (b), and the liquid invading a pore inside a grain, with an angle 6 between
the contact line and the soluble solid (c). The typical lengthscales are indicated.

solvent droplet

soluble polymer layer

Fig. 2. Schematic representation of the wetting experiment
consisting in depositing a droplet of solvent on a polymer layer
of thickness e. The contact angle 6 and contact line velocity U
can be measured as the droplet spreads, or remains pinned on
the substrate.

2 Qualitative behaviour

The first theoretical study of the problem by Halperin and
de Gennes [1] stated that “where we spread a good (non-
volatile) solvent on a polymer coated surface the spreading
coefficient S is so large that the final wetting film is usu-
ally very thin”. The statement relies on a hydration free
energy becoming greater than surface energy as soon as
the thickness of the layer exceeds a few monomers. As a
consequence, the contact angle between a polymer and its
solvent is expected to be zero, which contrasts with exper-
imental findings. Early observations actually showed that
the wetting angle of a solvent on a polymer layer is fi-
nite [2]. In the case of hydrophilic polymers, that behavior
was attributed to a reorientation of the polymer chains in
order to expose the less hydrophilic parts at the interface
with air [3]. The mechanism is driven by the minimization
of the interfacial energy of the air/substrate interface. As
a result, although the polymer is hydrosoluble, its surface
becomes partially hydrophobic and the wetting angle can
be large. The wetting of non-hydrosoluble polymers has
received less attention. In ref. [4], the wetting dynamics
of a hydrophobic polymer (polystyrene) by a good solvent
(toluene) was studied. Surprisingly, the same qualitative
features as with hydrosoluble polymers and water were
observed, in particular a non-zero contact angle of the sol-
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Fig. 3. Contact angle of a solvent (water) droplet as a function
of the solvent volume fraction of a polymer (maltodextrine)
layer, measured for a contact line velocity U = 10~ ms™".
The dashed line is a guide to the eye.

vent. The toluene content in the atmosphere was shown
to influence the wetting.

The influence of the water content of the atmo-
sphere was also studied for hydrosoluble polymers. It was
reported by several authors that the angle for a hydrosol-
uble polymer wetted by water strongly depends on hu-
midity [3,5,6]. Humidity sets the initial water content in
the polymer (i.e. the content before droplet deposition),
as a result the contact angle is a function of the solvent
content of the polymer. That point is illustrated in fig. 3
that shows the dynamic contact angle of a water droplet
spreading on a hydrosoluble polymer layer (polydimethy-
lacrylamide), according to the initial water content of that
layer. Remarkably, angles up to 90° are measured, consis-
tently with very large angle values reported in the lit-
erature [3—6]. As the water content increases, the sub-
strate/air interfacial energy increases; consequently, the
angle decreases and is expected to reach zero. It should
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Fig. 4. Contact angle as a function of the contact line ve-
locity for a water droplet on maltodextrine layer. To obtain
the wide velocity range, experiments were conducted in three
different conditions: i) spontaneous spreading (full circles), ii)
droplet swollen with a pump (crosses) and iii) substrate moved
at a given velocity whereas the droplet remains fixed (hollow
circles).

however be noted that even on a gel substrate made of
80% of water or more, a water droplet can be measured
to have a 50° contact angle [7].

In addition, experiments show that, for a given hu-
midity, the contact angle strongly varies with the contact
line velocity. When a droplet spontaneously spreads on
a polymer substrate, its velocity varies during the course
of spreading: first, the droplet spreads fast but it further
slows down. In order to investigate a wide range of veloc-
ity values, experiments in which the substrate is pulled,
or the droplet is swollen can also be conducted. Velocities
ranging from 1076 to 1ms™! could thus be reached with
water droplets on a polysaccharide (maltodextrine) sub-
strate [8]. The variations of the contact angle measured in
that range are shown in fig. 4. The angle 6 is an increasing
function of the contact line velocity U. At large velocities
corresponding to early experimental times, the substrate
behaves similarly as a hydrophobic one, with very large
values of the wetting angle. As spreading proceeds, both
the contact angle and velocity decrease with time, at a
rate that decreases for vanishing values of the velocity.

The resulting 6 vs. U variations can be compared with
the ones expected for a liquid spreading on a non-soluble
substrate in partial wetting conditions. In that case as
well, the dynamical wetting angle depends on the con-
tact line velocity. Considering the balance between power
of the capillary driving force, Py = 7(cosf. — cos9)U,
and viscous dissipation in the liquid droplet, Pyrop =

% In(£) yields the Cox-Voinov law [9] for small con-
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where 6. is the equilibrium angle that depends on the
three interfacial tensions of the problem (liquid/air, lig-
uid/solid and solid/air), 7; is the liquid viscosity and -,
the liquid/air surface tension. L is the size of the liquid
wedge and  a microscopic cut-off length. The value of  is
widely discussed in the literature (see, for instance, [10])
and its order corresponds to the molecular size, leading
to ln(%) ~ 10. However, the contact angle depends only
weakly on that value: for instance ln(%) varies by a factor
smaller than 2 for % varying by a factor 103,

According to eq. (1), the contact angle on a non-soluble
substrate is an increasing function of the capillary num-
ber Ca = "Aly—f] and it is significantly larger than the equi-
librium angle for C'a values larger than 1. For instance,
the angle increases by 5° above the equilibrium angle for
Ca =~ 5. Comparatively, the range of velocities of fig. 4
corresponds to much smaller capillary numbers ranging
from about 1078 to 1072. Therefore, the variations with
velocity of the wetting angle on soluble substrates are not
accounted for by the Cox-Voinov law and hence, are not
due to viscous dissipation in the droplet.

As mentioned above, the dynamical wetting of solu-
ble polymer substrates is experimentally found to be con-
trolled by the solvent content of the polymer. In other
words, 6 = f(¢) where @ is the solvent volume fraction at
the contact line, and more precisely at a distance  close to
the contact line. This volume fraction is determined by the
initial solvent content of the polymer as described in fig. 3,
but also by the solvent transfers from the droplet occur-
ring during spreading. The transfers themselves depend on
the contact line velocity. More precisely, by analogy with
eq. (1), for a given liquid the wetting angle can be written
as a function of the equilibrium angle, cut-off length x and
velocity U: 6 = f(fe, k,U). Note that we assume that the
liquid viscosity and surface tension are not significantly
modified during the wetting experiment, which is justified
in the experiments we consider, that were conducted with
thin layers of weakly tensioactive polymers [8,11]. For non-
soluble substrates 0, and x have fixed values, whereas, in
the case of a soluble substrate, 6, and x become functions
of the solvent content in the polymer at the contact line.
Since the quantity of solvent transferred to the polymer
itself depends on the velocity of the contact line, 6, and &
are implicit functions of the velocity U.

Solvent transfers from the droplet to the polymer layer
during spreading can be evidenced with simple white light
visualisations. For submicron polymer layers deposited on
a reflective substrate, Newton hues can be observed, that
depend on the layer thickness. As shown in fig. 5, the hue
varies in the vicinity of the contact line, evidencing the
swelling of the polymer layer resulting from solvent up-
take. Qualitatively, the smaller the velocity, the larger the
extent of the swollen layer (see fig. 5a and b), the quantity
of solvent transferred is velocity-dependent. Although the
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Fig. 5. Partial top and side views of a droplet spreading on a submicronic layer of polymer (polydimethylacrylamide) [3].
The variations in the Newton hues close to the contact line of the top views reflect the swelling of the polymer resulting from
sorption of solvent. The photographs correspond to two different values of the contact line velocity U = 10 *ms™! (a) and
U=10"2ms™" (b). Smaller velocity results in a larger solvent content at the contact line, a larger extent of the solvated zone

(top views) and a smaller wetting angle (side views).
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Fig. 6. Schematic representation of the transfers of solvent to
the polymer layer occurring during spreading, in the reference
frame of the droplet.

swelling can reach 50% for nanometric films, the corre-
sponding inclination of the substrate is very small since it
takes place over very large distances (typically less than
1 pm over 100 um that is less than 1%). Note also that a
vertical pulling of the substrate by the contact line would
not be visible with the very thin layers that are used for
Newton hues visualisations. In sect. 3 we discuss the trans-
fer mechanisms at stake during spreading, and their con-
sequences on the wetting dynamics.

3 Solvent transfers and wetting dynamics

As schematized in fig. 6, solvent transfers during spread-
ing occur from i) diffusion from the droplet in the polymer
layer ii) convective transportation of solvent in the poly-
mer (the droplet moving at a velocity U) and iii) diffusion
in the air of solvent evaporated from the droplet and fur-
ther condensed in the polymer layer. The relative values
of the fluxes associated to these three transfers depend
on the distance from the contact line that is considered.
For instance, at large distances from the contact line, dif-
fusion through air is a much more efficient transfer than
diffusion within the polymer. We have thus shown that
the presence of the droplet modifies the water content in
the atmosphere up to distances of a few hundred microns
from the contact line, i.e. the macroscopic lengthscale of
the problem is L ~ 100 pm [12].

In the following, we denote ¢(r) the radial profile in
solvent content of the polymer, where r is the radial dis-

tance to the contact line. Taking all transfers into account
is needed for the determination of ¢(r). However, two
main difficulties arise for solving the equation describing
the full transfer balance. The first difficulty results from
the coupling of the evaporation/condensation process with
the other transfers. The second difficulty originates from
the strongly non-linear behaviour of the polymer solvent
sorption [8]: solvent uptake is small for a poorly solvated
polymer, whereas it becomes large for a highly solvated
polymer. As a result, the wetting dynamics exhibits a
complex dependence on the initial solvent content of the
polymer, but also on the thickness of the polymer layer.
Figure 7a shows the angle vs. velocity of the contact line of
a water droplet spreading on hydrosoluble polymer layers
of different thicknesses at a given humidity. As the thick-
ness increases, the curves are shifted towards larger wet-
ting angles, reflecting the smaller solvent volume fraction
of water transferred in the polymer for a thicker polymer
layer. Two features are revealed by those curves: the first
is that the wetting angle becomes independent of thick-
ness at large layer thicknesses and velocities. The second
feature is evidenced in fig. 7b in which the contact angles
of fig. 7a are shown as a function of the quantity thick-
ness e times velocity U. In this representation, the data
at small velocity collapse onto a master curve. Therefore,
the wetting angle depends on the velocity and thickness
through the product eU only.

The simple dependence in eU evidenced in fig. 7b at
small velocities has been observed with different hydrosol-
uble polymers [12,13] and is remarkably robust. It can be
predicted by considering a detailed balance of the differ-
ent solvent transfers during wetting [11]. Qualitative argu-
ments can be given to understand that feature. First, the
distance from the contact line relevant to the water fluxes
is set by the thickness e of the polymer layer. Indeed, at
radial distances from the contact line smaller than e, the
problem is a 3D problem of diffusion since convection is
negligible at those scales provided the condition eU < D
is fulfilled [8], D being the diffusion coefficient of water in
the polymer. In particular in the latter case, the amount of
water taken up by the polymer layer at distances smaller
than e is entirely set by the boundary condition ¢(r = e)
that determines the diffusive fluxes. In particular, it does
not depend on thickness e and velocity U, or only through
©(e). Therefore, the water volume fraction at the contact
line, which determines the value of the wetting angle, is
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Fig. 7. Contact angle of a water droplet on a maltodextrine layer for different layer thicknesses and as a function of: (a) the
contact line velocity and (b) the product of layer thickness and contact line velocity. Thickness values are 100, 250, 550, 1100,

2700 and 8000 nm and color darkness increases with thickness.

set by the value of the volume fraction at a distance e
from the contact line, ¢(e).

As a consequence, the dependence of the wetting an-
gle on the thickness and velocity is determined by the
dependence of p(e) on these parameters. The way ¢(e)
varies according to e and U results from the solvatation
of the polymer layer at distances from the contact line be-
tween e and the macroscopic length L. Within this range
of distances, the most efficient solvent transfer was shown
to be through the solvent evaporated in air and condensed
on the layer [13]. For small velocities and/or thicknesses,
the solvent transferred to the layer has time to diffuse in
the vertical direction so that the solvent concentration is
homogeneous along the layer thickness and over distances
from the contact line ranging from e to L. In that case,
©(e) is given by the quantity of solvent transferred to the
layer, and that quantity varies with the product eU [13].
The faster the droplet, the lesser the water flux condensing
on the substrate; inversely, the thicker the layer the more
polymer for a given flux and the lesser the water fraction.
This qualitative argument was quantitatively further de-
veloped in [13]. The condition for the layer to be homoge-
neous in the vertical direction is obtained by writing that
the time taken by the contact line to move over a distance
e, given by e/U, must be larger than the time needed
for the solvent to diffuse along the layer thickness, which
scales as e2/D. As a consequence, provided the condition
eU < D is satisfied, the wetting angle is a function of
thickness and velocity through the product eU. In fig. 7b
the collapse of the 6 ws. eU data onto a master curve is
observed for el < 1071%m?s~! which is in agreement
with the value of the diffusion coefficient of water in the
polymer.

In contrast, when the thickness is larger than D/U
i.e. eU > D, the polymer layer is not homogeneously sol-
vated and the data does not collapse on any master curve
(fig. 7b). For very large thicknesses, the vertical gradi-
ent concentration within the layer extends over the region
in which the water content is set by the presence of the

droplet, i.e. over a distance from the contact line of the
same order as the macroscopic length scale L of the prob-
lem. In that case, the solvent never diffuses down to the
bottom of the polymer layer, and the problem becomes
thickness independent, as observed with the three thick-
est layers in fig. 7a.

In summary, the analysis of the different solvent trans-
fers at stake during spreading has allowed for a descrip-
tion of the variations of the contact angle with the poly-
mer thickness and contact line velocity. That result shows
how the driving force for spreading is modified during the
course of the wetting experiment, yielding to a velocity
dependence of the wetting angle differing from the Cox-
Voinov law. In the following, we show that hydration of
the substrate during spreading not only modifies the sub-
strate energy but may also give rise to a viscous dissipation
in the substrate that modifies the spreading dynamics as
well.

4 Glass transition effects

We consider amorphous polymers whose glass transition
temperatures when dry are larger than room temperature.
When their solvent content increases, their glass transi-
tion temperature decreases and can become smaller than
room temperature, as illustrated for a hydrophilic poly-
mer in fig. 8. The glass transition temperature decreases
with increasing solvent constant, and plasticization is well
described with the empirical Fox law [14]:

1—¢p
Tgp

1

Ty T

_|_

(2)

where Ty is the glass transition temperature of the solvent
(water in the case of fig. 8) and Ty, the glass transition
temperature of the dry polymer.

Therefore, such polymers are glassy when dry, but turn
into a melt when they absorb solvent: they undergo a glass
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Fig. 8. Glass transition temperature as a function of wa-
ter content for polydimethylacrylamide of two different mo-
lar masses (red/light gray: 54kg mol~! and blue/dark gray:
1680 kg mol™!). The experimental data (symbols) are well de-
scribed with the Fox’s law following eq. (2) (full lines).

transition at constant temperature when the solvent vol-
ume fraction is increased above a value ¢,. In a spreading
experiment in which the polymer is wetted by its solvent,
an initially glassy polymer can turn into a melt during the
experiment [15]. The spontaneous spreading of a droplet
on such a glassy polymer layer was measured and results
are reported in fig. 9a. We have found that the wetting
behaviour is strongly affected. The corresponding sudden
change in the angle variations with velocity can be un-
derstood as follows: initially solvent absorption is poor
and the glassy polymer has a large elastic modulus, of
the order of 1 GPa. As a consequence, the substrate is
rigid and poor hydration causes a slow decrease of both
the angle and velocity as the droplet spreads. Since the
capillary number is smaller than unity even at the begin-
ning of spreading, energy is only weakly dissipated in the
droplet. At this stage, the decrease in velocity and angle
mainly results from solvatation of the substrate, which is
poor but not zero and induces a change in the surface
hydrophily. Solvent volume fraction measured from the
swelling of the layer remains smaller than ¢, (fig. 9b).
As spreading proceeds, the velocity decreases, the solvent
volume fraction at the contact line increases and finally
reaches ¢, (fig. 9c). The polymer then becomes strongly
viscoelastic with an elastic modulus that decreases as the
solvent content increases. As evidenced in soft materials
decades ago [16], the polymer substrate deforms at the
contact line under the action of the vertical component
of the capillary force ; sin . Dissipation then occurs in
the deformed zone as the contact line moves, at a much
greater extent than in the liquid droplet [17]. The onset of
a dissipation phenomenon leads to the change of the slope
in the wetting curves. As spreading further proceeds, the
substrate gets more and more hydrated, the water volume
fraction is larger than ¢, at macroscopic distances from
the contact line. Both elastic and loss modulus of the poly-

Eur. Phys. J. E (2016) 39: 12

mer decrease for increasing hydration. The layer eventu-
ally becomes liquid-like, leading to a new wetting regime.
However, the transition between the two last regimes is
not marked on the wetting curve and cannot be precisely
identified. Glass transition induces a simultaneous change
of solvent sorption, solvent coefficient diffusion and me-
chanical properties of the polymer, leading to steep varia-
tions of the wetting angle, whereas a smoother transition
is expected as the polymer turns into a liquid.

The universality of the observed features has been
confirmed by experiments conducted with different sol-
vents of the same polymer. The saturation concentration
Csat in the vapour is then the parameter that most varies
from one solvent to another, which changes the quantity
of solvent transferred through the (most efficient) evap-
oration/condensation mechanism. In that case, the scal-
ing in eU can be more precisely expressed as a scaling in
eU(pg — ©0)/DyCsat, in which D, is the solvent diffusion
coefficient in air and ¢ the initial solvent volume fraction
of the polymer layer. Evidence of that scaling was provided
by plotting the quantity U(pg — ¢0)/DyCsat measured at
glass transition as a function of thickness (fig. 10); in that
representation, all the experimental data collapse on a
master curve for different solvents of the same polymer.

5 Molar mass

Dissolution process is known to depend on the molar mass
of the polymer. However, this effect is not well understood.
In the light of what precedes, molar mass is expected to
affect solvent wetting dynamics since solvent sorption, but
also the solvent volume fraction at which glass transition
occurs, depends on molar mass. Qualitatively, ¢, increases
with molar mass before reaching a plateau as described by
the empirical Fox law [14]. Therefore, for larger masses,
glass transition is reached for larger solvent contents, as
illustrated in fig. 8, in which the measured glass transi-
tion temperature of a hydrophilic polymer is reported as
a function of water volume fraction for two different mo-
lar masses. Consequently, the large slope variation of the
wetting curve resulting from glass transition is expected
for smaller wetting angles at larger masses. Experimental
observations on the wetting dynamics are in agreement
with that behaviour: the 6 vs. U curves reported in fig. 11
for two different molar masses of the same polymer show
that glass transition occurs at a much smaller angle for
the larger mass.

In addition, experiments performed in conditions for
which the polymer is initially in a melt state also demon-
strate a large influence of molar mass on wetting behaviour
(fig. 12). Close to glass transition, the mechanical prop-
erties at a given solvent volume fraction ¢ are functions
of the difference ¢ — ¢5. A shift of the wetting curve to
the smaller velocities is therefore expected when the molar
mass increases, consistently with the observations.

More surprisingly, we observe that the “equilibrium”
angle (i.e. the angle at vanishing velocities) also depends
on the molar mass. It varies by about 10° within the range
of molar masses investigated in the experiments of fig. 11.
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At vanishing values of the velocity, the solvent content
in the polymer is large and the equilibrium angle is ex-
pected to depend only on the interfacial tension with the
hydrated substrate. We suggest the observed effect of mo-
lar mass on the equilibrium angle results from the influ-
ence of chain ends on the hydrophilicity of the interface
with air of the polymer layer. The monomers at chain ends
being more mobile than the monomers in the bulk, they
are expected to reorient faster at the interface. Therefore,
the hydrophobic parts being initially exposed at the in-
terface with air, as the polymer is hydrated, the exposure
of more hydrophilic parts is faster for small chains. Dif-
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Fig. 11. Contact angle wvs. velocity curves for a polymer
(maltodextrine) of two different masses (red/right curve:
2.5kgmol ™', green/left curve: 80 kg mol™'). The steep change
in the slope corresponding to glass transition is shown by ar-
rows in both cases. As expected, it occurs for smaller velocity
and angle for a larger molar mass.

ferent chemical natures of the monomers of end chains
(resulting from the polymerization process) may also play
a part in the different values of the equilibrium angles. In
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Fig. 12. Contact angle as a function of the product eU for
a polymer (polydimethylacrylamide) of different molar masses
(from bottom to top: 12, 54, 170, 480 and 1680 kg mol™*). The
polymers are initially in a melt state. The inset shows the value
of the “equilibrium” angle, i.e. the angle at vanishing velocity,
as a function of the ratio of the volume fractions of end and
bulk monomers.

the inset of fig. 11 we have reported the angles reached
at elU = 107" m?s™! as a function of the ratio of the
volume fractions of end and bulk monomers of a polymer
chain. The angle decreases before reaching a plateau as
the ratio increases, in qualitative agreement with our ar-
gument. Further investigation is needed to quantitatively
understand that effect.

Finally, molar mass can also influence the roughness
of the surface, which is crucial in wetting experiments [10,
18]. Polymer layers are generally formed from spin-coating
or scraping of a polymer solution, and their roughness is
difficult to control, in particular for low solvent content
and/or polymers of large mass. Rough surfaces induce pin-
ning of the contact line, which have been observed with
polymers of different nature [4]. Interestingly, once the
contact line pinned, a large swelling of the polymer layer
by the contact line can be observed, as the one shown in
fig. 13 for a polymer of mass larger than 10% gmol 1.

Stick slip effects leading to intermittent spreading can
also occur (fig. 14) with very large values of the contact an-
gle [7]. An efficient way to smoothen the surface consists
in exposing the polymer layer to an atmosphere with a
large solvent content, for a time long enough for the sur-
face to be smoothed by surface tension effects [19]. The
polymer is further equilibrated in an atmosphere of lower
solvent content and the wetting experiments are then re-
producible, showing for instance the expected scaling with
eU (fig. 14).

Eur. Phys. J. E (2016) 39: 12

Fig. 13. Side view of a droplet pinned on a polymer layer (a
high molar mass carbohydrate polymer). A polymer gel has
swollen under the droplet.

Wetting angle 6 (°)
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Fig. 14. Contact angle as a function of the product eU for a
large molar mass polymer (polydimethylacrylamide). Rough-
ness of the layer prepared by spin coating leads to non-
reproducible spreading (top curves). When the layers have been
smoothened, the spreading becomes reproducible and obeys
the expected eU scaling (two bottom curves). Blue (darker)
curves correspond to a thickness of 300nm and red (lighter)
curves correspond to a thickness of 560 nm.

For pinned drops, it is also possible to perform the
wetting experiment by feeding the drops with solvents.
Remarkably, the dynamics of such forced droplets exhibits
the same scaling with eU, showing the robustness of that
scaling even on rough surfaces (fig. 15). However, for the
smaller velocities, the value of the angle towards which
the curves tend at vanishing velocities is smaller than the
static angle for a pinned droplet. A stick slip regime must
therefore occur at vanishing values of the velocity.
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Fig. 15. Contact angle as a function of the velocity (a) and
of the product eU (b) for water droplets forced to spread by
swelling them, and different thicknesses of the polymer (car-
bohydrate) layer (green: 30 nm, red: 1 um and blue: 3 um).

6 Conclusion and perspectives

In summary, the wetting dynamics of soluble substrates
by volatile solvents strongly depends on the solvent con-
tent of the substrate, which is set by its initial value, but
also by the transfers occurring during the course of spread-
ing. The wetting dynamics therefore also depend on the
physico-chemical properties of the polymer, such as sol-
vent sorption, that partly determine the quantity of trans-
ferred solvent. Consequently, the contact angle exhibits a
large dependence on the contact line velocity even at capil-
lary numbers smaller than unity, i.e. for negligible viscous
dissipation in the droplet.

The velocity dependence is specifically strong in the
case of polymer and solvents that are polar, since hy-
drophilic polymers tend to expose their less polar parts to
the atmosphere. Large changes in surface energy are then
observed as the polymer is hydrated. In addition, hydra-
tion induces strong modifications of the mechanical prop-
erties of the polymer with its solvent content. When the
substrate is constituted by an amorphous polymer that is
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glassy at the temperature of the experiment, wetting dy-
namics is strongly affected by the mechanical behaviour
of the polymer that can vary from the one of a rigid solid
to the one of a viscoelastic gel and of a viscous liquid
at large water content. In particular, in the range within
which the polymer is viscoelastic, the wetting dynamics
become strongly dissipative.

These findings are crucial for the understanding of
powder dissolution. Thus, the poor dissolution of large
molar mass polymers can be understood in their light.
First, the larger the mass, the larger the range of solvent
content for which a viscoelastic gel is formed. In addition
the gel was found to be likely to pin the contact line, pre-
venting capillary imbibitions. Second, we show that the
gain in interfacial energy resulting from hydration can be
smaller for large masses, owing to very long reorganisation
times of the large chains. Those results therefore open the
way for a better understanding of the dissolution of pow-
ders of amorphous polymers.

Author contribution statement

Frangois Lequeux, Laurence Talini and Emilie Verneuil
conceived the experiments, analyzed the data, derived the
theoretical modeling and wrote the article. Guillaume De-
lannoy and Pauline Valois conducted experiments and an-
alyzed data.

References

1. A. Halperin, P.G. De Gennes, J. Phys. 47, 1243 (1986).
2. F.J. Holly, J. Biomed. Mater. Res. 9, 315 (1975).
3. C. Monteux et al., Soft Matter 5, 3713 (2009).
4. P. Muralidhar et al., Colloid Polym. Sci. 289, 1609 (2011).
5. M.J. Mackel, S. Sanchez, J.A. Kornfield, Langmuir 23, 3
(2007).
6. K. Haraguchi, H.-J. Li, L. Song, J. Colloid Interface Sci.
326, 41 (2008).
7. T. Kajiya et al., Soft Matter 7, 11425 (2011).
8. J. Dupas et al., Langmuir 29, 12572 (2014).
9. O.V. Voinov, Fluid Dyn. 11, 714 (1976).
10. P.G. De Gennes, Rev. Mod. Phys. 57, 827 (1985).
11. A. Tay et al., Soft Matter 7, 6953 (2011).
12. J. Dupas et al., Interfacial Phenom. Heat Transfer 1, 231
(2013).
13. A. Tay et al., Eur. Phys. J. E 33, 203 (2010).
14. T.G. Fox, Bull. Am. Phys. Soc. 1, 123 (1956).
15. J. Dupas et al., Phys. Rev. Lett. 112, 188302 (2014).
16. A. Carre, J.C. Gastel, M.E.R. Shanahan, Nature 379, 432
(1996).
17. D. Long, A. Ajdari, L. Leibler, Langmuir 12, 5221 (1996).
18. S.G. Mason, Wetting, Spreading and Adhesion (Academic,
New York, 1978).
19. R. Dettre, R. Johnson, in Contact Angle, Wettability and
Adhesion, edited by F.M. Fowkes (ACS, Washington D.C.,
1964).



