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Friction Anisotropy and Asymmetry 
of a Compliant Monolayer Induced 

by a Small Molecular Tilt 
M. Liley," D. Gourdon, D. Stamou, U. Meseth, T. M. Fischer, 

C. Lautz, H. Stahlberg,? H. Vogel, N. A. Burnham, C. DuschlZ 

Lateral force microscopy in the wearless regime was used to study the friction behavior 
of a lipid monolayer on mica. In the monolayer, condensed domains with long-range 
orientational order of the lipid molecules were present. The domains revealed unex- 
pectedly strong friction anisotropies and non-negligible friction asymmetries. The an- 
gular dependency of these effects correlated well with the tilt direction of the alkyl chains 
of the monolayer, as determined by electron diffraction and Brewster angle microscopy. 
The molecular tilt causing these frictional effects was less than 15 degrees, demon- 
strating that even small molecular tilts can make a major contribution to friction. 

A l t h o u e h  the nature of friction has been - 
debated since da Vinci's time, a fundamental 
understanding of friction phenomena has re- 
mained elusive. Amonton formulated his 
law relating friction and the normal load 300 
years ago; a hundred years later, Coulomb 
interpreted friction in terms of cobblestones 
in a rough road-the bigger the stones, the 
higher the friction (1).  In  this century, fric- 
tion has come to be construed as the  plastic 
degradation of interlocking asperities ( 2 ) ,  or 
to be related to adhesion hysteresis (3).  T h e  
effect of crystallographic direction o n  fric- 
tion was first demonstrated o n  mica with the 
surface forces apparatus (4) and later o n  a n  
organic bilayer with lateral force microscopy 
(LFM) (5) .  Recent results, obtained exclu- 
sivelv bv LFM, indicated that tnolecular ori- , , 
entation may also influence friction (6 ,  7), 
but no  inde~enden t  structural data were 
available. Here, we correlated friction data 
with the molecular orientation as established 
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by Independent methods. 
A 1nonola)er of a chlral llpid (8) at  the  

alr-water Interface was com~ressed to the  
coexistence regime where condensed do- 
mains form in a fluid matrix (9) .  This 
monolaver was transferred to a mica sub- 
strate sd that the  lipids were oriented with 
the  polar head groups toward the  mica sur- 
face and the  alkyl chains exposed to the  air 
(1 0). LFM (1 1 ) o n  the  monolayer revealed 
flower-like condensed domains. I n  the  lat- 
eral force images of the  domains (Fig. 1,  A 
and B), each ~ e t a l  of the  flower has a 
different amount of lateral force, whereas 
the  corresponding topography images (no t  
shown here) display n o  contrast between 
the  different petals (12).  For flat samples 
such as these, the  lateral force is eauivalent 
to the  tip-sample friction. In  the  domain 
shown, there are six maior oetals and two , 

minor petals. T h e  major petals all have 
equivalent molecular organization. T h e  mi- 
nor petals are the  result of rotational twin- 
ning; they have the  same molecular organi- 
zation as the  adjacent major petal, but ro- 
tated through 180" (1 3 ) .  

Upon  rotation of the  sample underneath 
the  microscope tip (Fig. l B ) ,  the  friction 
force o n  the  petals changes in a systematic 
way. These changes were analyzed using 
"friction loops" (Fig. l C ) ,  where each loop 
corres~onds to  one scan line of the  imaee. 

u 

T h e  friction force amplitudes L and R for 
the  t ~ v o  scan directions yield the "total 
friction" L + R and the  "friction asymme- 
try" L - R (14).  T h e  variations of the  
amolitudes L and R corresoond to  -25% of 
the  overall friction force. 

T h e  total friction and the  friction asym- 
metry were analyzed as a function of the 
subdomain's angular orientation 0 with re- 
spect to the scan direction (Fig. 1A);  the 
results of this analysis are shown in Fig. 1, D 
and E. For both the  maior and minor subdo- 
mains, the total friction has C2 symmetry 
(180" periodicity) and the  friction asymme- 
try has C, symmetry (360" periodicity). In  
other words, the friction is not only aniso- 
tropic-dependent o n  the  angle of the tip's 
motion with respect to the domain orienta- 
tion-but is also asvmmetric, that is, differ- 
ent  for the trace aild retrace of the force 
microscope t ~ p  over the  same scan h e .  
There  are also dlfferences between t h e  
major petals (filled circles) and minor pet- 
als 1 o ~ e n  circles). T h e  two total  friction , 

curves are displaced by 30°, a difference 
tha t  is caused entirely by our definition of 
t h e  angular direction of the  petals. T h e  
two friction asymmetry curves are offset by 
150" to  210'. which confirms the  180" 
rotation of molecular organization be- 
tween major and minor arms. 

As a refinement of our analysis, we used 
the  fits of the  total friction (L + R )  and 
friction asymmetry (L - R) to  produce 
simulated lateral force data and images, 
which nle comoared with the  ex~er imen ta l  
images. Total friction minus friction asym- 
metry gave the  friction values, R, for the  
right-to-left scans as a function of anele. " 
These friction values defined the  gray levels 
for the  different petals in the  simulated 
images. T h e  success of this simulation of the  
experimental data (compare Figs. 1B and 
IF)  allowed L I ~  t o  fix with some certainty 
the  phase angles and relative magnitudes of 
the  fit curves. W e  conclude that maximum 
total friction and zero friction asymmetry 
occurred a t  30", and that  the  two effects 
had a n  amplitude ratio of 10 : 1. 

These friction results led us to  investi- 
gate the  structure of the  lipid ~ n o n o l a ~ e r s .  
Electron diffraction (Fig. 2A) revealed a 
hexagonal packing of the  alkyl chains (15) ,  
with the  nearest neighbor directions ap- 
proximately parallel t o  the  edges of the  
domain boundaries. T h e  tilt allele of the  
alkyl chains ( to  the  normal) was estimated 
to be less than 15" from the  normal. 

W e  used Brewster angle microscopy (1 6 )  
to obtain essential information about the tilt 
anele of the alkvl chains and their tilt direc- 
tio; (azimuthal angle); this technique is 
based o n  the reflection of p-polarized light 
and allows local determination of these pa- 
rameters. Experimental images were com- 
pared with images (Fig. 2B) calculated using 
well-established parameters for lipid mono- 
lavers 117). T h e  best aereement was ob- 
tained for i tilt angle of ;he alkyl chains of 
10" i 5'. T h e  t ~ l t  direction was found to lie 
parallel to the  subdomain boundary, as indi- 

vLvLw.sclencemag.org SCIENCE VOL 280 19 APRI 



5 -0.3 .- 

.... phase 

-0.51 a D~sordered D~sordered x phase phase x 

0 (degrees) 

Fig. 1. (A) LFM image of a thiolipid monolayer on a mica surface. A flower-shaped condensed domain 
can be seen against the disordered phase. The internal structure of the domain is revealed by high 
friction contrast between the different petals. The angle 0 between the lower right petal bourAary and 
the scan direction defines the orientation of the outlined petal. High lateral forces correspond to dark 
shades of gray. Scale bar, 4 em; scan velocity, 42 em s-'. (B) As for (A), after counterclockwise rotation 
of the sample by 70". The dashed line is the scan line of the friction loop in (C). (C) A typical friction loop 
(arbitrary torsion units). The upper curve represents a scan from left to right, the lower curve from right 
to left. The friction force amplitudes L and R on the condensed domain were defined relative to the 
disordered phase and were typically 1 to 2 nN. For measurements of the friction forces on the individual 
petals, 15 adjacent friction loops were averaged. Values of L and R yield the total friction L + R and the 
friction asymmetry L - R. The overshoots seen in some regions of the curve are an artifact caused by 
the height difference of 1.5 nm between the domains and the matrix. (D) Total friction (L + R) versus the 
orientation of the major petals (filled circles) and minor petals (open circles) with respect to the scan 
direction as defined in (A). The fit for the major petals (dark line) was based on a sinusoidal curve with a 
periodicity of 180"; all other parameters were unconstrained. In the fit for the minor petals, the only free 
parameter was the phase angle. All other parameters were taken directly from the major petal fit. The 
phase shift between the curves reflects the definition of 0: Relative to the major petals, the subdomain 
boundaries of the minor petals are displaced by 30". (E) Friction asymmetry (L - R) versus the 
orientation of the major and minor petals, as in (D). Here, the difference in phase for the major and minor 
subdomains is between 150" and 21 0". (F) A simulated friction force image. The phase angle of (L + R) 
was chosen to give the first maximum at 30"; the phase angle of (L - R) was chosen to give zero 
asymmetry at 30" and 21 0". The ratio of the amplitudes of total friction and friction asymmetry is 10 : 1. 
These parameters give good agreement between the simulated images and experimental images; 
compare with the corresponding experimental image (B). Opposing pairs of petals that are oriented 
roughly perpendicularly to the horizontal scan direction are very similar in their gray levels, whereas pairs 
of petals directed approximately horizontally have a discernible difference in gray level. 

cated by the arrows in Fig. 2B (inset). 
We  interpret the above structural and 

friction force results as follows (Fig. 3): The 
alkyl chains are hexagonally packed and 
slightly tilted with a uniform tilt direction 
within each petal. The friction behaves with 
180" and 360" periodicity. T h i s  implies that 
the source o f  the friction anisotropy and 
asymmetry is the tilt of the alkyl chains 
within each domain. The maximum total 
friction i s  achieved when sliding across the 
tilt direction (nap); the maximum asymme- 
try occurs for motion o f  the t ip parallel to  
the nap. Surprisingly, the friction against 
the nav o f  the molecules i s  lower than 
with the nap. It is as if stroking a cat tail-to- 
head were easier than stroking it head-to- 

c7 

tail. This counterintuitive result emphasizes 
the im~ortance of structural analvsis in 
nanotribology. Only an independent deter- 
mination of molecular organization allows 
friction data to be interpreted with certainty. 

Fig. 2. (A) Electron microscopy image of a monolay- 
er domain. The inset shows the electron diffraction 
pattern from the spot indicated by the arrow. The 
diffraction pattern revealed hexagonal packing of the 
alkyl chains, with the nearest neighbor directions ap- 
proximately parallel to the subdomain boundaries. A 
tilt of the alkyl chains should result in a distortion of 
the diffraction patterns. Because the observed dis- 
tortion was minimal, the tilt angle is less than 15" to 
the normal. Scale bar, 8 em. (B) Brewster angle 
microscopy image of a thiolipid mondayer at the 
water-air interface (21). The reflectivity pattern results 
from the optical anisotropy of the subdomains. The 
inset, which refers to the encircled domain, shows a 
simulation of reflectivity based on the Fresnel equa- 
tions. The tilt direction of the alkyl chains was as 
indicated by the dark arrows (?I Y), with a tilt angle 
to the normal of 10" ? 5". Scale bar, 50 ern. 
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Earlier work, based only on LFM, wrongly 
assigned the tilt direction (7). 

What could explain the observed fric- 
tion anisotropy? Traditional interpretations 
can be ruled out: Asperity interactions, 
plastic degradation, and adhesion hysteresis 
fail to account for it. We have found only 
one other system with behavior analogous 
to our anisotropy data: anisotropic viscosity 
in liquid crystals. Liquid crystals consist of 
rod-like molecules with a preferred orienta- 
tion, and thus they bear certain similarities 
to the alkyl chains of our lipid monolayer 
(18). A few studies on the viscosities of 
nematic phases of liquid crystals have been 
published, and they report a consistent pat- 
tern of anisotro~v: The coefficients of vis- . a 

cosity for flow perpendicular to the rod axis 
("director") are higher than those for flow 
parallel to the director (19). This corre- 
sponds well with our measurements; we ob- 
served higher total friction (that is, energy 
dissipation) perpendicular to the tilt direc- 
tion than parallel to the tilt direction. 

We have as yet no explanation for the 
observed friction asymmetry. Why should 
there be less friction when scanning against 
the tilt direction than when scannine with - 
it? We can only note that the energy dissi- 
pation is a collective property of the mono- 
layer film and that it should depend (among 
other thines) on the contact area between " ,  

tip and surface and the tip penetration 
depth into the film. Perhaps a greater stiff- 
ness against the tilt direction reduces the 
penetration depth and thus the friction 
forces (20). More experimental and theo- 
retical work on the viscoelastic properties of 
monolayers will be needed before we can 
understand the friction behavior observed 
in this study. 
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Fig. 3. Correlation of the friction force results (fric- 
tion directions refer to the black petal) with the 
results obtained from structural analysis. The grid 
indicates the lattice directions of the subdomains 
as revealed by electron diffraction. Filled arrows 
represent the tilt direction of the alkyl chains as 
deduced from Brewster angle microscopy. The tilt 
direction of the minor petal is deduced from the 
-1 80" phase difference of the friction asymmetry. 
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Generation of Intestinal T Cells from 
Progenitors Residing in Gut Cryptopatches 

Hisashi Saito, Yutaka Kanamori, Toshitada Takemori, 
Hideo Nariuchi, Eiro Kubota, Hiromi Takahashi-lwanaga, 

Toshihiko Iwanaga, Hiromichi Ishikawa* 

Cryptopatches (CPs) are part of the murine intestinal immune compartment. Cells iso- 
lated from CPs of the small intestine that were c-kit positive (c-kit+) but lineage markers 
negative (Lin-) gave rise to T cell receptor (TCR) cwp and TCR $5 intestinal intraepithelial 
T cells after in vivo transfer or tissue engraftment into severe combined immunodeficient 
mice. In contrast, cells from Peyer's patches and mesenteric lymph nodes, which belong 
in the same intestinal immune compartment but lack c-kit+Lin- cells, failed to do so. 
These findings and results of electron microscopic analysis provide evidence of a local 
intestinal T cell precursor that develops in the CPs. 

T h e  gastrointestinal mucosa is one of the exposed external lumen from the internal 
largest interfaces in the body with only a milieu, and in primitive vertebrates, only 
single layer of epithelium separating the gut-associated lymphoid tissues are present 
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238, Japan. are enriched with TCR y8 T cells (7). In 
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