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We investigate the influence of particle shape on the bending rigidity of colloidal monolayer mem-
branes (CMMs) and on evaporative processes associated with these membranes. Aqueous suspen-
sions of colloidal particles are confined between glass plates and allowed to evaporate. Confinement
creates ribbon-like air-water interfaces and facilitates measurement and characterization of CMM ge-
ometry during drying. Interestingly, interfacial buckling events occur during evaporation. Extension
of the description of buckled elastic membranes to our quasi-2D geometry enables determination of
the ratio of CMM bending rigidity to its Young’s modulus. Bending rigidity increases with increas-
ing particle anisotropy, and particle deposition during evaporation is strongly affected by membrane
elastic properties. During drying, spheres are deposited heterogeneously, but ellipsoids are not. Ap-
parently, increased bending rigidity reduces contact line bending and pinning and induces uniform
deposition of ellipsoids. Surprisingly, suspensions of spheres doped with a small number of ellipsoids

are also deposited uniformly.

PACS numbers: 61.43.Fs,64.70.kj,64.70.pv,82.70.Dd

When colloidal particles adsorb onto air-water, oil-
water, and other such interfaces, novel elastic membranes
are created [1,2]. The mechanical properties of these
colloidal monolayer membranes (CMMs) can depend on
many factors including surface tension, capillary forces,
and particle size, shape, hydrophobicity, packing, and in-
teraction potential. The resulting interface phenomenol-
ogy is rich with physics that influences a wide range
of applications from film drying to Pickering emulsion
stabilization [3-5]. Nevertheless, full understanding of
the elastic character of these membranes remains elu-
sive. Recently, significant progress has been made to-
wards measurement of the bulk, shear, and Young’s mod-
uli of CMMs, and towards an understanding of particle-
induced interfacial mechanisms [1,2,6]. Many effects due
to particle shape, for example, can be qualitatively ex-
plained by shape-dependent capillary interactions [1,3,7-
10J; i.e., stiff membranes induced by ellipsoids at the air-
water interface are more difficult to deform [1,11]. One
mechanical property of CMMs that has not as yet been
measured is bending rigidity. Bending rigidity is impor-
tant, because the buckling behavior of membranes is con-
trolled by the ratio of bending rigidity (k) to Young’s
modulus (E) [12], and, as we shall show, the buckling
behavior of membranes can substantially affect phenom-
ena such as particle deposition during droplet evapora-
tion. Unfortunately, such measurements are also difficult
because constituent particle diameter is often similar to
CMM deformation size [13].

In this contribution we report measurements of the
bending rigidity of various colloidal monolayer mem-
branes. We introduce a novel method for extracting
bending properties of CMMs which employs evaporating
drops in confined geometries and readily permits study of

particle-shape effects. To this end, colloidal drops com-
posed of particles with approximately the same chemi-
cal composition, but with shapes ranging from spheres
to ellipsoids, are confined between two glass plates and
left to evaporate (Fig. 1a). During evaporation, the air-
water interface is observed to buckle in a manner similar
to spherical-shell-shaped elastic membranes [14]. To ex-
tract membrane bending rigidity, we extend the analytic
description of buckled spherical membranes to our quasi-
two-dimensional geometry [12]. We find that CMM bend-
ing rigidity increases with increasing adsorbed-particle
shape-anisotropy. Besides measurement of bending rigid-
ity, its consequences on particle deposition during evap-
oration in confined geometries are explored. We discover
that increased interfacial bending rigidity dramatically
changes particle deposition during evaporation. Spheres
can locally pin the three-phase contact line, which then
bends around the pinning site and produces an uneven
deposition. Conversely, the large bending rigidity in-
duced by adsorbed ellipsoids makes deformation of the
contact line energetically costly and ultimately induces
uniform deposition. Surprisingly, drops of spheres doped
with small numbers of ellipsoids are also deposited rela-
tively uniformly in these confined geometries.

Our experiments utilize micron-sized polystyrene par-
ticles with modified shape, stretched asymmetrically to
different major-minor diameter aspect ratio, « [16]. The
colloidal drops are confined between two glass slides sep-
arated by 38.1 um spacers (Fisher Scientific). We inves-
tigate evaporation of these drops, i.e., suspensions con-
taining particles of the same composition but with differ-
ent major-minor diameter aspect ratio, including spheres
(v = 1.0), slightly deformed spheres (o = 1.2,1.5), and
ellipsoids (a = 2.5,3.5). We primarily study the particle



volume fraction ¢ = 0.01. (Qualitatively similar results
are found for volume fractions ranging from ¢ = 107 to
0.05.) At these low volume fractions, particles densely
coat the air-water interface before buckling events oc-
cur. The confinement chambers are placed within an op-
tical microscope wherein evaporation is observed at video
rates at a variety of different magnifications.

During evaporation, the air-water interface deforms
and crumples (Fig. 1b and c¢). The buckling behaviors
exhibited by the ribbon-like CMMs in confined geome-
tries are strongly dependent on the shape of the ad-
sorbed particles, and the buckling events appear simi-
lar to those observed in spherical-shell elastic membranes
[12,17]. Before buckling events occur, particles are max-
imally packed near the three-phase contact line, regard-
less of particle shape. Further, because the volume frac-
tion is relatively low, membranes essentially contain a
monolayer of particles, i.e., buckling events occur before
multilayer-particle membranes form.

To understand this phenomenon, we quantify the elas-
tic properties of the air-water interface with adsorbed
particles (i.e., the elastic properties of the CMMs).
We first extend analytical descriptions of elastic mem-
branes to our quasi-2D geometry wherein observations
about bending and buckling geometry are unambiguous
[15]. Briefly, the bending energy (~ xh(?/d?, where
k is the 2D bending rigidity) and stretching energy
(= E(¢/r)%*dh, where E is the 2D Young’s modulus) as-
sociated with an in-plane buckling event are minimized
with respect to the “rim width” of the deformation, d
(Fig. 1b-d). Here ¢ is the radial displacement of the
membrane from its initial configuration, / is the chamber
height, and r is the in-plane radius of the droplet. More
specifically, d is the width of the rim formed by the bent
air-water interface, where the deformation bending and
stretching energy is concentrated. We measure d as the
rim full-width, 25 pm in from the rim vertex (defined in
Fig. 1b-d) [15]. (Note, d is independent of the depth of
the invagination. Thus, measurements of d are unaffected
by pinning events during buckling.)

This simple approach enables us to extract the ratio
of CMM bending rigidity, &, to its Young’s modulus, F,
from measurements of d and r [15]. In particular, min-
imizing the bending and stretching energy with respect
to d yields the relation x/E = d*/(3r?). With all other
parameters constant, e.g., particle anisotropy, etc., this
formula predicts that d o< y/r. (Note, this derivation as-
sumes that the interfacial displacement varies little in the
z-direction, i.e., the air-water interface deflects the same
distance at the top, middle, and bottom of the chamber
[15].) In Fig. le we show results from evaporated drops
of particles with anisotropy a = 1.2 and with different
initial values of r, plotting d versus 4/r. A good lin-
ear relationship is observed (coefficient of determination,
R? = 0.93), implying that our analysis is self-consistent.
Similar linear results were found for other values of «.

We thus extract and plot x/FE for evaporating drops
of particles with different o (Fig. 1f). Notice, x/F in-
creases with increasing «, implying that as « increases,
K increases faster than F, i.e., k/F is larger for ellipsoids
(o = 2.5 and 3.5) than for spheres (a« = 1.0). CMM
Young’s modulus is known to increase with o [1,2,6].
Utilizing previously reported measurements and calcula-
tions of F [15], we plot x versus E (Fig. 1g) and find that
k o< E?943) " This observation is consistent with theo-
retical models which predict x oc E® [12], however, the
full physical origin of this connection is unclear. (Note,
while k < E3 and x/E = d*/(3r?) may appear contradic-
tory, they are consistent and imply that d oc E'/2 [15].)
Finally, we use previously reported measurements and
calculations of E to isolate and estimate CMM bending
rigidity (Fig. 1h). Clearly, membrane bending becomes
more difficult with increasing particle anisotropy.

We next turn our attention to the consequences of
increased bending rigidity on evaporation processes in
confined geometries, specifically particle deposition dur-
ing drying. Substantial effort has now yielded an un-
derstanding of the so-called coffee-ring effect and some
ability to control particle deposition from sessile drops
[5,18]. However, much less is known about particle depo-
sition in confined geometries, despite the fact that many
real systems [19] and applications [20] feature evapo-
ration in geometries wherein the air-water interface is
present only at the system edges. Recent experiments
have explored evaporation of confined drops containing
spheres [14,21], and their behaviors differ dramatically
from sessile drops containing spheres. In the confined
case, as noted previously, particles are pushed to the
ribbon-like air-fluid interface, and, as evaporation pro-
ceeds, the particle-covered air-water interface often un-
dergoes the buckling events described above.

We find that suspended particle shape produces dra-
matically different depositions as a result of the varying
CMM bending moduli. In Fig. 2a-e, the final deposi-
tion of particles is shown for « = 1.0,1.2,1.5,2.5,3.5,
respectively. Spheres and slightly stretched spheres are
deposited heterogeneously, and anisotropic ellipsoids are
distributed relatively more uniformly. To describe the
final deposition of particles more quantitatively, we plot
the fraction of initial droplet area covered by deposited
particles after drying, f (as introduced in [22]), as a func-
tion of anisotropy « (Fig. 2f) [15]. Note, for uniformly
deposited particles, the area fraction (based on the ini-
tial volume fraction, initial volume, chamber height, and
particle size) would be ~0.4. The fraction of area cov-
ered with particles is observed to increase with «. For
a = 1.2 and 1.5, f increases modestly. For a = 2.5, the
deposition is very uniform, and for o = 3.5, virtually the
entire area is covered uniformly.

High magnification images reveal why spheres and
slightly stretched particles deposit unevenly, while ellip-
soids deposit more uniformly (Fig. 3a-d). Spheres and



slightly-stretched spheres often pin the air-water inter-
face, preventing its motion. As evaporation continues,
the CMM interface bends around the pinning site (Fig.
3a). Then, it either pinches off, leaving particles behind,
or it remains connected to the pinned site, leading to
water flow into the narrow channel that has formed; the
latter flow carries particles towards the pinning site (Fig.
3a and b) producing “streaks” of deposited particles (Fig.
3c). Temporal and spatial heterogeneities along the inter-
face due to these described effects lead to heterogeneous
deposition of spherical particles during evaporation.

When ellipsoids approach the drop edge, they also
adsorb onto the air-water interface forming ribbon-like
CMMs (Fig. 3d) [1,3,8,9]. However, the ellipsoids induce
substantial capillary deformations on the air-water inter-
face, creating an elastic membrane with a high bend-
ing rigidity. Ellipsoids can also pin the contact line,
but bending of the CMM interface around a pinned con-
tact line requires an energetically costly rearrangement
of ellipsoids aggregated on the CMM, since attractive
particle-particle capillary interactions must be overcome.
Conversely, bending of the contact line costs little en-
ergy to spheres on the interface, because sphere-sphere
capillary interactions on the interface are much weaker
than for ellipsoids [8,23]. As evaporation continues, the
ellipsoid-CMM contact line recedes radially, and the el-
lipsoids near the contact line are deposited on the sub-
strate. This behavior is similar to convective assembly
techniques wherein the substrate, or a blade over the
substrate, is pulled away from the contact line; a thin
film is thus formed that leads to the creation of a mono-
layer (e.g., [24]). The present system, by contrast, has
neither moving nor mechanical parts. Uniform coatings
are created essentially as a result of shape-induced cap-
illary attractions which produce CMMs that are hard to
bend.

To further elucidate the effects of particle shape
on deposition, suspensions of 200 nm spheres (a=1.0)
with ¢=0.02 were combined with suspensions containing
micron-sized ellipsoids («=3.5) at lower volume fractions,
¢= 0 to 4.0 x 1073, The resulting colloidal drops were
evaporated in the same confined geometries. The addi-
tion of a very small number of ellipsoids has no effect
on the deposition of spheres (¢ < 1.7 x 1073). Surpris-
ingly, the addition of a larger, but still small, number
of ellipsoids leads to a uniform deposition of both ellip-
soids and spheres, ie., f ~ 0.8, despite the fact that
spheres outnumber ellipsoids by a significant factor (103-
10%) (Fig. 3e). Apparently, spheres do not prevent el-
lipsoids from adsorbing on the air-water interface, and
the CMM bending rigidity is dominated by the presence
of ellipsoids. Thus, the membrane still resists bending
around pinning sites. This behavior in confined geome-
tries is different than that of sessile drops wherein it was
discovered that if the spheres are larger than the ellip-
soids, then the spheres are distributed uniformly after

drying, but if the spheres are smaller than the ellipsoids,
then they exhibit the coffee ring effect [5]. From this
perspective, it is somewhat surprising that small spheres
are deposited uniformly from droplets doped with small
numbers of ellipsoids and confined between glass plates.

Again, the high bending modulus produced by ellip-
soids on the CMM helps explain the observations. Both
spheres and ellipsoids attach to the air-water interface.
Ellipsoids deform the air-water interface, creating an ef-
fective elastic membrane with a high bending rigidity.
When enough ellipsoids are present, pinning and bending
the interface becomes energetically costly and the spheres
(and ellipsoids) are deposited as the interface recedes.

To summarize, ellipsoids adsorbed on the air-water in-
terface create an effective elastic membrane, and as par-
ticle anisotropy aspect ratio increases, the membrane’s
bending rigidity increases faster than its Young modulus.
As a result, when a drop of a colloidal suspension evapo-
rates in a confined geometry, the different elastic proper-
ties produce particle depositions that are highly depen-
dent on particle shape. This observed increase in bend-
ing rigidity with particle shape aspect ratio holds im-
portant consequences for applications of colloidal mono-
layer membranes as well. For example, increased bend-
ing rigidity may help stabilize interfaces (e.g., Pickering
emulsions [3]) and thus could be important for many in-
dustrial applications, e.g., food processing [4,25]. In a
different vein, our observations suggest that CMMs in
confined geometries may be a convenient model system
to study buckling processes that are relevant for other
systems, e.g., polymeric membranes [26], biological mem-
branes [27], and nanoparticle membranes [28].
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FIG. 1: a. Cartoon depicting droplet evaporating in a con-
fined geometry. The particle-populated air-water interface
and three phase contact lines are labeled. b,c. Examples of
buckling events for confined drops containing anisotropic par-
ticles with @ = 1.2 and 1.5 (b,c, respectively). d. Rim width,
d (solid line), is defined here in a magnified image of a buckled
region, as the interface full-width 25 pm from the vertex of
the bent air-water interface (see dashed line). e. d is plotted
versus the square root of the drop radius, r. f. Ratio of the
bending rigidity, x, to the Young’s modulus, F, is plotted ver-
sus a. g. k versus F, where F comes from previously reported
measurements and calculations [15]. The line represents the
best power law fit. h. s versus a.
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FIG. 2: Image of the final deposition of particles with major-
minor diameter aspect ratio o = 1.0,1.2,1.5,2.5,3.5 (a-e, re-
spectively). f. The area fraction covered by particles after
evaporation is complete, f, for suspensions of particles as a
function of their aspect ratio a.
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FIG. 3: a. Image of a pinned region of the air-water interface
(a = 1.0). When the pinned section does not “snap” off, it
leaves behind a channel. b. At a later time (~100 seconds af-
ter (c)), the channel extends, and more particles flow into it,
producing a very heterogeneous deposition. c. Image of the
final deposition of particles with major-minor diameter aspect
ratio a = 1.0. The box indicates the deposit left behind by the
event depicted in (a) and (b). d. Image of a colloidal mono-
layer near the three phase contact line in a drop containing
ellipsoids (a = 3.5). The three phase contact line is labeled
with a dashed line on the left side of the image. Particles
are adsorbed on the air-water interface, forming a monolayer,
as evidenced by the fact that particles become more out of
focus, from left to right, as the air-water interface curves. A
cartoon below shows a side view of the experimental image.
e. The fraction of area covered by particles, f, for suspensions
of 200 nm diameter spheres doped with different amounts of
ellipsoids, represented by the ellipsoid volume fraction, ¢g.




