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Fig. 3. A sediment source. This is
a cross-sectional profile in the
upper main valley of Coon Creek
showing the removal of mostly
historical sediment in a cut bank
and the lateral expansion and ac-
cretion of a new, lower flood-
plain ~2 m below the level of
the historical floodplain, now a
terrace. As the channel has mi-
grated laterally to the right over |
the past 60 years, the void be- |0
tween the levels of the new and
old floodplains is indicative of
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downstream by this reach. A typical tributary cross section would be similar except the banks
would be lower (1 to 2 m high) and deposition generally would be greater than erosion for the

period 1975-93. [Modified from (9)]

that this is not the case. Other studies have
also shown a decrease of sediment accretion
rates in the Driftless Area over recent decades
2, 3,10, 14).

Sediment sources, sinks, and fluxes for a
stream basin are highly variable in space and
time. Alluvial sediment storage has been
greatly reduced in the Coon Creek Basin, but
sediment yield from the basin has remained
constant, further demonstrating the limited
short-term diagnostic utility of sediment
yields (6). Within the basin, sediment accre-
tion rates in the lower main valley were only
~3 to 4% of the 1930s rates, but during the
same period, the upper main valley has be-
come a net sediment source and tributaries
have been transformed from sediment sourc-
es to sinks. These distributed processes indi-
cate the complex and variable quality of sed-
iment sources and sinks within a basin, a
principle first proposed by Brune in 1950
(15), which is exceedingly difficult to mea-
sure. General and substantial increases of soil
erosion in the United States are not borne out
by measurements of sedimentation in Coon
Creek. The processes occurring in Coon Creek
are indicative of many agriculturally dis-
turbed basins in the eastern United States and
elsewhere.
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Switchable Tackiness and
Wettability of a Liquid
Crystalline Polymer

Guillaume de Crevoisier," Pascale Fabre,’
Jean-Marc Corpart,? Ludwik Leibler’

The spreading velocity of liquids on the surface of a liquid crystalline polymer
can be tremendously affected by a slight temperature change. Indeed, a bulk
transition between a highly ordered smectic and an isotropic phase induces a
sharp change from a rigid to a soft behavior, with consequent effects on the
tack properties of the liquid crystalline polymer and on the dewetting dynamics

of a liquid on its surface.

In many applications, it is desirable to control
both the wetting and adhesive properties of a
surface. Wettability reflects whether a liquid
will spread on a surface as a continuous film
or, conversely, retract as one or several drop-
lets. There are many ways to control the
wettability of a material by surface modifica-
tion, and a number of elegant and efficient
surface treatments have been proposed (/-5).
Another key property of a surface is its stick-
iness, or tackiness. A typical example of
tackiness is the feeling one has when touch-
ing fresh pine resin. This property can be
deliberately sought after, such as in adhesive
labels, or carefully avoided, as in varnish or
paint. In general, a polymer surface has fixed
properties—either tacky or nontacky, and
hydrophilic or hydrophobic—that vary only

'Unité Mixte de Recherche 167 CNRS/EIf Atochem,
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slightly with the surrounding conditions such
as humidity or temperature. For example, to
make a glassy polymer sticky, one has typi-
cally to raise the temperature 50° to 60°C above
its glass transition temperature. In this con-
text, the design of a system with wetting and
adhesive properties that are switchable with
temperature over a narrow range of a few
degrees presents a formidable challenge. To
achieve this goal, we propose here the use of
structured polymer films organized at a meso-
scopic scale on the order of 10 nanometers.
A material is sticky when the energy re-
quired to break its bond with a surface is a
thousand times as large as the simple inter-
facial energy; this extra work comes from the
dissipation during the separation process,
which involves deformation and friction in
the polymer film. Moreover, to achieve a
strong bond, a good contact needs to be es-
tablished between the two surfaces, which
requires some degree of softness of the ma-
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terial. Consequently, a polymer is tacky when
it possesses the right balance between soft-
ness and ability to dissipate energy. Wettabil-
ity, on the other hand, is related a priori to a
much simpler property of the material: its
interfacial energy, which is more readily con-
trolled by the chemical nature and molecular
organization of the surface. For example, the
use of fluorinated molecules enables one to
obtain very oleophobic and hydrophobic
coatings.

In order to finely tune the surface prop-
erties of a material, we thus propose to use
a fluorinated polymer coating that under-
goes a first-order phase transition from a
highly structured state toward a disorga-
nized state. We show that at the structuring
transition, the dissipative properties of the
polymer can vary dramatically: the transi-
tion from a hard, structured phase to a soft
isotropic phase modifies its tackiness. Sim-
ilarly, we show that the kinetics of spread-
ing of liquids on the surface of a structured
polymer is also markedly affected at the
phase transition. This behavior is partly due
to the change in the surface characteristics
of the polymer, but more originally, it is
also the result of modifications in the poly-
mer bulk properties at the transition.
Hence, by using fluorinated coatings with
order-disorder structural transitions, one
can tune the adhesive and wettability prop-
erties of ‘a material. This opens interesting
possibilities for many applications in which
surface control is important, in areas as
diverse as biotechnology, industrial coat-
ings, and cosmetics. Everyday examples of
switchable adhesive applications might in-
clude antisoil grips for tennis rackets or
golf clubs.

The polymer used is a side-chain liquid
crystalline copolymer, obtained by radical
copolymerization in butylacetate of 50 mole
percent of an acrylate monomer bearing a
long perfluoroalkyl side chain (C,H,-C,F,,),
and 50% of a methacrylate monomer bearing
a long alkyl chain (C,,H,). At room temper-
ature, this copolymer is highly organized:
X-ray scattering spectra show several orders
of Bragg peak multiple of the wave vector
g = 0.099 A~', indicating the presence of
lamellae with a period of 64 A. Furthermore,
the presence of wide-angle Bragg peaks at
26 = 17.95° and 21.55° indicate that in those

Fig. 1. Schematic representation
of the transition between the
smectic and the isotropic phase.
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lamellae, both the hydrogenated and the flu-
orinated side chains can crystallize with a
characteristic distance of 4.1 and 4.9 A, re-
spectively. From these data we conclude that
the copolymer organizes into a partially crys-
tallized lamellar (or smectic) phase. More-
over, differential scanning calorimetry and
x-ray experiments show a wide transition be-
tween a mesomorphic and an isotropic phase
centered at 35°C (Fig. 1).

The tack properties of the copolymer
were studied with a probe tack tester (6).
The probe is a rectangular quartz prism that
enables one to measure, by optical means,
the true area of contact between the adhe-
sive and the probe, S, in addition to the
adhesive energy. The copolymer was de-
posited on an aluminum plaque by evapo-
ration from a 20 weight % solution in bu-
tylacetate to form a film 100 = 20 um
thick. The sample was left for 5 min at the
desired temperature. The prism was then
brought into contact with the coating at a
speed of 0.5 mm/s. When the applied force
reached 50 N, the motion of the prism was
stopped and its position was maintained for
1 s. The probe was eventually pulled up at 0.5
mm/s. By recording the evolution with time
of the force F exerted on the probe, we could
measure the tack energy per unit surface,
defined as the time integral of F' during the
debonding process multiplied by V/S, where
V is the probe speed and S is the true wetted
area. In the smectic phase, the energy needed
to separate the adhesive from the probe was
zero within experimental accuracy, whereas
in the isotropic phase, the energy decreased
from 50 J/m? at 37°C to 14 J/m? at 50°C (Fig.
2). These values are typical for a polymer
well above its glass transition. For example,
the adhesive energy of polyisobutylene at
30°C is 10 J/m? (6). A remarkable feature of
this transition between a nonadhesive and an
adhesive regime is that it occurs very abrupt-
ly at the smectic-to-isotropic transition. The
tack energy increases within a 2°C tempera-
ture range, compared with the usual 60° or
70°C for conventional pressure-sensitive ad-
hesives that present a glass transition (6).
This change in behavior is reminiscent of
tack modification at structural transitions in
other systems such as alkyl side-chains ho-
mopolymers (7). Our experiments also show
that during the transition, the true area of

35°C 3

contact between the adhesive and the probe
evolved from less than 10% in the smectic
phase to nearly 100% in the isotropic phase
(Fig. 2).

Qualitatively, the area of contact A be-
tween a coating and a probe after a contact
time ¢ depends on the viscoelastic properties
of the coating as well as on the roughness of
the material. For an elastic and smooth coat-
ing of Young’s modulus E that faces a hard
and rough probe, and for asperities of typical
radius of curvature R and a distribution of
heights with a characteristic size o, the rela-
tion between 4 and E can be calculated in
the framework of a Hertz contact (8): 4 ~
(F/E)(R/o)"2, where F is the load applied on
the probe. For a given roughness, one thus
expects the wetted area to differ substantially
in the isotropic phase, where F is typically on
the order of 10° Pa, and in the smectic phase,
where it is rather on the order of 103 Pa (9,
10). If one assumes, for a 1-cm? surface area,
a “typical” roughness (R/c)~'"? on the order
of 0.1 (8), one expects a wetted area of 100%
in the isotropic phase for a force as low as 1
N, whereas in the smectic phase, the experi-
mental 50 N applied would create a contact
area of only 5% of the total surface. This
result is in good agreement with the experi-
ments performed for different contact forces.

The sharp increase at the transition of the
adhesion energy, which has been normalized
by the true contact area, is the signature of an
abrupt change of the dissipative ability of the
material during the debonding process. The
available experimental data, in slightly differ-
ent systems that exhibit smectic A phases,
indeed show a large difference in the rheo-
logical properties of isotropic and smectic
phases (9, 10). In the isotropic range, the
decrease of the adhesion energy reflects the
decrease of the viscoelastic dissipation when
we further increase temperature.

Wetting and dewetting phenomena are an-
other way of probing both the interfacial and
viscoelastic properties of a material. Indeed,
experimental and theoretical studies (//-16)
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Fig. 2. Tack (M) and percentage of the probe
wet by the film (OJ) for the fluorinated copol-
ymer as a function of temperature. The lines
serve as a guide to the eye. The smectic-to-
isotropic transition is located at 35°C.
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have shown that, on hard substrates, the dy-
namics of wetting and dewetting is controlled
by the interfacial properties of the substrate,
whereas on a deformable material, it tends to
be controlled by the viscoelastic dissipation
in the material. In the latter case, because of
the unbalanced vertical component of the sur-
face tension, a wetting ridge of approximate
size ,/E appears, where vy, is the liquid
surface tension. The energy dissipated by the
displacement of this ridge can be much more
important than the viscous losses in the liquid
wedge. This effect leads to a “viscoelastic
braking” (15) of the droplet contact line.
We studied the temperature dependance
of the dewetting velocity of a liquid, chosen
for its high viscosity, on the fluorinated
smectic copolymer. A thin metastable (/7)
film (~100 wm thick) of a hydroxy-terminat-
ed polybutadiene (pBdOH) is forced onto a
copolymer film (~30 pm thick) that was
deposited on a glass plate in the heating stage.
After being thermally equilibrated for 5 min
at temperatures ranging from 20° to 40°C, the
liquid film was destabilized with a pin and a
dry patch opened. The evolution of this dry
hole with time was followed under a low-

27°C 32°C

1 mm

1 mm

Side view

Air
e o — Liquid

Copolymer

Fig. 3. Opening of a dry hole above and below
the phase transition for three different times
separated by the same time interval.
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magnification microscope and recorded with
a video camera. The opening hole was sur-
rounded by a rim that collected the liquid
(Fig. 3). We measured independently the vis-
cosity m,, the surface tension vy,, and both the
advancing and receding contact angle of
pBdOH versus temperature, because they are
key parameters to interpreting the dewetting
velocity. The temperature dependence of the
contact angles, measured by the Wilhelmy
plate method, is shown in Fig. 4.

Over this entire temperature range, the
radius r of the opening hole increased linearly
with time with a well-defined dewetting ve-
locity dr/dt. Its evolution with temperature
(Fig. 5) showed two regimes: The velocity in
the smectic phase, which increases slowly
with temperature up to a value of 110 pum/s at
27°C, drops abruptly to 5 wm/s at the isotro-
pic transition. This effect is seen on Fig. 3,
which shows the opening of a dry patch at
27° and 32°C for the same intervals of time.
When the temperature was raised even fur-
ther in the isotropic phase, the dewetting
velocity increased slightly again.

We first interpret the observations in the
smectic phase. As explained above, the smec-
tic is a “hard” material, which behaves as a
solid substrate. In this case, it is predicted
(18) that the dewetting velocity of the viscous
liquid is constant and scales as (y,/m,)82
where 6, is the contact angle between the
liquid and the substrate. Although this theory
is expected to be valid only for small contact
angles and small hysteresis, which is obvi-
ously not the case in our study, our experi-
mental data are well fitted with this theoret-
ical expression if we take 8, = (6, + 6,)/2,
where 6, and 6, denote the advancing and
receding contact angles. A prefactor can be
extracted, which is expressed as the loga-
rithm of the ratio of two lengths (/9): a
macroscopic cutoff, taken as the size of the
rim section, and a molecular size. In the case
of our experiment, the fit gives a factor of
15 = 0.5, which is in agreement with the
values predicted and those experimentally
found (20) on the order of 10.

Two effects are likely to contribute to the
sharp drop in the dewetting velocity at the
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Fig. 4. Advancing and receding contact angles
of pBdOH on the copolymer as a function of
the temperature.

transition: a surface modification and a
change of the bulk properties of the material.
Below we attempt a rough evaluation of their
respective contributions.

The data of Fig. 4 show that there is
indeed a large variation of the contact angles
at the transition temperature. The larger hys-
teresis AB = 6, — 6, in the isotropic phase
can have different sources, such as a differ-
ence in roughnesses, a swelling of the coat-
ing, or surface reconstruction. This last phe-
nomenon, corresponding to the reorientation
of molecules at the surface so as to minimize
their interfacial energy with the surrounding
medium (21, 22), is the one most likely to
occur in our systems. From a thermodynamic
point of view, the moieties oriented toward
the surface should be fluorinated if the copol-
ymer is exposed to air (when measuring 6,)
and hydrogenated if the surface is exposed to
pBdOH (when measuring 6,). However, one
should consider kinetic factors such as the
ability of the molecules to reorganize within
the experimental time scale. Because the mo-
bility is much smaller in the smectic phase,
there is no or little reconstruction in this
phase as compared with the isotropic one.
The drop in velocity that should result from
the modification of the equilibrium contact
angle, 8, = (6, + 6,)/2, from 85° in the
smectic phase to 75° in the isotropic one,
would account for a decrease of V by a factor
1.4 = 0.2, significantly smaller than the fac-
tor of 20 experimentally observed.

Hence, consideration of only the surface
properties is insufficient to account for the ob-
served transition in dewetting velocity. A pos-
sible explanation for this drop of ¥ could be a
change in the viscoelastic properties of the ma-
terial. Indeed, the modulus of the polymer is far
lower in the isotropic than in the smectic phase;
consequently, the deformation of the substrate
has to be taken into account in the isotropic
phase as it becomes important: y,/E ~ 0.4 pm
(with the measured y, = 40 mN/m) and, as
explained above, the motion of the deformed
region causes the extra dissipation responsible
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Fig. 5. Dewetting velocity of pBdOH on the
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perature. The dashed line represents a theoret-
ical fit (values given in the text).
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for the drop slowing down. A detailed calcula-
tion of the velocity drop would require the
knowledge of the viscoelastic properties of the
liquid crystalline polymer, which are quite
complex. Nevertheless, if we approximate the
polymer by a visquous liquid of typical viscos-
ity n = 10* Pas, we obtain (/6) a velocity on
the order of 5 pm/s, in agreement with the
experimental results.

We have performed tack and dewetting ex-
periments on a smectic polymer liquid crystal
around the lamellar-to-isotropic phase transi-
tion. Specific behaviors that reflect the complex
structure of the system are exhibited. Through
the side-chain ordering, the smectic structure
brings hardness and nonwettability. In contrast,
in the isotropic phase, the presence of the back-
bone, which connects the side chains together,
allows for a strong dissipation that leads to both
a tacky behavior and an ability to slow down
the dynamics of wetting. On each side of the
phase transition, a different aspect of the hybrid
macromolecule becomes predominant and im-
prints its behavior onto the system. This effect

REPORTS

can be used to design versatile materials with
highly flexible properties that vary with temper-
ature. Moreover, the transition temperature can
be tuned by changing the copolymer composi-
tion, which may be useful for different types of
applications. Finally, the reversibility of the
structural transitions and of the resulting prop-
erties with temperature is another interesting
feature of the system.
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‘Chemical “"Double Slits":
Dynamical Interference of
Photodissociation Pathways

in Water

R. N. Dixon,’* D. W. Hwang,? X. F. Yang,?} S. Harich,? J. J. Lin,2
X. Yang?

Photodissociation of water at a wavelength of 121.6 nanometers has been
investigated by using the H-atom Rydberg tagging technique. A striking even-
odd intensity oscillation was observed in the OH(X) product rotational distri-
bution. Model calculations attribute this oscillation to an unusual dynamical
interference brought about by two dissociation pathways that pass through
dissimilar conical intersections of potential energy surfaces, but result in the
same products. The interference pattern and the OH product rotational dis-
tribution are sensitive to the positions and energies of the conical intersections,
one with the atoms collinear as H-OH and the other as H-HO. An accurate
simulation of the observations would provide a detailed test of global H,O
potential energy surfaces for the three (X/A/B) contributing states. The inter-
ference observed from the two conical intersection pathways provides a chem-
ical analog of Young's well-known double-slit experiment.

The photodissociation of water, a unimo-
lecular process, can be studied from first
principles, and extensive experimental and
theoretical studies have been performed on
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third (B) state, which correlates adiabati-
cally with an H atom and an excited elec-
tronic state of the OH partner (A237).
However, the dominant dissociation leads
to an H atom plus a ground-state OH mol-
ecule, which is brought about by a nonadia-
batic crossing from the B state to the po-
tential energy surfaces of either the A state
or the ground (X) state of water. Although
extensive information on the photodisso-
ciation through the B state has been ob-
tained through these studies, a quantitative
picture is still lacking.

Conical intersections of potential energy
surfaces play an important role in the dy-
namics of many excited electronic states.
The extremely high rotational excitation of
the OH product that arises from excitation
to the B state has been attributed to such an
intersection. Dynamical calculations have
shown that this high average rotational an-
gular momentum results from a high torque
acting in the vicinity of a conical intersec-
tion at a linear (H-O-H) geometry of the
excited and ground-state potential energy
surfaces of H,O (2). This conical intersec-
tion arises because, for a linear approach of
H to OH, a repulsive potential curve from
H + OH(X?II) can cross an attractive po-
tential curve from H + OH(A23 ™), where-
as there is an avoided crossing of these
curves in the lower symmetry of a bent
geometry.

Besides the conical intersection for the

" H-O-H geometry, there is second symmetry—

determined conical intersection on the B state
surface for the linear O-H-H geometry. The
importance of this second intersection in the
O('D, *P) + H, reaction system has been
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