
regions of the CH4-N, and CH4-CH4 ab- 
sorption. 

Comparative planetology has appropri- 
ately focused on understanding the relation 
between the so-called terrestrial planets: Ve- 
nus, Earth, and Mars. The large planets in 
the outer solar systems seem to represent a 
different type of object, not akin to Earth 
from an atmospheric science point of view. 
However, Titan does have an atmosphere of 
Earth-like composition and pressure. Pre- 
liminary studies of the data returned from 
the Voyager 1 flyby of Titan have allowed us 
to explore first the greenhouse effect of 
atmospheric gases other than CO, and H,O 
and now the antigreenhouse effect due to 
organic haze particles. Further investigation 
of Titan in the upcoming NASA-European 
Space Agency Cassini Orbiter and Huygens 
Probe mission should give us more under- 
standing of Titan's atmosphere, one that is 
both strange and yet similar to our own. 
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Reversible Decrease of Gel-Solvent Friction 

The friction between water and the polymer network of a gel is found to decrease 
reversibly by three orders of magnitude and appears to diminish as the gel approaches 
a certain temperature at constant volume and network structure. 

w HEN WATER PASSES THROUGH A 

polymer network, a frictional re- 
sistance arises between the water 

and the network. For a permanently cross- 
linked network, the friction, normalized by 
the viscosity of water, was expected to be 
independent of temperature. It was found, 
however, that the friction decreases revers- 
ibly by three orders of magnitude and ap- 
pears to diminish as the gel approaches a 
certain temperature. This phenomenon oc- 
curs in spite of the fact that the network 
structure and the total volume of the gel, 
and' thus the network density, are un- 
changed. 

Depamnent of Physics and Center for Materials Science 
and Engineering, Massachusetts Institute of Technol- 
ogy, Cambridge, MA 02139. 

Fig. 1.  Schematic illustra- 
tion of the measurements of 
the friction coefficient be- 
tween a polymer network 
and water. In order to avoid 
any leak of water and to fix 
the gel volume, most of the 
gel surfaces (diameter 10 
mm) were chemically at- 
tached to the surfaces of a 
pair of gel bonding films 
(Bio-Rad) by covalent 
bonding, except the small 
circular portions left open 
for the water flow. The 
small open portion (diame- 
ter 2 mm) was mechanically 
pressed by rigid paper filters 
to prevent swelling. 

The configuration for measuring the fric- 
tion coefficient of a gel is schematically 
shown in Fig. 1. Water is pushed through a 
gel slab of thickness d by a s m d  pressure p. 
The proportionality between the velocity of 
the water v and the pressure determines the 
friction coefficient: 

To avoid any leak of water and to main- 
tain constant gel volume, most of the gel 
surfaces were chemically attached to the 
surfaces of a pair of gel bonding plastics 
(Bio-Rad) by covalent bonding, except the 
small circular portions left open for the 
water flow. The open portion was mechan- 
ically pressed by rigid paper filters to prevent 
swelling. Small shrinkage should have oc- 
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Fig. 2. The swelling curve (the isobar at zero 
osmotic pressure) of poly(N-isopropylacryla- 
mide) gel in water. [Data taken from (3) . ]  The 
open circles are the critical point (T,) and the 
temperature at which the friction diminishes 
(Tf=,) The friction measurement was carried out 
along the isochore at the volume of gelation. At 
the temperature T,,, the normalized friction flq 
becomes 112 that at 20°C. 

curred at the open portion when the tem- 
perature passed the zero osmotic pressure 
line, but was too small for visual observa- 
tion. The details of the apparatus and the 
confirmation of Eq. 1 are given elsewhere 
(1). 

The sample gel was prepared by free 
radical polymerization (2): 7.8 g of N-iso- 
propylacrylamide (main constituent, NIPA, 
Kodak), 0.133 g of N, N1-methylenebisacry- 
lamide (cross-linker, Bio-Rad), and 240 p1 
of tetrmethylethylenediamine (accelerator, 
Bio-Rad), and 40 mg of ammonium persul- 
fate (initiator, Mallinckrodt) were dissolved 
into distilled water (100 rnl) at 0°C. The gel 
mold was immersed into this pre-gel solu- 
tion and degassed for 40 min. The temper- 
ature was raised to 20.0°C to initiate gela- 

The gel undergoes a very small discontin- 
uous transition at 33.6"C if the gel is al- 
lowed to swell freely in water (2, 3). This 
corresponds to the isobar at zero osmotic 
pressure. The friction experiment was car- 
ried out along the isochore (constant densi- 
ty), but not along the critical isochore (4, 5 )  
(Fig. 2). The gel has a lower critical point 
because of hydrophobic interactions (3). 

When the temperature was raised along 
the isochore the gel presumably went into 
the negative osmotic pressure region, then 
into the coexistence regime. Temperature 
dependence of the swelling and shrinking 
behavior of the gel were checked on a sam- 
ple prepared in the same mold. Without 
paper filters the gel slightly swelled in the 
open portion at lower temperatures. No 
visible shrinkage was observed up to the 
highest temperature of the friction experi- 
ment. The attachment to the gel bonding 
plastic remained intact in the entire temper- 
ature range. 

During the friction experiment a test tube 
containing a gel without a mold was placed 
in the same water bath and the appearance 
of the gel was continuously monitored. At 
the highest temperature of our experiment, 
the decrease in the free gel diameter from 
the isochore diameter was less than 10%. 
These observations confirmed that the gel 
swelling or shrinking as a whole should not 
have a significant effect on the friction mea- 
surement. 

A slight opacity developed in the gel near 
the temperature at which the friction dimin- 
ished, presumably due to the dynamic den- 
sity fluctuations. As we shall see later the 
fluctuations seem to be responsible for the 
diminishing of the solvent-network friction. 

The temperature dependence of the fric- 
tion coefficient normalized by the viscosity 
of water, flq was measured (Fig. 3). The 
viscosity of water q (T)  is taken from a table. 
The temperature dependence of the friction 
of poly(~crylamide) gel is also shown in this 
figure [taken from Tokita and Tanaka ( I ) ] .  
The normalized friction of the poly(acry1m- 
ide) gel is independent of the temperature, 
while the friction of the poly(N-isopropyl- 
acrylarnide) gel decreases three orders of mag- 
nitude as the temperature approaches 33.6"C. 
The change is reversible. 

The phenomenon of the reversible dirnin- 
ishing of friction may be intuitively ex- 
plained as follows. The gel-solvent friction is 
primarily determined by the pore size of the 
polymer network and the viscosity of the 
solvent. The latter should not show any 
anomaly in our experiments. When the net- 
work is homogeneous the pore size should 
be given by h e  average distance between the 
nearest polymer-polymer contacts. Under 
certain conditions, however, the polymer 
network undergoes substantial density fluc- 
tuations in space and time: Some portions of 
the gel swell while the other portions shrink 
maintaining, the total gel volume constant. 
The effective pore size is then given by the 

Fig. 4. The log-log plot of the friction coefficient, 
normalized by the water viscosity q(T), as a 
function o f  temperature difference from Tf=,. 
The viscosity of water was taken from a standard 
table. The exponent is 114, which is much smaller 
than the value 518 predicted for dynamic spinodal 
fluctuations. 

distance over which the network density 
fluctuations are correlated. The water passes 
through the swollen open space avoiding 
the shrunken regions. 

The pore size practically diverges as the 
gel passes the coexistence curve into the 
two-phase region, probably for one of the 
following reasons: First, the gel may remain 
in the metastable single phase as a super- 
heated gel. The metastable state has been 
observed in the hysteresis of the swelling 
curves of various gels including NIPA gels. 
The temperature gap at a hysteresis can be 
several degrees (3). In this case the fluctua- 
tions are dynamic (time-dependent) and 
should diverge on the spinodal line. Second, 
the gel may undergo phase separation creat- 
ing domains of swollen and shrunken phas- 
es. The density fluctuations are static (time- 
independent) and would diverge on or near 
the coexistence curve. In both cases the 
effective pore size diverges, making the fric- 
tion diminish. The pore structure is not 
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Fig. 3. The friction coeffi- 
cient, f; of water passing 
through gels are shown as a 
function of temperature. Cir- acrylarnide 
cles represent the ply(N-iso- 
propylaoylamide) gel and l d 5 i .  I I I I ,  I , i L j  
squares represent the p l y -  N-isopmpylacrylarnide : 
(aoylamide) gel of concenm- 1 i 8 a a Q.? 
tion of 8.8 g per 100 ml - 
[taken from ( I ) ] .  Solid cir- ;;F - 

cles are used in the increas- 6 ld3 I 
ing of the temperature and 
open circles are used in the lo'' 
lowering of the tempera- 
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ture. For the NIPA gel, the 
. 
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the linear scale. The friction 
Tt a 

Temperature ("C) Temperature OC) 
disappears at 33.6"C for the 
poly(N1PA) gel, whereas it is constant of temperature for the poly(acrylamide) gel. 



permanent, but is reversibly enlarged or 
reduced with temperature. 

The temperature dependence of the dy- 
namic contribution to pore size may be 
estimated by means of mode coupling theo- 
ry, which views a gel as consisting of N 
pores of diameter 5 over which the density 
fluctuations are correlated (6-8). 

The theory hrther suggests 

where Tf,, denotes the spinodal tempera- 
ture (that is, the temperature at which the 
density fluctuations diverge). Thus 

The least-square analysis yields v = 114 and 
Tf=, = 33.59"C (Fig. 4). 

The determination of various critical ex- 
ponents indicated that the phase transition 
of NIPA gels belongs to the universality 
class of three-dimensional Ising models (4). 
The exponent 114 is much smaller than the 
theoretical critical exponent 518 of the three- 
dimensional Ising model (9, 10). This dis- 
crepancy between the exponents may be 
because the isochore is not critical. Or it may 
be that the pore size diverged upon phase 
separation in the metastable region before 
the gel reached the spinodal line. In this case 
Tf=, should be considered as the tempera- 
ture at which the domain size grows to 
infinity rather than the spinodal tempera- 
ture. 

By choosing an optimal combination of 
solvent and temperature the phenomenon 
should be universally observed in any gel. A 
drastic and reversible change in the friction 
may have applications in separation technol- 
ogy and may be relevant to some biological 
transport phenomena. 
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Synchrotron X-ray Daact ion from a Microscopic 
Single Crystal Under Pressure 

Metallic flaments with submicrometer diameters have been fabricated. Standard &don 
techniques with conventional x-ray sources were unsuc~essll in identifying the structure of 
these materials. However, with the use of synchrotron radiation produced on a wiggler 
beam line, dihction data were obtained in measurement periods as short as 10 millisec- 
onds. Two cylindrical single crystals of bismuth were studied, each with a diameter of 0.22 
2 0.02 micrometer. The volume of sample illuminated for these measurements was 0.38 
cubic micrometer, less than 0.5 femtoliter. The crystals are grown in glass capillaries, and, 
because bismuth expands on solidification, they are under a residual hoop stress. The 
crydlographic data indicate the presence of a linear compressive strain of about 2 percent, 
which is assumed to be the result of a residual stress of about 2 gigapascals. 

A MATERIALS FABRICATION TECH- 

nique has been developed that pro- 
vides the ability to draw ultrafine me- 

tallic filaments. Previously, very fine wires of 
metals could be drawn at a temperature at 
which the metal is molten and confined w i t h  
a softened glass capillary; the capillary is drawn 
into a fiber containing an axial metal filament. 
By cascadmg this process, we have been able to 
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produce metallic filaments with submicrometer 
diameters. Because of the minute quantity of 
material, efforts to determine the crystallo- 
graphic propemes of single filaments with the 
use of conventional x-ray sources have been 
unsuccessful. However, by using p o l y b  
matic synchrotron radiation produced with a 
wiggler insertion device ( I ) ,  we have obtained 
structural data in measurement periods as short 
as 10 ms. The volume of sample illuminated for 
these measurements was only 0.38 ~ ~ r n ~ ,  small- 
er than that reported in earlier x-ray crystallo- 
graphic studies. We believe that this investiga- 
tion opens a new vista of opportunities for 
crystallographic research on a broad range of 
materials that can only be made in minute 
(submicrometer) sizes. The data were of s&i- 
cient quality to allow identification of a linear 
compressive strain of about 2%, which is be- 

lieved to be associated with a residual saess of 
about 2 GPa. 

The fabrication process is an extension of a 
method described by Taylor (2). The Taylor 
process, as it is sometimes called, involves melt- 
ing a small amount of metal within a glass 
capillary and then drawing a fiber from the 
softened glass. By using small-diameter capil- 
laries and p u h g  them quickly, so as to reduce 
them to a small diameter before the glass cools 
below its workmg temperature, Taylor pro- 
duced fibers as fine as 1 p,m in diameter con- 
taining even finer filaments. Apparently there 
have been few subsequent efforts to produce 
submicrometer-diameter filaments by thls pro- 
cess, although considerable research has been 
devoted to developing related methods for 
producing these materials; much of this is 
reviewed by Donald (3). 

In the method reported here we used a 
Taylor wire as a starting material and two 
different glasses, one of which has a substan- 
tially higher working temperature than the 
other. First a Taylor wire of Bi was drawn with 
GE 180 aluminosilicate glass in an apparatus 
that radiatively heated the feed material with an 
inductively heated silicon carbide ring. The 
glass capillary was advanced into the hot zone 
at a constant rate as the fiber was drawn from 
the bottom. Because Bi expands on solidifica- 
tion, it was necessary to draw the initial fiber 
slowly to prevent this expansion from splitting 
the fiber. Pulling at a speed of about 1 an s-' 
resulted in unidirectional soli&cation along 
the fiber axis and permitted the volume expan- 
sion to be accommodated by a flow of excess 
liquid up into the melt pool maintained w i t h  

6 SEPTEMBER 1991 REPORTS 1123 




