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Structure of Membrane Surfactant and Liquid 
Crystalline Smectic Lamellar Phases Under Flow 

Cyrus R. Safinya,* Eric B. Sirota, Robijn F. Bruinsma, 
Claus Jeppesen, Robert J. Plano, Lawrence J. Wenzel 

Synchrotron x-ray scattering studies were performed to probe the nonequilibrium struc- 
tures of two layered systems at high shear rates:'the smectic-A phase of the thermotropic 
liquid crystal 4-cyano-4'-octylbiphenyl (8CB) and the lamellar L, phases of surfactant 
membranes composed of sodium dodecyl sulfate and pentanol. Whereas the lamellar 
surfactant phases oriented primarily with their layers parallel to the shearing plates, as 
expected intuitively, in the corresponding high shear regime, the smectic-A liquid crystalline 
material oriented with the layers perpendicular to the shearing plates. A careful numerical 
study revealed that this surprising layer orientation results from nonlinear dynamics of the 
liquid crystal director and is caused by the flow distortion of thermal fluctuations. 

T h e  behavior of relatively simple liquids perisions, and polymeric solutions and 
composed of small molecules, like water, melts, have a large-scale interior structure 
under shear flow is well described by the that can be significantly distorted by shear 
classical "Newtonian" theory of hydrody- flow because of their relatively long relax- 
namics (1). However, many complex mac- ation times (2). At the macroscopic level, 
romolecular fluids, such as lyotropic and this distortion manifests itself as a break- 
thermotropic liquid crystals, colloidal sus- down of Newtonian hydrodynamics that 

requires the introduction of new stresses in 
C. R. Safinya, Materials and Physics Departments and the hydrodynamic equations, so-called 
the Materials Research Laboratory, University of Cal- 
ifornia, Santa Barbara, CA 93106. "normal stress" effects originally elucidated 
E. B. Sirota and R. J. Plano, Exxon Research and by Weissenberg in polymeric and surfactant 
Engineering Company, Annandale, NJ 08801 liquids (3). The scientific challenge re- 
R. F. Bruinsma and C. Jeppesen, Physics Department, 
Universitv of California, Los Anaeles, CA 90024. mains to correlate the bulk macroscopic 
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L. J. ~ G z e l .  American ~ e s i a n  Cor~oration. Stirlina. response of the material under stress to the - ,  -. 
NJ 07980. underlying distorted microscopic structure. 
*To whom correspondence should be addressed. Non-Newtonian flow behavior in complex 

fluids plays a central role in the mechanics of 
many technological materials [for example, 
in lubricating films (4, 5) and the processing 
of polymer films and fibers (6)], which for 
the most part occur under poorly understood 
conditions far from equilibrium. It is precise- 
ly in these technologically important mate- 
rials, which are extremely susceptible to 
large deformations of their underlying struc- 
ture (such as layer orientation and macro- 
molecular conformations), that bulk studies 
with a direct structural probe such as x-rays 
and neutrons are most relevant. 

An important group of complex fluids 
involves layered materials, which may be 
used as lubricating films, such as liquid 
crystals, block copolymers, and surfactant 
membrane liquids. We focus on experimen- 
tal results on the dilute lamellar L, phases 
of surfactant membranes and on the smec- 
tic-A (SmA) phase of liquid crystals com- 
posed of rod-like molecules (Fig. 1, A and 
C) and comDare them with results from a 
numerical study of a simple theoretical 
model of such materials under conditions of 
high shear rates. An important advantage 
of studying these layered systems is that 
their equilibrium structures have been pre- 
viously investigated by x-ray scattering (7, 
8). The membrane surfaces of the L, phase 
were composed of thin water layers coated 
with surfactant and cosurfactant molecules 
(SDS and pentanol) separated by dodecane 
(Fig. 1C). The SmA phase we studied is 
thermotropic; that is, under heating it 
transforms into a nematic liquid that has 
orientational order but no translational or- 
der (Fig. 1B) (9). We introduce a reduced 
temperature t, = (T - TNA)/TNA, where 
TNA is the critical temperature for the 
nematic-SmA transition. Both svstems can 
be viewed as stacks of liquid layers within 
which the molecules are free to diffuse. 

The complex fluids were confined be- 
tween concentric cylinders transparent to 
x-rays, with the outer cylinder rotating and 
the inner fixed, in a specially designed 
Couette cell (10). This approximates a 
linear velocity (w) profile with a constant 
shear rate y = w/D, where the gap size D 
was varied between 250 t d Q 0 Q  Fm. The a, 
b, and c layer orientations, originally intro- 
duced by Miesowicz (1 1) to describe flowing 
nematics. refer to cases with the unit vector 
normal to the layer d pointing, respective- 
ly, along the z ,  velocity v, and velocity 
gradient Vv directions (Fig. 2A). 

In the lamellar L, phase, we studied six 
mixtures with dodecane volume fractions @ 
between 0.54 and 0.62, which correspond 
to multilayer phases with the interlayer 
s acing d increasing from about 118 to 160 1 (8). At high shear rates, the layers were 
oriented primarily parallel to the shearing 
plates, as expected intuitively (c orienta- 
tion). The scattering intensity for a typical 

588 SCIENCE VOL. 261 30 JULY 1993 



L, sample at @ = 0.58 with d = 140 A at 
high shear rates y = 6000 Hz (Fig. 28) 
shows a peak maximum at scattering vec- 
tors q,-, = 2 ~ / d  = 0.045 k1 and q; = q, = 
0 (subscr~ot denotes axls wlth which the 
vector component is parallel), which dem- 
onstrates that ii is along the Ov direction. 
As cP increased from 0.54 to 0.62, the shear 
rate at which this main orientation was 
observed decreased from y = 2200 to 1100 
Hz. For low shear rates, at which the 
formation of spherical, multilayer liposome 
structures has been observed (12), the scat- 
tering peak was isotropic, indicative of ran- 
domlv oriented lamellae. 

In the SmA phase, the corresponding 
behavior was different and quite unexpect- 
ed. At low shear rates in the smectic ohase. 
the laver normal was found to be distributed 
nonuAiformly about an axis parallel to the 
flow direction, indicative of a heteroge- 
neouslv mixed regime of SmA domains 
with laver orientations between that of the 
a and c, most likely because of textural 
patterns reported in earlier microscopy 
studies of SmA materials under shear flow 
(13). At  high shear rates, a pure orienta- 
tion regime was observed for which the 
layers orient perpendicular to the shearing 
plates (a orientation) (1 4). The peak posi- 
tion of the scattering maximum in this 
regime [for a shear rate of y = 300 Hz at T 
= TNA - 0.1 17°C (Fig. 2C)] is rotated by 
~r l 2  with respect to that of the L, data. The 
peak scattering intensity occurs in recipro- 
cal space at a wave vector qz = qo A with qo 
= 25rId = 0.198 A-' (and q,, = q, = 0), 

Fig. 1. Schematics of the (A) SmA (layered) 
and the (B) nematic phases of rod-shaped 
liquid crystal molecules. (C) Schematic of the 
layered surfactant membrane La phase. The 
average molecular orientation and the layer- 
normal directions are specified by the unit 
vector A .  

where the SmA layer spacing is d = 31.73 
A. In other words, the SmA layers them- 
selves are undergoing constant shear flow, 
whereas the position of the layer's center of 
mass does not change. Obviously, only 
liquid layered systems can do this. The 
same orientation has recently also been 
reported for block-copolymer layered mate- 
rials under shear flow (15). A larger shear 
rate is required for the system to remain in 
this pure a orientation as the temperature is 
lowered below TNh into the SmA phase 
(Fig. 3). The detailed description of the 
orientational regimes of the nematic phase 
has been reported elsewhere (1 6). 

To  obtain insight into this unexpected 
result of a pure a orientation at high shear 
rates, we compared the x-ray intensity pro- 
file of the SmA phase projected in the shear 

Fig. 2. (A) Definition of real-space orientation 
directions, a ,  b, and c layer orientations refer to 
the layer normal A pointing along the z, velocity 
v, and velocity gradient Ov directions, respec- 
tively. (8) A three-dimensional plot of the x-ray 
scattering intensity for an La membrane multi- 
layer with @ = 0.58 and d = 140 a under high 
shear rates (y = 6000 Hz shows a maximum at d qVV,  = 2 d d  = 0.045 -' ~ndicative of the 
intultlve c orientation with the layers sl~ding over 
each other. (C) Plot of the x-ray data In the SmA 
phase for a shear rate of y = 300 Hz at T = T,, 
- 0.1 17"C, where the position of the peak (at q, 
= qo I? with qo = 27/d = 0.198 and q,, = 
qv = 0, with d = 31.73 a) scattering maximum 
is rotated by a12 with respect to that of the LC" 
data, indicating that the layers assume the 
unexpected a orientation in parts of the (7-T) 
phase diagram (Fig. 3). 

plane (Fig. 4A) with the profile at a slightly 
higher temperature T = TNA + 0.015°C in 
the nematic phase (Fig. 4B). There is a 
close resemblance, except that in  the SmA 
phase the director is more focused along the 
a orientation. To  understand the physics 
underlying the unusual a orientation, we 
investigated the nematic phase in the crit- 
ical regime, the immediate vicinity of TNA 
where SmA density fluctuations are large. 
A theoretical description of the nematic 
phase in the critical regime, both at low 
(17) and high (18) shear rates, is available 
for direct comparison with the experimen- 
tal results. 

In this critical regime, there are long- 
lived thermal fluctuations (7). The dynam- 
ics of the director A is controlled by the 
competition hetween the viscous torque r , ,  
caused by the drag of the flowing liquid on 
the director, and the "smectic" torque r , ,  
caused by the deformation of these smectic 
fluctuations by the shear flow. The equation 
of motion of a spatially uniform (1 4), time- 
dependent director in  the presence of a 
shear flow v = y yr2 (y is the shear rate) is 
given by (9, 17) 

The viscous torque is 

where n,, = n,; n, = n,; and a?, a3 (both 
negative), and y l  are viscosity parameters 
whose magnitudes can be measured by vis- 
cosity studies deep in the nematic phase 
(19). The smectic torque is r, = -A x h,, 
where h, is the "molecular field" (9). For ii 
close to the z axis, hS is of the form (18) 

with t I I ,  the fluctuation correlation length 
(the SmA domain size) measured along the 
director, De = Y T ,  the Deborah number 
with T ,  the domain lifetime, and k,, the 
Boltzmann constant. Near TNA, 5 diverges 
as T approaches T,, (7), so that Loth 7 - 
tl13!2 and De diverge rapidly. 

Equation 1 defines a nonlinear equation 

g' gOO~- SmA - - Nematic - - I 

2 200 
V) 

32.5 33 33.5 3p 34.5 
Temperature ("C) 

Fig. 3. The shear rate-temperature phase dia- 
gram (T,, = 33.58"C at zero shear) in the SmA 
phase showing the pure a and the mixed a-c layer 
orientation regimes. Crosses mark where the 
scattering data are shown in Figs. 2, 4, and 5. 
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of motion for ii whose solution can be 
obtained numerically (with use of the com- 
plete expression for the molecular field). A 
noise term was added to Eq. 1 that simulat- 
ed the mechanical and hydrodynamical 
noise inside the shear cell. The viscosity 
parameters and critical temperature were 
assigned to be their experimental values, 
and the noise amplitude was treated as a 
temperature-independent fitting parameter 
(20). The numerical results of the distribu- 
tion of the nematic director uroiected in 

L ,  

the shear plane just above the transition at 
t, = 0.00005 and y = 300 Hz (Fig. 4C) can 
be compared directly with the x-ray scatter- 
ing data at the same t, (Fig. 4B), which 
actually provides a direct map of the time- 
averaged distribution of fi (2 1). The numer- 
ical model and the x-ray data agree quite 
reasonably, both revealing a highly aniso- 
tropic distribution of ii in the shear plane 
(elongated along Vv) . 

As a check of the model, we collected 

Data 

$ 

Fig. 4. The x-ray scattering profile and results of 
the numerical model projected in the (qvv-q,) 
shear plane. (A) The SmA phase scatter~ng 
data of Fig. 2C. (B) The nematic phase data just 
above the transition at T = T,, + 0.01 5°C ( t ,  = 
0.00005) at a shear rate of 300 Hz. (C) Numer- 
ical results of the distribution of the nematic 
director projected in the shear plane at the 
same reduced temperature of the nematic 
phase data. 

data at two higher temperatures (t, = 
0.00082 and 0.0035) (Fig. 5A) at which 
the structure factor was experimentally 
found to have undergone drastic shape 
changes compared with the data at t, = 
0.00005. The numerically obtained distri- 
butions of ii (Fig. 5B) show the same 
rearrangements as the scattering data; 
therefore, we can be confident that we have 
an adequate theoretical description of the 
director dynamics. In particular, both the 
data and the numerical results show a rota- 
tion through r /2  when temperature is in- 
creased so that the director distribution is 
elongated along the flow. 

We can now analvze Ea. 1 to identifv 
the origin of the a oiientaiion. Far abovk 
TNA, where De = y~ is very small, we can 
set h, = 0 and analytically solve for T, = 0. 
Provided a2a, is positive, as is indeed 
known to be the case (1 9). one finds flow 

\ ,, 

alignment; that is, ii points almost along 
the flow direction corresponding to the b 
orientation. This orientation has been ex- 
perimentally observed (1 6, 19). As we ap- 
proach TNA, T starts to grow and hs be- 
comes appreciable. However, as long as De 
is small compared with 1, we need only 
retain the first-order term of h,. This term 
can be absorbed by a redefinition of the a, 
viscosity parameter (1 7, 18) as 

and we can continue to use r, = 0. As 7 
grows, a: becomes positive, as is seen 
experimentally (1 9). We then lose the stat- 
ic solution: For a2ay < 0, one only finds 
precessing solutions (18) with the director 
movjng over a distorted cone [with (nvv/ 
n,)' = (a~/\/IaZI)] centered about the z axis 
with a precession frequency wo = 
y (-aZay) 112/yl. Except close to TNA, wo is 
of order y. As an example, when t, = 
0.0008, -a, = a; (Fig. 5). The equation 
of motion r, = 0 predicts that the director 

should move on a cone (with nvV = n,). 
Both the numerical and experimental re- 
sults are indeed consistent with uniform 
precession and a slow, noise-induced drift 
of the apex angle. 

For t, = 0.00005 in Fig. 4, B and C, De 
is of order 1. and we must include the 
second-order term of h, given by Eq. 3. 
Analytical study of Eq. 1 (1 8) shows that it 
predicts (i) that the motion of the director 
should be strongly confined to the z-Vv 
plane and (ii) that the precessional motion 
is damped; that is, the director slowly falls 
toward the z axis or a orientation with a 
damping time 

For large t,, T;' is small compared with o,, 
but for t, = 0.00005, T;' - w, - 10 Hz for 
y = 300 Hz, so the.motion is overdamped 
and the director assumes the a orientation. 

The second-order term of h, (Eq. 3) is 
thus responsible for the layer orientation. 
Physically, this means that the a orienta- 
tion is assumed because it minimizes the 
elastic deformation energy by flow of ther- 
mal fluctuations (1 8). This term is actually 
a "normal stress" effect similar to that en- 
countered in polymer liquids (2, 3). Be- 
cause both nematic data (Fig. 4B) and SmA 
data (Fig. 4A) show the same behavior 
focused along the axis with an anisotropic 
distribution in the shear plane, we believe 
that an analoeous exulanation holds on the ., 
SmA side as well, where it is well known 
that laree critical fluctuations are exhibited ., 

(7). However, there is at present no theory 
that can predict how deep we can enter the 
SmA phase and still have enough critical 
fluctuations to provide the a orientation or 
whether the noncritical but long-lived layer 
undulation fluctuations of the SmA phase 
can play an analogous role. 

The majority of experimental work on 
flowing complex fluids has emphasized mac- 

Fig. 5. (A) The x-ray 
scatterina profiles pro- - .  
jected in the (qvv-q,) 

Data Data shear plane and (B) the 
1 .O results bf the cor- 

1 9 responding nmerical a model of the distribution 
0 of the nematic director 

at the reduced temper- 
atures t , = 0.00082 and 
0.0035. Both show the 

Model 
1 .o , 

evolution in the shapes 
of the anisotropic pro- 
files as discussed in the 
text. 
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roscopic rheological parameters, such as 
viscosity and normal stress measured either 
for large (3, 4) or small (5) gaps. Our results 
show the crucial importance of a direct 
structural probe, such as synchrotron x-ray 
scattering, in the elucidation of the micro- 
structure that underlies the macroscopic 
rheological shear and normal stress respons- 
es of flowing complex fluids. 
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Relation of Major Volcanic Center Concentration on 
Venus to Global Tectonic Patterns 

L. S. Crumpler, James W. Head, Jayne C. Aubele 
Global analysis of NASA Magellan image data indicates that a major concentration of 
volcanic centers covering -40 percent of the surface of Venus occurs between the Beta, 
Atla,, and Themis regiones. Associated with this enhanced concentration are geological 
characteristics commonly interpreted as rifting and mantle upwelling. Interconnected low 
plains in an annulus around this concentration are characterized by crustal shortening and 
infrequent volcanic centers that may represent sites of mantle return flow and net down- 
welling. Together, these observations suggest the existence of relatively simple, large- 
scale patterns of mantle circulation similar to those associated with concentrations of 
intraplate volcanism on Earth. 

Detailed volcanological observations of 
the surface of Venus that are necessarv to 
address fundamental questions about its 
geological comparisons with Earth are now 
possible with Magellan synthetic aperture 
and altimetry radar data (I). Here, we 
concentrate on the distribution of these 
volcanic centers, their correlation with 
global geological characteristics, and the 
possible origin of these global characteris- 
tics through large-scale mantle anomalies 
and dynamic patterns. 

The initial analysis of Magellan data 
resulted in the identification, description, 
and location, to the nearest half-degree, of 
1662 individual volcanic centers and relat- 
ed features larger than 20 km in diameter 
(2-5). On the basis of the resulting global 
distribution map (Fig. lA),  volcanic cen- 
ters >20 km in diameter are not randomly 
distributed but are instead concentrated in 
certain specific regions. This pattern is in 
contrast to that for impact craters on Ve- 
nus. the distribution of which cannot be 
distinguished from that expected for a com- 
pletely spatially random case (6). However, 
volcanic centers are not arranged in linear 
patterns as are plate boundary volcanoes on 
Earth. In this respect and in terms of the 
estimated global volume flux (< 1 km3 per 
year) of associated volcanism (2), they are 
comparable to intraplate volcanism (hot 
spots) on Earth. 
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Areas over which the concentration of 
volcanic centers exceeds the global mean 
density (3.5 & 2.9 centers per lo6 km2) by 
at least 2 s  vary in width from a few hun- 
dred to a few thousand kilometers in diam- 
eter over physiographically well defined ar- 
eas (Fig. 1B). An equidimensional region 
-13,000 km in diameter of moderate to 
high areal abundance of volcanic centers 
(>3 to 7 centers per lo6 km2) is centered 
near the equator at longitude -250°E be- 
tween the Beta, Atla, and Themis regiones 
(BAT). For comparison, the maximum 
density of hot spot volcanic centers on 
Earth (7) is -0.1 to 0.2 centers per lo6 km2 
(8). This smaller figure for Earth reflects the 
relatively younger age of Earth's sea floor 
(-70 million years) relative to the inferred 
average surface age (0.5 billion years) of 
Venus (9) and the greater number of vol- 
canic features on Venus, m k y   of which 
may not be of hot spot origin. Although the 
BAT anomaly is the largest global'concen- 
tration, smaller concentrations with similar 
density occur clustered about the equator in 
the opposite hemisphere near longitude 
70°E. Similar hemispherically symmetric 
distributions and hemispherically asymmet- 
ric concentration levels characterize the 
distribution of intraplate volcanic centers 
(hot spots) on Earth (1 0). 

The area of the BAT anomaly covers up 
to -40% of the global surface, and the 
density of the volcanic centers exceeds the 
global mean density over ~ 5 0 %  of the 
surface of Venus. Volcanic centers occur 
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