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Two-dimensional colloidal crystals formed by thermophoresis
and convection
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Temperature gradients can trap micrometer-sized particles into two-dimensional crystals. We form
colloidal crystals from otherwise repellent.an polystyrene beads in diverse thermal convection
settings. Our experiments indicate that the accumulation is driven by particle thermophoresis.
Particles move along the temperature gradient and are pushed out of the warm liquid to a cold wall.
We find reduced accumulation for decreased surface temperature gradients and enhanced salt
concentrations. Moreover, thermophoretic fluid dynamics calculations predict flat accumulation
profiles with 10-fold enhanced concentrations that are consistent with our experiments. The
accumulated crystals could be used as molecular sieves for microfluidic biotechnological
applications. A natural environment for similar accumulations are pores of rock near hydrothermal
vents. ©2005 American Institute of PhysidDOI: 10.1063/1.1888036

We show how the combination of thermodiffusion and
convection in a solution of polystyrene beads leads to the
accumulation of a two-dimensional crystal at the cooling sur-
face in a convective flow. This finding confirms the strong
DNA accumulation found previously in a similar convection
setting® Here, however, the tendency to accumulate is so
strong that particles are pushed out of the diluted solutior}'G- 1. Chamber(@ Photograph of the convection chambi. Liquid is
. filled between sapphire and glass, separated by /&@ethick silicone
Into a CryStaI' o6 . spacer with an open diameter of 6 mm. The center is heated by an infrared

ThermOphoreS|§: the movement of particles along jaser, inducing a toroidal convection flow.
temperature gradients, is an interfacial force which in liquids
still lacks detailed understandidg™ It can be used to sepa-
rate bead$** and measure diffusion constafitsThe com- @ power of 100 mW. The lateral position of the laser focus
bination of convection and thermophoresis to accumulatéould be moved by the use of two galvo-mirr¢€200-XY

molecules has a long history in elongated thermogravitaScanners with driver 67120, Cambridge Technologits
tional columnst® form complex heating geometries. The laser beam was fo-

Formation of colloidal crystaté2out of diluted solu- cused with a numerical aperture of 0.14 using a Mitutoyo
tions is of interest for molecular sieves, photonic crystals, near infrared-corrected>5 objective. The focus plane was
and chemical sensirfd. Two-dimensional crystals can be Placed 100Qum above the top of the chamber to make heat-
used to explore statistical physics of defett&® Ways to
efficiently accumulate molecules and particles out of solution
are of great interest to enhance the sensitivity of diffusion
limited surface biosensors. Moreover, the forces which drive
colloidal crystals might be used to enhance the crystalliza-
tion of proteins. Notably, the experimental temperature gra-
dients used in our system are compatible with natural condi-
tions in pores of rock around hydrothermal vefs?
Thermophoretic trapping experiments have been performed
in chambers of 50Qm in height and 6 mm in diametéFig.

1). On top, the chamber was sealed off by a cover glass slide
(Roth No. 0657, 17Qum thickness The sidewalls were
formed by a silicon sheet of 500m thickness(McMaster,
New York) while the bottom was sealed by default with a 1
mm sapphire windowEdmund Opticy but for some experi-
mental setups polymethyl siloxan®DMS, Sylgard 184,
Dow Corning or glass(No. 0656, Roth Laborbedarivas
used. The water of the chamber was heated from below withRiG. 2. Generation of two-dimensional colloidal crystal from thermophore-

an infrared lase(FOL1405RTV-317, Furukawa, Jaganith sis and convectiona,b) The chamber contains 2m polystyrene beads at

low concentration. It is heated in the center by infrared absorption. Within

12 min, a two-dimensional colloidal crystal forms against the 5000-fold

dauthor to whom correspondence should be addressed; electronic mailower bead concentration in the liquit) Heating along a line leads to the
dieter.oraun@physik.Imu.de formation of an elongated crystal.
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- 40 pym > FIG. 4. No accumulation at high salt concentratidiasc) No accumulation
is found for more than 500 mM NaCl or 30 mM MgClIThermophoresis
FIG. 3. Theory predicts strong and flat accumulati@h Heat transfer, bead ~ vanishes at such high salt concentrations.
diffusion, thermophoresis and Navier—Stokes flow are simulated in cylinder

coordinates. We show the temperature profile and selected flow lines in a . . .
vertical cross section(b) Predicted particle concentration reaches P convection does not concentrate the particles. Accumulation

times the bulk concentration in a very flat geometry at the lower chambeis induced from a strong temperature gradient tirection.
wall. Thermophoresis makes the particles follow the heat transport
out of the chamber and pushes them to the lower chamber
ing less focused. Dueota 6 mm 1£*diameter-Gaussian wall. The same effect is not seen at the top of the chamber
beam in front of the objective, we heat with a 2.8° openingsince convection yields a divergent flow there.
angle in water. Figure Zc) shows how spreading the laser focus along a
For thermophoretic trapping, 1 andgn fluorescently line leads to elongated accumulation of beads. The line was
labeled polystyrene beads were us@¥% solid, F-8823, scanned my mirrors along 1.4 mm with 250 Hz and 160 mW
F-8827, molecular probgsand diluted 1:500 and 1:100 in laser power. The resulting linear accumulation demonstrates
0.1 mM Tris-HCI atpH 7.8, respectively. The lower chamber that radially convergent flow is not necessary to form a col-
wall was imaged with a 18 or 32x objective using a fluo- loidal crystal.
rescent microscopéAxioTech Vario, Zeis}; Fluorescence A finite element calculation confirms the thermophoretic
was excited by a high-power LEQLXHL-LX5C, Luxeon) accumulatior(Fig. 3). As described previousﬁ},the numeri-
at a driving current of 35 mA with an ILX lightwave current cal programremLAB allows parallel solving of Navier—
source(ILX 3565). A charge coupled device cameBvOKS, Stokes flow, heat conductivity, diffusion, and thermophore-
SensiCam QE, PCO, Kehlhejrwas used to take pictures of Sis. The convection takes place on the 1Q00 scale and the
the illuminated beads with a typical frame rate of 0.03 Hzaccumulation on the:m scale. Thus a highly adapted grid
(exposue 5 s delay, 25)s was necessary for the simulation. The diffusion constant for
Figures 2a) and 2b) show the aggregation of a crystal 2 um spheres isD=0.2 um?/s according to the Stokes—
within 12 min of laser heating. The thermophoretic trappingEinstein relatiorD =(kgT)/ (67 »r). As thermal diffusion co-
chamber is filled with 14ul of diluted 2 um polystyrene efficient we usedDr=3 um?/(s K) based on preliminary
beads(45 000 spheres petl). Laser heating immediately thermophoresis measurements using single particle tracking.
induces a toroidal convection, taking the beads along witiNo fitting parameters were used.
the flow. After less than 12 min, a circular monolayer of The simulation shows that the center of the chamber is
fluorescently labeled beads is formed on the bottom sapphireeated to 62 °C and leads to a maximum convection speed of
chamber wal[Figs. 2a) and 2b)]. It has a maximum diam- 580 um/s. Temperature gradients in the central accumula-
eter of about 20Qum. The bead accumulation is limited only tion region are small in radial directiof#, T=10* K/m) and
by closest crystal packing, leading to a 5000-fold increasegtrong vertically(d,T=8x 10° K/m). Therefore the tempera-
concentration in the crystal as compared to the solution. ture gradient pushes the particles downwards with a drift
Two factors create the colloidal crystal. At the bottom of velocity of D+d,T=2.5 um/s.
the chamber, convection transports the particles below the The simulation predicts very strong thermophoretic ac-
heated center. Nonslip boundary conditions force a slow floncumulation. We expect a>210°-fold enhanced concentra-
near the chamber walls. Since sedimentation is negligibletjon near the lower chamber wall. The concentration falls off
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FIG. 5. Accumulation on different
substratesa,c,e The temperature gra-
dient in z direction was modified by
changing the substrate material from
sapphire(a) to glass(c) and PDMS
(e). The heat conductivity is decreased
by more than two orders of magnitude.
(b,d,f) Simulations show a strong
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FIG. 6. Crystal defect dynamics. The accumulated crystal shows divers€lG. 7. Generation of multilayered crystal over time. Up to three crystal
defects with a fast and a rich dynamics. We show some exam(aes. layers are formed within 60 min as seen as peaks in the intensity histograms.
point defect builds up by the removal of a bead within 0. A fault line

closes within 0.4 s(c) A fault line closes by opening a neighboring of@).

Compression of unordered particles to a crystal. accumulation of particles can lead to a co-accumulation of

molecules.
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