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ABSTRACT

Drying sessile droplets is a promising route to transform colloidal dispersions into surface
coatings, which are widely used in material-design and biochemical detection. However, directing
the assembly of the particles within drying droplets and achieving surface patterns beyond well-
known coffee-ring formation remains a challenge. Here we present a new principle of directing
the assembly of honmagnetic colloidal particles dispersed in a magnetic fluid and generating
unusual surface patterns. We use the ability of ferrofluids to change phases with the application
of magnetic fields to program the assembly of nonmagnetic microparticles present drying sessile
droplets. We show that in the absence of external magnetic field, the superparamagnetic
nanoparticles in the magnetic fluid are spontaneously transported to the droplet edge due to
solvent evaporation. This nanoparticle transport leads to the formation of nanoparticle-rich edge
and nanopatrticle-depleted center of the drying droplet. Upon the application of a uniform external
magnetic field, the asymmetry in the magnetic nanoparticle distribution drives a magnetostatic
convection and finger-like instability from the droplet edge to the center. This magnetic
microconvection from droplet edge-to-center reverses the particle transport from center-to-edge
well-known for drying droplets in absence of external field. We use this magnetostatic
microconvection to assemble secondary nonmagnetic microspheres in droplets, overwriting ring
formation and direct their assembly into four distinct kinetically stable states. The method
presented here offers an active control over the colloidal assembly achieved by drying sessile
droplets and thus enables a new route for fabricating complex patterns and functional surface

coating.



INTRODUCTION

Drying a liquid droplet containing nonvolatile colloidal particles leaves a pattern on the surface!~
. The characteristics of the surface pattern are governed by interparticle interactions, particle-
substrate interactions, and fluid-flows generated within the droplet*®'. The most common
example of such surface pattern is the formation of coffee-ring, where the particles are transported
towards the droplet edge!?~*°. This mode of patrticle transport is the result of evaporation of liquid
across the entire surface of the droplet, and a subsequent internal fluid-flow generated to retain
the spherical cap shape of the pinned droplet?'5-1°. The coffee-rings are widely observed in drying
processes, but these patterns are not always desirable, such as in the inkjet printing®2°2!, Some
factors that allow overwriting such ring formation are: particle shape anisotropy and corresponding
lateral capillary interactions, surface tension or temperature gradient driven Marangoni flows, and
wettability of the surface!®??-?’, Here we introduce a new principle of using magnetostatic
microconvection for directing the assembly of colloidal particles in a dried sessile droplet (Fig. 1a).
The concept presented here may lead to the development of new processing routes for the

directed assembly of surface coatings of desired local symmetry.

Electric and magnetic fields play a critical role in equilibrium self-assembly and transitory
processes such as mixing/demixing of colloidal dispersions?®-3*, One such phenomenon is
magnetostatic microconvection. The magnetostatic convection is observed when a thin layer of

magnetic fluid in Hele-Shaw cell is interfaced with a nonmagnetic fluid, and a uniform magnetic

field (E) is applied normal to the cell®>=2°, Application of the field creates a non-uniform self-

magnetic field at the interface, which has the form of a Biot-Savart force, and drive interfacial

instabilities®**2. The self-gradient magnetic field (Vﬁ) induces a net force in the fluid directed
towards the nonmagnetic fluid*®. This force drives a finger-like structuring and microconvection
from magnetic towards nonmagnetic medium also called Labyrinth instability*4=®. In this article,
firstly we report that Labyrinth instabilities can be introduced in drying droplets of magnetic fluids
with no preexisting magnetic-nonmagnetic interface. Secondly, we show that the magnetostatic
convection generated in the droplet enable programming the assembly of secondary nonmagnetic

particles in the dispersion.
MATERIALS AND METHOD

Materials: The aqueous dispersion of magnetite (FesO,) nanoparticles (diameter ~ 5-10 nm)
coated with layer of anionic surfactant molecules (thickness ~ 2-3 nm) was purchased from

Ferrotec Corp (EMS 707). The saturation magnetization of the nanoparticle solution at 25°C was



11 mT. The nonmagnetic microspheres used in the study were yellow-green fluorescent
polystyrene latex microspheres of mean particle diameter 2 um which were purchased from
Magsphere Inc. The surface of the microsphere was modified with carboxylate (—COO") functional
groups, which induced a negative charge to the particles at pH 6.5. All droplet drying experiments
were performed on a glass substrate (Micro Cover Glasses, VWR) with water contact angle of
74°. The nanoparticle solution and its mixture with microparticles was prepared using ultrapure

water of resistivity 18.2 MQ.

Droplet drying experiments: The particle suspensions for the experiment were prepared by
diluting and mixing magnetic and nonmagnetic particle dispersions. The binary suspensions were
the sonicated for 3 minutes before transferring onto the experimental set up for the drying process.
The experimental set up consisted of a glass substrate affixed onto an electromagnetic coil
attached to a DC power supply. The experimental-setup was capable of generating a uniform
magnetic field (B) in the range 1-6 kA/m orthogonal to the glass substrate (Fig. 1b). Under the
experimental conditions, no significant heating of the glass substrate was observed. In a typical
experimental run, a 1ul droplet of magnetic nanoparticles solution or its mixture with the
nonmagnetic microparticles was placed on the glass substrate (Fig. 1b). The water in the droplet
was first allowed to partially evaporate in the absence of magnetic field for 5 minutes to ~50 % of
its original volume (Fig. S1). Then, a uniform magnetic field was applied by passing DC current
through the electromagnet. The relative humidity and temperature of the droplet during the drying
process was kept fixed at 70 % (+5 %), and 25 °C (£3 °C).

Optical Microscopy: The dynamics of the particles within a drying droplet was monitored in bright
and fluorescent mode using Leica DM6 upright microscope equipped with a Leica DFC9000 GTC
camera and a Leica EL 6000 fluorescence light source. The images obtained were further

processed using Fiji software package®’.

Contact angle and surface tension: The contact angle and surface tension measurements were
performed on a Biolin Theta optical tensiometer. For contact angle, a sessile drop of 1 uL volume
was placed on the glass substrate and contact angle was measured at the rate of 10
frames/second for 10 seconds. An average of at least 100 frames was used to calculate average
contact angle of the droplet. A pendant drop tensiometry method was used to measure the surface
tension of particle dispersion with varying FesO4 nanoparticles concentration. A pendant drop of
5 uL dispersion was generated on a blunt needle. An average surface tension value of the

dispersion was determined by analyzing the droplet curvature using Young-Laplace equation.



Numerical simulations: Finite element analysis of magnetic flux distribution around the
electromagnetic coil was performed using COMSOL™ software package version 5.2a. A 3D
model of the electromagnetic coil of 500 turns was created and calculations were performed by
segmenting the 3D space into free tetrahedral meshes, where Maxwell’s equations were solved
to calculate the flux distributions. The electromagnetic coil was formed by a wire of 12 standard
wire gauge with conductivity 6x10” S/m. The magnetic flux distribution around the coil was
calculated by passing 1 ampere current through the coil. The flux distribution are reported for the
plane passing through the center of the coil. Further details of the COMSOL modeling can be

found in previous publications?48,

Particle image velocimetry (PVI): Particle image velocimetry and corresponding vorticity
profiles were obtained by analyzing experimental microscope image sequence using PVILab
software package 1.43*°. The images were processed selectively in the area containing the
droplet. The velocity and vorticity profiles were calculated by correlating two consecutive frames
of image sequence. The arrows in the PVI profiles represent velocity vectors and the color

represent vorticity in the real time.
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Figure 1. (a) Schematic representation in prospective and top view of sessile drop drying process for a
magnetic ferrofluid (red medium) containing non-magnetic microparticles (green). The drying process is
carried out in the presence of a uniform magnetic field which is applied in the direction normal to the plane
containing three-phase contact line of the droplet. The dried stated of the mixed colloidal dispersion is
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governed by the fluid-flow patterns generated within the sessile droplet. The arrows represent the direction
of flow in the absence and presence of external magnetic field. (b) Experimental setup used for drying
magnetic fluid droplets. Here the sessile droplet is dried on a glass substrate affixed onto an electromagnet
capable of generating uniform magnetic field in the range 1-6 kA/m. (c-d) Top and side view of magnetic
flux density in the vicinity of the electromagnet as estimated by finite element modeling performed using
COMSOL™ package. The simulations show a near uniform field in the center of the electromagnet. Scale
bar in (c) is 25 mm and (d) is 5 mm, diameter of the droplet used in the study is ~2 mm.

RESULTS AND DISCUSSION
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Figure 2. (a-d) Scheme representing the transport of particles to the pinned edge due to evaporative flux,
leading to the formation of particle-rich edge and particle-depleted bulk/center of the droplet. The application
of a magnetic field induces a self-gradient force, which drives a magnetostatic convection and reverses the
direction of particle transport. (e) Bright field microscope image of a droplet showing the accumulation of
Fes04 nanoparticles to the edge in the absence of magnetic field. (f) Application of external magnetic field
induces a local gradient in the field away from the pinned edge and drives the magnetostatic
microconvection. The convection disappears upon turning off the external magnetic field. Scale bar in (e)
is 50 pm.

Magnetic convection in sessile droplet: We experimentally study the effect of magnetic field

on patterns formed by drying agueous droplets of mixtures of magnetic nanoparticles and
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nonmagnetic microspheres. In our experiments we use 1 pl droplet of fluid containing
nano/microparticles. The deformation of the droplet due to gravity can be expressed by Bond
number (B,), which is the ratio of gravitational to surface tension forces. The bond number is given

ApglL?
o

as B, =

, Where Ap is a difference in density of the two phases, g is a gravitational

acceleration, L is a characteristic length, and ¢ is surface tension respectively. In our case the
bond number is 0.10. The low value of B, indicates no significant gravity driven droplet
deformation?. The droplet was initially allowed to dry half its initial volume, and then external field
was turned on. Here we define a reduced time tr=t/tsina, Where tsinal is the time required for drying
the droplet after switching on the magnetic field, and t is the time coordinate of the drying process.
In a droplet of magnetic fluid with a pinned three-phase contact line, the evaporative vapor flux
transports the particles to the edge (Fig. 2a, €)>'°°, The accumulation of the nanoparticles
creates a particle-rich phase at the pinned edge of the droplet and a particle-depleted phase in
the center of the droplet. This “phase-separation” leads to a magnetic particle concentration
asymmetry within the droplet. Applying a magnetic field orthogonal to the plane containing the
three-phase contact line destabilizes the diffused interface between particle-rich droplet edge and
particle-depleted droplet bulk. This interfacial effect drives a magnetostatic convection and
corresponding fingering instability in the droplet of magnetic nanopatrticles as shown in (Fig. 2,
Movie S1)%2, The fingering instability and microconvection completely disappears upon turning
off the external magnetic field. The occurrence of such interfacial instability is known for unmixed
magnetic/nonmagnetic interface in a Hele-Shaw cell®***4!, |n our experiments no such liquid-
liquid interface pre-exists in the dispersion, and magnetic fluid convection within the droplet is due
to the formation of nanoparticle rich and depleted phases which further leads to current
observation. It should be noted that no significant magnetic field gradient exists between the top
and bottom of the droplet, as shown in COMSOL™ based finite element modeling (Fig. 1c-d).
Therefore, the magnetic nanopatrticles are not restricted to the plane of the substrate and follow

the fluid-flows generated within the droplet, which thus induces the observed interfacial instability.

The diameter of Fe;O4 nanoparticles used in the study is in the range of 5-10 nm. The
nanoparticles are coated with a layer of anionic surfactant molecules (thickness ~ 2-3 nm) which
induces colloidal stability of the particles in aqueous dispersion. The nanoparticles dispersed in
an aqueous medium involve a number of magnetic interactions ranging from exchange and
magnetic dipole-dipole interactions to relativistic interactions®*=3. In the present case of Fe;0,
nanoparticles, several of these interactions are negligible and can be ignored. The diameter of

the Fez04 nanoparticles (< 10 nm) is significantly smaller than magnetic domain size of ~ 35 nm,



therefore the magnetic dipole-dipole interactions are negligible in comparison to the van-der-
Waals interaction®*°°. The relativistic-based magnetic interactions between Fe;O4 nanoparticles
can also be neglected, since relativistic effects are small for systems comprised of atoms with

small atomic numbers. The main contributions to the Hamiltonian will arise from the exchange-

interaction and the interaction with an applied external magnetic field, B.5%5556

It is well known that the response of a magnetic material subjected to an external field has
its root in the collective interaction of the electronic magnetic moments of the atoms®. Interactions
between spin and lattice systems can occur when the external stimulus is applied leading to
couplings between electrons, spins, and lattice. It should be noted that a special feature of the
surfactant coated Fes;O. nanopatrticles used in the study is their prompt response to an external

magnetic field, and that when the external field is removed the superparamagnetic nanoparticles

do not retain magnetism. Prior to turning on a magnetic field i.e. B = 0, the nanoparticles are
transported to the droplet edge and form a particle-rich state. In this particle-rich region, the
direction of magnetic moments on the FesOs4 nanoparticles are random, yielding a

configurationally averaged magnetic moment equal to zero, i.e. (m)= 0. As an external magnetic

field is applied, these magnetic moments within the droplet-rich edge align in the direction of B.
Even though the magnetic moments are aligning, at finite temperature the particles will have a
wave-like spin excitations, akin to vibrational excitations (or modes). At a critical applied magnetic
field, the magnetic nanoparticles have enough energy to begin to "melt," in the sense that the
particle-rich droplet edge structure begins to disassemble and flow (Fig. 2e-h). It should be noted
that when the external magnetic field is turned off, the magnetism disappears, and the
corresponding particle motion from droplet edge-to-center vanishes. At this stage, the internal

flow due to solvent evaporation takes over, and characteristic coffee-ring is reformed (Fig. 2h-e).

The magnetostatic convection has been known since the work of Cebers in 1980s36:3°,
and several studies have reported the behavior of magnetic-non-magnetic interface at continuum
scale®*4%42 The atomic and molecular origin of such interfacial convection is yet determined. In
our case, a possible mechanism of magnetic field driven fluid-flow from droplet edge-to-center is
the coupling of “magnetic excitations” to vibrational modes associated with the magnetic particles
and possibly to vibrational modes in the non-magnetic fluid. This would occur when the
frequencies of these two excitations are in the same range. Thus, driving the transition that
initiates the flow of the system. It is also possible that the coupling of spins to the external field
drive this transition, as it has been observed in recent simulations of body centered cubic iron that

coupling of spin excitations with vibrations enhances transport properties®’. As the magnetic
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particles flows towards the center of the droplet, the water molecules bonded to the nanoparticle
flow with the patrticle. In other words, the water molecules are dragged along by the magnetic
nanoparticles to the center of the droplet. This coupling would produce waves in the fluid,
contributing to the formation of complex structure. Further studies would verify the analogy and
the atomic origin of the observed macroscopic behavior.

Relation between finger velocity and applied field: The magnetic force density acting on the
nanoparticle-rich layer at the droplet edge is given as fm = yoﬁvﬁ, here o is the permeability of
free space, VH is the gradient of the self-magnetic field, and M is the magnetization of the “phase-

separated” magnetic fluid given as M= Xﬁ, where y is the susceptibility of the magnetic fluid,

and B is the strength of external magnetic field. Initial acceleration, a, of the interfacial fingering
instability at magnetic-nonmagnetic interface is given by** a~u,M?/p,xhy, where pm is the mass
density of the particle-rich droplet edge, and the space is normalized to the initial droplet height

h, . The onset velocity (v) of the magnetic interfacial instability is given as

to B?t
v = f adt = FoX? %o Q)
0

Here the characteristic time (to) is the interval in which the particle concentration at the droplet

edge can be assumed constant. In our experiments, the value of y is determined by the local

2

C m .
—¢49¢”_here m is the
3kpTHo

concentration of nanoparticles at the pinned droplet edge, Cedge, as®® y =
average magnetic moment of the nanopatrticles, kg is the Boltzmann constant and T is the
temperature. Equation 1 can be used to estimate v under following assumptions: the interface
between the magnetic/nonmagnetic domains is sharp, no significant depletion of nanopatrticles
from the particle-rich phase at the onset of the instability in the time interval 0 — to, droplet height
near the edges is invariant and negligible (quasi-2D), magnetostatic convection dominates any
other fluid flow in the droplet, and no distortion of droplet-gas interface is induced by the

convection.
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Figure 3. (a) Initial velocity of the fingering interface at increasing magnetic field strengths. The curves

show an applied field dependent characteristic delay for the generation of fingers from the interface. The

scattered points are experimental data obtained from image analysis and the solid lines are linear fit to the

initial increase of velocity of the fingers. Inset: The slope of the linear fits as a function of applied field

squared. Error bars in inset represent standard deviation of the distribution of the acceleration of fingers
upon increasing applied field strengths.

The velocity of fingers developed at the magnetic-nonmagnetic interface was determined
using Fiji software*” (Fig. 3). The finger velocity shows an initial rapid increase, followed by a
gradual decrease. In our case the exact analysis of the experimental data is not possible because
Cedge, and local pm at the droplet edge are unknown. However, from equation 1 we can identify a
scaling relationship for the finger velocity at the onset of interfacial instability, which is v « B?t.
The dependence of the velocity on time at the onset of instability is shown by the linear fits to the
experimental data at increasing B (Fig. 3). The slope estimated by the initial increase of the
velocity is plotted as a function of squared applied field (Fig. 3, inset). The linear dependency of
v vstand its slope vs B2 are in agreement with our scaling relationship. The scaling of initial
finger velocity with time and applied field highlights that the origin of the fluid flow in the droplet
upon turning on the external field is the magnetostatic convection well-known for bulk unmixed
magnetic-nonmagnetic interfaces. Further experimental and theoretical studies would be

necessary to predict the velocity of the magnetostatic interfacial instability in drying droplets.

The experiments show that the velocity of the fingers attains a maximum value and then
gradually decreases (Fig. 3). This decrease can be attributed to the nanopatrticles transport to the
center of the droplet, which leads to a decrease in the particle concentration at the pinned edge
(Fig. S3). The non-linear change in velocity after the initial increase is the result of competition

between the particle transport towards the edge due to solvent evaporation and particle transport
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towards the center due to magnetostatic convection. The fluid velocity in the droplet solely due of
mass loss in the absence of external magnetic field is given by Uw. ~ R/tsina, Where R is the droplet
radius and tsna is the total drying time of the droplet. In the absence of magnetic field we estimate
Uw. ~ 2 pm/s. Upon turning on the external field, the initial velocity of the fingers is given by
equation 1, which is typically 10-10® times Uw, highlighting the fluid flow at the droplet edge is
dominated by the magnetostatic convection. It should be noted that the finger velocity is not the
average fluid velocity in the droplet (Uayg) in the presence of magnetic field, which is
experimentally measured by particle image velocimetry (PIV). In our case Uayg in the presence of
magnetic field at a pseudo-steady state is in the range 0.5-3.2 um/s, which is towards the center
of the droplet opposite to the direction of Uu.. This competitive fluid-flow drives a complex surface
patterning upon drying such droplets (discussed further in the following section).

We find an initial delay in the generation of fingers from the magnetic-nonmagnetic
interface. This delay is attributed to a critical value of magnetic field self-gradient required for the

generation of fingers, as predicted previously for unmixed magnetic-nonmagnetic interface®. In
our case, a critical field strength (E) and particle concentration at the droplet edge (ceqge) iS
necessary to generate fingers. The observed delay in the finger generation at low applied field
can be attributed to the increase in c.q4. With t, due to evaporative transport of particles to the
droplet edge. The increase in c.q4. l€ads to an increase in the force acting on the nanoparticle-

rich droplet edge as F,, « B2cq4¢(t), and enables finger generation but at delayed time (Fig. 3).

Pattern formation in mixture of magnetic nanoparticles and nonmagnetic microspheres:
The magnetic nanopatrticles within the drying droplet show a complex behavior, with several out-
of-equilibrium dynamic states formed (Fig. 4, Movie S2). However, upon complete drying of the
droplet, the nanopatrticles formed the ring structure, and only a small number of nanopatrticles
occupied the droplet center. The persistence of such ring structure highlights the dominating role
of capillary flow in the final drying stage over the magnetostatic microconvection for our
experiments®®. Drying of a droplet with pinned contact line leads to a decrease in the height of the
droplet and thus, induces a capillary pressure given by P = —yV?h, where y is the liquid-air
interfacial tension, and h is the perturbation to the interface induced by the fluid flow in the droplet®.
This capillary pressure drives the nanoparticles towards the pinned edge, which leads to the
formation of the characteristic ring of the particles as shown in Fig. 4a. We find that upon
increasing the magnitude of the applied field, the width of dried droplet edge increases (Fig. S4),

but the ring-structure is maintained. We believe that by further increasing the applied field
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strength, ring formation by magnetic nanoparticles can be overwritten. However, such high
magnetic field conditions at constant temperature are not achievable using the current magnetic
field setup, and further work is necessary to demonstrate such behavior for only magnetic
nanoparticles. The ring structure was also formed upon drying a droplet of non-magnetic
microspheres under identical magnetic field conditions (Fig. 4b).

The formation of coffee-ring structure by latex microspheres can be overwritten by magnetic
microconvection. To demonstrate this principle, we use a mixture of FesO4 magnetic nanoparticles
and nonmagnetic latex microspheres. The zeta potentials of latex microspheres and FeszO,
nanoparticles at pH 6.5 was -40 mV (£5 mV), and -50mV (3 mV), respectively, thus the mixture
was stable due to electrostatic double layer repulsions. Drying of the mixture in absence of
external magnetic field shows formation of a complex structure where majority of microparticles
from a ring and a small fraction is randomly distributed within the dried droplet (Fig. S5). This can
be attributed to the Marangoni flow generated by the surface tension gradient (due to anionic
surfactant in FesO. dispersion) between the droplet center and the edge as shown previously*?.
Upon drying the droplet in magnetic field, the microparticles accumulate at the center of the
droplet highlighting the critical role of magnetostatic convection in drying droplets (Fig. 4c). This
change in the spatial distribution can be attributed to magnetostatic microconvection induced by
the Fes0O4 nanoparticles, as discussed in following section. It should be noted that for mixtures,
the surface tension is in the range 50-55 mN/m (Fig. S1) and initial three-phase contact angle of
the droplet is typically in the range 70-80°. We believe that initial contact angle and droplet shape
does not play any significant role, as the dried pattern is dominated by the magnetostatic

convection in the final drying stage, where the droplet thins into a film“°,
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Figure 4. (a) Bright field microscopic images showing the formation of finger-like instability in drying droplet
of FesO.4 nanoparticles at concentration 0.25 wt-%. The fingering patterns are observed in external
magnetic field, but the final dried state remains a ring. (b) Fluorescent microscopic images of a sessile
droplet containing nonmagnetic microparticles showing the formation of ring upon drying. (c) Fluorescent
micrographs of the sessile droplet of binary mixture of FesO4 nanoparticles and microspheres. The
fluorescent image shows location of microspheres only. The magnetostatic convection of Fe;O4 enables
the transport of the microparticles towards the center of the droplet. The distribution of particles in dried
droplets is shown in the radial profiles of the images at tr=1. The profiles show that microparticles in the
mixture are transported to the center of the droplet, whereas ring persists for dried droplets of only magnetic
nanoparticles and microspheres. The Scales bars are 250 um, and B = 3.4 kA/m for (a-c).

State diagram of surface patterns: The pattern formed by drying a mixture of FesO4
nanoparticles and latex microspheres is governed by the strength of applied magnetic field and
concentration of micro and nanoparticles (Fig. 5a, S6). In this article we focus on structure
evolution at a fixed microsphere amount and increasing Fe;O. nanopatrticle concentration and
applied field. We identify four distinct states of the dried patterns: (I) Random scatter, (IlI) Disc,
(111 Branched, and (V) Scattered disc-type structures as shown in Figs. 5 (b-e, j-m) and S6. Here
FesO4 nanoparticles and latex microspheres were tagged respectively with Nile red and
Fluorescein isothiocynate - FITC (green). Recently, it was shown that the pattern formed by a
dried droplet is governed by the spatial distribution of the particles in the state prior to the
generation of capillary flow during the drying process and subsequently by unpinning of the three-

phase contact line3. To understand the magnetic field driven fluid-flow driving surface pattern
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formation, we experimentally determine dynamic vorticity profiles at the base of the drying
droplets of only FesO4 nanoparticles (Movie S3). The vorticity profiles are determined using
particle image velocimetry (PIV)*. The flow within the droplet is non-linear and the fingers
generated initially at the droplet edge change to diffused vortices at longer times (as shown in
Fig. 2e-h). The vorticity profiles at the droplet base correctly captures this behavior, and accurately
presents the fluid flow which would not be the case with linear velocity profiles. The vorticity
profiles at tr = 0.5 at absolute scale are shown in Figure 5f-i. Recall that tzr = 0.0 is the time when
the magnetic field is switched on. In our case, the vorticity is the measure of local motion and
spinning of the magnetic fluid upon turning on the external field, which further drives the patterning

of the nonmagnetic microspheres.
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Figure. 5. (a) An operational state diagram of the patterns formed by dried droplets of mixtures of magnetic
and nonmagnetic particles. The states are shown in b-e. (b-e) Fluorescent micrographs of the four
representative states identified for dried droplets, tr = 1.0 of mixture of FezO4 nanoparticles with latex
microspheres. Here the nonmagnetic particles were tagged with FITC dye (green) and magnetic
nanoparticles were labelled with Nile red dye. (f-i) The vorticity profile of the fluid flow within the droplet as
generated from experimental micrographs using particle image velocimetry at tr = 0.5. The vorticity profiles
were generated for droplets containing only FesO4 nanoparticles. (j-m) Fluorescence microscopy images of
the edge of the four states of dried droplet as identified in (a). Scale bar in (b) is 500 um, and (j-m) are
100 um.

The vorticity profile generated for the droplets of only FezO4 nanoparticle dispersions

corresponding to states I-IV are shown in Fig. 5f-i. The flow profiles are dependent on the applied
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field strength and reduced time as shown in supplemental movie S3. The profiles shown in Figure
5f-i correspond to tr = 0.5, the applied field (B) and the nanoparticle concentrations (co) are given
in Fig. 5f-i. The average velocity (Uay) of the fluid in the presence of field was in the range
0.5-3.2 ym/s. The corresponding Capillary number Ca~p,U/c for the droplet was 1.2x102-

5.1x10?, where the mass density of the liquid phasep, = 10° kg/m°, and the liquid-air surface

tension of the nanoparticle-microparticle mixture ¢ = 50-55 mN/m. The low value of Ca indicates
that the flow in the droplet did not influence the droplet shape, and the final pattern of the dried
droplet is governed by internal fluid flows. The average velocity increases with increasing applied
field strength and nanoparticle concentration, which was maximum ~3 pm/s for 0.25 wt-% and
5.4 KA/m in agreement with equation 1. The corresponding vorticity profiles show a field and
concentration dependent behavior. The large number of vortices are generated at droplet-edge
are attributed to the fingering instability. Generation of these vortices induces an inward flow,
which result in overwriting the coffee-ring formation. Application of large fields at high particle
concentrations drives the formation of large eddies from the edge to the center of the droplet. The
vorticity profiles in Fig. 5f-i show the existence of a region of stagnation in the center of the droplet.
A large fraction of nonmagnetic particles are confined in these stagnation zones (Movie S2), which
lead to the observed accumulation of the particles at the center of the droplet. The characteristics

of this stagnant region governs the final assembled state of nonmagnetic particles in the mixture.

At low nanoparticle concentrations (<0.05 wt-%), the magnetostatic microconvection is
limited to the vicinity of the droplet edge (Fig. 5b,f,j), which only partially enables overwriting the
ring formation, but restricts the transport of the particle to the center of the droplet. The pattern
formed is only partially effected by Marangoni flow generated due to the surface tension gradient,
and assists in random distribution of microparticles within the dried droplet. Upon increasing the
nanoparticle concentration at B < 2.5 kA/m, the magnetostatic convection increases (Fig. 5¢,g,k)
which allows an enhanced transport of particles to the center and drives the formation of a
confined disc type structure at the droplet-center. It should be noted that higher magnification
images show that small fraction of microparticles are trapped at the droplet edge and it is not
completely depleted of the microspheres. At high particle concentration and large field strengths
(B > 3 kA/m), the continuous disc is overwritten by discrete assemblies near the droplet-center
(Fig. 5e,i,m). In this regime, the Reynolds number Re ~ hoU/u, is 1.8x103, with kinematic

viscosity p,~ 8.89 x 107" m?%s. The low value of Re indicates that the inertial forces remain

insignificant even at large applied fields and particle concentrations.
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At intermediate Fez04 nanopatrticle concentrations (0.06-0.15 wt-%) and applied magnetic
field (2-5 kA/m), a branched structure is observed (Fig. 5d,h,l). We speculate the formation of
such branched structure is due to the formation of well-defined regions of eddy flows within the
droplet. Here, the convective flows due to evaporative momentum flux and self-gradient of the
magnetic field drive non-trivial competing flow patterns. This competition between the opposing
flows leads to the formation of discrete flow channels within the droplet. Upon complete drying,
the latex particles trapped in the low flow rate channels are arrested which leads to the formation
of observed branched structure. It should be emphasized that these branched structures are
completely different in origin as previously observed for nucleating particles in droplets with

moving contact line®5%-62,

CONCLUSIONS

We showed that magnetic nanoparticles, when transported to the pinned edge of sessile droplet,
create a particle-rich domain, thus creating a diffused magnetic/nonmagnetic interface.
Application of a uniform magnetic field perpendicular to the plane containing the fluids, induces a
fingering instability and magnetostatic microconvection. The complex dynamic behavior
associated with microconvection is strongly dependent on the concentration of the magnetic
nanoparticles and the strength of the applied magnetic field. We demonstrated that this
microconvection can be used to direct the surface patterns of nonmagnetic microspheres. We
presented a state diagram of the dried droplets and identified four distinct patterns of the
nonmagnetic microspheres formed in a mixture with magnetic nanoparticles. The study lays a
foundation of a new principle of using magnetostatic microconvection for directing the assembly
of the colloids within drying sessile droplets. The concept presented here may lead to the
development of new processing routes for the directed assembly of colloidal particles into surface

coatings with desired local symmetry and properties.
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SUPPORTING INFORMATION

The supporting information provides surface tension for mixtures, change in contact angle and
droplet volume during drying process, change in width of the droplet-rich edge upon application
of magnetic field, increase in the ring thickness of dried droplet upon increasing magnetic field,
patterns formed by drying droplets of mixed particle dispersion in absence of magnetic field, and
microscope images used for constructing operational state diagram.
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