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Abstract. A suitable balance of convective and diffusive transport of small molecules contained in the
liquid phase of a drying latex film leads to auto-stratification and to functionally graded films. Differing
from blends of latex particles, which may also experience drying-induced segregation, small molecules
retain their mobility after the particles have touched and have formed an elastically coupled network. The
use of a thickener, which turns the dispersion into a weak gel and prevents the free flow of particles, is
compatible with this approach (and even advantageous). A problem with small molecules is fast diffusive
equilibration of concentration differences. For this reason, composition gradients along the lateral direction,
where the characteristic length scale is centimeters, are more easily achieved than gradients along the
vertical. Addition of a thickener slows down the diffusion, which aids the development of gradients along
the vertical. The application example chosen was the crosslinking agent adipic dihydrazide, ADH, which
takes part in keto-hydrazide coupling. Its heterogeneous distribution produces a spatially variable crosslink-
density in the dry film as evidenced by Raman microscopy. A side aspect of the work is an inward flow
of serum, which is observed for high-Tg films. An explanation for this “anti-coffee-ring effect” —based on
pore collapse driven by the polymer-water interfacial energy combined with finite polymer elasticity— is
proposed.

1 Introduction

Film formation from waterborne polymer dispersions cer-
tainly is complicated, but the different processes involved
also open opportunities to influence the film’s final proper-
ties by a suitable drying protocol [1,2]. Among the targets
of controlled drying is the spontaneous structure forma-
tion [3], well known from the coffee-ring effect [4,5]. The
coffee-ring effect is of much importance in the drying of
droplets (as in ink-jet printing) [6]. It is less relevant to
planar films, but may still serve to study the balance be-
tween convective and diffusive transport. The coffee-ring
effect has two separate consequences, which are topograph-
ical features (such as a bulge at the rim of a film or protru-
sions, where drying was fast) and spatially variable com-
position [7]. Well-defined topographical features have been
created by evaporative lithography [8]. Compositional gra-
dients generated by in-plane flow [9] are less common.

Composition gradients along the vertical are the con-
sequence of auto-stratification (also: “self-stratification”).
The prospect and the promises of auto-stratification have
been recognized many years ago [10–14]. Ideally, stratified
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films may replace multilayer films. This will save process-
ing time, will avoid problems with adhesion between the
different layers, and will allow for gradual changes in the
materials properties (rather than abrupt changes at the
boundaries between the different layers). Among the tar-
gets of functionally graded films are corrosion inhibition
and scratch resistance [15]. Corrosion inhibition benefits
from an enrichment of the active molecules at the bot-
tom [16]. Scratch resistance benefits from a rigid surface
with a more compliant medium underneath. The compli-
ant medium dissipates energy, thereby preventing brittle
fracture. Today the automotive industry uses dedicated
“top-coats” (often composed of polyurethane, filled with
nanoparticles) to achieve scratch resistance. Functionally
graded materials can also serve this purpose. For exam-
ple, the covers of modern mobile phones are made of a
glass, which has undergone a chemical surface treatment
after solidification, inducing a compressive stress at the
surface [17]. Small scratches are prevented from growing
because the material’s internal stress closes them. Vari-
ous types of surface treatment in metal processing reduce
wear along similar lines [18].

For very thin films, auto-stratification can be driven by
interfacial energy [19]. In a film formed from a polymer



Page 2 of 8 Eur. Phys. J. E (2019) 42: 21

Fig. 1. (A) Stratification based on particles requires the dis-
persion to be in a fluid state. Otherwise, particles will not move
relative to each other. This argument applies to both the small-
on-top scenario (depicted here) and the large-on-top scenario.
(B) Stratification based on serum components can operate af-
ter the particles have touched. Stratification is indicated as a
color gradient along the vertical (bottom to top: yellow to red).
The final state depicts the particle volume fraction as around
50% in order to let the color gradient of the background be vis-
ible. (More realistic would be 98%.) Particle size is not to scale.

blend, the more hydrophobic component often is en-
riched at the top. More advanced schemes employ surface-
directed phase-separation [20]. Effects of surface tension
do not usually suffice to achieve stratification in films
with a thickness of tens of micrometers because surface
tension only affects the near-surface range, the character-
istic scale being of the order of size of a polymer coil [21].
For thicker films (such as the coatings used in the auto-
motive industry, dfilm ∼ 150μm), the prevalent methods
to achieve stratification are based on nonequilibrium pro-
cesses. As the water evaporates, there is convective trans-
port of material (water, particles, serum components, . . . )
to the top. If some component diffusively equilibrates its
concentration slower than another, a gradient in relative
composition results (fig. 1). The slowly diffusing compo-
nent is enriched at the top. Stratification in the final film
is achieved, if this situation is frozen in, that is, if the
motion arrests at a time when the fast components have
equilibrated their concentration gradients, while the slow
ones have not. Clearly, careful control of drying speed is
required. While one might think, that the large particles
would always be the slow particles and therefore would
always be enriched at the top (“large-on-top” scenario),
the opposite case (“small-on-top”) is observed, as well [22,
23]. The small-on-top situation results from interactions
between large and small particles. Being more numerous
than the large particles, the small particles develop an os-
motic pressure and exert an entropic force onto the large
particles, driving them to the bottom [24].

Auto-stratification based on colloidal particles requires
particles moving relative to each other. This is in conflict
with the common practice to employ dispersions with a
high solids content and, also, added rheology modifiers.
These turn the dispersion into a viscoplastic medium. Vis-
coplasticity prevents viscous flow after the film has been

applied, which avoids sagging and delays the sedimenta-
tion of pigments. At the same time, it lowers the self-
diffusion coefficients of the particles. Small molecules are
better suited to auto-stratification in this regard than par-
ticles, because they retain their mobility after the particles
have touched to form an elastically coupled network. The
price to be paid is the high diffusivity of small molecules.
In order to achieve auto-stratification, a non-equilibrium
situation needs to be frozen in, when the film turns dry.
More technically, the time scale of drying, τdry, and the
time scale of diffusion, τdiff , must be similar. τdiff is
H2/D with H the thickness of the film and D the diffu-
sivity. The ratio of τdiff and τdry is the “Peclet number”,
Pe. Auto-stratification requires a Peclet number of the
order of unity. The argument has been made more quanti-
tative in terms of partial differential equation in refs. [25]
and [26]. Importantly, the diffusivity depends on space
and time. The diffusivity may vary over many decades,
depending on the size of the molecule, the viscosity of the
medium, and the presence of traps. Assuming a diffusivity
of D ∼ 10−5 cm2/s (typical for ions in water) and a film
thickness of H ∼ 100μm, one arrives at τdiff ∼ 10 s. Dry-
ing may be that fast in some industrial settings, but takes
longer under most other circumstances. Small ions can
then be expected to be evenly distributed along the ver-
tical because diffusive equilibration is faster than drying.
Again: This estimate was made for ions in water. As we
will show below, an inhomogeneous distribution of serum
components certainly can be achieved.

The results section has two parts. Section 3.1 reports
results obtained using pH-sensitive dyes. These demon-
strate that in-plane composition gradients based on small
molecules are easily achieved. There is a dependence on
the polymer’s glass temperature and on the presence of
thickener. Gradients along the vertical can be achieved,
as well. In sect. 3.2, we apply the concept to a poly-
mer dispersion, which is designed to be crosslinked in the
late stages of film formation by the keto-hydrazide mecha-
nism [27,28] (fig. 2). The polymer particles are functional-
ized with diacetone acrylamide (DAAM). The serum con-
tains the crosslinking agent adipic dihydrazide (ADH) as
well as ammonia, rendering it basic. Because the crosslink-
ing reaction is catalyzed by H+, it does not proceed in the
wet state. Ammonia evaporates slower than water, but
it eventually evaporates, thereby lowering the pH of the
nearly dry film. Crosslinking then sets in. It is essential
that crosslinking occurs after the polymer chains have
been given time to interdiffuse. Otherwise, films easily
fracture [29,30]. Crosslinks are found to be enriched close
to the surface for high-Tg materials containing a thickener.
In both cases (dyes and crosslinkers), the thickener takes
a strong influence on auto-stratification.

2 Experimental

Acrylic latex dispersions were prepared by miniemul-
sion polymerization. Hexadecane (HD, Aldrich, 99%) was
used as the co-stabilizer; azo-bis-isobutyronitrile (AIBN,
Riedel-de Haën, recrystallized from diethyl ether) was the



Eur. Phys. J. E (2019) 42: 21 Page 3 of 8

Fig. 2. The keto-hydrazide crosslinking mechanism. The functional group on the polymer (DAAM) is only shown in part. Blue
arrows point to the imine group (only present after crosslinking) and the keto group. The ratio of the corresponding Raman
bands was used to infer the degree of crosslinking (fig. 5).

initiator. Sonication of the monomer emulsion ensured a
homogeneous droplet size. Polymerization took place at
70 ◦C for 20 hours. The solids content was 20wt%. The di-
ameter as determined by dynamic light scattering (DLS)
varied between 80 and 120 nm, depending on the surfac-
tant concentration.

Monomers were methyl methacrylate (MMA, Acros
Organics, 99%) and n-butyl acrylate (BA, Aldrich, 99%).
Diacetone acrylamide (DAAM, Aldrich, 99%) was added
as a co-monomer (7wt%) to those dispersions, which
were intended for use in the crosslinking studies. Acrylic
acid (AA) was not added to the recipe, as it is common
practice otherwise. As reported in ref. [31], DAAM is
more hydrophilic than the PMMA and PBA segments
and therefore is preferentially located at the outside of the
particles. Being hydrophilic, it stabilizes the dispersion.
AA changes the pH which has numerous consequences
being outside the scope of the work reported here. For
reasons, which are further discussed in the supporting
information, the latexes were all acidic. Sonication, degra-
dation of SDS, and side products from the polymerization
reaction are involved.

The glass temperatures, Tg, were set to −10, 4, and
21 ◦C (see fig. 3) by a suitably choice of the MMA/BA ra-
tio. The Tg’s were calculated with the Fox equation, based
on Tg’s of +105 ◦C and −54 ◦C for PMMA and PBA, re-
spectively [32].

The dispersions designed to undergo crosslinking were
stabilized against coagulation with the anionic surfactant
sodium dodecyl sulfate (SDS, Aldrich, 98%). The disper-
sions prepared to study the transport of dyes and acid
were stabilized with either SDS (Carl Roth > 99%) or
the nonionic surfactant Lutensol AT50 (BASF). Lutensol
AT50 is a block-copolymer with a PEG-chain of about 50
ethoxy-groups being the hydrophilic part.

The dispersions formulated for crosslinking were ren-
dered basic (pH 9) by addition of ammonia solution
(Merck, 28–30%). Adipic dihydrazide (ADH, TCI, > 99%)
was added to the serum as a 10-wt%, aqueous solu-
tion in a ratio of 1/7 v/v to the dispersion, setting the
ADH/DAAM ratio to 1:2.

An associative thickener (Tafigel PUR60, Münzing,
Germany) was employed in some cases [33]. Tafigel PUR60
is a triblock-copolymer, where the middle blocks consist
of polyurethane and the chain ends are hydrophobic (a
hyrophobically modified ethoxylated urethane copolymer,
HEUR). The chain ends weakly adsorb to the particle sur-
face, thereby creating a gel. Concentrations were 0.1, 0.3,
and 0.5wt%.

Raman maps were acquired with a Senterra Raman mi-
croscope (Bruker). The laser wavelength was 532 nm. The

Fig. 3. In-plane gradients in color of a pH-indicator are readily
observed under a wide variety of drying conditions and material
parameters. The diameter of the films was 12mm.

microscope’s resolution along the z-direction was inferred
to be about 30μm from the strength of a vibration band
originating from silicon (which was the substrate in these
experiments). As the focus moves vertically away from the
substrate into the film, the intensity of this band decreases
exponentially, the 1/e-height being 30μm. In the experi-
ments using conventional dyes, the color distribution was
studied with optical microscopy. Color distributions along
the vertical were obtained by sectioning slices out of the
film and imaging these side-on.

As a small molecule for reference experiments, we
chose the pH-indicator bromothymol blue (Fluka). The
color of this dye changes from yellow (acidic) to blue (ba-
sic) at pH 7. Bromothymol blue was first dissolved in
deionized water at a concentration of 1wt%. This solu-
tion was added to the serum at a ratio of 1/9 v/v.

Films were prepared as circular disks with a diameter
of 12mm by masking the glass substrate with adhesive
tape and cutting holes into these. The circular geometry
ensured that the in-plane flow occurred into the radial
direction. The dry film thickness was 160μm.

3 Results

3.1 Gradients in color of pH-indicators

Figure 3 shows a set of images taken on dry films from
the top. The samples on the left-hand side were produced
from dispersions stabilized with the anionic surfactant
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Fig. 4. Images of vertical cuts through the film. While there
are color gradients, they vary with position. The conditions
were Tg = 4 ◦C, 0.3 wt% thickener, emulsifier: SDS.

SDS. The concentration of thickener increases from left
to right (0.0%, 0.3%, 0.5%). The glass temperature as cal-
culated from the Fox equation increases from the bottom
to the top (Tg = −10, 4, and 21 ◦C). The images on the
right-hand side show samples containing the nonionic sur-
factant Lutensol AT50 as the emulsifier. These samples do
not contain a thickener. The glass temperature increases
from bottom to top.

In most cases, the centers are less colored then the
rim, which we interpret in terms of dye molecules being
carried towards the edge. The color of the dye changes
from blue (pH > 7) close to the center to yellow (pH < 7)
at the edge. Acid has been carried to the edge, as well.
From the fact that the transition between acidic and ba-
sic occurs about half-way from the center to the edge,
one concludes that the transport was faster for the acidic
molecules than for the dye itself. Presumably, this effect
goes back to size. The molar mass of SDS is 288 g/mol, to
be compared to 624 g/mol for bromothymol blue. Larger
molecules are more easily trapped.

The high-Tg samples stabilized with SDS behave dif-
ferently from the low-Tg samples. The center does not turn
blue. Actually, the high-Tg samples containing the thick-
ener display a blue ring at the edge. Acid has been carried
from the edge towards the center. A similar finding was
reported in ref. [34]. When high-Tg samples dry, they of-
ten show a drying front moving inwards from the edge.
The drying front is caused by an instability. The liquid-
filled interstitial volume collapses, driven by the interfa-
cial energy between water and polymer [35]. The collapse
pumps liquid inwards (contrasting to what is known from
the coffee-ring effect). Presumably, a similar process oc-
curred with the high-Tg SDS-stabilized samples shown at
the upper left in fig. 3. This effect does not occur with
the Lutensol-stabilized high-Tg sample on the top-right.
It is known, that Lutensol acts as plasticizer, lowering the
Tg [36]. Lowered Tg, compared to the SDS-stabilized sam-
ples, can explain this effect. This argument is made more
quantitative in the appendix.

The SDS-stabilized samples require a thickener for the
formation of pH-gradients. One may envision the thick-
ener as a network, which impedes diffusion. Slowing down
diffusion brings the Peclet number for lateral transport
into the required range (Pe ≈ 1). The latexes stabilized
with the nonionic surfactant do not require the addition

Fig. 5. The degree of crosslinking was inferred from the ratio
of two Raman bands, which are the imine band at 1750 cm−1

and the carbonyl band at 1630 cm−1.

of a thickener because the long diblock-copolymer chains
of Lutensol AT50 take the same role.

Side-on images of cross-sections are displayed in
fig. 4. The Tg of these samples was 4 ◦C. They contained
0.3wt% thickener. As expected, the top is more acidic
than the bottom. Clearly, auto-stratification has not been
achieved everywhere to the same extent. Presumably this
goes back to slightly different drying rates at the different
positions. Convection roles as reported in ref. [37] may
also play a role.

3.2 Gradients in crosslink density

While the experiments with dyes demonstrate auto-
stratification as such, dyes are of limited practical im-
portance. A more relevant molecule is, for instance, a
crosslinker, which we chose to be adipic dihydrazide, ADH.
ADH reacts with carbonyl groups exposed at the surface of
the sphere. An gradient in crosslink-density may be ben-
eficial for scratch resistance. The degree of crosslinking
was assessed from the relative intensities of two Raman
bands (fig. 5), namely the carbonyl band (1750 cm−1) and
the imine band (1630 cm−1). The keto-hydrazide reaction
couples a carbonyl-group to a hydrazide-group, eliminat-
ing water and forming an imine bond (fig. 2).

Figure 6 shows the imine-to-carbonyl ratio versus dis-
tance from the center for a soft sample (Tg = 10 ◦C) con-
taining 0.5% thickener (similar to the third sample from
the left in the bottom row of fig. 3). The crosslink den-
sity near the edge is higher than near the center, which
matches the observation made with bromothymol blue.
Figure 7 displays the same ratio versus vertical posi-
tion. An increase in crosslink density is observed for the
high-Tg sample containing thickener. (No such effect oc-
curred for soft samples. The cross-link density even had
decreased close to the surface for some low-Tg-samples.)
There is a dependence on particles size. The effect was
more pronounced for the sample with slightly larger par-
ticles. Note that the point-spread function of the micro-
scope along the optical axis z has an effective radius of
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Fig. 6. Horizontal Raman-map of a dried latex film with Tg =
−10 ◦C containing 0.5% thickener.

Fig. 7. Dependence of crosslink density on vertical position
inside the film as inferred from the ratio of the imine to the
carbonyl band with Raman profilometry.

30μm. Possibly, the extrema of the crosslink density at
the film surface have been smeared out by the microscope’s
finite z-resolution. No increase in crosslink density is ob-
served for samples not containing a thickener. This finding
matches the observation from fig. 3. A thickener is needed
to slow down the diffusion of the crosslinking agent ADH,
so that the time scales of diffusion and drying match.

4 Conclusions

Flow of water during drying of a polymer latex leads to
compositional gradients of the serum components. The ap-
proach is technically attractive because it can be applied
to latexes with a high solids content and with added thick-
eners. Composition gradients in the dry film require the
Peclet number to be of the order of unity. The Peclet num-
ber tends to be below unity for small molecules because
of fast diffusion. For larger molecules —like dyes or the
crosslinking agent ADH— the addition of thickener slows
down diffusion and can bring the Peclet number into the
required range.

Composition gradients both in the plane of the film
and along the vertical have been found for latex films
containing pH-sensitive dyes and films containing a cross-
linking agent. There were dependences on both the glass
temperature and the concentration of added thickener. In-
creased levels of crosslinking at the top of a film —as de-
sired for scratch-resistant coatings— have been achieved
for materials with a high-Tg containing thickener.
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Appendix A. A justification for pore collapse
driving material inwards for latex films
composed of high-Tg polymers

With latex films containing particles with Tg near room
temperature, one frequently observes an inward movement
of liquid [34,38]. The features discussed in ref. [35] can
also be discerned in the images shown in ref. [39]. Part
of the key figure from ref. [34] is reproduced in fig. 8
for completeness. This behavior is opposite to the more
commonly observed “coffee-ring effect”, which implies on
outward movement.

Fig. 8. Images of dry films, which had been stained with congo
red (a pH-sensitive dye, which is blue and red in acidic and al-
kaline environments, respectively). The dry film thickness was
80 μm. The Tg’s of the polymer were −10 ◦C, 4 ◦C, and 20 ◦C at
the top, the centre, and the bottom, respectively. The amount
of thickener was 0% (left), 0.5% (centre) and 1.5% (right).
Adapted from ref. [34].



Page 6 of 8 Eur. Phys. J. E (2019) 42: 21

Fig. 9. A sketch of the mechanism behind the anti-coffee-ring
effect. The top graph was adapted from ref. [39], where ref. [39]
does specifically address softness. The model proposed here
suggests, that this argument is only applicable to soft particles.
For high-Tg particles, one finds an inward flow, caused by pore-
collapse.

The collapse of a porous network under the capillary
pressure exerted by the polymer-water interface amounts
to an instability, driven by wet sintering (fig. 9). The in-
stability is related to the Rayleigh instability in liquid jets.
Pores differ from liquid jets in that there is a no-slip con-
dition at the liquid-polymer interface, which leads to a
viscous drag. The model assumes both the polymer phase
and the serum to behave as liquids (albeit with vastly dif-
ferent viscosities). The large pores grow at the expense
of the small pores until the small pores eventually close.
However, this Rayleigh-like instability is suppressed by the
hydrodynamic drag for low Tg-samples. This argument is
made quantitative in the following.

Start from Darcy’s law, which states that

v = −κ

η
∇p = −r2

η
∇p (A.1)

v is the velocity, κ is the permeability, η is the viscosity
of the liquid, and p is the pressure. The permeability has
units of an area and is of the order of the cross-sectional
area of the pores. κ was replaced by r2 in the second step,
where r is some effective radius.

For the sake of the argument, replace the porous
medium by a single, conical pore with length L and open-
ing radius r0 (fig. 10). Let the pressure be dominated by
capillarity

pcap =
γ

r
. (A.2)

Inserting eq. (A.2) into eq. (A.1) yields

v = −r2

η
∇

(γ

r

)
=

γ

η
∇r. (A.3)

Assume the initial condition as

rini(x) = r0

(
1 − x

L

)
. (A.4)

Fig. 10. If pressure is dominated by capillarity and if the pore
is cone-shaped initially, Darcy’s equation predicts an affine
shrinkage of the pore. There is no front, at which the pore
would discontinuously collapse.

Volume conservation demands

d(πr2)
dt

= −dQ

dx
= − d

dx

(
πr2v

)

= −2πr
dr

dx
v − πr2 dv

dx
(A.5)

πr2 is the cross section of the pore; Q is the flux. Inserting
v from eq. (A.3), one finds

2πr
dr

dt
= −2πr

γ

η

(
dr

dx

)2

− πr2 γ

η

d2r

dx2
(A.6)

and
dr

dt
= −γ

η

((
dr

dx

)2

+
r

2
d2r

dx2

)
. (A.7)

With the initial conditions from eq. (A.4), the second term
is zero. The first term is constant and given as (r0/L)2.
The pore therefore continuously shrinks:

r(x, t) = max
(

rini(x) − γ

η

(r0

L

)2

t, 0
)

. (A.8)

The condition r(x, t) ≥ 0 reflects that the above argu-
ment breaks down at the molecular scale. Equation (A.8)
implies a characteristic time of pore closure given as
rini ηL2/(γr2

0).
Key to the argument is that the pore’s cross sectional

area in eq. (A.3) cancels against the 1/r2-term resulting
from the derivative of γ/r. The initial condition has been
chosen to allow for an analytical solution, but the argu-
ment as such does not depend on the initial condition:
The large frictional drag inside small pores opposes the
collapse (opposes the Rayleigh instability), which would
otherwise set in.

Now let the polymer medium have a finite elastic stiff-
ness. From dimensional arguments, the resulting pressure
must be given as

pelas = −rini − r

rini
G. (A.9)

Only this form yields the correct dimension and linear be-
havior at r ≈ rini. G is an effective modulus, proportional
to the shear modulus. The velocity resulting from Darcy’s
law is

v = −r2

η
∇

(
γ

r
− G

rini − r

rini

)
=

(
γ

η
− r2G

riniη

)
∇r

=
(

γ

η
− r2

riniτ

)
∇r. (A.10)
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Fig. 11. A finite elasticity of the polymer phase introduces a
flow into the reverse direction, adding onto the flow caused by
capillarity. The latter flux is large at large pore diameters.

In the second step, the ratio η/G was renamed as τ (a
relaxation time).

The elastic stress results in a reverse flow, which is
large at large r (fig. 11). One may insert eq. (A.10) into
eq. (A.4) and arrive at an equation, the numerical solu-
tion of which confirms what is drawn in fig. 11. However,
the quantitative treatment requires close attention to a
suitable choice of parameters in order to avoid instabil-
ities. For a realistic, quantitative treatment, one should
simulate a porous network with branches and a pore size
distribution. Such a treatment is outside the scope here.
We leave it with the argument from eq. (A.10) and fig. 11.
This work is by no means a comprehensive theory of the
anti-coffee-ring effect. An elastic stress breaks the cancel-
lation between large capillary stresses and large hydrody-
namic resistance, which is found, if capillarity is the only
source of a pressure. For that reason, a collapse front mov-
ing from the rim of a sample towards the center is only
found with the high-Tg samples.

This leaves the question of why pore collapse would
progress from the rim to the center (and not the other way
round). Pore collapse is nucleated at the rim, because dry-
ing is faster there, initially. This initial condition provides
for the asymmetry required by the argument.

The bracket on the right-hand side in eq. (A.10) can
be used to estimate a minimum pore radius. Because of
r ≤ rini, the condition for reverse flow may be phrased as

0 >
γ

η
− r2

ini

riniτ
⇒ rini >

γ

G
. (A.11)

The definition of τ as η/G was used in the second step.
Using (for example) γ ≈ 10−2 J/m2 and G ≈ 106 Pa leads
to rmin > 10 nm. These are realistic values for drying latex
dispersions.

The scenario outlined above is distinctly different from
another chain of events, also leading to inward flow. If a
skin forms at the rim of a droplet, it may slow down evap-
oration there. The rate of evaporation then is largest in
the center, which may cause a movement of polymer ma-
terial towards the center (as in the case of the coffee-ring
effect, the difference being that evaporation is fast in the
center). Skin formation, however, is expected for soft poly-
mers, not for high-Tg polymers. Skin formation setting in
at the rim might explain the findings from ref. [40], at
least in principle.
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