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Abstract Friction force measurements between smooth surfaces across two layers of 

linear alkanes over five decades of speeds are presented. A maximum friction dissipation 
is observed at a characteristic speed. The behaviour is described by a new approach: the 

formation and destruction of molecular bridges between confined alkane layers. The 
bridges interdigitated between the layers exhibit a thermally activated resistance to shear. 

An analytical model involving activation barriers accounts for the overall behaviour of the 

forces over four decades of speed. This first simple semi-quantitative description sheds 
new light on the subtle mechanisms of friction at the nanoscale level and shows how the 

molecular length influences the tribological properties of the liquid. 

Keywords: nanotribology, friction, surface force apparatus, interface molecular films, linear alkanes. 

DOI: 10.1360/03yb0223 

Although studied since the 1 7th century because of their practical importance, the 

origin of friction forces is not well understood I1'21. In the past decades, many groups [3 61 

investigated the tribological behaviour of  confined liquids and reported different regimes 

of  friction behaviour over various ranges of sliding speeds. Granick [31 showed that the 

effective viscosities of  several types of molecules decayed with shear rate, with an ex- 

ponent ranging between -2/3 and -1 depending on the load. At higher shear rates the 

viscosity attained the bulk value that was independently observed in polymer melts I41 

Yoshizawa et al. I51 pointed out that at low relative speed of  the surfaces, chain molecules 

generally produced low friction forces because the molecules had time to disentangle 

spontaneously, whereas, at higher speeds, they had less time, so friction forces were 

higher. This opens the way to make analysis on the basis of the existence of  activation 

barriers during friction Ia'71. 

The theory of thermally activated processes under an imposed force has been thor- 

oughly investigated first by Bell N and then, by Evans N who described theoretically and 

experimentally the kinetics of rupture of  single weak receptor/ligand bonds. Their ap- 
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proach offered a ready framework to analyze friction forces with entangled chain mole- 

cules. When confined between two smooth surfaces, many liquids adopt a layer structure 

over a few molecular diameters [1~ In the case of  linear alkanes, such layers have some- 

times been suggested to be interdigitated [2' 51. These bridges, as entanglements, must 

contribute to the total friction force. Therefore, with the simple geometry of  their entan- 

glements, linear alkanes are easier to be modelled in a friction process. In this case, the 

bridging molecules, although without real bonds, may easily be described in a similar 

way as the weak bonds used in Bell and Evans '  theories I8'91. 

The new description of  confined alkane layers, the theory describing the kinetics of  

thermally activated processes subject to an imposed force and a new measuring device 

create together an opportunity to shed new light on friction forces. It is shown here, how 

in the case of  these simple molecules, this theory is able to explain friction behaviour, 

and why bridge formation and rupture is an important mechanism in the shearing of  thin 

layers of  liquids made of linear chains. 

1 Exper iments  and results 

We have constructed a friction force apparatus [121 based on the surface force appa- 

ratus (SFA) technique [131. The device is able to measure the friction force between two 

curved surfaces, along with the force normal to the surfaces and their separation distance 

with an accuracy of • A. To produce the shear, a lower mica surface is driven hori- 

zontally by a piezoelectric bimorph. The displacement waveform is a triangle with an 

amplitude of 35 gm, and the sliding speed is varied from 3 nm/s to 150 p~m/s. The fric- 

tion force is measured by a spring whose flexion is probed by capacitance plates, giving 

a sensitivity of  • gN. 

Hexadecane and dodecane were chosen because they have relative simple structure 

and their sufficient length can be considered as chain molecules. To have a high level of  

confinement, the distance was chosen to be that of  two molecular layers (9 A) and the 

load was 100 gN. Fig. 1 shows the friction force as a function of  speed. At very low 

speeds, the friction force is the least, and over a small range it increases approximately 

linearly with the logarithm of  speed. At higher values, it reaches a maximum and then 

decreases as speed is further increased. Above a few tens of  gm/s, the force increases 

again. It can be noticed that the hexadecane friction force curve has larger variations 

than that of  dodecane. 

2 Discuss ion 

When two surfaces are separated by a layer of alkane molecules whose thickness is 

twice the molecular chain diameter, one quarter of  the alkane chains form bridges be- 

tween the two layers jail . Because the first layer of  molecules is practically adsorbed on 

the mica surfaces, it is reasonable to assume that the layers move with the adjacent sur- 

face. As a consequence, during sliding, the bridges suffer a force that tends to stretch 

them and therefore to reduce their number (fig. 2). Thus f rom the bridge configuration to 
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Fig. 1. Friction force curves for hexadecane and dodecane for a load of 100 gN and for a distance between the 
surfaces of 0.9 nm. The apparatus measures the friction forces between two molecularly smooth surfaces separated 
by two alkane layers. The solid lines are fits to eq. (2). 
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Fig. 2. (a) The confined alkane chains form bridges between two mica surfaces. During sliding, chain molecules 
are elastically stretched and exhibit a time-dependent ramp force f(t) kvt. (b) The ramp force f(t) applied to the 
bridges increases their energy level, until, at a force f i ,  they undergo transition and the molecules go entirely in one 
of the two layers. 

W h e n  s t re tched,  cha in  m o l e c u l e s  exh ib i t  an e las t ic  r e s to r ing  fo rce  w i t h  a spr ing  

cons t an t  k [14]. As  a c o n s e q u e n c e ,  the  s l id ing  o f  one  l aye r  r e l a t ive  to the  o the r  at the  

speed  v wi l l  resu l t  in a t i m e - d e p e n d e n t  r a m p  fo rce  f( t)  = kv t .  T. T h e o r y  F, 91 p red ic t s  

that  w h e n  a r a m p  fo rce  f(t) is app l i ed  to one  m o l e c u l e  to he lp  it  o v e r c o m e  an ac t iva t ion  

bar-  rier, the  m o s t  p r o b a b l e  v a l u e  f * o f  the  f o r c e f  at w h i c h  it  w i l l  pass  it, va r i e s  l inea r ly  

w i t h  the  l o g a r i t h m  o f  the  l oad ing  rate  r~, here ,  f *  oc Inkv.  T h e  t i m e - a v e r a g e d  fo rce  suf-  

f e r ed  by  each  b r idge  dur ing  its l i f e t ime  is equa l  to f*/2, and its t i m e - a v e r a g e d  e n e r g y  

l eve l  is ft2/6k + 1.1kBT.. T h e  f r i c t ion  fo r ce  Ff resul t s  f r o m  the  con t r ibu t ions  o f  all the  

s t ressed  b r idges :  

n(v)f* 
F f  - 2 (1) 

w h e r e  n(v) is the  n u m b e r  o f  br idges .  U n d e r  ze ro  shear,  the  rate  o f  c rea t ion  o f  b r idges  is 
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equal to their rate o f  disappearance. As the sliding speed v is increased, the rate o f  

dis-appearance o f  bridges exceeds that of  the creation o f  new bridges until a new steady 

state population o f  bridges n(v) is reached, depending on the sliding speed. I f  all the 

bridges had their transition at the most  probable v a l u e * f  , the steady state population 

of  bridges would  be n(v) n(v) ,~ Ne 1.1 f*2 /6k '2" J  , where N is the number  of  molecules  in 

the contact area. Because of  thermal fluctuations, the transition forces ~ taken sepa- 

rately f rom each molecule  fol low a Gauss distribution. As f*  is linear inln, the friction 

force is expected to be o f  the form: 

Fr = a( lnv + b)r ,, (2) 

with 

 47/g  2edr  
a T ,  b =  in, v0 and c xl~ 2(12kkB T + ~  -2.)' 

where xp is the escape distance f rom the potential well, which is the distance the 

molecule has to travel in order to pass the activation barrier, vo is the speed at which the 

bridges disappear spontaneously (under zero force) due to thermal fluctuations, 

and cr ,~ is the hal f  standard deviation of  the distribution o f  the actual forces ~ at 2@ 
which the bridges disappear [91. 

This description predicts a linear rise o f  ~ at ultra-low speeds and a decrease at 

high speeds. The amplitude of  the rise and decrease should be higher for more bridges, 

i.e. with longer chains, and smaller for shorter chains because they are closer to spheres. 

This relatively simple description is in quantitative agreement  with the experimental 

results, as can be seen f rom the fits to eq. (2) in fig. 1 (solid curves). The fit parameters 

are displayed in table 1. 

Table 1 Values of the fit parameters a, b, c, conesponding to the molecular bridging model for hexadecane 
and dodecmle. The escape distance x[~, the number N of molecules in the contact area and the speed v0 at which the 

bridges disappear under zero force are also given 

a/!aN b c N x~/nm v o/nm �9 s 1 

CI6Hs4 39.1 0.55 0.019 0.82• 1.37 0.577 

C~2H~: 18.4 4.75 0.006 0.95• 2.08 0.009 

The number  o f  molecules N in the contact  area (table 1) is close to the one expected 

@1.3 • 108) f rom the geometry o f  the system (two surfaces with a radius o f  curvature o f  

2 cm separated by two 0.45 nm thick alkane layers). The energy barrier considered here 

is mainly the w-ork o f  removing a few CH2 groups f rom one surface and to make some 
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room in the other surface in order  to adsorb them. The large va lue  o f  the escape 

d is - tance  ,vs can be  expla ined as fol lows:  the a lkane molecu les  are not  pu l led  in a di- 

rec t ion normal  to the surfaces, but  paral le l  to them. This mode l  does not  require  the 

k n o w l e d g e  o f  the rate o f  creat ion o f  bridges.  However ,  the use o f  a Bol tzmann  distr ibu- 

t ion has some l imitat ions for a sys tem of  molecu les  in an ou t -of -equi l ib r ium situation. 

A n  al ternat ive mode l  based  on the l i fe t ime o f  the br idges  under  a force can be easi ly  

der ived  and pre-d ic t  to a s imilar  behav ior  [151. 

Several  reg imes  wi th  an increase or decrease  in fr ict ion forces  have a l ready been  

repor ted  separa te ly  in a l imi ted  range o f  speeds [4' 51. Here,  the measurements  are made  

over  a wide  range o f  speeds and a unif ied  theory is es tabl ished that expla ins  the whole  

behavior.  A t  u l t ra - low speeds,  the molecules  have enough t ime to rearrange by  dif fus ion 

and thermal  f luctuat ions,  hence  the f r ic t ion force is low (fig. 2). A t  higher  speeds, the 

molecules  have less t ime to adjust  and the rear rangements  are increas ingly  forced. Con- 

sequently, there is an increase in the fr ic t ion force. W~hen the speed is increased even 

further, the br idges  are reduced  cons iderab ly  in number  because  their rate o f  d isappear-  

ance exceeds  their  rate o f  format ion  by  an increasing amount:  the force therefore  reaches  

a m a x i m u m  and then decl ines  at h igher  speeds. Final ly,  when  the speed exceeds  tens of  

gm/s or more,  the fr ic t ion force  increases  again. We have reached a hyd rodynamic  re- 

g ime  in which  v i scous  drag is the dominan t  contr ibut ion to the shearing forces. Com-  

par ison o f  the curves o f  dodecane  and hexadecane  shows that  a shorter  chain f luid gives  

a flatter curve. 

3 Conclusion 

W h e n  confined to a few molecu la r  layers  be tween  two surfaces,  long chain mole -  

cules can form layer  interdigitat ions,  which  can be one o f  the ma in  sources of  f r ic t ion as 

w e  have shown. Molecu les  that  interdigi tate  the layers  res is t  to the ~ironing" due to 

sl iding and this generates  friction. Their  s imple geomet ry  wi l l  lead to the es tabl ishment  

o f  an analyt ical  mode l  which  can account  for the force over  4 decades  o f  speed. This 

mode l  could  be  ex tended  in future to other types  o f  molecules  and to sys tems with  more  

sophis t ica ted  entanglements .  
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