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Fig. 5. Arrhenius plot of the cyclization of 1-PdCl,
to 4a. Each point is an average of two or more
runs.
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30,000 times over the unpromoted reaction
(24). The activation parameters for this
process ([1-PdCL] = 0.025 M, [CHD] =
0.5 M, temperature T = 278 to 308 K) are
activation energy E, = 12.3 kcal mol™! and
In(A) = 13.9 (Fig. 5), reflecting the ease of
cyclization under these conditions (25).

We have developed an enediyne-based
diphosphine which upon coordination of
1 to palladium or platinum dichloride un-
dergoes a Bergman cyclization at an enor-
mously enhanced rate. In contrast, com-
plexation of 1 to mercuric chloride pre-
vents this cyclization. This system meets
the criteria of speed, compatibility, stabil-
ity, and ease of synthesis presented above.
Under appropriate conditions, including
in the presence of palladium or platinum
dichloride, 1 undergoes rapid cyclization
at low temperatures.
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Confinement-Induced Phase Transitions in
Simple Liquids

Jacob Klein and Eugenia Kumacheva

The liquid-to-solid transition of a simple model liquid confined between two surfaces was
studied as a function of surface separation. From large surface separations (more than
1000 angstroms) down to a separation corresponding to seven molecular layers, the
confined films displayed a liquid-like shear viscosity. When the surface separation was
further decreased by a single molecular spacing, the films underwent an abrupt, reversible
transition to a solid. At the transition, the rigidity of the confined films (quantified in terms
of an “effective viscosity”) increased reversibly by at least seven orders of magnitude.

The properties of fluids confined to nano-
scopic pores or films differ greatly from the
properties of fluids in the bulk. For example,
liquid lubricants solidify on being com-
pressed to ultrathin layers (1), gases trapped
in nanometer-sized pores order into crystal-
line arrays (2), and simple liquids confined
between solid surfaces undergo layering ad-
jacent to each surface (3, 4). The behavior
of such films is of central importance for
understanding tribology, adhesion and wear
properties (5), the wetting and dewetting of
surfaces, and the microfluidity of biological
membranes (6); insight into the properties
of such films is also important for under-
standing the rigidity and flow behavior of
granular materials (7), ceramics (8), and
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advanced composites (9), in which defor-
mation occurs by means of the shearing of
thin interfacial layers at grain or phase
boundaries. However, at a more fundamen-
tal level, the interplay at increasing con-
finement of the dynamics, thermodynamics,
and the molecular structure of the fluids,
and their commensurability and interac-
tions with the confining walls, is not yet
well understood (10, 11).

Measurements of the dynamic properties
of simple liquids suggest that these liquids
retain their bulk viscosity for films thicker
than approximately 10 molecular diameters
(12—14). At the other extreme, highly com-
pressed liquid films confined to one to three
molecular layers between smooth solid sur-
faces display solidlike features, evidenced by
a finite yield stress (15-17). Computer sim-
ulations and theoretical investigations have



shed much light on the molecular details
underlying both structural and dynamic be-
havior in this highly confined regime (18)
and suggest that liquids composed of spher-
ical molecules may undergo a sharp liquid-
to-solid transition on confinement to a few
monolayers (19). Few experimental studies
have addressed the process by which a lig-
uid changes to a solid when confined to a
sufficiently small space; it has been reported
(10, 20) that a number of liquids, when
compressed between parallel plates, under-
go a continuous increase in their viscosity
as the plate separation decreases below a
few nanometers. Here we show how the
properties of a simple liquid change from its
bulk behavior as it is confined by smooth
solid surfaces to progressively thinner films.
The confinement induces an abrupt, dis-
continuous liquid-to-solid transition at a
well-defined separation of the surfaces.

In this report we focus on detailed results
for the organic liquid octamethylcyclotet-
rasiloxane (OMCTS), which, because of its
nonpolar nature and the large size of its
quasi-spherical molecules (diameter ~9 A),
has been used as a model liquid in several
earlier investigations (3, 4, 15-17). The sur-
face force balance used in the present study
has been described in detail (21) and is
shown schematically in Fig. 1A. It has a very

Fig. 1. (A) Schematic of the surface force balance
used in this study (27): P is a sectored piezoelec-
tric tube holding a cylindrical lens T, on which the
top mica sheet is mounted. The lower mica sheet
is glued onto a second cylindrical lens B, facing
and with its cylindrical axis at right angles to the
top lens T. The distance of closest approach be-
tween the two surfaces in the crossed-cylinder
configuration is D. Tube P can provide normal
motion (with a spatial resolution of +2 /&) toinduce
changes in the surface separation D; and it can
move the upper surface laterally (+x direction) and
parallel to the lower surface to within 0.5 A over
the entire range (200 nm) of lateral displacement
applied. The springs k, and k, measure the shear
[F(D)] and normal [F(D)] forces directly and sirpul-
taneously; their bending is monitored to =2 A by
an air-gap capacitor bridge and multiple beam
interference, respectively. (B) Normal force-dis-
tance profile F(D)/R between mica sheets im-
mersed in OMCTS (22) [R (=1 cm) is the mean
mica surface curvature]. The number n of mono-
layers corresponding to each force maximum is
indicated. Data (at extrema) obtained by Christen-
son (3) are shown for comparison (stars). Points b
(n = 7)and ¢ (n = 6) refer to the actual positions in
the F(D)/R plane where traces b and ¢, respective-
ly, in the figure were recorded. The temperature
throughout the experiments was 23.5° + 0.2°C.
(C) The traces are from direct recordings (on a
recording oscilloscope) of the time variation of the
relative lateral displacement Ax of the mica surfac-
es (with no applied lateral motion) at separations D
= 1160 A (trace a), D = 62 + 2 A (trace b), and D
=54+ 2A (trace c); traces b and ¢ correspond,
respectively, to points b and ¢ on the force-dis-
tance profile in (B).

high sensitivity for the direct measurement
of shear forces as well as the normal surface
forces acting between two atomically smooth
mica surfaces and provides extremely parallel
lateral motion between the surfaces even
when they are not in contact. These proper-
ties of the balance enable us to measure shear
forces directly at very low normal stresses
without the need for substantial flattening of
the mica sheets (with the attendant neces-
sary high compression of the confined films),
which has been a feature of earlier shear
measurements in simple liquids (15-17).
We first determined the normal force
profile F(D) acting between the mica sur-
faces across OMCTS (22) (Fig. 1B), where
D is the surface separation. Oscillations
with a periodicity roughly equal to the mo-
lecular diameter, as observed in several
studies (3, 4), indicate a layering of the
OMCTS molecules between the surfaces.
The sharp change in the dynamic prop-
erties of the confined liquid with decreasing
surface separation is seen qualitatively in the
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traces shown in Fig. 1C. These traces record
directly the variation with time of the rela-
tive lateral motion in the liquid, Ax, between
the two mica surfaces. At large surface sep-
arations D and with no motion applied to
the top surface, Ax responds to external am-
bient noise at the characteristic frequency
(~17 Hz) of the spring k; (trace a of Fig. 1C)
(D = 1160 A). When the surfaces were
brought closer together, these random vibra-
tions persisted down to D = 62 + 2 A (trace
b of Fig. 1C); this corresponds to point b on
the normal force profile F(D) (Fig. 1B), at n
= 7 molecular layers of OMCTS. Upon
slight further compression, the surface sepa-
ration decreased discontinuously to D =
54 = 2 A (point ¢ on the normal force pro-
file, Fig. 1B, corresponding ton = 6). At this
point (trace c of Fig. 1C, the 17-Hz vibra-
tions abruptly ceased. This transition oc-
curred over time scales shorter than we were
able to observe (<0.5 s). The change in
confinement from seven to six molecular
layers all at once rendered the film solid
enough to resist the random lateral shearing
motion induced by the external noise. This
ability to sustain a shear stress is a fundamen-
tal signature of a solid, whereas a liquid by
definition cannot sustain such a stress. The
transition is reversible, that is, on increasing
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Fig. 2. (A) (Top trace) Lateral back-and-forth mo-
tion applied to the top mica surface. (Lower trac-
es) Corresponding measured shear forces for sur-
face separations D = 1160 A (trace @), D = 62 +
2 A, n =7 [trace b, point b shown in (B)], and D =
54 + 2 A, n = 6 [trace ¢, point ¢ shown in (B)]. In
trace ¢, a and B are the elastic and plastic defor-
mation regimes, respectively. Traces represent
data averaged over 100 cycles. Most of the resid-
ual noise is at the characteristic 17-Hz frequency
of spring k;. (B) The normal force-distance profiles
F(D)/R for the separation D > 40 A taken from Fig.
1B, indicating the positions b and ¢ in the FD)/R
plane at which traces b and ¢ in (A) were recorded.
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the separation to D = 7 monolayers, random
vibrations (at ~17 Hz) were observed once
again. Moreover, the transition to the shear
stress—sustaining phase is induced by the ad-
ditional confinement alone: little normal
pressure on the OMCTS is necessary. Once
the n = 7 — n = 6 transition has taken
place, the confined OMCTS retains its sol-
idlike characteristics even if the applied
small normal force (corresponding to point ¢
in Fig. 1B) is reduced to zero.

We obtained a more quantitative mea-
sure of this liquid-to-solid transition by ap-
plying a controlled lateral motion to the top
mica surface by means of the piezoelectric
tube and measuring directly the resulting
shear force F”(D) between the surfaces. As
the top surface is moved laterally at a uni-
form velocity, first in one direction and then
in the other, the shear force transmitted to
the lower surface by the confined OMCTS is
recorded directly (Fig. 2A), At surface sepa-
rations from D = 1160 A down to D =
62 =2 A (n = T7), no shear response was
detected within the noise level of the signal
(traces a and b of Fig. 2A) [trace b was taken
at point b on the F(D)/R (R is the mean

F(D)/R (mN/m) O

ﬂ

Fig. 3. (A) Schematic variation of the shear force
Fy expected across a film of area A and effective
viscosity m, confined to a thickness D between

the two mica surfaces (Fig. 1A), as the lateral dis-"

placement x of the top surface is varied in time. In
regime f after the applied lateral motion (dx/dt) is
stopped, the force relaxes as F|| =Fy e, where
T = (Angw/k D) (17); k, is the constant of the shear
force-measuring spring (Fig. 1A). (B) Applied lat-
eral motion of the upper mica surface (lower trace)
and corresponding changes (upper trace) in the
shear force F"(D) across the confined OMCTS film,
for D = 564 = 2 A (n = 6), corresponding to point
cinthe F(D)/R plane shown in Fig. 2B. In region d,
stick-slip motion is clearly seen. The relaxation of
the yield force Fy, in region f is within the noise
level of the signal over the time shown. (C) The
normal force-distance profiles F(D)/R for the sep-
aration D > 40 A (taken from Fig. 1B), indicating
position ¢ in the F(D)/R plane at which the trace in
(B) was recorded. For this point, the area of the
confined fimis A = (1.2 = 0.3) X 10719 m? (26).
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curvature of the mica surfaces) plot in Fig.
2B]. When the surfaces are moved together
toD =54=*2A (n=6), the form of the
shear stress transmitted by the OMCTS
changes sharply [trace c of Fig. 2A, taken at
point ¢ on the F(D)/R plot in Fig. 2B]. The
response is now characteristic of a solid con-
fined between two surfaces: an initial elastic
regime, as the shear stress rises to a yield
point (region « in curve ¢ of Fig. 2A), is
followed by a “plastic deformation” of the
OMCTS in the gap, as for a ductile solid
under shear (23, 24). The two confining
surfaces then slide past each other at a uni-
form mean velocity (region B in curve ¢).

The shear force data of Fig. 2A, trace b,
show that the response F(D) of OMCTS
films only seven molecular layers thick is
liquidlike and similar to that of much thick-
er films, as in trace a, and that both are
within the signal resolution 8F. This obser-
vation may be used to estimate from our
data an upper limit on the viscosity of the
OMCTS confined between the mica surfac-
es (25) and shows that, in its liquidlike state
at n = 7 just before the liquid-to-solid
transition, the mean “effective viscosity,”
Mo of the film is within this upper limit,
Ny < 3 P (poise).

Figures 1 and 2 demonstrate that the
changes in the mechanical properties of the
confined OMCTS phase following the lig-
uid-to-solid transition are striking. A mea-
sure of the rigidity of this phase may be
obtained from its resistance to creep under
stress, a process that may be quantified in
terms of M. The concept of viscosity does
not apply to solids, but it is useful for high-
lighting the changes that take place at this
transition. We obtained an estimate of n 4
by monitoring the relaxation of the film in
its solidlike phase following an applied shear
stress, as illustrated in Fig. 3. At this surface
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(7]

2 |

£ 04 i
= | o
& 62+2A
n=7

-
(=]
N
I

102==

D(A)

Fig. 4. Variation with film thickness D of the effec-
tive mean viscosity m of the confined OMCTS
film (on a double-logarithmic plot) determined as
described in the text. The broken lines at D < 54 A
and at D > 62 A are lower and upper limits on .,
respectively. The bulk viscosity of OMCTS at 23°C
is indicated.
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separation (n = 6) and pressure, the mica
surfaces interact across a contact area A =
(1.2 + 0.3) X 10719 m? (26). The configu-
ration is then one of a film of area A and
thickness D subjected to a shear force F
applied by means of a spring of constant k,
(see Fig. 1A for the schematic). Initially, the
film confined between the two surfaces is
under zero shear force, Fj = 0 (region a in
Fig. 3B); at point b a steady lateral motion at
velocity v, = (dx/dt) is applied to the top
surface, equivalent to pulling the end of the
spring k, at that velocity. At first the spring
stretches as the shear force across the film
rises (region c¢) to a yield value Fy,- Subse-
quently, the surfaces slide past each other
with a mean velocity v in this regime (re-
gion d in Fig. 3B), the mean tension in the
spring (and thus the shear force across the
film) remains constant at Fj = Fjy. The
applied motion is then stopped (Fig. 3B,
point e), and the relaxation of the shear
force resulting from creep of the confined
phase (region f of Fig. 3B) can be monitored
by observing the change in Fy. For this con-
figuration, the shear force across a film with
mean viscosity m. decays exponentially
with a characteristic time given by 7 = A
Mok, D (Fig. 3A). Thus, for a decay in the
force of AF” (<<F||,y) over a time At, the
effective 'viscosity is given by

Mo = o) ) paa
eff AF" 1

As seen from Fig. 3B, the decay AF) of
the shear force is within the noise level 8F,
of the signal over a period At = 10 s. This
imposes a lower limit on m given by (F, ./
8F )k, DAtA™" ~ 4.10" P (with k; = 300
N/m and, from Fig. 3B, F”,y = 9.5 uN, and
8F; = 0.4 uN). The n of the OMCTS
phase confined to n = 6 monolayers must
then equal or exceed this lower limit, that
is, Ny = 4.107 P. The change in m 4 of the
confined OMCTS film at the transition is
illustrated in Fig. 4.

The effective mean viscosity of the con-
fined OMCTS film, which provides a mea-
sure of film rigidity, that is, its resistance to
creep, increases by at least seven orders of
magnitude at the transition, with the limits
being set by the signal-to-noise ratio of our
measurements. Very similar observations
have been made for cyclohexane (27).
Within the range of our experimental pa-
rameters, we observe no intermediate regime
of progressively increasing viscosity on in-
creasing confinement for either of these sim-
ple liquids (28). The abruptness, reversibil-
ity, and magnitude of the change at the
confinement-induced transition indicate a
first-order rather than a glass transition and
suggest that at the transition, the entire film
locks into an ordered, solid structure. More-
over, this transition is brought about by in-
creasing confinement alone, with little ap-



plied pressure. The fact that this effect is
seen for liquids (cyclohexane and OMCTS),
whose molecular size differs appreciably from
each other as well as from the crystal peri-
odicity of the confining mica surfaces, indi-
cates that epitaxy is not necessary for induc-
ing the transition in such simple liquids.
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Osmium-187 Enrichment in Some Plumes:
Evidence for Core-Mantle Interaction?

Richard J. Walker,* John W. Morgan, Mary F. Horan

Calculations with data for asteroidal cores indicate that Earth’s outer core may have a
rhenium/osmium ratio at least 20 percent greater than that of the chondritic upper mantle,
potentially leading to an outer core with an osmium-187/osmium-188 ratio at least 8
percent greater than that of chondrites. Because of the much greater abundance of
osmium in the outer core relative to the mantle, even a small addition of metal to a plume
ascending from the D" layer would transfer the enriched isotopic signature to the mixture.
Sources of certain plume-derived systems seem to have osmium-187/osmium-188 ratios
5to 20 percent greater than that for chondrites, consistent with the ascent of a plume from

the core-mantle boundary.

Rhenium and osmium are highly sidero-
phile and chalcophile elements. The two
elements form a long-lived radiogenic iso-
tope system based on the B~ transition of
187Re to '87Os, with a decay constant of
~1.64 X 107! year™! (1). The mantle
sources for some ocean island basalts (OIBs)
(2-6) have elevated '87Os/'880s ratios
compared with both chondrites and the
upper mantle sources of mid-ocean ridge
basalts (MORBs) (2), signifying a long-term
increase in the Re/Os ratio. This long-term
Re/Os enrichment is also indicated for the
mantle sources of other types of presum-
ably plume-derived rocks (7). This enrich-
ment can be attributed to several process-
es. Here we consider the possibility that in
some instances the enrichment is a reflec-
tion of chemical interaction between the
outer core and lower mantle and the sub-
sequent derivation of plume materials
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from the core-mantle interface.

Plume-derived melts are generally pre-
sumed to come from relatively deep mantle,
though whether plumes are ultimately de-
rived from the lower mantle or from mantle
above the 670-km seismic discontinuity is
still debated (8—-10). The cause of the long-
term enrichment of Re relative to Os in
187Os-enriched rocks derived from plumes is
not yet known. Previous researchers (2, 3,
11) have ascribed the resultant radiogenic
Os in these rocks to the ancient incorpora-
tion of recycled oceanic crust into their
sources. This model for Os evolution in the
mantle sources of some plumes is consistent
with previous interpretations for certain
types of enriched OIB sources, as revealed
by Pb, Sr, and Nd isotopes (10, 12). Also,
in OIB samples with very low Os concen-
trations, enriched Os can result from con-
tamination of the basaltic melt with old,
radiogenic oceanic crust (4).

The enrichment of 1¥7Os in some ocean
island sources, however, does not always
correlate with enrichments or depletions in
other isotopic systems, as would be predict-
ed for the recycling of oceanic crust (6, 13).
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