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Particle interactions near the contact line in liquid drops
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Micrometer-sized particles distributed in a drop of water are drawn toward the contact line upon evapora-
tion, where they arrange themselves into a crystal structure. Here we report experiments with paramagnetic
particles, which make it possible to measure the particle interactions by tuning an external magnetic field. By
aligning the magnetic dipoles, we are also able to redistribute the particles back into the bulk of the droplet.
This method allows us to assemble and disassemble colloidal crystals simply by applying a magnetic field.
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Two-dimensional self-assembly of colloidal particles us-this potential, we apply a magnetic field in the vertical direc-
ing thin liquid films or evaporating drops has recently at-tion (perpendicular to the glass slidesee Fig. 1, thereby
tracted considerable interest due to the possibilities of creasreating a repulsive force given by
ing regular mesoscopic structures and also for its usefulness
as a model system for solid deposition on substrftesd]. 3um?

Micrometer-sized particles distributed in a drop of water are Fn=———7, m=(47/3)a’xerH, (1)
drawn towards the contact line upon evaporation, where a 4aR

colloidal crystal structure is formed. The flow can carry most ] - .

of the colloidal particles toward the edge, and the ring mas¥here w is the permeability of watem the magnetic mo-
grows as a power law with timgl]. Studies of DNA mol- mMent, R the distance between the two beads, &hthe ex-
ecules show that they are in the random coil state in thdernal magnetic field in the direction. In the middle of the
central part of the drop, whereas close to the contact line they
transfer into a highly stretched staf8]. Recently it was
shown that surfactants may enhance the Marangoni-Benard
instability, thereby allowing one to control the pattern forma-
tion in a relatively simple way10]. Here we report experi-
ments with paramagnetic particles, which make it possible to
tune the particle interaction by an external magnetic field
[11,12. By aligning the magnetic dipoles, we are able to the
reverse the flow process, thereby redistributing the particles
back into the droplet. This method allows us to assemble and
disassemble the colloidal crystal simply by applying a mag-
netic field.

As a starting point, we deposited drops of approximate
diameter 5 mm onto carefully cleaned glass slides. The drops
contain around 0.01 mg/ml paramagnetic beddgnabeads
M-270 coated with carboxylic acid each with radiusa
=1.4um, and an effective magnetic susceptibilify;
~0.17+0.03. In absence of magnetic fields they do not ex-
hibit a magnetic moment. The carboxylic acid group cover-
ing the particles makes them hydrophilic. The beads close to
the contact line were visualized with a polarization micro-
scope(Olympus A70, used in reflection modequipped with
a camera. After the drop has been deposited, and before the
capillary flow generated by evaporation sets in, the beads are
drawn toward the boundary of the drop, where they come to
rest at a distancB from the contact ling1]. HereD can be
varied by changing the volume of the drop. If two or more
beads settle down, they will attract each other in the direction F|G. 1. In (a) the two particles residing near thdark three
of the contact line, despite their identical electric chargesphase contact line are drawn towards each other due to capillary
This can be explained by capillary forces giving an efficientforces. In(b) a vertical magnetic field of 10 kA/m is applied, thus
attractive long range potentigB]. Attempting to measure driving the beads apart. The scale bar isa0.
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drop, the beads sometimes collide with each otbat never and if the water surface is free to deform around the bead
attach, suggesting that the electrostatic screening energy itsee Refs[2,3] for a general derivationIn a water drop, the
comparable to the thermal energy. It is also worth pointingexpression must be modified due to the presence of the three
out that we used deionized pure water from a Millipore sysphase contact line. The droplet menisd¢us described by
tem to disperse the paramagnetic beads, which means thidie Laplace equatiof8]

the effective interaction range of the electrostatic forces is

much smaller than the resolution of our microscope V2h=0. (2

(~1 pxm). Moreover, we do not measure the capillary forces

for beads that are very close to each other. Thus, we will herth order to solve the Laplace equation, we assume particles
neglect electrostatic interactions, only considering magnetiof radiusa<D,R, both residing at a distande from the

and capillary forces. three phase contact line. Moreover, we assume that the me-
Identical beads immersed in planar thin liquid films exertniscus satisfies the conditiogy=0)=0 and h(y—x)
capillary forces which can be approximated By>x—1/R =ytané (0 is the angle the water interface makes with the

[3]. This expression is valid wheRis sufficiently larger than  substratg Using the method of image charges, we find the
the bead size, much less than the capillary length of watefpllowing solution:

hevtang-+ ) |x2+(y—D)2+ 5 I(x—R)2+(y—D)2 @
~Y NI 2In@/2D) "2+ (y+ D)2 | 2In(a/2D) (x—R)2+(y+ D)2’

wheres is the deformation of the water surface at the surfaceand 5,=0.7 nm. The small values of provide some evi-
of the identical beads. The force may be evaluated as th@ence for the assumption that the beads are almost totally
derivative of the energy with respect to the separation of bothmmersed in the liquid, thus floating between the glass sub-
particles: strate and the meniscus. In the experiments we also observed
fluctuations of the particles of the order of the particle radius,
o d o= * 2 which we interpret as thermal fluctuations. The associated
Fe=~ 3R §f,wdxfo dy(Vh)=, 4 sthermal force” is roughly estimated to beT/a~ 10" N,

i.e., comparable to the smallest forces measured here.
where o denotes the surface tension of water ( Immediately after the magnetic field is turned off, the par-
—72 mN/m). One finds ticles start to move toward each other. We measured the time
it took the beads to get in close contact, and the result is
shown in Fig. 3. To obtain an expression for the time versus

®
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It should be noted that we have assunggd<<1, where
q = \/o/pg denotes the capillary length, such that the limit
D—o is not allowed, and Eq(5) does not reduce to the 12
formula given in Ref[3]. On the other hand, it is clearly 1
seen that at largP the dominant contribution to the force is
proportional to—1/R. At smallerD, the second term in Eq.
(5) introduces a larger correction, resulting in a more rap|d
decay of the capillary force with increasiig Due to the
finite size of the particles, Eq5) cannot be expected to be
valid whenR andD are comparable to the particle radiais
but represents a reasonable starting point to explain the phe
nomena seen in this work.

In the presence of an external magnetic field the capillary
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attraction Eq.(5) is balanced by the magnetic repulsion. We 5 10 a 15 20
are therefore able to measure the capillary attraction simply (hm)
by findingR, D, andH experimentally, and then calculefg, FIG. 2. The force as a function of distand® when D,

using Eq.(1). Figure 2 shows the capillary force measured in—14 ;,m (crosses and D,=4.6 um (boxes. The solid line is a
this way as a function of interparticle distariReThe crosses theoretical fit using Eq(5) to the caseD,=14 um, and the dash-
correspond todD;=11 um and the boxes t®,=4.6 um. dotted line toD =4.6 um. Note that the forces measured here are
The theoretical lines were fitted to E() with §;=1.1 nm  very small, and therefore given in 18 N.
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FIG. 3. The relaxation time vs the distanRdor the two beads
shown in Figs. 1 and 2, wher®=4.6 um. The solid line is a
theoretical fit to the experimental data using E).

interparticle distance, we assume that the capillary force is
balanced by the viscous dragq=f»nav, where 5 is the
viscosity of waterf the drag coefficient, and the particle
velocity. We then obtain

pfa[in(2D/a)]?/ R* 1 ) FIG. 4. Figure(a) shows a colloidal crystal assembled by the
—to= = 6) evaporative flow. In(b) we apply a magnetic field to tear the crystal
0 > ;TR ( p pply a mag ry
2mé%0 16D apart, and then reassemble it again. The scale bar jsn80

wheret, is a constant. The solid line in Fig. 3 shows the best
fit to Eqg. (6) with t,=—0.5s, D=4.6 um, 7=0.893 This value was obtained with only one particle in presence of
x 10" 3 Ns/n?, andf=5. The drag coefficient of a bead at a the chain at the contact ling.e., before a colloidal crystal
compressible interface is/3 whereas that in bulk is®. It ~ was assembledInserting the numbers in Eq7), assuming
is seen that the drag coefficient found here is slightly loweN—o, we find thatF,~1 pN. Thus, the evaporation in-
than both, which may suggest that the interfaces influenceuced forces driving the beads from the middle of the drop to
the bead dynamics. the boundary are considerably larger than the capillary forces
When the evaporative flow sets in, a larger amount ofat the boundary. In the case of many interacting particles, see
partigles move towards the contact line, where they form &ig. 4(b), one observes a slightly lowet, due to dipolar
colloidal crystal structure, see Figiah. Note that the contact  nteractions. Note also that in a lattice structure the average
line is rough due to evaporation and the fact that we havejisiance may vary slightly due to fluctuations or disorder.
tuned the magnetic field on and off many times before taking | conclusion, we have studied the interaction of spherical

t_he picture. Each such op_eration slightly_ deforms the Conta“ﬁeads near the contact line of liquid drops. We found that the
line. Upon applying a vertical magnetic field, the beads repe apillary forces are of importance for understanding the at-

each other, and the coIIc_ndaI _crystal at the contact line S.tartﬁaction between the particles. Using a magnetic field, we
to disassemble. If the field is strong enough, we obtain a

. . . ere able to measure these forces. Moreover, we could con-
nearly regular lattice of particles repelling each other, se

: . : ol the assembling process of the colloidal crystal at the
Fig. 4b). The repulsive force on a single bead separated by . : X
distanced, from a chain consisting of 2 beads is given by oundary. We believe that magnetic beads can also assist and

enhance colloidal self-assembly in other systems, e.g., the
1 ones studied in Ref6]
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