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ARTICLE INFO ABSTRACT
Keywords: Hypothesis: Electrostatically stabilised colloidal particles destabilise when brought into contact with cations
Colloids ) causing the particles to aggregate in clusters. When a drop with stabilised colloidal partices is deposited on a
Pattern formation liquid film containing cations the delicate balance between the fluid-mechanical and physicochemical properties
?r::: din of the system governs the spreading dynamics and formation of colloidal particle clusters.
TI})Iin ﬁlmgs Experiments: High-speed imaging and digital holographic microscopy were used to characterise the spreading

process.

Findings: We reveal that a spreading colloidal drop evolves into a ring-shaped pattern after it is deposited on
a thin saline water film. Clustered colloidal particles aggregate into larger trapezoidally-shaped ‘supraclusters’.
Using a simple model we show that the trapezoidal shape of the supraclusters is determined by the transition
from inertial spreading dynamics to Marangoni flow. These results may be of interest to applications such as
wet-on-wet inkjet printing, where particle destabilisation and hydrodynamic flow coexist.
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1. Introduction

The deposition and subsequent spreading of a drop on a substrate
is a crucial process in numerous technological applications, such as
lithography [1] and inkjet printing [2-4]. Many technologies rely on
multicomponent liquids and involve liquid substrates. Ink, for example,
typically consists of water, pigment, and several other components that
control the liquid properties of the ink [5], and is sometimes deposited
on another (still wet) layer of ink in a technique called wet-on-wet print-
ing [6]. Spreading in such systems is fundamentally different from a
single-component drop spreading on a solid substrate [7,8]. For exam-
ple, the equilibrium contact angle of a multicomponent drop may be
unexpectedly large due to physicochemical processes that occur inside
(and around) the drop [9,10]. Likewise, the spreading of drops on liquid
substrates can introduce a plethora of intriguing phenomena depending
on the system properties, ranging from new dynamics [11,12] to finger-
ing instabilities [13] and pattern formation [14,15].

In wet-on-wet inkjet printing a salty substrate coating called a primer
layer is used to overcome the conflicting requirements of ink during the
various stages of the inkjet printing process [3,6,16,17]. Clustering of
pigment (i.e., colloidal particles) is undesirable during and prior to the
jetting phase because large clusters can clog the inkjet nozzle [2] or
lead to jetting failure due to bubble nucleation and entrainment [18].
Conversely, rapid clustering of pigment (‘solidification’ [4]) is desirable
during the impact and drying phase because large clusters are unable to
follow the liquid flow into to the porous (paper) substrate [19] and into
neighbouring inks with different colours [3], thereby ensuring bright
colours and sharp lines, respectively [16,17].

In the present work, we investigate the spreading of a colloidal drop
on a thin saline water film. This system closely resembles the spread-
ing of an ink drop on a primer layer. The colloidal particles used in our
experiment are electrostatically stabilised by negatively charged molec-
ular groups attached to the particles. Upon contact between the drop
and the film, cations in the saline water film destabilise the colloidal
suspension by lowering the energy barrier present between the par-
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ticles [20,21] such that the colloidal particles aggregate into clusters
[5]. We reveal that this physicochemical destabilisation mechanism, in
combination with the hydrodynamic flow encountered in drop spread-
ing on liquid substrates, results in intricate ring-shaped patterns. An
example of such a pattern is presented in Fig. 1, which show the depo-
sition of a millimetre-sized colloidal drop on a micrometres-thick saline
water film. Fig. 1 shows that the drop initially spreads uniformly in
all directions. Soon after contact, however, the contact line develops
an undulating shape and clusters of colloidal particles become visible.
These clusters subsequently separate from the drop and aggregate in
larger trapezoidally-shaped ‘supraclusters’ (see the inset of Fig. 1) that
form the ring-shaped pattern. In the context of wet-on-wet printing,
the combination of particle destabilisation and hydrodynamic flow can
thus lead to undesired particle deposition phenomena, as evidenced
by Fig. 1. This work investigates, for the first time, the interaction
between the simultaneous processes of colloidal destabilisation and hy-
drodynamic flow with the aim to understand the ring-shaped pattern
formation dynamics observed in Fig. 1.

2. Methods
2.1. Experimental procedure

The experiment consists of depositing a colloidal drop (volume
V = 5 pL) on a thin saline water film and observing the subsequent
pattern formation. Two high-speed cameras were used to simultane-
ously record the dynamics from the top (Nova S12 camera, Photron
with LM50TC lens, Kowa) and side view (Nova S12 camera, Photron
with 12X zoom lens, Navitar) perspectives at 10 000 frames per second.
The top view perspective was used to observe the pattern formation
process, while the side view perspective was used to accurately de-
termine the moment of first (visible) contact between the drop and
the film’s surface (which we define as 1 = 0), and to measure the ini-
tial spreading dynamics of the drop. Two light sources were used to
illuminate the experiment from the side (KL2500, Schott) and below

0.02 s 0.04 s
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—

Fig. 1. Image sequence (top view) showing the deposition of a colloidal drop (¢; = 10 wt%) on a ¢; = 30 wt% saline water film with s, =~ 20 pm, and subsequent
pattern formation. The dark circle with ragged edge that remains in the centre of the ring is the drop. The dark unfocused horizontal line extending from the centre
to the edge of the image is the needle used to deposit the drop. The inset shows a close-up image of one of the supraclusters showing their characteristic trapezoidal

shape. See the Supplementary Material for the corresponding movie (Movie S1).
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(uniform LED backlight, Phlox). A different bottom lighting technique
with a divergent light source (KL2500, Schott) was used for several ex-
periments to reveal the curvature of the liquid-air interface of the saline
water film. The drops were generated on a needle (26 gauge, Hamilton
Company) by a syringe pump (PHD2000, Harvard Apparatus). To en-
sure reproducible and gentle deposition of the drops, the needle was
moved towards the surface of the thin film by a programmable lin-
ear motor (T-LSR150B, Zaber) with a velocity (= 0.01 m/s, calibrated)
that was much smaller than the typical contact line velocity during the
initial spreading phase (~ 0.42 m/s, based on the example side-view
images in Fig. 8a). The experiments were performed at room temper-
ature (= 20 +1°C, Super EX Sensor, TFA) and in ambient conditions
(relative humidity ~ 40 + 3%, Super EX Sensor, TFA) because the evap-
oration of the drop and film are negligible (discussed in Secs. 2.3 and
2.4). A schematic drawing of the experimental setup is shown in Fig. S1
in Sec. S1 of the Supplementary Material.

2.2. Digital holographic microscopy

In a separate experiment, the locations of the clusters with respect
to deformations of the surface of the thin saline water films were mea-
sured using digital holographic microscopy (abbreviated DHM, model
T-1000, Lyncée Tec with 2.5x% lens) [22,23]. This technique allows real-
time simultaneous measurement of both the surface morphology of the
liquid film and the location of the clusters by reconstructing both phase
and intensity images from holograms at 12.5 frames per second (Koala
reconstruction software, Lyncée Tec). An example of raw measurement
data is shown in Fig. S2 in Sec. S2 of the Supplementary Material.

2.3. Colloidal suspensions

The colloidal particles used were carbon black pigment particles
(CAB-O-JET 400, CABOT Corporation). These particles (with a diameter
of approximately 130 nm) are functionalised with geminal bisphospho-
nic acid groups that stabilise the suspension by means of electrostatic
repulsions between the particles [24,25]. The mass concentration c4
of the colloids in the suspension was controlled through dilution of
the stock suspension (cggox = 15 wt%) with highly-purified water
(MilliQ, Millipore Corporation). The surface tensions of the suspensions
were measured using the pendent drop method. They were found to be
independent of the particle concentration and always equal to that of
pure water, see Fig. S3 in Sec. S3 of the Supplementary Material. The
time scale associated with the evaporation of sessile drops is typically of
the order of several minutes, whereas Fig. 1 shows that the patterns typ-
ically form in a matter of seconds, we thus expect that the evaporation
of the drop is insignificant [26,27].

2.4. Thin saline water films

The salt solutions were prepared by dissolving calcium chloride
(CaCl,, Sigma-Aldrich) in water. The solutions were vigorously shaken
until they were uniformly transparent, and were allowed to cool down
to room temperature before use. CaCl, dissociates into calcium cations
(Ca®*, which is responsible for the destabilisation of the colloidal par-
ticles upon contact with the drop) and chloride anions (Cl~) when
dissolved in water. Glass microscope slides (76x26 mm, Menzel-Glaser)
were used as base substrates for the thin saline water films. These were
cleaned with acetone and water, blow-dried with nitrogren, and finally
treated with plasma (PDC-002, Harrick Plasma) to induce hydrophilic-
ity such that a stable film can be prepared. Note that the wettability
of the substrates does not influence the experiments since the range
of molecular interactions is well below the range of film thicknesses
used in the experiments. Uniform films were obtained by spin-coating
the glass substrates with the CaCl,-solutions. The film thickness A
was controlled through the spinning time of the spin-coater, and was
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measured prior to use for each film using reflectometry (HR2000+ spec-
trometer with HL-2000-FHSA halogen light source, Ocean Optics). We
measured the thickness of each film at five different locations to confirm
uniformity of the film. The thickness range over which we performed
measurements (2, ~ 3 to 24 um) was determined by the ability to ob-
tain uniform films using this method. The refractive index (used for
the thickness measurements) and viscosity were taken from literature
[28,29]. The surface tension of the CaCl,-solutions increases approxi-
mately linear with the CaCl, mass concentration ¢; (due to their ionic
nature) to approximately 87 mN/m at ¢; = 40 wt%, see Fig. S3 in
Sec. S3 of the Supplementary Material. We did not perform measure-
ments beyond ¢; = 40 wt% to stay well below the solubility limit of
CaCl,. The densities of the CaCl,-solutions, which were used to deter-
mine the surface tension, were measured using a densimeter (DMA 35,
Anton Paar). We have verified that the film thickness (and thus the
composition of the liquid) remains approximately constant over time
and that it is not strongly affected by evaporation of the liquid; see
Sec. S4 in the Supplementary Material.

3. Phenomenology of the pattern formation process

We first provide a qualitative overview of the phenomenology of the
pattern formation process. The formation of a pattern for typical param-
eters (¢ = 10 wt%, ¢; = 30 wt%, and h, ~ 20 um) is presented in
Fig. 1. When the colloidal drop is deposited on the saline water film (at
t = 0) it starts spreading with a high radial velocity (~ 0.6 m/s dur-
ing the initial times of measurement). During this outward inertial drop
spreading motion, the contact line develops an undulate shape (visible
att = 0.01 s). Simultaneously, colloidal particles form clusters due to
their destabilisation by the presence of Ca2* cations in the film. These
clusters are first observed in Fig. 1 at¢ = 0.02 s. Remarkably, some clus-
ters separate from the drop (the dark central zone) after it has reached
its final equilibrium shape (at ¢ 0.04 s), resulting in the emergence
of a ring-shaped collection of particle clusters (f > 0.15 s). The radius
of the ring increases over time, though at a velocity that is smaller than
the initial spreading velocity of the drop (note the different timescales
in Fig. 1). Furthermore, the clusters at the outermost edge of the ring
move at a lower radial velocity than the clusters at the innermost edge
of the ring. As a result, the clusters in the ring merge such that the
width of the ring decreases over time (cf., the ring width at 7 = 0.15 s
and r = 2.00 s). As its radius continues to grow, the ring eventually
breaks up into trapezoidally-shaped ‘supraclusters’ (at t+ = 2.00 s). This
breakup occurs when all clusters have merged with the bulk of the ring,

0.00 s 0.01s 0.02 s
. - @' - el
0.15 s 0.50 s 1.00 s
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—

Fig. 2. Image sequence (top view) showing the deposition of a water drop (with-
out particles, c; = 0) on a ¢; = 30 wt% saline water film with 4, ~ 20 pm.
A surface tension gradient is generated by the difference between the surface
tension of the drop and the film, which leads to the formation of a circular thin
region in the film and an outward moving Marangoni rim.



M.A. Hack, M.N. van der Linden, H. Wijshoff et al.

(a)

0.1 wt% (b) 1.0wt% 2.5 wt%

()

-

Journal of Colloid And Interface Science 673 (2024) 788-796

(d) 5.0wt% 7.5 wt% (f) 12.5 wt%

()

po SRS

Fig. 3. Effect of the mass concentration of colloids c;. Patterns observed for (a) ¢; = 0.1 wt%, (b) ¢ = 1.0 wt%, (c) ¢g = 2.5 wt%, (d) ¢g = 5.0 wt%, (e)
cg = 7.5 wt%, and (f) ¢; = 12.5 wt%. For all cases t = 1.00's, ¢; = 30 wt%, and h, ~ 9 pm. The scale bar applies to all images to allow direct comparison of the

images. The ring-shaped pattern only appears for sufficiently high c,.

and the number of supraclusters is set by the wavelength of the undu-
late shape of the contact line. Finally, at large times (r > 2.00 s in
Fig. 1), the (now separated) supraclusters continue their radially out-
ward translation and their morphology does not change anymore.

The results presented thus far suggest that the appearance of the
ring-shaped pattern is a consequence of the simultaneous destabilisation
of colloidal particles and spreading of the drop. In the following, we
therefore systematically investigate the effect of the properties of the
colloidal drop (cy) and the thin saline water film (¢; and hj) on the
phenomenology of the pattern.

3.1. Effect of the colloidal concentration cy

We first consider the effect of the colloidal particles in the drop.
Fig. 2 shows an experiment under the same conditions as the experi-
ment shown in Fig. 1, but now without any colloidal particles in the
drop (i.e., ¢y = 0). The illumination technique with a divergent back-
light (instead of the uniform LED backlight) was used for this experi-
ment, which allows changes in the curvature of the saline water film’s
surface to be visualised as changes in the image intensity. The dynamics
of the rim in Fig. 2 are remarkably similar to that of the (supra)cluster
ring in Fig. 1. An important difference, however, is that the undulate
shape of the contact line (which determines the final number of supr-
aclusters in the ring) is not present when ¢y 0. This means that
the undulate shape of the contact line is not caused by purely hydro-
dynamic mechanisms such as the Saffman-Taylor instability or surface
tension-driven fingering [13,30]. Instead, it is the presence of the col-
loidal particles that causes the undulating contact line morphology.

Fig. 3 shows several patterns obtained for various ¢, > 0 at
t = 1.00 s with ¢; = 30 wt% and h; =~ 9 pm. The ring-shaped pattern
appears only for sufficiently large c4. While small clusters are visible for
cqg = 0.1 wt% (Fig. 3a), they do not aggregate in a clear ring. On the
contrary, the pattern is present for all ¢; > 1.0 wt% (Fig. 3b—f), though
small differences can be observed. For example, the supracluster size
increases with ¢4 up to ¢y & 7.5 wt% and then decreases with ¢, as
shown in Fig. 4a. Finally, we observe that the size of the clusters prior
to aggregating in the ring increases with cg4, resulting in visible gaps
in the supraclusters (see, e.g., Fig. 3f; close-up images are available in
Fig. S7 in Sec. S6 in the Supplementary Material).

3.2. Effect of the salt concentration c;

In addition to ¢y, the CaCl, concentration ¢; also plays an impor-
tant role in the formation of the ring-shaped pattern. The influence of
¢; is twofold: it affects both the destabilisation of particles and the hy-
drodynamics of the saline water film—its surface tension y (see Fig. S3
in Sec. S3 of the Supplementary Material) and viscosity # both increase
with ¢; [29]. Fig. 5 shows several patterns obtained for various ¢ ¢ at
t = 1.00 swith ¢y = 10 wt% and hy ~ 9 um. When ¢; = 0 (i.e., when
the substrate is pure water, see Fig. 5a), we observe neither an undu-
lation of the contact line nor a ring-shaped pattern. Instead, the drop
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spreads out uniformly, without the visible formation of particle clus-
ters at any point during the spreading process since there are no cations
present that destabilise the colloidal particles.

In Fig. 5b—f, we show patterns obtained for various ¢; > 0. The
ring-shaped pattern appears only for sufficiently large c;. Notably, even
a small amount of CaCl, has a strong effect on the morphology of the
contact line—a deformation of the contact line (though non-periodic)
can be observed for concentrations as low as ¢; = 0.01 wt% (Fig. 5b).
This is strong evidence that particle destabilisation plays a critical role
for the pattern formation, since the difference in surface tension and vis-
cosity between these c; is small, yet the contact line behaves completely
differently.

No significant effect is observed by further increasing ¢; (Fig. 5¢) un-
til ¢; > 5 wt% (Fig. 5d), for which clusters that separate from the centre
drop are first observed. This is accompanied by a qualitative change in
the spreading behaviour: the drop reaches an equilibrium contact an-
gle & > O for ¢; > 5 wt%, whereas § = 0 for ¢; < 5 wt%, see Fig.
S9 in Sec. S7 of the Supplementary Material. However, while clusters
do separate from the drop at ¢; = 5 wt%, the pattern is notably dif-
ferent from the patterns observed for higher ¢;—the seperated clusters
do not move radially outward for a significant amount of time and do
not form a clear ring-shaped pattern. A further increase of ¢; beyond
¢ = 5 wt% (Fig. 5e—f) does not significantly change the qualitative
features of the pattern. In both cases a ring-shaped pattern emerges due
to the formation and radially outward motion of clusters. The supraclus-
ter size, however, does show a dependence on c¢; in this range, with the
maximum supracluster size obtained when ¢; = 20 wt%, see Fig. 4a.

3.3. Effect of the film thickness h

Finally, we turn to the film thickness A, of the saline water film.
Fig. 6 shows a series of experiments in which we varied h, with
cg = 10 wt% and ¢; = 30 wt% fixed. The ring-shaped pattern appears

7 —6
(a) x10 (b) L5 X10
a ~ 1.0 b
£ A
< < 0.5
&
0.0
10 20 30
ca,ce [wt%) ho [pm]

Fig. 4. Supracluster size (expressed as area A) as a function of (a) the mass
concentration of colloids ¢, and the mass concentration of CaCl, ¢;, and (b) the
film thickness A,. The base system is ¢; = 10 wt%, ¢; = 30 wt%, hy ~ 9 um,
with one of the parameters being systematically varied. In (b) the horizontal
error bar indicates the standard deviation of five thickness measurements at five
different locations on the film. The method used to determine A is discussed in
Sec. S5 in the Supplementary Material (as well as the vertical error bar).
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(a) 0wt% (b) 0.01 wt% (c) 1wt% (d) 5 wt% (e) 10 wt% (f) 20 wt%
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Fig. 5. Effect of the mass concentration of CaCl, ¢;. Patterns observed for (a) ¢; = 0 wt%, (b) ¢;
10 wt%, and h, =~ 9 um. The scale bar applies to all images to allow direct comparison of the images. The

and (f) ¢; = 20 wt%. For all cases ¢ 1.00 s, ¢4
ring-shaped pattern only appears for sufficiently high c;.

0.01 wt%, (c) ¢ 1 wt%, (d) ¢ = 5 wt%, (e) ¢ 10 wt%,

(a) 3pum (b) 5 pum (¢c) 10 pm (d) 13 pm (e) 21 pm () 24 pm
s i Pl %
Ao vl N r"ph” f'r ,k\‘. f’k - .
/,.< s\.‘ ‘, \ ,gf ; % g : 5 3 : E:
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Fig. 6. Effect of the film thickness h,. Patterns observed for (a) h, ~ 3 pm, (b) hy = 5 pm, (c) hy ~ 10 um, (d) Ay ~ 13 um, (e) A, = 21 um, and (f) h, ~ 24 pm.

For all cases t = 1.00 s, ¢4
a strong dependence on h;,.

for all h in Fig. 6, although two features of the pattern show a strong
dependence on . First, the radius of the ring (shown at 7 = 1.00 s in
Fig. 6) increases with h,. The glass substrate imposes a no-slip bound-
ary condition, such that the average flow velocity in the saline water
film is higher for larger h,. As a result, the ring radius is larger for
thicker films than it is for thinner films, as is indeed observed in Fig. 6.
Small variations in the initial drop volume also affect the ring’s radius.
Second, the supracluster size strongly depends on A, with bigger supr-
aclusters obtained on thicker films, see Fig. 4b. In part, this is caused
by an increase of the supracluster width w, which shows a linear corre-
lation with A, as shown in Fig. 7.

15 T T
w ¥
_1.0F ’&4 a4 B
g R4
=)
. @0
0.5 b
0.0 1 1
0 10 20 30
ho [pm]

Fig. 7. Final width of the supraclusters (w, defined in the inset) as a function of
the film thickness (k) with ¢; = 10 wt% and ¢; = 30 wt%. The width is deter-
mined for each supracluster in the ring. Each data point is the average of those
values, with the vertical errorbar indicating the standard deviation. The hori-
zontal errorbar indicates the standard deviation of five thickness measurements
at five different locations on the film.
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10 wt%, and ¢; = 30 wt%. The scale bar applies to all images to allow direct comparison of the images. The width of the ring shows

4. Dynamics and correlation with cluster formation

Based on Fig. 1 we identify a separation of time scales—the ini-
tial spreading dynamics are (1072 s), whereas the outward motion
of the ring is O(1 s). As we explain below, these two time scales cor-
respond to two distinct spreading mechanisms: inertial drop spreading
and Marangoni spreading. We demonstrate that the formation of the
ring correlates with the Marangoni spreading, and we propose a kine-
matic model for the shape of the supraclusters.

4.1. Spreading dynamics

4.1.1. Inertial spreading

When the drop first makes contact with the saline water film it
spreads rapidly until it reaches an equilibrium shape determined by sur-
face energies. This problem has been previously studied for the case of
pure fluids, i.e., without any colloidal particles. For low-viscosity pure
liquids, the inertial spreading dynamics of a drop are dictated by a bal-
ance between capillarity and inertia, such that

PR

1
1 |
= 2
(1)2, with T=< ) ,
T %

where r, is the base radius of the spreading drop, R is the initial radius
of the drop before contact, ¢ is the time, 7 is the inertio-capillary time
scale, p is the density of the drop, and y is the surface tension of the
drop [31,32]. The dynamics arises from the transformation of capillary
energy into the kinetic energy of the liquid inside the moving meniscus.
Equation (1) was found to be independent of the substrate properties
and is valid for drops spreading on liquid substrates [33,34]. The drop
is not engulfed by liquid from the saline water film since the surface
tension of the film is higher than that of the drop. As such, the surface
tension y in Eq. (1) is that of the drop [34-36]. Fig. 8a shows the base
radius (measured from the side view perspective) as a function of time,
scaled according to Eq. (1). The solid black line in Fig. 8a is Eq. (1) with
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Fig. 8. Two types of spreading dynamics. For all experiments the reference system was c4

10 wt%, ¢; = 30 wt%, and h, =~ 10 pm, with one of the parameters

being varied in each of the experiment series; the value of that parameter is indicated by the white lines in the colour bars (45 experiments are shown in total;
the legend applies to both panels). For the series indicated by purple circles ¢; = 0 in addition to h, being varied. (a) Scaled base radius of the drop r, versus
scaled time 7. The solid black line is Eq. (1) with pre-factor 1.46. (b) Scaled ring radius r, versus time . The solid black line is Eq. (2) with pre-factor 0.54. For the
experiments with ¢; = 0 we define r, as the inside radius of the Marangoni rim. (For interpretation of the colours in the figure(s), the reader is referred to the web

version of this article.)

fitted pre-factor 1.46—a similar pre-factor was found for drop spreading
on liquid substrates without colloidal particles in the drop [34].
Surprisingly, we find that the presence of colloidal particles in the
drop and their destabilisation by the cations in the liquid substrate have
no significant effect on the spreading dynamics. We are not aware of
any previous studies of spreading of colloidal drops on thin saline wa-
ter films. This indicates that particle destabilisation is limited to a small
region close to the substrate surface, and that most of the colloidal par-
ticles in the bulk of the drop have not yet clustered when the drop is
(inertially) spreading. This statement is further supported by the follow-
ing scaling argument. In the absence of significant flow-induced mixing
of the two liquids (the Reynolds number Re = p(dr,/dH)hg/n = O(1))
diffusion governs the motion of cations into the drop [16]. The diffusion
length scale is L =~ (D1)!/2 [37], whereas the length scale associated
with inertial spreading is r, ~ R(t/7)'/?, such that L/ry, ~ (D7)'/?/R.
The typical values associated with diffusion and inertial spreading
in our experiments are D = ©10~° mz/s), r = 901073 s), and
R = (1073 m). We thus find that L/r, ©(107?), indicating that
the role of diffusion during the initial inertial spreading dynamics is
negligible. The clustering of particles is therefore limited to the regions
of direct contact between the colloidal suspension and the thin saline
water film. The radius of the rings grows even after the centre drop has
stopped spreading. This suggests that inertial drop spreading is not the
only spreading mechanism involved in the pattern formation process.

4.1.2. Marangoni spreading

A key ingredient that is not accounted for in the description of in-
ertial spreading is that the surface tensions of the colloidal suspension
and the CaCl, solution are different (see Fig. S3 in Sec. S3 of the Supple-
mentary Material). When the low surface tension colloidal drop comes
into contact with the high surface tension saline water film, a strong
surface tension gradient emerges, which results in a Marangoni-driven
flow known as ‘Marangoni spreading’ [11]. Adapting the method of
Hernéndez-Sanchez et al., who considered Marangoni spreading due
to a stream of alcohol on a film of pure water, we can derive a scal-
ing law for the expected time evolution of the radius of the ring r,
[11]. The flow inside the saline film is driven by the Marangoni stress
(x Ay /r,) and opposed by the viscous stress (« #(dr,/dt)/h). Here, h is
the characteristic thickness of the circular thin region in the film that
remains on the substrate for radii smaller than r, (see Fig. 2), which can
be determined using volume conservation. The volume of the thin re-
gion is approximately equal to the initial volume of the drop such that
zrrrzh ~ V [11]. By balancing the stresses we then find
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where r, is the radius of the ring, V' is the volume of the drop, and #
is the viscosity of the saline water film. In Fig. 8b we show the ring ra-
dius as a function of time, scaled according to Eq. (2). The solid black
line in Fig. 8b is Eq. (2) with fitted pre-factor 0.54. While Eq. (2) cor-
rectly predicts the order of magnitude of r,, the experimental data does
not precisely match the predicted exponent 1/4. Rather, we find that
an exponent of approximately 1/6 best matches the experimental data.
This discrepancy may be caused by the initial inertial spreading dynam-
ics (and subsequent crossover into Marangoni spreading dynamics) and
the finite size of the drop (r,/R>> 1 in Herndndez-Sénchez et al. [11],
whereas here r, /R ~ 1); the effects of both are not included in Eq. (2).
However, the scaling law in Eq. (2) provides the correct order of magni-
tude over two orders of time. Furthermore, we note that the quantitative
mismatch between Eq. (2) and the measured spreading dynamics is not
critical to the interpretations put forward in Secs. 4.2 and 4.3; both are
based on the measured film properties and spreading dynamics, and
neither uses Eq. (2) explicitly.

1
r. o« Kt7, with K:( )

4.2. Mechanism of ring formation

Marangoni spreading involves the appearance of a rim, which can
indeed be directly correlated to the formation of the ring-shaped pat-
tern. Marangoni flows induced by surfactants [38—-41] or mixtures [11]
have been known to lead to the opening of a circular thin region in the
film, surrounded by a ‘rim’ that collects the volume displaced from the
thin region—reminiscent of the classical dewetting problem [42]. We
indeed observe the formation of such a ‘Marangoni rim’ in our system
(see Fig. 2, for a case without any colloidal particles in the drop).

The shape of the rim and its direct correlation with the clusters is
revealed in Fig. 9, which reports typical DHM measurements. Fig. 9a
shows the location of the supracluster with respect to the Marangoni
rim from a top view perspective. In Fig. 9b we show a cross section that
shows that the supracluster is located slightly in front of the Marangoni
rim’s maximum on the outward flank of the rim. In Fig. 9c we track the
location of the maximum of the Maragoni rim and the centre of mass of
the supracluster over time and show that the supracluster moves faster
than the Marangoni rim (see Fig. S10 in Sec. S8 of the Supplementary
Material). This difference in velocity is evidence for the ability of the
Marangoni-induced stress gradient to transport (supra)clusters, which
is essential for the formation of the ring-shaped pattern.

Another feature readily explained by the Marangoni rim’s role in
the pattern formation process is the h, dependence shown in Figs. 4
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Fig. 9. DHM measurement of the location of a supracluster with respect to
morphological properties of the Marangoni rim (¢ 5.6 s, hy 13 pm,
cg = 10 wt%, c¢ 30 wt%). (a) Morphology h(x,y) of a region of the
Marangoni rim with supraclusters (black areas). The white line is a circle fitted
through the radial maxima of the Marangoni rim (y-coordinates with clusters
were excluded from the fitting procedure). The white cross indicates the centre
of mass of the supracluster that is fully in the field of view. The origin of the
coordinate system is the location where the colloidal drop was deposited. (b)
Surface profile of a Marangoni rim with a cluster, extracted along the red line
in panel (a). The grey zone indicates the location of a supracluster (the DHM
measurement is noisy in this zone, and thus the surface profile cannot be accu-
rately measured; see Fig. S2 in Sec. S2 of the Supplementary Material). (c) The
centre of mass of the supracluster is consistently ahead of the Marangoni rim’s
maximum; both move at approximately the same velocity.

~

and 7. The volume of the displaced liquid increases with A, and so
does the width of the Marangoni rim. This is confirmed in Fig. S11 in
Sec. S9 of the Supplementary Material, where we show the Marangoni
rim in the absence of colloidal particles (i.e., with ¢; = 0) for several
hy. The amount of particle clusters is set by the width of the rim, see
Fig. S12 in Sec. S10 of the Supplementary Material. The supracluster
size and width—limited by the amount of particle clusters on the rim
after it separates from the drop—are thus determined by the width of
the Marangoni rim and therefore depend on A.

4.3. Trapezoidal supracluster shape: a kinematic explanation

Why are the supraclusters mostly trapezoidally shaped (see the in-
set of Fig. 1)? We demonstrate a correlation between the shapes of the
supraclusters and the radial growth dynamics—inertial spreading fol-
lowed by Marangoni spreading—suggesting a purely kinematic origin
of the trapezoids.

In Fig. 10a we show the time evolution of the contact line and supra-
clusters as a function of the azimuthal coordinate « for a typical pattern.
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All prominent features (i.e., undulations of the contact line and supra-
cluster locations) remain at a constant « over time, demonstrating that
the motion of the colloidal liquid and (supra)clusters is purely radial.
Hence, all particle clusters that join the inner edge of the ring are dis-
tributed over an arc with length /(f) ~ r(t)Aa, with Aa as indicated
in Fig. 8b. Initially, r(¢) is close to the inertial spreading of the base
radius ry(¢), while it later follows the Marangoni rim dynamics r,(z).
Patching the two regimes together, we find r(7) as indicated in Fig. 10b,
where 7 is the time at which the particles join the ring. Our proposition
for the trapezoidal supracluster shape (marked as j vs % in Fig. 10c)
is based on the remarkable similarity with the radial growth dynamics
shown (marked as 7 vs r in Fig. 10b; the axes are rotated from their con-
ventional orientation to highlight the similarity). This suggests that the
width of the clusters is set by the radial width dynamics %(f) = r(f)Aa,
with the temporal history encoded in j(z).

To test this kinematic hypothesis, we need to complement the dy-
namics X(t) ~ r(t)Aa with an estimate for y(¢); this will offer a pre-
diction for the supracluster shape that can be directly compared to the
experimental measurement. We assume that the width grows linearly
in time, y(t) = uvt, where v is a growth rate. We estimate this veloc-
ity as v & w/1y,,, where the final width w is defined in Fig. 7, while
I4p is the time at which the supraclusters separate from each other. For
the example shown in Fig. 10¢c, w »~ 355 pym and f, ~ 0.48 s (see
Movie S2 in the Supplementary Material). From Fig. 10a we find that
Aa = 0.17 rad, obtained by averaging all Aax between the vertical dot-
ted lines. The red line in Fig. 10c shows j(7) versus %(f) according to the
prediction of the kinematic model. We find reasonable agreement be-
tween the measured supracluster shape and the shape as predicted by
the model. The trapezoidal supracluster shape can thus be understood
from the two types of dynamics—the flat top of the supracluster corre-
sponds to the rapid inertial spreading dynamics, while its slanting sides
correspond to the slower Marangoni spreading dynamics.

5. Conclusion and outlook

We have revealed a novel pattern formation mechanism—ring-
shaped patterns of colloidal supraclusters appear when a colloidal drop
is deposited on a thin saline water film. A delicate balance between the
fluid-mechanical and physicochemical properties of the system governs
the pattern. We show that the trapezoidal shape of the supraclusters
is determined by the transition from inertial spreading dynamics to
Marangoni spreading.

As a future perspective, a next step from the fluid-mechanical per-
spective could be to investigate the effect of different dynamics on
the supracluster shape. This could be achieved by using a more vis-
cous colloidal drop, such that the initial inertial spreading phase is of
viscous nature instead. Viscous spreading implies a much larger typ-
ical time-scale and different dynamics with 7y, yiscous(f) o ¢ instead of
P inertial () & 172, According to the proposed model this would affect
the shape of the supraclusters. We hope that our results motivate the
realisation of modelling approaches that account for the intricate hy-
drodynamic interactions coupled to the destabilisation of the colloidal
drop. The experiments provide detailed benchmarks for such future
developments. From the physicochemical perspective, it would be in-
teresting to investigate different particle sizes and shapes, and different
combinations of particle types and salts. For example, it has been shown
that using MgCl, instead of CaCl, results in denser particle clusters
[16]. The destabilisation of colloidal particles is also affected by the
valency of the cations, with a lower concentration of cations being re-
quired to induce particle destabilisation with increasing valency (the
Schulze-Hardy rule). Hence, it would be interesting to investigate the
systems’ behaviour with monovalent and trivalent salts such as NaCl or
AlCl, [5,43].

In inkjet printing, solidification of ink is typically achieved by let-
ting the ink drops evaporate on the substrate [4]. It is difficult to
achieve uniform particle deposits using this method due to the so-called
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Fig. 10. (a) Time evolution of the contact line and supraclusters with respect to the centre of the pattern for ¢; = 2.5 wt%, ¢; = 30 wt%, and i, ~ 9 pm (same
data as in Fig. 3c). The shadow of the syringe complicates the image analysis; for this reason we show only the interval a € [1/2,2z — 1/2] rad. The dotted lines are
guides to the eye with constant « at prominent features. (b) The spreading radius as a function of time. This radius is given by the base radius r, () initially, and at
later times by the ring radius r,(f). The dotted line connects the two spreading regimes; the ring separates from the centre drop in this transitional regime, such that
it is difficult to accurately define the spreading radius. The black dotted line indicates the time at which the final clusters join the ring, and is the (approximate)
time at which the supraclusters reach their final shape (cf., panel (a)). (¢) Two-dimensional histogram of the final supracluster shapes of the same experiment as
shown in (a); based on 92 supracluster halves. The centre of each supracluster is located at (%, ) = (0,0), and each supraclusters is rotated by the angle & in panel
(a). The resolution of the camera (19.7 um/pixel) was used to set the bin width in both directions. An example outline of a supracluster (solid white line) and an
example outline of two supraclusters that did not fully separate (dashed white line) are also shown. The red line shows the calculated supracluster shape, the line
style (solid, dotted) corresponds to that of panel (b). We have shifted the calculated shape aslong the j-direction such that the centre of the calculated shape is
located at (%, §) = (0,0). See the Supplementary Material for the corresponding movie (Movie S2) and a similar analysis of another pattern (Fig. S13 in Sec. S11).

‘coffee-stain effect’, as well as other phenomena such as phase segrega-
tion, crystallisation, and the influence of neighbouring drops [44-47].
Extensive research has been devoted to achieving uniform particle de-
posits by modifying the liquid properties of the drop, for example by
the inclusion of surfactants or polymers [48,27]. Our results show that
salt-induced solidification, such as used in wet-on-wet printing [6,19],
is a viable alternative to evaporation-driven solidification: the proper-
ties of the salt-containing primer layer can be tailored (using Figs. 5
and 6 as guidance) such that the supracluster ring does not appear
and a uniform particle deposit is achieved (as in Fig. 5a-c). Contrary
to the aforementioned strategies employed to achieve uniform particle
deposits in evaporation-driven solidification, this method does not need
modification of the ink (as long as its pigment is electrostatically sta-
bilised). Moreover, we expect the influence of neighbouring drops to be
limited as the particle deposition occurs on a shorter timescale than the
effects of evaporation or capillary interactions [6]. Other applications,
such as those related to micro-patterning, may instead want to promote
the formation of the supracluster ring as a way to generate particle clus-
ters of a certain shape and size. Our results show that a wide range of
supracluster sizes can be achieved by tuning ¢, ¢, and hy,.
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