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Buckling Instability of Self-Assembled Colloidal Columns
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Suspended, slender self-assembled domains of magnetically responsive colloids are observed to buckle
in microgravity. Upon cessation of the magnetic field that drives their assembly, these columns expand
axially and buckle laterally. This phenomenon resembles the buckling of long beams due to thermal
expansion; however, linear stability analysis predicts that the colloidal columns are inherently susceptible
to buckling because they are freely suspended in a Newtonian fluid. The dominant buckling wavelength
increases linearly with column thickness and is quantitatively described using an elastohydrodynamic
model and the suspension thermodynamic equation of state.
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The scientific study of buckling and its application to
engineering problems begins with Leonhard Euler [1] and
has informed thought on subjects as varied in scale as the
maximum height of trees [2], the compressive strength
of living cells [3], and the mechanical failure of carbon
nanotubes [4]. The buckling of thin films on mismatched
substrates is a significant challenge in modern engineering
of hard materials [5], ranging from semiconductors to
thermal barrier materials [6]. There is now also the potential
to exploit buckling and other elastic instabilities in the
design and engineering of new soft material structures,
including polymer interfaces [7], elastomers and gels [8],
thin liquid films [9], and active biopolymer networks [10].
Despite these emerging applications, anticipating the non-
linear and often complex behavior of such instabilities
remains a significant challenge.

In this Letter, we report experiments performed in
microgravity that reveal a unique buckling instability in
slender, self-assembled domains of magnetically responsive
colloidal particles. Upon cessation of the magnetic field that
drives their assembly, columns of paramagnetic colloids
expand axially and buckle laterally. This phenomenon most
closely resembles the buckling of long beams due to thermal
expansion as can happen to continuously welded railway
tracks [11]. However, in the present experiment, we show
that the stability of these slender domains has a different
character from expanding rails on an elastic foundation. The
colloidal columns are inherently susceptible to buckling
because they are freely suspended in water. Their buckling
is distinct in a class of elastohydrodynamic instabilities in
soft materials, which includes the coil-stretch transition of
macromolecules [12,13] and the buckling of elastic filaments
[14,15] in flow.

In the microgravity environment aboard the International
Space Station (ISS), aqueous suspensions of paramagentic
latex colloids with radius @ = 525 nm (Dynabead MyOne,
Invitrogen) and zeta potential { & —45 mV are suspended
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PACS numbers: 82.70.Dd, 83.80.Hj, 87.80.Ek, 87.80.Nj

in ultrapure water (< 1% by volume). We estimate the
Deybe length to be on the order of x~' 300 nm. The
relatively high specific density of these magnetic beads
p =~ 1.4 leads to strong sedimentation in a gravitational
field. The gravitational length [, = 3kT /4rngApa® is
approximately 1 ym, where Ap is the difference between
the particle and medium densities and g is the acceleration
due to gravity. The particles are assembled through the
application of a uniform magnetic field generated by a
Helmbholtz coil. Such particles initially form chains aligned
with the magnetic field lines [16]. These chains interact
attractively and rapidly form a sample-spanning network of
particles that is kinetically arrested. We have shown that
toggling the magnetic field off and then on again with a
prescribed frequency and sufficient length of time anneals
this system-spanning structure, causing it to condense into
locally ordered domains aligned with the magnetic field
and having a high aspect ratio [17]. The formation of these
colloidal columns occurs at toggle frequencies between
0.66 and 20 Hz at a 50% duty cycle. The columnar domains
are shown in Fig. 1, along with an illustration of their
location in the sample. The samples are held in glass
capillaries that are 2 mm wide parallel to magnetic field,
0.2 mm deep, and approximately 50 mm long. The
capillaries are supported rigid in custom fabricated alumi-
num sample holders that insert into the Helmholtz coil
assembly. The optical assembly consists of two digital
video (DV) cameras (Hitachi HV-C20, 768 x 494 pixels,
30 fps) and a fiber bundle light source. Columns are imaged
in the center of the capillary with a long working distance
objective. The distances between the columns and the
capillary walls are sufficient to minimize hydrodynamic
interactions. Movies of the experiments were recorded on
DV tape and returned to Earth for image processing and
analysis.

Slender domains or columns of the assembled para-
magnetic colloids buckle each time the magnetic field that
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FIG. 1 (color online). (a) The position of the columns in the
field is illustrated in the experimental apparatus as installed in
the microgravity sciences glovebox onboard the ISS. (b) The RT
camera with field of view transverse to the magnetic field
images columnar structures that form after toggling the field.
The dark regions are the condensed colloidal columns. (c) The
field is toggled with a 50% duty cycle for more than one hour at
frequencies between 0.66 and 20 Hz.

drives them to assemble is switched off, as shown in Fig. 2.
A movie of the buckling is provided as Supplemental
Material [18]. One view is that the magnetic field acts to
confine the particles locally. The loss of free volume and
their ordering reduces the entropy of the suspension. When
the field is on, that reduction in entropy is balanced by the
magnetic interaction energy. However, when the field is off,
the particles must reequilibrate. The reduced entropy now
acts like a normal stress that drives the columns to expand.
An equivalent view is that the magnetic field serves as a
thermostat for an attractive particle phase. High magnetic
field strengths are equivalent to a reduction in the effective
temperature, quenching the suspension into a condensed
state. Thus when the magnetic field is turned off, the
effective temperature increases and the self-assembled
columns undergo thermal expansion. For either view, in
the moment when the field is turned off, the columns
behave as prestressed beams. The fluid in which they are
suspended resists their expansion, and a buckling instability
results.

We measured the wavelength associated with this
buckling as a function of the column width in 12 separate
experiments conducted aboard the ISS (Fig. 2). The
conditions of the experiments were varied in magnetic
field strength (1-2.2 kA/m), toggle frequency (0.66-2 Hz)
and particle volume fraction (0.04%-0.065%). As illus-
trated in Fig. 3, there is an obvious linear trend in the
buckling wavelength as a function of column width, W.
(Fig. 2). When multiple periods were observed for a single
column, each wavelength was included in our analysis,
which accounts for the scatter in the data. For domains
thinner than 30 ym in width, the wavelength grows as
(4.6 £0.1)W, with the coefficient determined by a linear
least squares fit. For domains thicker than 30 um, the
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FIG. 2 (color online). A column in its (a) unbuckled, field-on
state. (b) Subsequent growth of the buckling instability when the
field is toggled off. (c) The maximum deflection. (d) The column
returning to the unbuckled state as the field toggles on. The
magnetic field is oriented left to right. The field strength is
2 kA/m and the toggle frequency is 0.66 Hz. The scale bar
is 100 pm.

wavelength of the buckling instability falls below this linear
trend. From video micrographs of the samples, we observe
that the aspect ratio of the domains is larger than 100 to 1.
The thickest domains span the entire sample in the field
direction (width, 2 mm), and therefore are not freely
suspended. Such wide columns also exert strong magnetic
forces on one another with an interaction energy that scales
linearly with the column volume. In this circumstance the
columns are reinforced, which has been shown to reduce
the buckling wavelength of suspended beams and micro-
tubules [19]. The linear trend for thinner, freely suspended
columns can be explained by elastohydrodynamic theory.

The mechanics of elastic filaments in a viscous medium
have been investigated in detail previously [14,15,20,21].
Similarly, we consider a slender elastic column of length L
and width W with W/L < 1, immersed in a viscous fluid
and subject to a uniform axial stress, P > 0. The lateral
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FIG. 3 (color online). The buckling wavelength versus domain
width measured in 12 separate experiments with domains
assembled with different magnetic field strengths and pulse
frequencies.

displacement of this column, y(x, ), as a function of the
position along its axis, x and time, ¢, can be represented as
the elastica [22]

_Elyxxxx_PAyxx_fj_yt =0. (1)

The first term is the lateral force that acts to resist bending.
The elastic modulus of the column is denoted E while [ is
its area moment of inertia—assumed constant and propor-
tional to W*. The second term represents the lateral force on
a bent column produced by the imposed axial stress, where
A is the column cross-sectional area and proportional to
W?2. The third term is the lateral force exerted by the fluid
due motion of the column. The quantity, £, is the hydro-
dynamic resistance per unit length of the column subject to
motions perpendicular to its axis. From slender body
theory, applicable in the limit W/L <« 1, this hydrody-
namic resistance is known to be well approximated by the
value [21,23] 4zn/[In(2L/W) + 1/2], where 7 is the fluid
viscosity. Thus it has only a weak, logarithmic, dependence
on the column geometry.

The stability of the column is assessed by proposing a
small lateral deformation with wavelength A that grows in
time with rate  [6,19]: y(x,t) ~exp(2zix/A + wt). The
parameters of such a perturbation are determined by sub-
stitution into Eq. (1), which yields the dispersion relation:

27\ 4 27\ 2
E1<7ﬂ> — PA (%) +Ew=0. (2)

The fastest growing perturbation will satisfy the conditions:
dw/dA =0 and w > 0. The first condition specifies the
wavelength of this perturbation,

A =27\/2EI/(PA). (3)

Solving the dispersion relation for the growth rate
associated with this wavelength, we find that

10 = (PA)*/(AEI), (4)

which is indeed positive and independent of the col-
umn width.

Next, we solve for the elastic modulus in terms of
the growth rate and replace the cross-sectional area with
aW? /4. The fastest growing wavelength can be written as
explicitly linear in the width of the domain:

zP
A=, /2§la)W' (5)

The linear relationship between A and W is a common
feature of an elastic buckling instability, and could be
anticipated from other buckling phenomena, such as the
buckling wavelength of thin films on viscous substrates [6],
elastic rods subject to compression [24], or microtubules
dispersed in an elastic gel [19]. The linear scaling relation
of Eq. (5) agrees with the experimental observations in
Fig. 3. The coefficient of proportionality is composed of
quantities that may be estimated in the following way.

First, we consider the colloids making up the column as
effective hard spheres. These particles must diffuse col-
lectively in order for the column to move at all. Therefore,
the maximum growth rate @ is limited by the thermal
relaxation rate of the particles based on their diffusivity
@ = D/a?, where a is the particle radius. Then, D/a?> =
CkT/na’, where C is a dimensionless constant to be
determined. On substitution of this rate, we find the
proportionality constant

N 3¢ 2L 1 P

AR W\/szc <ln {W] * 2> (nkT>’ (6)
with n denoting the particle number density within the
column and ¢ = 4zna®/3 denoting the particle volume
fraction based on the hydrodynamic radius. Next, the
quantity P/nkT is the compressibility factor which may
be determined from an equation of state [25]. The magnetic
interactions are roughly 100 times stronger than thermal
stresses. Therefore, we estimate the effective hard-sphere
volume fraction in the columns approaches 68%—that for a
maximally packed body-centered-cubic crystal. At this
concentration, the compressibility factor for hard spheres
is P/nkT =~ 37. Finally, note that the aspect ratio L/W is
intrinsic and must be the same for any widely separated and
well equilibrated columns. From micrographs of the
columns, this ratio is appears to be larger than 100 to 1.
This estimate for the coefficient of proportionality is
insensitive to modest variation in both the compressibility
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and the aspect ratio since it depends on the square root of
the former and the logarithm of the latter.

After making the substitutions above, A~ 6.6C~'/2W,
leaving only the constant C, the magnitude of the relax-
ation, to be determined. One estimate is to assume that
the structure relaxes with a rate given by the particle
self-diffusivity, Dy = kT /6zan. In this case, C = 1/6n ~
0.05 and A=~29W, which is much greater than the
experimental proportionality constant, 4.6. The relaxation
rate @ = Dy/a’ is too slow; it would lead to buckling
wavelengths that are significantly longer than those that are
observed. The results instead suggest that the relaxation is
governed by collective diffusion, for which D = DK (¢)
(d[petcZ(Pesr)|/ dpesi), Where K(¢p) is the sedimentation
coefficient that accounts for the many-body hydrodynamic
interactions between particles [26] and Z(¢.) = P/nkT.
The sedimentation coefficient depends on the volume
fraction of the hydrodynamic cores: ¢, whereas the osmotic
compressibility depends on an effective hard sphere volume
fraction that includes the double layer repulsion between
particles, ¢t = ¢(1 + 1/xa)>. This is the effective hard-
sphere volume fraction in the solid column that determines
its osmotic pressure (¢ ~ 0.68), but electrostatic repul-
sion between spheres means the volume fraction of the
solids is smaller. With the compressibility of the columns
again given by the solid equation of state [25] and the
sedimentation coefficient from well-known solutions of the
Stokes equations [27], we find C ~ 5 and A ~ 3W, in better
agreement with the experiment. With reasonable approx-
imations, the collective diffusion of the constituent particles
accounts for the rate of expansion of the columns and
resulting buckling wavelengths. Interestingly, because both
the diffusivity and hydrodynamic drag depend on the fluid
viscosity, the buckling wavelength predicted by Eq. (6) is
expected to be independent of this property.

The instability expressed by Eq. (4) predicts that, unlike
the buckling of a prestressed beam on an elastic support
such as a railway track [28], there is no critical stress
below which buckling of suspended colloidal columns is
suppressed. A prestressed column in a viscous fluid is
inherently unstable. Our observations agree, at least in part,
with the theory. Figure 4 shows the buckling state diagram
that summarizes the field strengths and frequencies for
which buckling is observed in the microgravity experi-
ments. The closed symbols indicate the occurrence of
buckling, while open symbols represent an absence of
measurable buckling. Naturally, buckling is not observed
above a critical frequency that corresponds to a ramified
network suspension structure, which scales as v ~ H=*/3 [17].
Above this frequency, the suspension does not relax to freely
suspended columns. Below the critical frequency, however,
both buckling and nonbuckling conditions are observed.

For freely suspended columns, buckling requires both a
large enough prestress generated by the induced magnetic
interactions, which scales as ~H?, and a toggle frequency
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FIG. 4. Buckling occurs for field strengths and frequencies
indicated by closed symbols, but is not observed at high
frequencies when the suspension structure is sample spanning
(open triangles) or at low field strengths for free, suspended
columns (open squares).

that provides sufficient time for the instability to grow to a
perceptible amplitude. This transition is captured by the
functional form v~ (H — H;)? with H; ~ 600 A/m,
and is also shown in Fig. 4. We hypothesize that H; is
related to a melting transition of the solidlike columns to a
more fluidlike state, and thus a lower osmotic pressure
driving the expansion. Additionally, at lower field strengths,
growing defects in the solid column structure, such as grain
boundaries, could accommodate the strain when the field is
toggled off, thus limiting their tendency to buckle.

These experiments have demonstrated and quantified the
way in which condensed domains of paramagentic colloids
disassemble upon cessation of the magnetic field driving
their assembly. These domains behave like a prestressed
beam freely suspended in a Newtonian fluid. The forces
that drive the particles to disperse when the magnetic field
is toggled off also generate a stress in the self-assembled
domains that cause them to buckle. This simple but unique
microgravity experiment adds to what is known of buckling
phenomena. Furthermore, while the field-directed self-
assembly of micrometer and nanometer sized particles
into condensed, ordered phases allows for rapid and high
fidelity formation of microstructured materials with useful
optical, electrical, mechanical, and thermal properties
[29-31], these experiments provide insight into how such
highly structured materials disassemble.
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