fractions are similar suggests that these
fractions are all produced by the same
catalyst. The fractionation results imply
that the polymers are characterized by a
distribution of block lengths for the iso-
tactic and atactic stereosequences. This is
consistent with a two-site propagation
mechanism, as a distribution of block
lengths would be expected for a kinetically
controlled process.

Several polypropylene samples formed
with the (2-Phlnd),ZrCl,/MAQO catalyst
system were analyzed by differential scan-
ning calorimetry. Sample PP4 exhibited
peak melting points at 52.1° and 78.7°C.
Samples with higher [mmmm] showed
higher melting points: sample PP9 exhibit-
ed a broad melting transition between 125°
and 145°C with a heat of fusion of 0.4 ] g~ 1.
The physical properties of PP4 revealed an
initial modulus of 246 psi (17.3 kg cm™2), a
tensile strength of 462 psi (32.5 kg cm™2),
and an ultimate elongation of 1210%. The
elastic properties were further demonstrated
by hysteresis tests, where elongation to
300% resulted in a tensile set of 50%.
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Segregation in DNA Solutions
Induced by Electric Fields

L. Mitnik, C. Heller, J. Prost, J. L. Viovy*

DNA solutions subjected to an electric field exhibit an instability that leads to DNA
segregation in aggregates tilted with regard to the field. With the use of epifluorescence
videomicroscopy, the evolution of DNA patterns in capillaries as a function of DNA
concentration, DNA size, field strength, and field frequency was studied. The field thresh-
old for segregation was decreased when the frequency was lowered or when the DNA
molecular weight or concentration was increased. Aggregation is attributed to an elec-
trohydrodynamic instability triggered by the dipole-dipole interaction. This phenomenon
explains the failure of earlier attempts to separate large DNA in capillaries.

Molecular genetics relies heavily on the
electrophoretic separation of DNA mole-
cules by size. Until recently, this was
achieved mainly in slab gels, but the joint
use of capillary electrophoresis (CE) and
liquid sieving media (solutions of hydro-
philic polymers) has gained increasing pop-
ularity (1). The performances of CE for
DNA fragments up to a few kilobases are
excellent. Attempts to separate larger frag-
ments have failed, however, and electro-
phoregrams containing many unexplained
and irreproducible peaks were obtained (2,
3). To investigate this question, we devel-
oped a microcapillary electrophoresis sys-
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tem in which the behavior of solutions
containing fluorescently labeled DNA can
be directly observed by intensified videomi-
croscopy (Fig. 1).

The first experiments were performed
under a continuous field in a sieving buffer
similar to those used in CE—that is, 1X
TBE (89 mM tris-boric acid and 2.5 mM
EDTA), 0.2% w/w hydroxypropyl cellulose
(HPC; 10° molecular weight; Sigma), and
10 pM ethidium bromide for fluorescent
labeling (4). Three monodisperse duplex
DNA samples (bacteriophage T4, 166 kilo-
base pairs, Amersham, United Kingdom;
bacteriophage \, 48.5 kilobase pairs, Appli-
gene, Illkirch F; and pBR 322, 4361 base
pairs, BiolLabs, Beverly, Massachusetts)
were used at concentrations ranging from
0.05 to 75 pg/ml. For pBR 322, the highest
concentration we studied was 25 pg/ml, and
no segregation was observed in the frequen-
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cy and field strength range studied. For T4
and A DNA, strong density fluctuations
appeared at high concentrations and elec-
tric fields above a few tens of volts per
centimeter (V/cm). Concentrated regions
developed, moved, and deformed in a com-
plicated manner, making a quantitative
study difficult. We then subjected DNA
solutions to square pulsed electric fields,
over a frequency range of 1072 to 10° Hz
and a field strength range of 10 to 100
V/ecm. At the low end of the frequency
range, the behavior is essentially the same
as in a constant field. We also lowered the
HPC concentration to 10™* w/w, much be-
low its overlap concentration of about 1.5
X 1073 w/w. The electrophoretic mobility
varied, but the threshold for segregation
and the patterns appeared to depend only
weakly on HPC concentration. We con-
clude that DNA segregation is not due to
the visoelastic behavior of the buffer. With
no HPC added, however, the pattern of
aggregates at low frequencies is strongly
modified. We attribute this to electroosmo-
sis, because HPC, which adsorbs strongly on
glass surfaces, is an efficient suppressor of
electroosmosis even at very low concentra-
tions; this was demonstrated by the strongly
reduced mobility of neutral dyes in conven-
tional CE (5).

In the short square capillaries used in
microscopy experiments, we were obliged to
seal both ends of the capillary with agarose
to prevent spurious flow that was a result of
gravity and capillary forces. In such a case,
electroosmosis leads to a buffer recirculation
in the center of the capillary having a Poi-
seuille profile with nonzero mobility at the
wall (in contrast to open capillaries in which
the electroosmotic profile is pluglike). We
confirmed the suppression of electroosmosis
by HPC in our experiments by measuring
the profile of the longitudinal velocity of
0.4-wm-diameter latex beads (Molecular
Probes, Eugene, Oregon). In the presence of
0.01% HPC, the profile was pluglike within
experimental error, whereas in the absence
of HPC it was essentially Poiseuille-like with
an offset. The buffer recirculation is able to
interfere with the formation of aggregates, so
in all subsequent experiments 0.01% HPC
was added to the solutions. The hypothesis
that the instability leading to DNA aggre-
gation could be a result of residual electroos-
mosis and not DNA was ruled out, because
solutions containing very minute amounts
of DNA (0.04 pg/ml) or latex as tracers
presented no instability in the range of field
strength studied.

The peak-to-peak voltage threshold for
the appearance of segregation is plotted in
Fig. 2: high field strengths, low frequencies,
large DNA size, and high DNA concentra-
tion all tend to favor segregation. Segrega-
tion can occur much below the overlap
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concentration of DNA molecules (6). We
studied in particular detail the evolution of
concentration patterns at 20 Hz: at this
frequency, the segregation effect was strong,
but the DNA motion during one half-peri-
od was smaller than the size of the smallest
visible aggregates (typically a few microme-
ters), so that direct electrophoretic motion
was negligible. The early stage patterns
seemed rather independent of field strength
and capillary size, but their rate of evolution
depended strongly on the field strength.

A typical series of patterns obtained after
application of the electric field for 2 min is
given in Fig. 3, A through F, for several
field strengths (the evolution for increasing
field strength closely resembles the time
sequence of patterns at a high fixed field
strength). At first, the solution separated
into tortuous domains roughly resembling a
spinodal decomposition, but presenting in
addition a privileged tilt angle of about 60°
to 70° with respect to the field. These
domains progressively rearranged to form
pluglike or disklike aggregates the size of the
capillary. The distance between the do-
mains was somewhat larger than the capil-
lary section (see Fig. 3, F through H). It
tended to increase slowly at long times,
when pairs of aggregates collapsed from
time to time to yield a larger one. The
dynamic video observations showed that
the aggregates tumbled slowly and remained
tilted in average. This privileged orienta-
tion was confirmed by a similar experiment
performed in a slab cell, which yielded ir-
regular chevronlike stripes with a similar
angle of tilt. The dynamic observation of
individual A DNA molecules at very low
concentration (0.04 pg/ml), labeled with
YOYO (Molecular Probes) and dissolved in
a more concentrated (30 pg/ml) matrix of
unlabeled ones, showed that individual
molecules are permanently recirculated in-
side each aggregate. The concentration in-
side the aggregates (qualitatively reflected
by the brightness) increased with increasing
field strength, and the thickness of the ag-
gregates decreased at the same time. At a
given field strength, more dilute DNA so-
lutions yielded thinner aggregates. From
these observations, we infer that the elec-
tric field induces an attractive force be-
tween DNA molecules or aggregates, up to
some concentration that increases with the
field.

In colloid physics, it has been known for
a long time that an alternating field can
induce the aggregation of polarizable parti-
cles (such as latex beads) by an induced
dipole-dipole attraction. In general, parti-
cles align in the direction of the field (7), in
contrast with the behavior we observed for
DNA. Very recently, however, Hu et dl.
reported the formation of tilted aggregates
with particle recirculation in concentrated
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suspensions of polystyrene spheres subjected
to alternating fields of the order of 800
V/cm, with frequencies in the range of 100
kHz (8). They attributed this unusual be-
havior to a rather subtle instability mecha-
nism: because of the retardation of the in-
duced dipole, neighboring particles with a
center-to-center vector tilted with regard to
the field rotated and exerted on each other
a hydrodynamic force that tended to in-
crease the angle of tilt. A complete theory
of this phenomenon is not yet available, but
Hu et al. confirmed by computer simula-
tions that the proposed mechanism is able
to generate tilted aggregates with internal
recirculation.

We believe that the aggregation we ob-
served for DNA in alternating fields has the
same physical origin. Because DNA solu-
tions present a huge polarizability at low
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Fig. 1. Several 25-mm-long microbore tubes with
a square internal section (50 um by 50 um, 100
pm by 100 pm, and 200 pm by 200 um; Vitro-
Dynamics, Rockaway, New Jersey) were placed
on an annular polycarbonate sheet, then covered
with a disklike cover slide and placed in a two-
compartment cylindrical chamber with platinum
electrodes. Sealings were performed with silicone
grease. The tubes were filled by capillarity with the
appropriate solutions and immediately sealed with
low-melt agarose (Seaprep FMC) prepared with
the same buffer. The chamber was placed in a
Zeiss Axiovert 135 TV inverted microscope. Ob-
jectives with magnifications ranging from 5X to
100X were used, depending on experimental
conditions. Images were either collected by a SIT
camera (LHESA Electronics, Cergy, France) and
recorded on VHS or photographed on high-sen-
sitivity 35-mm film. Pulsed or continuous electric
fields were generated by a O- to 1-MHz amplifier
(HV amp.) (Krohn-Hite, Avon, Massachusetts)
driven by a programmable function generator
(Hameg 8130, Francaise d’instrumentation,
Troyes, France).



frequencies (which arises from the transport
of counterions in the Debye layer), howev-
er, they can undergo segregation at lower
field strengths than suspensions of latex
beads. This interpretation is qualitatively
consistent with our main experimental ob-
servations. There is a voltage threshold for
aggregation because the osmotic pressure of
counterions must be overcome by the elec-
trohydrodynamic instability. When the
field is switched off, the aggregates progres-
sively spread out and a homogeneous solu-
tion is recovered by diffusion after a few
hours. The threshold for aggregation strong-
ly depends on the frequency in the range of
0.1 Hz to 1 kHz, which corresponds to a
dispersion range of the ionic polarizability
of DNA molecules in the range of 10 to 100
kb (9). In this dispersion range, the retar-
dation of the induced dipoles should be
strong, and the instability mechanism pro-
posed by Hu et al. (8) is very plausible. The
threshold also depends on DNA size (as the
polarizability) and on the concentration (as
the strength of dipolar and hydrodynamic
couplings between molecules). Finally,
DNA molecules recirculate inside the ag-
gregates, as observed for latex beads (8).
In constant fields, we also observed ag-
gregation as Song and Maestre did in an
earlier study (10): these authors reported
that very dilute DNA solutions aggregated
in “snowballs” when submitted to constant
fields above 400 V/cm (that is, typically 10

times larger than the ones used in our ex-
periments). They attributed this aggrega-
tion to entanglements occurring during suc-
cessive collisions between DNA molecules
in the course of migration, analogous to a
well-known behavior in sedimentation. En-
tanglements may play a role in the late
stages of aggregation, but we believe that
the electrophoretic force alone cannot in-
duce aggregation: it drives all DNA mole-
cules at the same velocity (in contrast to
sedimentation, for example), and the entro-
py of counterions should keep them apart.
Another interaction, attractive, is necessary
to explain the observed aggregation.

Also, collisions induced by electrophore-
sis cannot explain why we observed aggre-
gation in alternating fields at frequencies as
high as 1 kHz, at which the electrophoretic
motion of one molecule during one half-
period is smaller than its radius of gyration
at rest, or the recirculation of molecules
inside one aggregate on distances of several
hundred microns. We believe that the in-
duced dipole-dipole interaction, rather than
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the collisions, is the primary driving force
for aggregation in constant fields as in alter-
nating fields. In constant fields, however,
the description proposed above is no longer
sufficient, because there is no retardation of
the induced dipole and because of additional
hydrodynamic interactions between aggre-
gates arising from the electrophoretic drift,
which can be coupled to DNA concentra-
tion. In particular, we observed that large
aggregates formed in a constant field tend to
avoid each other in the course of migration;
this suggests that hydrodynamic interactions
are not screened. This fact, in contrast with
the common view that polyelectrolytes are
free-draining in the high-salt limit (I11),
warrants further investigation.

The field strength conditions in which
we observed segregation are typical of
those encountered in earlier dielectric or
electrooptic studies of DNA solutions (9).
Therefore, one should wonder if some
properties earlier attributed to individual
DNA molecules were not connected in
part with the collective behavior reported

Fig. 2 (left). Evolution of the field threshold for segregation versus frequency
for A DNA. Inset: comparison of the threshold for T4 and A DNA at 10 wg/ml,
with the use of a 0.2 mm by 0.2 mm by 25 mm cell. The uncertainty in the
determination of the threshold, evaluated by repeated experiments, is
10%. Fig. 3 (right). Patterns of a A DNA solution, 20 wg/ml, ina 1Xx TBE
buffer containing 0.01% HPC and 10 uM ethidium bromide. Square capillary,
200 wm by 200 wm; frequency, 20 Hz; field strength, 0, 32, 40, 48, 60, and
80 V/cm [(A), (B), (C), (D), (E), and (F), respectively]. The patterns obtained in
smaller capillaries are shown in (G) for a capillary 100 um by 100 wm and in
(H) for a capillary 50 pm by 50 pm.
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here. Also, the fields we used are typical of
those encountered in CE, and the electro-
kinetic preconcentration occurring at the
entrance of the sieving polymer can lead
to high DNA concentrations. We ob-
served that aggregation can occur in a
polymer-containing sieving buffer as well
as in free solution, if large DNA molecules
are present. Thus, aggregation can explain
why electrophoregrams present numerous
irreproducible peaks (I, 2), because each
aggregate passing the detector yields a spu-
rious peak. Understanding how aggrega-
tion occurs will be necessary to eliminate
or reduce its occurrence and to extend the
range of sizes and field strengths presently
available for electrophoretic separations in
liquid solutions.
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High-Rate, Gas-Phase Growth of MoS, Nested
Inorganic Fullerenes and Nanotubes

Y. Feldman, E. Wasserman, D. J. Srolovitz, R. Tenne*

The gas-phase reaction between MoO,_, and H,S in a reducing atmosphere at elevated
temperatures (800° to 950°C) has been used to synthesize large quantities of an almost
pure nested inorganic fullerene (IF) phase of MoS,. A uniform IF phase with a relatively
narrow size distribution was obtained. The synthesis of IFs appears to require, in addition
to careful control over the growth conditions, a specific turbulent flow regime. The x-ray
spectra of the different samples show that, as the average size of the IF decreases, the
van der Waals gap along the ¢ axis increases, largely because of the strain involved in
folding of the lamella. Large quantities of quite uniform nanotubes were obtained under

modified preparation conditions.

Although graphite is the most stable form
of carbon under ambient conditions, graph-
ite nanoclusters have been shown to be
unstable against folding and to close into
fullerenes (1), nested fullerenes (NFs) (2),
and nanotubes (3). It is believed (4) that
the main stimulus to form carbon
fullerenes (CFs) emanates from the large
energy associated with the dangling cova-
lent bonds of the peripheral carbon atoms
in graphite nanoclusters. Recent theoreti-
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cal work (5) suggests that multilayer NFs
are thermodynamically more stable than
single layer fullerenes that have the same
number of carbon atoms. Although the
growth conditions in most cases are far
from equilibrium, some evidence in sup-
port of this theoretical work was obtained
by careful annealing of amorphous carbon
soot with the beam of a transmission elec-
tron microscope (TEM) (6).

Nanoclusters of layered metal dichalco-
genide materials, such as WS,, were also
recently shown (7-9) to be unstable against
folding and to close on themselves to form
NEF-like structures (also designated IFs) and
nanotubes, which are similar to their car-
bon predecessors. Although the driving
force in this case is not likely to be very
different, the detailed structure of the IFs is
quite different from that of the CFs, largely
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because the structures of graphite and lay-
ered dichalcogenides are different. In par-
ticular, the IFs are generally more faceted
than the CFs (8, 9). In both the CFs and
IFs, these folded, three-dimensional
fullerenes are characterized by topological
point defects on the basal planes of the
regular crystal structure (10). However, the
topological defects are much stronger in the
IF structures than in the CF structures.

Because CFs can be considered a meta-
stable form of carbon, it was suggested (11)
that the ideal growth conditions for CFs
could be provided through a gas-phase re-
action. In this case, each nanocluster is
isolated in the reaction chamber, and the
only means for it to release its extra energy
is through collisions with the noble carrier
gas (He in most experiments). Develop-
ment of a similar strategy for the IFs would
be desirable but requires careful consider-
ation and detailed knowledge of the phase
equilibria in the reaction chamber.

However, the choice of source materials
for a gas-phase reaction is fairly extensive.
For example, preparation of MoS, powders
and films by the gas-phase reaction between
MoCl, (x = 3 to 5) and H,S (12) or MoFg
and H,S (13) has been demonstrated. Al-
ternatively, pulsed laser evaporation (14)
and metal organic chemical vapor deposi-
tion (15) can be used to form IF from the
gas phase.

To take advantage of the sublimation
of MoO;_, at relatively low temperatures
(>650°C), we built a reactor that allowed
for a gas-phase reaction between a stream
of gaseous molybdenum suboxide and H,S.
This reactor was used to prepare, repro-
ducibly, a few milligrams of an almost pure
IF phase in each run. The production of
copious amounts of IFs allowed a system-
atic study of the properties of the IF, the
initial results of which are also reported
here. Furthermore, the analysis of the
growth conditions provided some clues to
the pathway of IF production. Minor
changes in the reactor design resulted in
the production of substantial numbers of
nanotubes up to 5 pm in length with
diameters of 10 to 20 nm.

To form MoS, from H,S and MoO; in a
reducing atmosphere at elevated tempera-
tures, the Mo-S-O ternary phase diagram
should be considered (16) (see the schemat-
ic in Fig. 1). The following reactions are
relevant for the growth of MoS, (represent-
ed by arrows in the phase diagram):

MoOs(s) + xHy(g) = MoO;_x(g)
+ xH,0(g) (1)
MOO3_X(g) + (1 - X)Hz(g) + Zst(g) e
MOSZ(S) + (3 - x)HZO(g) (2)
MoOxs(s) + 3Hy(g) —
Mo(s) + 3H,O(g) (3)






