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Abstract: When a colloidal drop dries on a surface, most of the
particles accumulate at the drop periphery, yielding a character-
istic ring-shaped pattern. This so-called coffee-ring effect
(CRE) is observed in any pinned evaporating drop containing
non-volatile solutes. Here, the CRE is dynamically controlled
for the first time by using light, and an unprecedented
reconfigurability of the deposit profile is demonstrated. This
is achieved through a new mechanism where particle stickiness
is optically tuned on demand, thus offering reliable modulation
of the deposition pattern. The system consists of anionic
nanoparticles and photosensitive cationic surfactants dispersed
in water. It is shown that light-dependent modulation of
surfactant—particle interactions dictates particle attraction and
trapping at the liquid—gas interface, which allows us to direct
particle deposition into a wide range of patterns from rings to
homogeneous disks. Patterning from single drops is photo-
reversible upon changing the wavelength whereas spatial
control in multiple drop arrays is achieved using a photomask.

The coffee-ring effect (CRE) is a ubiquitous phenomenon
observed for pinned drying drops containing virtually any
kind of non-volatile solutes, including a broad range of
synthetic and biological materials."! Owing to its robustness,
the CRE has been frequently harnessed for patterning solutes
on surfaces.”) On the contrary, it can be an obstacle in
numerous applications that require homogenous solute
deposition,'®? leading researchers to intensively seek ways
to control the CRE."! However, despite its phenomenolog-
ically simple nature, the CRE is a complex process involving
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phenomena at different length scales, such as bulk and surface
flows, particle—particle and substrate—particle interactions, as
well as contact line dynamics.'* Most of the methods
reported thus far for controlling the CRE have relied on
adapting drop composition® and solute characteristics,”!
hindering any reconfigurability for a given system.

Addressing this challenge, we designed a system exhibit-
ing photodependent particle stickiness by adding a photo-
sensitive surfactant (AzoTAB) to aqueous suspensions with
a fixed concentration (2mgmL™") of negatively charged
polystyrene nanoparticles (NPs; Figure 1a). AzoTAB is an
amphiphilic molecule composed of a cationic head and
a hydrophobic tail containing an azobenzene moiety, which
photoisomerizes between its trans (less polar) and cis (more
polar) states upon blue and UV irradiation, respectively!®
(Supporting Information, Figure S1). Drops of these suspen-
sions (uL amounts) were deposited on glass coverslips and
illuminated with UV (1 =365 nm) or blue (1 =440 nm) LED
light for a specific amount of time; then, the drops were left to
evaporate in the dark. In a first experiment, three arrays of
a total number of 65 identical drops ([AzoTAB] =1 mm) were
irradiated simultaneously with UV light for five minutes
through a photomask forming the three letters E, N, and S
(Figure 1b). A typical coffee ring was observed for all
droplets protected from UV irradiation (Figure 1c, Figure 1d,
right, and Movie S1); this implies that the NPs were mainly
concentrated in the drop periphery after the evaporation was
completed. In contrast, all droplets exposed to UV light
resulted in a markedly different deposition pattern: After
drop drying, a homogeneous disk was reproducibly observed
(Figure 1d, left). These results show that in the presence of
a photosensitive cationic surfactant, short-time UV illumina-
tion of a colloidal suspension dramatically affects the
evaporation-driven deposition of anionic particles. This
effect can be exploited for organizing particles on a solid
substrate along predefined patterns.

To emphasize the role of AzoTAB and to get further
insight into the mechanism at the origin of particle distribu-
tion, we varied the AzoTAB concentration, keeping the NP
concentration fixed at 2 mgmL ™. We measured the effective
surface potential () of the particles for suspensions being
exposed to ambient (—UV conditions) or 365 nm (+UV
conditions) light (Figure 2a). For the surfactant-free disper-
sions ([AzoTAB]=0mm), ¢ assumed a value of approxi-
mately —50 mV, regardless of the illumination conditions,
showing a high density of negative charges on the NP surface
as well as the absence of intrinsic light sensitivity. In the
presence of AzoTAB and without UV irradiation, the { value
increased with an increase in AzoTAB concentration, became
0mV at approximately [AzoTAB]=0.1 mM, and reached
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Figure 1. Light controls the formation of either a ring- or a disk-shaped deposit from individual
evaporating drops, thus allowing spatial patterning in a drop array. a) The main experiment
consists of 1) illuminating a sessile water drop containing negatively charged nanoparticles (NPs,
500 nm diameter, 2 mgmL™") and a photosensitive azobenzene trimethylammonium bromide
(AzoTAB) cationic surfactant and 2) letting it evaporate until a solid deposit is formed.

b) lllumination at 365 nm for 5 minutes of an array of 65 identical drops (1.5 pL, [Azo-

TAB]=1 mwm) through a photomask. c) Photograph of the resulting pattern after complete
evaporation of all of the drops. d) Magnified image of the area indicated by dashed lines in (c),
showing a disk- and a ring-shaped pattern for drops initially exposed to (+UV) and protected from
(—UV) the light stimulus. Scale bars are 10 mm and 2 mm for (c) and (d), respectively.

values of about +20 mV for [AzoTAB] =5 mwm. It is known
that the adsorption of cationic surfactants to negatively
charged particles can alter and even reverse the surface
charge because of electrostatic and hydrophobic interac-
tions.”) Interestingly, a similar charge increase was observed
under UV irradiation, but the curve was significantly shifted
to higher AzoTAB concentrations, resulting in smaller
¢ values for 0.03 <[AzoTAB] <5 mwm, and a charge reversal
occurring at an AzoTAB concentration of approximately
0.25 mM. It has already been shown that a surfactant with
higher polarity leads to less cooperative adsorption and
therefore a decrease in the value of surfactant/NP mix-
tures.'”? Here, UV irradiation induced an isomerization of
AzoTAB to its more polar cis form, which decreased its
binding ability to the particles. This result implies that for
a given composition, UV irradiation led to a reduction in the
surface charge of the particles, but for both illumination
conditions, positive { values were measured at sufficiently
high AzoTAB concentrations. Large absolute ¢ values indi-
cate well-stabilized particles (referred to as non-sticky),
owing to the dominance of repulsive interactions, whereas
values close to 0 mV correspond to particles with a tendency
to aggregate and adsorb at the liquid-gas (LG) interface!'!!
(referred to as sticky). NPs were thus successively non-sticky
(highly negative), sticky (almost neutral), and non-sticky
(highly positive) when the AzoTAB concentration increased
for both the —UV and the +UV conditions, but the surfactant
concentration range corresponding to sticky particles strongly
depended on the illumination conditions (Figure 2b). As

+Uv
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a consequence, although stickiness
was not affected by UV light for the
lowest and highest AzoTAB concen-
trations, UV light induced a transition
from sticky to non-sticky particles, and
vice versa, at intermediate AzoTAB
concentrations. Therefore, in this con-
centration range, NP/AzoTAB mix-
tures behave as suspensions with opti-
I cally tunable particle stickiness.

UV pulse By systematically analyzing the
deposition patterns after evaporation
was completed, we found that the
deposit morphology was first a ring,
then a disk, and finally a ring again,
when the AzoTAB concentration was
increased from 0 to 5mwm for both
—UV and +4UV conditions (Fig-
ure 2¢). However, the concentration
range to get a disk-like profile strongly
depended on the illumination condi-
tions, with values of 0.05-0.1 mm and
0.25-1mm under —UV and +UV
conditions, respectively. Strikingly,
for both illumination conditions, the
disk-like profile was obtained for
¢ values close to 0 mV, which corre-
sponds to sticky particles, whereas
a ring-shaped profile was observed
for highly negatively or highly pos-
itively charged surfaces, that is, non-sticky particles. These
results show the direct correlation between particle stickiness
and deposit morphology. As a consequence, UV light had no
effect at very low and very high AzoTAB concentrations
where particles were non-sticky and formed a ring-shaped
pattern (Figure 2c¢, left and right panels). In contrast, UV
irradiation induced a disk—ring transition for [AzoTAB] =
0.05-0.1 mm (Figure 2 ¢, middle left panels) by switching the
properties of the NPs from sticky to non-sticky, and a ring—
disk transition for [AzoTAB] =0.25-1 mm (Figure 2 ¢, middle
right panels) by switching the NPs from non-sticky to sticky.
These results show that light controls the deposition of
particles through its impact on their stickiness.

In all of our experiments, the drop contact line was either
firmly pinned on the glass substrate directly after deposition,
or, in some cases, receded for a few seconds after deposition
(maximum displacement ca. 30 um) and then remained
pinned during the evaporation process. The radially outward
capillary flow was thus in all cases transporting NPs to the
drop contact line, where the evaporation rate was the highest
(Movie S2). This flow also accumulated surfactants at the
drop periphery, inducing an inward Marangoni flow pointing
from the contact line to the drop apex owing to the resulting
surfactant gradient at the LG interface. Other groups have
reported that Marangoni flows could be strong enough to
compensate for the outward capillary flow and rehomogenize
particles inside an evaporative drop, but this was typically
achieved at surfactant concentrations close to or larger than
the critical micellar concentration (CMC).! In our experi-
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Figure 2. Photodependent particle stickiness allows for various light-induced transitions between ring- and
disk-shaped deposits as a function of AzoTAB concentration. a) Zeta potentials (&) of the NPs for various
AzoTAB concentrations, without (—UV, black) or with (+UV, violet) illumination at 365 nm prior to
measurement in the dark. Symbols are mean values of three independent measurements with error bars
(£sd) smaller than the symbol size. Open and filled symbols indicate deposits displaying ring- or disk-
shaped morphologies, respectively. The inset shows a magnified image of the part indicated by the dashed
box. b) £ Measurements indicate that NPs are initially highly negative and non-sticky, become sticky upon
charge neutralization by AzoTAB, and are non-sticky again once they are overcharged by AzoTAB. The
AzoTAB concentration range to get sticky NPs depends on the AzoTAB isomerization state, with the cis
isomer (+UV) being less efficient in neutralizing NPs than the trans isomer (—UV). c) Representative
micrographs of the deposits obtained for the AzoTAB concentrations and illumination conditions indicated
by the red boxes in (a). Scale bar: 500 um. d) We suggest that the Marangoni flow (red arrows) is not
strong enough to compensate for the evaporation-driven capillary flow (black arrows), which transports
particles towards the contact line. As a consequence, a ring-shaped pattern is obtained after evaporation in
all cases that involve non-sticky particles (left). In contrast, sticky particles are trapped at the liquid—gas
interface during their circulation, which results in a more homogeneous, disk-shaped deposit (right) after
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We then focused on the
UV-induced ring—disk tran-
sition by keeping the AzoTAB
concentration at 1 mM, and we
studied its kinetic behavior by
varying the UV irradiation
time after drop deposition.
Without UV irradiation, the
usual ring-shaped pattern was
observed (Figure 3a, left).
Under our conditions, about
200 seconds of UV exposure
were enough to get a rather
homogenous deposition (Fig-
ure 3a, right), whereas shorter
illumination times resulted in
intermediate patterns (Fig-
ure 3a, middle panels). A sys-
tematic analysis of the aver-
age radial profile of the
deposit (Figure S5) showed
that the excess of particles
at the droplet periphery,
which is responsible for the
ring formation, progressively
decreased with UV exposure
time while the droplet interior
was covered with an increas-
ing amount of particles (Fig-
ure 3b). From the deposit pro-
file, we computed the ring
factor (RF); a high value
means that most particles are
located at the drop periphery
(ring  pattern),  whereas
a value close to zero repre-
sents homogeneous deposi-

evaporation.

ments, the Marangoni flow was not strong enough to counter-
act the outward capillary flow, probably because the AzoTAB
concentrations were always smaller than the CMC (12.6 and
14.6 mu for the trans and cis isomers, respectively?). There-
fore, regardless of the AzoTAB concentration, in the case of
non-sticky particles, a ring was always obtained (Figure 2d,
left). In the case of sticky particles, a similar circulation flow
occurred but the LG interface could trap individual or
clustered particles, which were distributed at the LG interface
rather than accumulating at the drop periphery. Note that the
formation of such arrested clusters at the LG interface was
always observed for the sticky particles (Movie S3). As
a result, a homogeneous distribution on the surface, that is,
a disk-shaped pattern, was obtained after complete evapo-
ration (Figure 2d, right). Our suggested mechanism is sup-
ported by a series of control experiments using cationic NPs
of similar size (Figure S2), a non-photosensitive surfactant
(Figure S3), and polystyrene substrates!™®! (Figure S4).
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tion (disk pattern; see Fig-

ure S5). We found that the

RF values continuously de-

creased from approximately

0.4 (ring) to nearly 0 (disk) with an increase in UV
illumination time (Figure 3¢), which emphasizes the ability
to finely tune the deposit profile by simply adjusting the UV
dose. Strikingly, by absorption measurements, we found that
the UV-induced trans—cis isomerization of AzoTAB inside
the drop had a kinetic evolution identical to that of the ring
factor (Figure S6). This shows that light controls the trans/cis
composition of AzoTAB in solution, which in turn modulates
the particle stickiness, thus directing the deposition behavior.
Finally, as the AzoTAB trans—cis photoisomerization
under UV light is reversible upon blue-light irradiation
(Figure S1), we applied cycles of UV/blue light exposure on
several identical drops ([AzoTAB] =1 mm) immediately after
drop deposition and analyzed the deposit profile after
complete evaporation of each drop. Interestingly, we found
that the final deposit was reversibly switched between a disk-
and a ring-shaped pattern after successive applications of UV
and blue light, respectively (Figure 4). Under our conditions,
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Figure 3. The UV irradiation time finely tunes the deposit into a variety
of shapes ranging from a ring to a homogenous deposition pattern.
a) Representative micrographs of the deposits obtained at [Azo-
TAB]=1 mm and various irradiation times at 365 nm on 0.8 uL drops.
Scale bar: 500 um. b) Average radial profile of the deposit, determined
according to Figure S5, with r being the distance from the drop center
(radial coordinate) and R the deposit radius, for different irradiation
times as indicated by the color code. c) Ring factor (RF) computed by
comparing the intensity at the ring position with that at the drop
interior (see Figure S5) as a function of the irradiation time. Symbols
and error bars show mean & SD values for three drops.

three full cycles could be carried out. These results demon-
strate the dynamic control of the coffee-ring effect and
confirm the role of the photoreversible AzoTAB isomer-
ization in controlling the deposition process through photo-
dependent surfactant binding to the particles.

In conclusion, we have designed a photoresponsive sus-
pension composed of anionic colloids and a photosensitive
surfactant, where the particle—surfactant interactions were
reversibly and finely tuned by an LED light stimulus. As
a result, particle stickiness was optically controlled, and we
demonstrated how it in turn directed particle deposition upon
evaporation. Looking forward, we anticipate stimuli-respon-
sive stickiness to be a starting point for the development of
general strategies to tailor particle organization at ultimately
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Figure 4. Successive UV/blue irradiation cycles induce reversible tran-

sitions between a disk- and a ring-shaped pattern. a) Representative
micrographs of the deposits obtained for [AzoTAB]=1 mm and
successive irradiations at 365 nm for 60 seconds (+UV) and at

440 nm for 60 seconds (+blue) on 1 uL drops. The full evaporation
time was approximately 10 minutes. Scale bar: 500 um. b) RF values,
computed according to Figure S5, for successive UV/blue light irradi-
ation cycles. Symbols and error bars show mean =+ SD values for three
drops.

all kinds of interfaces or in bulk media™ in a non-invasive,
highly flexible, and straightforward way.
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