V during 1 min of operation. The current versus
time curve showed a rapidly decaying current
upon voltage switching, indicating the fast na-
ture of the redox process for the device. Fig. 4D
reveals that the total change in transmission
from the bleached to the colored state con-
sumed 0.5 mC of charge in 1 s. Within the first
100 ms, there was a fast coloration change with
a 21% increase in transmittance, and 68% of
total charge was consumed (as compared with
the charge consumed after 1 s). This speed is
comparable to good inorganic-based EC dis-
plays (39).

Conclusions. Our findings are signifi-
cant for the area of electrochemical devices
based on ar-conjugated polymers because
they can lead to long periods of stable device
performance. This phenomenon was demon-
strated for polyaniline fiber and yarn actua-
tors, polypyrrole tube actuators, and for sim-
ple -conjugated polymer electrochromic
windows and numeric displays. The use of
environmentally stable, room-temperature
ionic liquids as electrolyte systems should
have an impact on many areas of application
in w-conjugated polymer electrochemical de-
vices. Furthermore, as demonstrated herein
for different mr-conjugated polymer thin
films, improved synthesis from ionic liquids
may have positive effects on both their struc-
ture and properties.
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Brownian Motion of DNA
Confined Within a

Two-Dimensional Array
Dmytro Nykypanchuk, Helmut H. Strey,* David A. Hoagland*

Linear DNA molecules are visualized while undergoing Brownian motion inside
media patterned with molecular-sized spatial constraints. The media, prepared
by colloidal templating, trap the macromolecules within a two-dimensional
array of spherical cavities interconnected by circular holes. Across a broad DNA
size range, diffusion does not proceed by the familiar mechanisms of reptation
or sieving. Rather, because of their inherent flexibility, DNA molecules strongly
localize in cavities and only sporadically “jump” through holes. Jumping closely
follows Poisson statistics. By reducing DNA's configurational freedom, the holes
act as molecular weight-dependent entropic barriers. Sterically constrained
macromolecular diffusion underlies many separation methods and assumes an
important role in intracellular and extracellular transport.

Under incessant Brownian motion, mobile
macromolecules in gels, membranes, or cy-
toplasm constantly squeeze through and

around molecular-size obstructions. Until re-
cently, neither the surroundings nor the mo-
tion of a single molecule could be directly
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observed, and the understanding of such
sterically constrained motions was principal-
ly deduced through examination of the mac-
roscopic diffusion coefficient. The dynamics
of a single, large macromolecule can now be
visually monitored by fluorescence microsco-
py (I-4), but studies of macromolecular dif-
fusion by this approach have not extended to
environments providing well-defined spatial
constraints. We describe how to prepare
highly ordered media in which macromolec-
ular motion can be observed. Our preparation
method, colloidal templating, provides regu-
lar microporous arrays of controlled geome-
try and chemistry.

Three basic mechanisms have emerged to
explain how flexible macromolecules diffuse
within a constraining medium—sieving, en-
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tropic barriers transport, and reptation (3, 6).
The first of these treats each macromolecule
as a rigid sphere, assigning a fixed radius
equal to the molecule’s average size. The
medium’s smaller pores and constrictions
block passage, so with fewer traversable
pathways, a larger molecule diffuses more
slowly than a smaller one (7). Entropic bar-
riers transport applies when the configuration
of a flexible macromolecule must deform or
fluctuate to pass through a medium’s spatial
constraints. At each position, the number of
accessible configurations defines the mole-
cule’s local entropy. Entropy differences de-
rived from the medium’s spatial heterogene-
ity drive molecules to partition or localize
preferentially in less constrictive spaces,
where their enhanced configurational free-
dom raises entropy (8). Diffusion then occurs
by thermally activated jumps across the in-
tervening entropic barriers (9-17). Reptation
can be envisioned as imposing lateral con-
finement on a diffusing linear macromolecule
by enveloping the molecule in a fictitious
tube. Only end segments can escape as the
molecule undergoes random curvilinear mo-
tion along the tube axis (/2-14). The tube’s
random contour and the molecule’s sliding
friction combine to hinder center-of-mass
displacement. In contrast to entropic barriers
transport, the number of configurations ac-
cessible to a reptating macromolecule does
not depend on position. Which diffusion
mechanism prevails under given conditions
remains an open question (/5, /6). Sequen-
tial transitions from sieving to entropic bar-
riers transport to reptation have been postu-
lated as molecular weight or confinement
increases (5, 6). Such transitions, however,
may not always be distinct.

By infusion and subsequent polymeriza-
tion of a liquid monomer, colloidal templat-
ing replicates in a polymeric solid the struc-
ture of a precursor colloidal array (/7-19).
For this study, the precursor array consists of
nearly monodisperse polystyrene spheres
(0.895 pm in diameter) deposited from water
and ethanol mixtures on a flat substrate
(glass) to form a two-dimensional, hexago-
nally packed monolayer. The monomer (30%
acrylamide and bisacrylamide in water) is
introduced as an overcoating solution that
polymerizes and cross-links to form a dense,
transparent hydrogel film. Detachment of the

Fig. 1. Schematic of a DNA molecule trapped
inside the cavity array.
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substrate reveals a film surface decorated
with an exposed area (~0.10 pm in radius)
for each embedded sphere. These areas facil-
itate dissolution of the spheres when the film
is immersed in an appropriate solvent (tolu-
ene). Left behind by dissolution is a close-
packed array of cavities (0.92 pm in diame-
ter, after equilibration with buffer), each
connected to its six nearest neighbors by
small round holes (0.10 pm in radius). A
small perpendicular electric field induces
DNA molecules in a fluorescent dye—contain-
ing buffer [1X TAE (x40 mm tris-acetate, 1
mm EDTA, pH 8.0) containing 5 mM sodium
ascorbate and 10 mM NaCl] to enter the
cavity array via the openings created during
sphere dissolution. The dye (TOTO-1, Mo-
lecular Probes, Eugene, Oregon) is mixed
with DNA at a ratio of 1 dye molecule to 6
base pairs; at this ratio, dye intercalation ex-
tends DNA length by about 33% (20). After
sealing the exterior film openings with sili-
cone oil, one can image the array and its
trapped DNA by a combination of transmis-
sion and fluorescence microscopy. As shown
in Fig. 1, the DNA molecules can freely
explore the cavity array but are too large to
penetrate the surrounding gel matrix.

Figure 2A superimposes transmission and
fluorescence still frames of four neighboring
7.25—kilobase pair (kbp) DNA fragments of a
3.4-pm contour length and a 0.26-pm equi-
librium (unconfined) radius of gyration. Fig-
ure 2B overlays 500 subsequent exposures of
0.5 s; over the 250-s time period, molecules
variously moved through eight to 14 cavities.
A closer look at the path followed by one
molecule is provided in Fig. 2C. As suggest-
ed by the figure and easily discerned in the
associated movie [see Movie Sl in the sup-
porting online material (SOM)], diffusion oc-
curs via discrete jumps from cavity to cavity,
with rapid jumps (<1 s), separated by long

periods (with an 18-s average) over which
molecules remain essentially stationary. Even
with centers of mass localized inside single
cavities, small chain sections continuously
probe neighboring cavities. Details of the
probing are hard to resolve, but growth of a
probing fluctuation beyond a threshold ex-
tension likely leads to an abrupt jump of an
entire molecule. Molecules are rarely ob-
served to straddle adjacent cavities, and
when they do, they slip into one of the
cavities by the next frame. The color code
and jumping times attached to Fig. 2C re-
veal how the highlighted molecule jumped
through the array. Extended illumination in
the microscope causes a small fraction of
molecules to degrade, and this fraction,
along with any molecules that approached
lattice defects, is discarded from subse-
quent analyses.

Movies were obtained for five DNA
samples with 2.69- to 48.5-kbp lengths. For
lengths less than about 24 kbp, jump dy-
namics are similar to those shown in Fig. 2.
Molecules smaller than 2 kbp are difficult
to identify against the background, whereas
those larger than 24 kbp behave differently.
The entropic barriers transport mechanism
accounts for the jump dynamics observed
across the 2.69- to 24-kbp range and cor-
responds to the 0.14- to 0.52-pum macromo-
lecular radii of gyration (20). These radii
are greater than the hole radius, and with
the radius of gyration recognized as a small
measure of coil size, the molecules can be
viewed as squeezing through the holes. Ac-
cording to the entropic barriers transport
mechanism (9, 10), molecular configura-
tions spanning two cavities define a transi-
tion state possessing a higher free energy
than that of a chain occupying a single
cavity. The higher free energy corresponds
to a reduced number of configurations (i.e.,

84.5s

| 94.5s

101s

121.5s

132s, 154s
187s, 192s, 197s
205s

247.5s

Fig. 2. Visualization of 7.25-kbp DNA trajectories. (A) Still frame displaying four DNA molecules
trapped inside single cavities. (B) Overlay of 500 consecutive frames of the same molecules. (C)
Expanded image of the path taken by one molecule. The color code provides the times along this
path at which the molecule jumped between cavities.
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a lower configurational entropy) for a flex-
ible chain “pinched” along its length.

Ideally, a molecule equilibrated inside a sin-
gle cavity should jump randomly in time and
direction to one of six neighboring cavities.
Such uncorrelated jumps follow Poisson time
statistics (27), an expectation checked by plot-
ting histograms of P(n), the probability that n
jumps are taken in time interval T. With 7
adjusted to equalize approximately the average
number of jumps, Fig. 3 compares measured
histograms to Poisson distributions. Excellent
agreement is found between measured and pre-
dicted values of P(n). A single parameter, the
average jumping frequency I, characterizes a
Poisson distribution. As molecular size grows
from 2.69 to 24 kbp, I" decreases from 0.187 to
0.017 s~ 1, corresponding to an average interval
between jumps of several seconds to several
tens of seconds. As expected, larger molecules
move more sluggishly.

Einstein (22, 23) first derived the relation
between the diffusion coefficient D and ran-
dom molecular displacements of average
magnitude a. Extrapolated to two dimen-
sions, his theory predicts:

a’l
b=7

Equating @ to the cavity diameter and
substituting I' measured for 4.36-kbp DNA,
this formula predicts that D equals 2.45 X
10~1° cm?/s, representing the microscopic
prediction of D. After a large number of
jumps, he showed that the mean-square-posi-
tion displacement (#2) depends linearly on
time ¢, where in two dimensions:
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For 4.36-kbp DNA, Fig. 4A plots log(r2)
versus log? and, as expected, data are well fit
by a line of slope equal to unity. The line’s
intercept reveals that D equals 2.3 X 1071°
cm?/s, representing the macroscopic predic-
tion of D. The microscopic and macroscopic
values for D are essentially identical. In the
absence of confinement, D for the same DNA
is 1.94 X 10~® cm?/s, approximately two
orders of magnitude larger than in the array
(20). Confinement produces both hydrody-
namic and configurational interactions that
reduce D, but hydrodynamic interactions play
a much smaller role (2, 24).

Visualizations of molecular motion,
combined with Poisson jump statistics, ver-
ify the dominance of entropic barriers
transport for the sizes less than 24 kbp.
These statistics also provide D as a function
of M, as plotted in Fig. 4B. The data in the
figure reasonably conform to scaling theo-
ries (9, 15) for entropic barriers transport
that argue for an approximately exponential
dependence of D on M. The constrained
diffusion literature more frequently corre-
lates this dependence through a power law,
D « M™. Forcing the power-law form, a
satisfactory fit is obtained with v = 1.1 *
0.07. In typical diffusion studies (i.e., those
without visualizations), a v value so close
to unity would be interpreted as evidence
for nearly unconstrained (Rouse) diffusion
of freely drained DNA molecules (24). Vi-
sualizations unambiguously demonstrate

037
B
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01t I
0
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03 1

021
01 F
0
0 1

2 3 4 5 6 7 8 9

Number of jumps n during time interval ©

Fig. 3. Measured values of P(n) (plotted as black bars) compared to Poisson distributions (plotted
as white bars) with identical means. (A) 24.3 kbp (R, = 0.52 um), T = 1255, T = 0.017 57", (B)
7.25 kbp (Rg = 0.26 um), 7 = 50s, I' = 0,053 5. (C) 4.36 kbp (Rg = 0.18 pm), 7 = 25 s,
T = 0.115 5. (D) 2.69 kbp (Ry = 0.14 um), 7 = 1255 = 0.187 s 1.

the error of this interpretation. The ability
of different functions to correlate D reflects
the limited span of M and freedom in
choice of fitting parameters. Only through
visualization can the correct diffusion
mechanism in the arrays be identified. A
quantitative assessment of D trends in
terms of theories for constrained diffusion
will be published elsewhere.
Unexpectedly, histograms of jump direc-
tion are not fully in accord with random
jumping, because molecules exit cavities
preferentially in the forward direction (i.e.,
through the hole opposite to the one by which
they entered) and also in the backward direc-
tion (i.e., through the same hole by which
they entered). The forward bias weakens as
time spent in a cavity increases. This time
dependence suggests that some molecules
jump before becoming fully equilibrated and
that partial memory of the deformation un-
dertaken to enter a cavity forward biases the
direction of exiting. The backward bias, on
the other hand, seems independent of time
spent in a cavity. This bias is believed to
manifest hole polydispersity; DNA molecules
are expected to jump more frequently back-
ward and forward between cavities bridged
by a larger than average hole. To investigate
the possibility, the hole diameter distribution
was determined by freeze-fracture scanning
electron microscopy, and an SD of 40 nm was
found. Such breadth is consistent with the
measured backward bias. Because both bias-
es of jump direction are small, neglecting
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Fig. 4. DNA diffusion analysis. (A) The linearity
of the mean square displacement as a function
of time for 4.36-kbp DNA reveals diffusive
transport, with the molecule’s diffusion coeffi-
cient given by the intercept. (B) Variation of
diffusion coefficient with molecular weight
when the observed mode of diffusion is jump-
ing from cavity to cavity.
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directional bias in the diffusion analysis is
inconsequential.

Figure 5 displays a series of unequally
timed images of 48.5-kbp DNA, the largest of
this study. The equilibrium radius of gyration
and contour length are 0.73 and 22 wm,
respectively (20). Fully stretched, this mole-
cule would span more than 20 cavities, seem-
ingly enough to define a reptation tube. In-
deed, some aspects of reptation are noted in
this molecule’s motion. Nevertheless, as in-
dicated in Movie S2 (SOM), most aspects of
the motion differ markedly from classic rep-
tation. With a fluctuating number of cavities
occupied, motion is more akin to the bunch-
ing and stretching of an inchworm. In con-
trast to the smaller DNA molecules, diffusion
can no longer be interpreted in terms of dis-
crete cavity-to-cavity jumps. Although local-
ization to a single cavity still occurs, the
dominant configuration is occupation of two
adjacent cavities. Figure 5 shows a variety of
three- and four-cavity configurations that are
both bent and straight. Interestingly, linear
molecules spanning three or four cavities
rarely form new configurations through “her-
nias” that spill out laterally from central cav-
ities. Instead, the molecules dominantly alter
configuration by expanding or contracting
from the cavities that appear to host end
segments. The persistence length of DNA is
about 50 nm, so hernias would be expected to
form readily in the interconnecting holes
(25). We tentatively ascribe the dynamics for
this largest DNA to the beginnings of a cross-
over from entropic barriers transport to
reptation.

Macromolecular diffusion in con-
strained environments has important tech-
nological and scientific ramifications. Most
macromolecular separation techniques rely
on the selective penetration and/or diffu-
sion of macromolecules within gels and
other media of ill-defined pore structure. In
this context, switching from disordered to

Os 19s

24.5s 25.5s

hd LA VEEE

104.5s 112.5s 158.5s 159s

/7))

159.5s 160.5s 163.5s 173.5s

Fig. 5. A sampling at various times of configu-
rations observed for a single 48.5-kbp DNA. The
diffusing molecule has been recentered in each
image.
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patterned media promises to improve both
speed and resolution (26-29). Success as a
separation medium hinges on the proper
choice of pattern chemistry, feature size,
dielectric mismatch, and surface charge.
Weighed against its most prominent com-
petitor, lithography, one can identify sev-
eral advantages for colloidal templating—
broad choice of pattern chemistry, reduced
dielectric mismatch, and straightforward
elimination of surface charge. On the other
hand, the number of pattern geometries
possible through colloidal templating re-
mains limited (30).
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Formation of Immiscible Alloy
Powders with Egg-Type

Microstructure
C. P. Wang, X. J. Liu, I. Ohnuma, R. Kainuma,* K. Ishida

The egg-type core microstructure where one alloy encases another has pre-
viously been obtained during experiments in space. Working with copper-iron
base alloys prepared by conventional gas atomization, we were able to obtain
this microstructure under gravity conditions. The minor liquid phase always
formed the core of the egg, and it sometimes also formed a shell layer. The
origin of the formation of this core microstructure can be explained by Ma-
rangoni motion on the basis of the temperature dependence of the interfacial
energy, which shows that this type of powder can be formed even if the cooling

rate is very high.

Alloys immiscible in the liquid-phase region
are characterized by a layer structure similar
to that of the observed separation between oil
and water, and thus they have been consid-
ered to be of no use for technical applications
(7). Much effort has thus been made to obtain
a finely dispersed distribution of both liquid
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Engineering, Tohoku University, Aoba-yama 02, Sen-
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phases (2-5). One of the most interesting
trials was an experiment in space under mi-
crogravity conditions (3, 4). For Al-In alloys,
instead of a uniformly dispersed structure, an
unexpected core microstructure was observed
consisting of two layers with the Al-rich
phase at the core of the sample (3). This fact
suggests that it is difficult to obtain a finely
dispersed microstructure, even without the
influence of gravity.

In the present study, hypermonotectic Cu-
Fe base alloys, in which the difference of
density (pg, = 6.7 g/em?® and p., = 7.5

9 AUGUST 2002 VOL 297 SCIENCE www.sciencemag.org



