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Experimental Study of Structure and Dynamics in a Monolayer of
Paramagnetic Colloids Confined by Parallel Hard Walls
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We study the structural and dynamical properties of paramagnetic colloidal spheres interacting as repulsive dipoles
in two dimensions and confined between parallel hard walls. We observed that the structure and dynamics of the
self-assembled colloids are strongly dependent upon the width of the confining channel. The system exhibits re-entrant
behavior as a function of the channel width, transitioning from solid-like to liquid-like repeatedly in excellent agreement
with simulation results. For large channels, an ordered layered structure self-assembles near the walls, but this local
structure is not commensurate with the bulk structure, leading to localized stable defects.

1. Introduction of ringlike structure and an inner region of hexagonal structure,

Boundaries can drastically affect the structure of self-assembledindependent of the nature of the circular confining potentia’
colloidal systems either by providing a template for extreme This illustrates a case where the boundary imposes an unusual
ordering or by disrupting the natural structure of the systefn. local structure whereas the center of the cluster relaxes back to
In colloidal systems, boundaries can appear in different forms, 1€ unconfined structure. .
as animpurity or as a confinement. Self-assembly in the presence  Recently, the channel-like geometry, or parallel straight walls,
of boundaries is of great, and growing, importance in a variety Nasgainedimportance in this area of rese&fctt These systems
of applications ranging from photonic band gaps and semicon- exhibit a layered structure parallel to the confining walls as well
ductor§to medical device&-° Much research has been done s anisotropic diffusion of the colloids, enhanced in the direction
to characterize the effects of boundaries, as well as confinement Parallel to the wall$>222Additionally, the nature of the confining
upon the self-assembly of colloidal systems because they arepotentlal (hard walls vs softer conflnements)_can have a strong
both important industrially and from a fundamental scientific 'MPact 224the types of structures that form in the 2D channel
standpoint. Much effort has also gone into exerting control over SYStenm*

the self-assembly of colloidal systems using boundaries and _Here we present a study of a 2D system of repulsive magnetic
confinement®-12 In particular, 2D colloidal systems are ideal diPoles whose self-assembled structure and dynamics exhibit

for studying the specifics of self-assembly because of their reducedSOmMe seemingly contradictory responses to confinement in a 2D
geometry and their accessible length and time sd&f&dviany channel. Although the confinementinduces an organized layered

groups have focused on how boundaries can affect the structuredtructure near the walls, it also disrupts the hexagonal structure
and dynamics of 2D circular clusters of collots19The structure O the system in the same region. Additionally, we observed

of these systems has been characterized as having an outer regid?ecillating behavior in the global structure and dynamics of the
system as a function of the width of the confining channel. We

* Towhom correspondence should be addressed. E-mail: pdoyle@mit.edu.Show that all of these observations are in excellent agreement
Tel: 617-253-4534. Fax: 617-258-5042. with purely predictive simulation results.
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The number density of colloids is defined as the number of colloids
divided by the area of the 2D channel accessible to the centers of

b the colloidsRis the only relevant length scale in this system as long
asd < R, whered is the colloid diameter. Using this length scale,
the dimensionless field is defined as

MZ
3 r=_ " (1)
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| - where uo is the magnetic permeability of free spadg, is the
COMP Boltzmann constanT; is the system temperature, avids the dipole
moment of an individual colloid and is a function of the external
- = magnetic field strengtf?-2° All of the parameters in eq 1 are in Sl

cl XT T e units. The dipole moment of an individual colloid is defined as
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T o s R e wherey is the effective magnetic susceptibility of a single colloid
Figure 1. (a) Schematic of the experimental setup (not to scale). andis~1. The energy of interaction between colloigsd; is thus
An end view of the channel is shown with the shaded regions being defined as

PDMS. The beads sediment in thdirection to the bottom of the

channel. The entire channel system is submerged in TBE buffer R\3

inside a chamber and placed into the center of the magnetic coil. Vi = FkBT([) (©)]
The system is observed from underneath with the microscope I

gﬁ{fggﬁg& g’ Cact)r;gptﬂt%:r%zigaensa@;eisc.a(lg;uge;wvmgg ecé)cf:t% g ?;Bi/lrg yvhererij denotes the scalar distance between the centers of colloids

channel before it is sealed. The opening shown will be the bottom i andj. Thg dime.n.sionless chgnnel widxrwas.defined as thg reall
of the well once the channel is sealed with a thin sheet of PDMS. ¢hannel width divided bjR. Using the current in the magnetic coil

The arrows indicate the location of the walls of the channel. (c) &nd the number density of colloids in the system as free parameters,
Characteristic image obtained during an experiment. The channelWe were able to explore a large section of fhe- W phase space.
width is 40um, and the dimensionless channel width is 3.44. (d) We varied the dimensionless width of the channels between
Trace of the positions of the colloids in part ¢ for a dimensionless experiments by changing keepingd < R for all of the channel
time of 0.65. widths. We performed experiments for a dimensionless field strength

of I' ~ 12 + 1 (in the liquid phase in the unbounded syst&#i29.
in5.0x TBE buffer (0.17 Mionic strength) to screen the electrostatic The precise value of could be measured only after an accurate
repulsion between the colloids. At this ionic strength, the Debye value fomwas obtained during the off-line analysis of the experiment;
length is~1 nm. The colloids have a magnetic susceptibility of 1 therefore, during an experiment, we aimed Fors 12.

(given by the manufacturéfand a specific gravity of 1.6, causing After filling the channel with magnetic colloids, allowing them
them to sediment in the direction to the bottom of the channel to sediment, and estimatimgor a given system, the magnetic field
because of gravity, forming a monolayer in tkey plane with was turned on, and the system was equilibrated for several tens of

out-of-plane thermal fluctuations of less tha80 nm. The open dimensionless times. We measured the surface diffusion coefficient
ends of the microchannel were then sealed using Vaseline, and theof the colloids to be~52% of the calculated Stokes diffusion
entire channel system was submerged in TBE buffer inside a sealedcoefficient Oo). Time was made dimensionless with the time required
chamber with dimensions o£2 cm x 2 cm x 2 cm in order to for a colloid to diffuse freely one unit length along the PDMS surface
prevent evaporation and pressure-driven flows within the channel. (t = 0.52Dgt/R?). After equilibration, 1000 images were taken over
The cell was placed inside an electromagnetic coil (25 mmi.d.) such a dimensionless time of15 and were used to analyze the structural
that the channel was located in the center of the coil, thus causingand dynamical properties of the system. By repeating several
the system to experience a uniform magnetic field inztizection experiments at fixed conditions and obtaining identical results each
(normal to the monolayer of colloids). The magnetic field was time, we ensured that the size of the system and the time over which
calibrated using an axial Hall probe and Gauss meter (SYPRIS) andstatistics were taken were sufficiently large to represent the
was found to be uniform within a circle of radius 1 cm in the center equilibrium state of the system. The calculated properties were then
of the coil. The uniform field induced parallel dipole moments in compared with results from Brownian dynamics (BD) simulations
the colloids causing them to experience purely repulsive interacfions. performed as previously describ&#* These simulations do not
The magnetic coil was placed on an inverted microscope (Axiovert have any fitted parameters because all of the physical properties in
40 CFL, Zeiss), and image stacks of the system were captured usinghe experiments were known a priori (or measured) for the beads,
a CCD camera (KPM1A, Hitachi). A schematic of the experimental coil, and channels.

setup is shown in Figure 1a, and an SEM image of one of the PDMS

channels (before bonding) is shown in Figure 1b. An example of 3. Structural Oscillations

an expenlmenc}alﬁlnlr]age is shown in F|guréePn1;: The '”I‘qage stacks  The most characteristic global property of the structure in this
were analyzed off-line using custom programaritten in the IDL system is the layering of the colloids parallel to the channel

language (Research Systems, Boulder, CO), allowing us to assemble . A . . .
trajectories for the colloids such as the one shown in Figure 1d. walls ?2This layering is illustrated in the density profiles shown

The characteristic length scale in this system is determined by the " Figure 2 from the expe.rlm.ental system (dotted lines) anq from
number density of colloidsyj and is defined aB = («/§/2n)0-5.14x24 BD S|mulat|ons (gray solid lines). For all of the chapnel widths,
there is very good agreement between the simulation results and
(28) Dynal reports the magnetic susceptibility of a single M-270 bead to be the experimental results. Slight differences arise at the walls of
60 x 10> m¥kg. When nondimensionalized with the bead density for use in SI the channel where the experimental peak heights show some
units, the resuly = 0.96 is obtained. variance with respect to each other and the simulati It
(29) zahn, K.; Madez-Alcaraz, J. M.; Maret, @hys. Re. Lett. 1997, 79, p mufaton results.
175-178.
(30) Crocker, J. C.; Grier, D. Gl. Colloid Interface Sci1996 179 298. (31) Kalia, R.; Vashishta, Rl. Phys. C1981 14, L643.
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Figure 2. (a) Density profiles across the channels for 10 different
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Figure 3. (a) (Top) Distribution of wall positions for a dimensionless
channel width of 2.74 is shown as the gray histogram, and the
Gaussian curve with the same mean and standard deviation as the
histogram is shown as a dashed black line. (Bottom) Schematic of
one channelwall illustrating the roughness and how the wall colloids
can be used to probe that roughness. (b) Comparison of experimental
(dotted black) and simulation (solid gray) density profiles for a
dimensionless channel width of 2.74 before and after the simulation
data have been corrected for wall roughness.

dimensionless channel widths 2.74, 2.98, 3.07, 3.19, 3.44, 3.93, : . . .
4.08, 4.25, 4.52, and 15.63. The solid gray curve corresponds to theChannel as a function of the dimensionless channel width. To

predictions from BD simulations, and the dotted black curves Study these structural changes in more detail, we used the
correspond to the density profile measured experimentally. (b) €xperimentalimages to perform a Delaunay triangulation on the
Snapshots of the experimental system and Delaunay triangulationgpositions of the colloids to determine the nearest neighbors and
for five different dimensionless channel widths 2.74, 3.07, 3.44, the locations of the defect sites in the channel as shown in Figure
4.08, and 4.52. All of the channels shown have a true width of 40 2K A colloid was considered to be a defect if it had more or less

um. Open triangles are seven-coordinated colloids (five-coordinated
if next to the wall), and closed circles are five-coordinated colloids
(three-coordinated if next to the wall).

Inthe PDMS channels, the walls are not perfectly planar (Figure
1b), and this roughness gives rise to the differences in the pea
heights that we observe experimentally. To accurately and
quantitatively capture the effects of the rough walls in the density
profiles generated from our BD simulations, we obtained an
estimate for the standard deviation of the wall position from our
experiments and used that information to approximate “rough
walls” during the postprocessing of the simulations. A schematic
of this process is presented in Figure 3. The experimental
distribution of the wall position was determined by tracing the
position of each wall colloid for the duration of the 1000 frames
and taking the outermostposition (normal to the wall) as the
location of the wall in the vicinity of that colloid. We were then
able to assemble a distribution of wall positions for the channel.
For a typical experiment, the wall position was measured to have
a standard deviation 6f0.3um. In postprocessing the simulation
results, a random Gaussian variable was added to plsition

of the wall colloids with the same standard deviation as measure
from the experiment. Even with the presence of rough walls,
however, both the experiments and the simulations exhibit very
large peaks at the walls, indicating the high degree of localization
that occurs at the hard wall.

Another important property to note is the periodic broadening

and sharpening of the peaks in the center of the channel as the

channel width is increased (Figure 2a). This behavior implies

that there are structural changes occurring in the center of the

than six neighbors. In the case of flat walls, we have to treat the
colloids at the walls differently than those in the bulk. We define
the wall colloids as any colloid located within a distance/gf
from the wall, and wall colloids are considered to be defects if

I(they have more or less than four neighbors. The results in Figure

2b show clearly that the structure in the narrow channels is
oscillating between order and disorder (low and high defect
concentrations) as the channel width is increased.

A similar set of structural transitions has been noted previously
for hard-sphere systems confined in thin slits (3D systefis).
However, in the case of hard spheres in thin slits, the structural
transitions are the result of geometric constraints upon the packing
of the spheres resulting in transitions from one type of solid
crystal structure to another. The 3D system can transition from
a triangular to square lattice and back as the thin gap height is
increased? In the case of repulsive dipoles confined in 2D
channels, the system remains in a triangular lattice at all channel
widths, but the lattice lines alternate between straight (parallel
to the walls) and buckled as the channel width is increased.
Additionally, in the 2D channel system, the structural transitions

gare intimately tied to changing dynamics in the system, which

we will discuss shortly.

For the largest channel shown in Figure 2a, the layering near
the walls is seen to give way to an isotropic (liquid) structure
in the center of the channel for this dimensionless field strength.
This feature strongly resembles the structure of a hard-sphere

fluid near a flat hard wall. In the case of hard spheres, the wall

(32) Pieranski, P.; Strzelecki, L.; Pansu, Bhys. Re. Lett. 1983 50, 900.
(33) Neser, S.; Bechinger, C.; Leiderer,ffhys. Re. Lett. 1997, 79, 2348.
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Figure 4. (a) Experimental image for a section of a channel with

W = 15.63 showing the structure near the wall. (b) Density profile 40pm C
in the section of the channel shown in part a. (c) Delaunay —
triangulation for the section of the channel shown in part a. The 4.08 A Al .

shaded region at the bottom represents the wall region (at a distance
less tharf/, from the wall). Open triangles are seven-coordinated P R TR
colloids (five-coordinated if in the wall region), and closed circles 344 SISO e e eaa
are five-coordinated colloids (three-coordinated if in the wall region).
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Figure 5. Defect concentration as a function of the dimensionless

. . channel width at a dimensionless field strength oft12 for (a) the
can act as a nucleation site for a perfect, layered crystal to form channel as a whole and (b) the wall region. The solid line represents
out of the fluid phasé However, in the case of repulsive dipoles  the simulation results fdf = 12 with the shaded region representing
in 2D next to a hard wall, this is not exactly what happens. The the range of defect concentrations¥or 12+ 1. The closed circles
long-ranged nature of the colloidal interaction combined with represent the experimental data. (c) Colloid trajectories in two
the presence of a hard wall leads to a higher concentration Ofg!ﬁeren; clhann@ W'd;[hs (4.08 and 3.44) Bt= 12 + 1 for a
colloids along the wall than in the bulk for large chanréEhis imensioniess time of 0.65.

concentration difference causes the appearance of dislocations i to radiate out into the bulk in boundari h
along the wall, as seen in Figure 4c, resulting in a seemingly continue to radiate out into the bulk as grain boundaries whereas

contradictory response of this system to the presence of a fIatin our system they are terminated after the first layer in the bulk.

hard wall. In Figures 2a and 4b, the dimensionless channel width )

of 15.63 clearly exhibits a more crystalized (layered) state near 4. Structure and Dynamics
the walls, but we show that although the wall assists in the natural
formation of a crystal it also induces regularly spaced defects
in that crystal. Furthermore, as seen in Figure 4c, the first layer
in the bulk corrects the structure, and the dislocations along the
wall no longer strongly affect the structure of the rest of the
system.

The appearance of dislocations along the wall is an interesting
phenomenon seen in different forms in other systems. The large
channel limit in hard-wall channels is essentially equivalent to
a hard circular confinement with infinite radius. Kong et-al.
showed thatlarge 2D clusters confined in hard-wall circles exhibit
a large number of defects along the confining boundary. More o )
recently, de Villeneuve et dlstudied a 2D slice of a 3D hard 1" the large channel limit, the wall defect concentration goes to
sphere colloidal system near a spherical impurity, using confocal @ constant value not equal to zero because of the presence of
microscopy. The spherical impurity created a convex boundary Stable dislocations along the wall.
inthe 2D slice. Inthis case, they observed regular grain boundaries  The defect concentration is intimately tied to the dynamics of
emanating radially outward from the circular boundary similar the system; therefore, the dynamical behavior of the system also
to the regularly spaced dislocations observed in our 2D hard- oscillates as a function of the dimensionless channel width. In
wall channel system. However, there are significant differences Figure 5c, the two traces shown are for a peak (4.08) and valley
between these three examples. In the large 2D clusters as wel(3.44) in the defect concentration curve shown in Figure 5a. The
as the convex boundary case, the defects along the confiningchannel with the higher defect concentration (4.08) exhibits more
boundary are attributed to the bending of the lattice whereas in liquid-like dynamics, with some of the colloids able to diffuse
our system the lattice does not need to bend at the boundary.away more easily from their original positions in a short time.
Additionally, in the case of the convex boundary, the defects For the lower defect concentration (3.44), the colloidal crystal

Having located the defect sites in our system, we were also
able to calculate the average concentration of defects for a given
set of conditions. The results for the total and wall defect
concentrations are shown in Figure 5a and b, respectively. We
observed very pronounced oscillating behavior in the total defect
concentration (Figure 5a) in our experimental system. We note
that for very narrow channels the total defect concentration closely
follows that of the wall defect concentration because most of the
colloids in the system are wall colloids. However, above a
dimensionless channel width &5 the wall behavior begins to
deviate from that of the total defect concentration. As preditted,



Confined Self-Assembly of Paramagnetic Colloids Langmuir, Vol. 22, No. 8, 2288

10° T T T 0.8
g
§ 0.6}
3.44 o ol
s =
: =
_ § 0.2}
0.0 .
0 5 10 15
4.08 r
Figure 7. Total defect concentration as a functionIofor three
) _ 3.07 different dimensionless channel widths 3.83,3.41 (0), and 10.93
0L v '0 L , (O). The lines represent simulation results for= 3.07 ¢-+), 3.41
10 10 10 10 10 (_), and 10.93 (___)_

T

Figure 6. Bond-order correlation function as a function of time for ; ; - P :
five different dimensionless channel widths 2.743-), 3.07 ¢- 2D system (in parabolic confinemer)but this is the first

A+), 3.44 (-0, 4.08 («0-+), and 4.52 (- x-+-). The lines represent experimental observation of re-entrant behavior as a function of

results from BD simulations, and the symbols are experimental results.confining geometry for 2D repulsive colloidal systems.
Contrary to these results are the observations for colloids

appears to be more solid-like with the colloids remaining on confined in 2D circle®®where re-entrant behavior is reported

their original lattice sites. as a function of the dimensionless field strength. In Figure 7, we
A more quantitative measure of the dynamics in the system show that there is no such re-entrant behavior as a function of
is the bond-order correlation function in time, g(7).3* The dimensionless field strength in this system. However, we do

bond-order correlation function in time can be a measure of the note that the behavior of the system as a function of the
phase of the system with the solid phase having a constant valuedimensionless field strength is strongly dependent upon the
of gs in time whereagys decays exponentially to zero in the  dimensionless width of the channel. Rbr= 3.07, increasing
liquid phase. The bond-order correlation functionintime is given T does not greatly affectthe concentration of defects in the system
by the expression whereas fov = 3.41 the concentration of defects decreases
. significantly asI" is increased. For wider channels suchies
9s(7) = [Wg(0) We(7)U 4) 10.93, increasingl’ causes a decrease in the total defect
concentration because, as mentioned previously, the large
where? is the dimensionless lag time alé is the local-bond-  channels have a bulk region that behaves more like the unbounded
order parameter system (without walls).
m In summary, we have studied the structure of self-assembled
po= 1 6% ) repulsive paramagnetic colloids confined in 2D hard-wall
6 me channels. We have observed a global layered structure in the
channels as well as evidence of oscillations in the defect
In eq 5,mis the number of nearest neighbors for a given colloid concentrations and re-entrant behavior in the dynamics in these
and6yis the angle between the vector connecting the colloid and Systems. In addition, the specifics of the self-assembly next to
itskth nearest neighbor and an arbitrary reference axis. The nearesthe hard wall have also been discussed, and we have shown that
neighbors are determined by performing a Delaunay triangulation. although the wall does induce an ordered layered structure in
In the 2D channel system, the behavioggf) for the colloids this system it also causes defects to form along the wall, disrupting
in the bulk (at a distance greater thnfrom the wall) can be the natural lattice. All of the data are in excellent agreement with
used as a measure of the state of the sydtdmFigure 6, we purely predictive BD simulations and illustrate the importance
showgs(?) data for the five dimensionless channel widths shown of boundaries as well as confinement in determining the structure
in Figure 2b from both simulations and experiments. As the of self-assembled colloids in 2D systems. We have shown an
dimensionless channel width is increased from 2.74 to 4.52, theexample where confining boundaries are used to both promote
gs(%) behavior of the system oscillates between a solid-like stability and disrupt natural structure in a single colloidal system.
constant fofv = 2.74, 3.44, and 4.52 and a liquid-like decay for
W = 3.07 and 4.08. All of the curves in Figure 6 show the  Acknowledgment. We gratefully acknowledge the support
characteristic intermediate-time plateawi() that is expected ~ ©f NSF NIRT grant no. CTS-0304128 for this project.
for thin channels, but they illustrate the re-entrant behavior of
the system, transitioning from liquid-like to solid-like and back ' . X o :

. Y - experiments including characteristic length sc&#esxternal magnetic
as the . channel V_V'dth '§ |_ncreas@dPreV|ous a”thors have field strengttB, and dimensionless field strendtiior each dimensionless
theoretically predicted similar re-entrant behavior for another channel width. This material is available free of charge via the Internet
at http://pubs.acs.org.
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