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Contact forces at the sliding interface:
Mixed versus pure model alkane monolayers
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Classical molecular dynamics simulations of an amorphous carbon tip sliding against monolayers of
n-alkane chains are presented. The tribological behavior of tightly packed, pure monolayers
composed of chains containing 14 carbon atoms is compared to mixed monolayers that randomly
combine equal amounts of 12- and 16-carbon-atom chains. When sliding in the direction of chain
cant under repulsivépositive loads, pure monolayers consistently show lower friction than mixed
monolayers. The distribution of contact forces between individual monolayer chain groups and the
tip shows pure and mixed monolayers resist tip motion similarly. In contrast, the contact forces
“pushing” the tip along differ in the two monolayers. The pure monolayers exhibit a high level of
symmetry between resisting and pushing forces which results in a lower net friction. Both systems
exhibit a marked friction anisotropy. The contact force distribution changes dramatically as a result
of the change in sliding direction, resulting in an increase in friction. Upon continued sliding in the
direction perpendicular to chain cant, both types of monolayers are often capable of transitioning to
a state where the chains are primarily oriented with the cant along the sliding direction. A large
change in the distribution of contact forces and a reduction in friction accompany this
transition. © 2005 American Institute of Physic§DOI: 10.1063/1.1828035

I. INTRODUCTION length SAMs, we have used MD to investigate monolayers
of n-alkane SAMs composed of chains of a single length

didates as boundary layer lubricants for use in nanoscal urg and those composed of chains of two lendiiixed.

devices: Because these monolayers are composed of mo\.n€e chains are chemically bound to a diamond substrate and

lecularly thin, densely packed organic moieties on solid sub?" amorphous hydrocarbon tip is used to probe friction be-

strates, they represent ideal model systems for the study 6Wefn Ir}e monct))lat)\/A(/ars art]r? tf:g tp. dT?r:S Stﬁd.y focuses Or.]t;he
lubrication at the molecular levélAs a result, the frictional contact forces between the tp an € chain groups within

properties of SAMs have been studied extensively usinéﬂhe monolayers. The friction difference between the pure and
atomic-force microscopyAFM).2-% The effects of chain ixed monolayers is elucidated by examining the distribu-
length, packing densityordep aind terminal group on fric- tion of contact forces during sliding. Insight into friction an-

tion are some of the variables that have been examinet’fompy in these systems is also gair_1ed_ ffom an egamination
Perry and co-workers used AFM to examine the friction Ofof the contact forces. The focus on individual chain groups

SAMs composed of spiroalkanedithidé: The use of this gives insight to the nature of forces exerted on the tip over
. length scales of only a few angstroms, and thus provides a

type of molecule allows the effects of crystalline order at the ™. ) ; .
sliding interface on friction to be unambiguously probed.W'ndOW'nt9 fundamental processes that is currently unavail-
The spiroalkanedithiol molecules attach to the substrate an?ibIe experimentally.

then branch into two chains. Systematically shortening one

of the chains caused a progressive increase in disorder atd SIMULATION DETAILS

an increase in friction. The effect of having longer chains  aq in earlier studies of SAMs by Harrison and
mixed with shorter chains on friction was also examined byco—worker5‘°jl'35'36'41'53‘5ﬁhis study uses the adaptive inter-
Salmeron and co-workefsin that work, the islands of al- molecular  reactive empirical bond-order  potential
kanethiols composed of chains of two lengths had highe(AlREBO).% This potential was parametrized to model hy-
friction at a given load than the islands composed of chaing,;carbon systems of all phases. Like the REB® poten-

of a single length. In addition, the two component islandsia| from which it is derived, the AIREBO potential is ca-
demonstrated a different friction versus load response at IO\ﬁame of modeling chemical reactions. Thus, the formation

loads than the one component islands. and creation of bonds than can accompany compression and

There have been a number of studies that have examing§iging are possible in these simulations. Unlike the REBO,
the structural and tribological properties of SAMs using mo-the AIREBO potential includes long-range interactions be-
lecular dynamics(MD) simulations*~* Motivated by the  yween nonbonded atoms. While for most atomic pairs in the
experimental work that examines the friction of mixed Cha'n'system it is very clear whether the atoms are bonded or not
during a chemical reaction atomic pairs can arise for which
dElectronic mail: mikulski@usna.edu the bonding characteristics are not clear. The strength of the

Self-assembled monolaye(SAMs) are promising can-
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carbon-atom chaing-(CH,) 15— CHz], which are randomly
mixed. This two-component mixture results in a monolayer
with the same total number of carbon and hydrogen atoms as
in the pure monolayer. Thus, both systems examined here
(substrate plus SAMcontain a total of 5500 atoms; this
ensures that any tribological differences between the pure
and mixed systems are not associated with a differing num-
ber of atoms or monolayer mass. The samples were equili-
brated prior to combining with the model tip. Equilibration
reveals a highly ordered structure with chains canted pre-
dominantly in theyz plane(Fig. 1) and leaning in the posi-
tive y direction as seen in previous simulatiohg>36:41:53-55

The ability of the AIRBEO potential to model the break-
ing and forming of bonds was important in the construction
of the model tip. In this work, the tip, or counterface, was
constructed from amorphous carbon because a number of
groups that perform AFM experiments of friction are begin-
ning to use diamondlike carbon coated tifsnd because it
is not commensurate with the monolayer. Several techniques
for generating amorphous carbon samples have been de-
scribed in the literatur®~"* The most computationally fea-
sible technique is the quenching of liquid carbon. While this
method is simple and effective, it is difficult to generate
amorphous carbon films with different structures or with
suitable surface structuré5%4 Because we are interested in
generating samples that have properties similar to those ob-
tained experimentally, and with a surface structure where all
bonds are saturated, adaptations have been made to the
guenching techniques described in the literature. Saturating
all the bonds on the surface of the tip ensures that adhesion
between the tip and the monolayer will not odéuso that
wearless friction can be unambiguously examined.

A high-temperature liquid hydrocarbon mixture is gener-
FIG. 1. Snapshots of some of the model systems under investigation. CaAt€d by equilibrating a random distribution of carbon and
bon bonds are shown in thick wireframe, hydrogen atoms are shown as grdyydrogen atoms at 10 000 K. The periodic boundary condi-
spheres. The pure SAM is composed of 100 chains each with 14 carboflgns in thexy plane match those of the model SAMs. To

atoms anchored in aX@2 arrangement to a diamor(d11) substrate. The . . .
mixed SAM is similarly constructed with a 1:1 ratio of 12 and 16 carbon- provide an environment that encourages the formation of a

atom chains randomly mixed. The top two snapshots show the pure antRirly flat surface with hydrogen termination, the carbon at-
mixed monolayers under loads of 20 fBL90 GPa The bottom snapshot oms were confined to a smaller length in thelimension

shows the mixed monolayer at a load of 0 nN. than thez periodic boundary conditions during equilibration.
This mixture was quenched over a picosecond time interval
because this is the time scale associated with the cooling of
AIREBO potential is that it smoothly interpolates betweenthermal spikes following ion deposition in the growth of
the bound and unbound states in a self-consistent mannemmorphous carbon structur&sThe sample was then equili-
This is accomplished by modifying simple pairwise interac-brated at room temperature with periodic boundary condi-
tions according to the local chemical environment of eachtions in only thexy plane. The resulting tip density is
pair. ~2.3 g/en? and 35% of the tip atoms are hydrogen. These
Each model SAM is composed of 100 linear hydrocar-specifications fall within the wide range of specifications that
bon (n-alkang chains covalently bonded in <2 arrange- characterize diamondlike carbéhA nominally flat surface
ment to a diamond11l) substrategFig. 1). Recent simula- is desired because typical AFM tips have radii of curvature
tions that examined the friction of alkylsilane monolayersof the order of hundreds of angstroms, whereas the model
showed that system dynamics were independent of systesystems under investigation here are only of dimensions 50
size, for systems between 100 and 1600 ch#ireriodic by 44 A (a size that is computationally feasibl@he surface
boundary conditions of=50 and 44 A are imposed in the contained a few unsaturated carbon atoms and exhibited a
plane containing the monolayexy plane. The diamond number of complex and a few unphysical features; conse-
substrate is composed of three layers of carbon atoms eacjuently, the structure was trimmed back and some carbon
containing 400 atoms. Each chain of the pure SAM has th@toms were hydrogen terminated. Following these modifica-
formula —(CH)13—CH;. The mixed SAM contains equal tions, the tip was further equilibrated. The resulting surface
amounts of 12 carbon-atom chains(CH,),—CHz] and 16  of the tip exhibits a mild level of roughness and a high level
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of chemical saturation. The full amorphous structure waof the forward tip motion at a given simulation step. Of the
sliced at a plane of constant height in thalirection such two million simulation steps in a given sliding simulation,
that the tip used in the simulations contains 5500 atomsonly 1.2% of these steps are steps where the tip changes
Slicing severs many chemical bonds at the top of the tipdirection.
Therefore, of the remaining tip atoms, the top 1500 atoms Contact pressures in AFM experiments typically range
are held rigid relative to one another to insure that the lowesfrom 0.1 to several gigapascals. Except for terminal groups,
rigid atoms that are directly bound to free atoms have alBlkyl chains of alkanethiofsand alkylsilane§’ retain their
bonds still intact. well-ordered close-packed structure in this pressure range. At
The key feature of the model tip is the lack of periodic much higher localized pressures, it is possible to use an AFM
structure beyond the periodic boundary conditions of the systiP to laterally displace SAM molecules and disrupt their
tem. A distinguishing feature that differentiates the pureordered structure on the substrate su.rf7§c'éhe target load
monolayers compared to the mixed monolayers is their orof 20 NN examined in these simulations corresponds to a
dered structure at the tip-monolayer interface when under Bressure of 0.90 GPa and thus falls conservatively within the
substantial loadboth monolayers show ordered structure in"ange routinely probed by AFM experiments where SAMs
the lowest 12 chain groupsThe use of an amorphous tip Maintain their ordered structufdin a computational study
ensures that any difference in friction between pure and the higher pressures where lateral displacement of SAM

mixed monolayers is not due to a commensurate geomenﬁlolecules_on the substrate has been observed experimentally,
between tip and sample. may be important to address careful_ly how the bonding of
Sliding is accomplished by moving the rigid atoms of head groups to the subs'Frate eurface is modeled. .
: . Initial simulation configurations were created by placing
the tip at a constant speed of approximately 0.22 A/ps alon%1e

the sliding direction. This speed is typical for MD simula- . . .t|p over Fhe monolayers in posmone that .m|n|m|zed the
. ) : .~ initial potential energy. Four such configurations, that dif-
tions of this scale due to computational limi-

. ; fered in the position of the tip in they plane, were con-
tations1-333536.4153-5 4t orders of magnitude larger than b P yp

) - 123.25.26,72.73 structed for each monolayer. These eight systems were then
experimental sliding speeds: Grest and co- equilibrated while sliding along the direction of chain cant
workers have undertaken a study of the effect of slldmg(to the right in Fig. 1 and adjusting to the target load. A

speed in alkylsilane monolayers and have shown that syste ojection of the chain backbones, moving from the bottom
dynamics were similar using reletive_speeds of O.g, 2, and 28& the chain to the top, in they plane points predominantly

m/s between two monolayers in sliding contéfet’ Perry _in the positivey direction. Several target loads were exam-
and Harrison also found that the friction between contactingned. 1n this work, results for a target load 20 nN are the
diamond(100) surfaces was independent of sliding spéed. primary focus with some commentary on 0 nN target load
In hydrocarbon systems, the simulation time step is governeghgits. Once the systems showed steady-state dynamics and
by the fastest process modeled, or the vibration of hydrogegjiding conducted past a full length of the sample, sliding

atoms. The adopted time step of 0.20 fs means that tw@uas continued and friction data were collected for two full
passes over the sample requires two million simulation stepgasses across the sample.

and corresponds to a modeled sliding time of 400 ps and a
sliding distance of 88 A. Berendsen thermostats set at 290 K
were applied separately to the tip and sample to dissipate tHd- RESULTS
heat generated by sliding.’® The results reported here are A. Net friction

msensmve te the type .Of thermostat used. Snapshots of pure-monolayer and mixed-monolayer sys-
The sliding simulations reported here were conducted alt

. S ms under 20 nN of load and of the mixed-monolayer sys-
a constant target load. The load on the tip was mamtameri
n

ith imole feedback | A h h . m under O nN of load are shown in Fig. 1. At the sliding
with a simple feedback loop. At each step, the net vertica terface, the mixed system is disordered under repulsive

force (load) exerted on all the tip atoms was calculated. 'ftheloads because the ends of the randomly attached long chains
Ioad_calculated in th.is way .did not equal the target load, aII(16 carbon atomshave collapsed to fill the vacant volumes
the tip atoms were either raised or lowered by an améant  qyer the short chain€l2 carbon atoms Because all chains
where 5z=0.15y. The quantitydy is the fixed distance the j, the mixed system have at least 12 carbon atoms in the

rigid atoms of the tip are moved along the sliding direction atepain backbone, the lower 12 chain groups in the mixed
each simulation stepdy~4.4 fm). While the load calcu- monolayers show the same uniform cant and ordered struc-
lated using rigid tip atoms correlates very strongly with thetyre that is evident in the pure monolayers where all chains
load calculated using all tip atoms, summing over only rigidare of the same lengtfi4 carbon atomsAt 0 nN of load,
atoms introduces a much higher level of variation over interthe long chains of the mixed systems are stretched out, tak-
vals of only a few simulation steps compared to summinging on a uniform cant that extends over the full length of all
over all tip atoms. Using all tip atoms renders the feedbackhains. Thus, the volume above the short chains is unfilled.
loop insensitive to the large variation in forces between therhe application of load to the pure monolayer increases the
rigid tip atoms and the free tip atoms to which they arecant of all the chains without introducing disorder at the
directly bonded. The degree to which the vertical motion ofsliding interface. This effect was also observed when a
the tip responds to changes that occur over single simulationydrogen-terminated diamon@l1l) surface was used to
steps is also minimized by fixing this motion to be only 10% compress the monolayets>64!
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TABLE . Friction and load results for the pure and mixed systems. Fourscaling approximately with the number of chains in direct
independent slideslabeledA, B, C, and D) were conducted for each cqntact with the tip. With twice the number of chains at half

monolayer type. The average force between each monolayer chain grotﬁg}e friction per chain. the net friction in re svstems is
(—=CH,— or —CH;) and the tip is calculated every 2000 simulation steps Ict P n, Ict In pu Yy :

(0.083 A of sliding. Positive and negative contributions to each componentCOmMparable to that in mixed systems at 0 nN (0.34 nN
of the net force between the sample and the tip are tracked separately by 0.02 and 0.38 nit 0.03 for the pure and mixed systems,
noting the sign of each force component for each chain group over eaCPeSpeCtively

2000 simulation step window. Positive and negative contributions to the

friction and load are indicated in normal type while the net friction and load

are indicated in bold. B. Contact forces

System Frictior(nN) Load (nN) In an effort to gain insight into the differences in friction
PureA 5.56-4.78=0.79 27.41-7.33=20.08 between pure and mixed monolayers, contact forces between
PureB 5.55-4.63=0.92 27.37-7.30=20.07 the tip and monolayer chain groups were examined. A chain
PureC 5.57-4.69=0.88 27.40-7.33=20.06 group is composed of a —GH or a —CH entity. The con-
PureD 5.56-4.73=0.83 21.37-17.30=20.07 tact force on a single chain group is defined as
Mixed A 5.15-3.29=1.86 25.07-5.01=20.06 .

Mixed B 5.15-3.20=1.95 25.03-4.92=20.11 1 N/ tip group
Mixed C 5.14-3.33=1.81 25.05- 4.98=20.07 F=—> (2 > ij), (1)
Mixed D 5.16- 3.26=1.90 25.06-5.01=20.05 NT T %

wherei is the sum over 2000 simulations step$)( j sums
over the 5500 tip atomgk sums over a given single carbon
atom of the SAM and its attached hydrogen atofcisain
Taking the sliding direction as positive, the definition of group, andFj, is the instantaneous force between atgms
friction that is most closely connected with the quantity thatandk. Two passes of the tip over the sample corresponds to
is measured experimentally is the size of the average né&x 10 million simulation steps. Thus, the contact force is
force on the rigid atoms of the tip along the sliding direction. calculated 1000 times for each chain group and is averaged
A comparison of the friction calculated using this definition over 2000 steps. Averaging forces over 2000 simulations
against a calculation of the net force along the sliding direcsteps corresponds to 0.083 A of sliding, or 1/500 of the
tion on all atoms in the sample shows that both give the samkength of the sample. This time-averaging window is small
result to within less than a percent for all systems undeenough to track atomic-scale dynamics and large enough to
investigation here. Furthermore, though the instantaneousverage out thermal fluctuations.
force on rigid tip atoms can show much larger rapid variation ~ The contact force along the sliding direction of each
than the instantaneous force on all sample atoms, these quachain group can be characterized as either resisting the mo-
tities are very highly correlated. In the following discussion, tion of the tip(positive force or pushing the tip in the sliding
focus is placed on the forces on all sample atoms becausirection(negative forcg In the same way, each chain group
there are a number of ways in which these forces can bi characterized as either being in repulsive confaasitive
analyzed to gain insight into system dynamics at the slidindorce) or attractive contactnegative forcgwith the tip. Sig-
interface. nificant insights can be obtained by separating these positive
The friction and load calculated from two passes overand negative contributions to the friction and the load and
the sample are shown in Table | for all simulation systems asumming over all chain groups in the sample. Table | shows
a target load of 20 nN. The net friction and load are shown irthe average contact forces for both the pure and the mixed
bold. The pure systems consistently exhibit less than half ofystems when sliding along the direction of chain cant. The
the friction found in the mixed systems. This is a generalsame net forces can also be obtained by summing the net
feature of these systems when the loads are substantifdrce on each sample atom due to interactions with all atoms
enough to collapse the ends of the long chains in the mixed the system and averaging over the run. However, the sepa-
system(loads of a few nanonewtons up to at least 30 nN orration of these net forces into positive and negative contri-
1.4 GPa and when sliding along the direction of chain cant. butions from interactions between chain groups and the tip
It should also be noted that the same results are obtaineglies on the definition of contact force given above.
using a variety of load management methods, such as adjust- The magnitudes of the positive and negative forces in all
ing tip height by using stronger feed back loopsz( the pure systems exceed those found in all mixed systems
=0.38y and 6z= 8y) or by choosing a fixed height slide.  without exception. This is also true of the transverse compo-
At attractive loadga few nanonewtons below 0 nldnd  nent of the contact forc&éhe component in the plane con-
at 0 nN, the contact area is significantly different in these twdaining the monolayer but transverse to the sliding diregtion
systems and this has a substantial effect on the overall frickhe average separation between the rigid layers of the tip
tion. In this load regime, friction per chain group in strong and sample is 0.91-0.94 A larger in any given mixed system
contact with the tip exhibits the same dramatic differencethan it is in any pure system. Thus, the ordered, and slightly
between pure and mixed systems that is observed at positiiatter, surface of the pure systems brings more atoms near to
loads. However, in the mixed system only the long chains, othe tip. This results in larger attractive forces and requires
half as many chains as in the pure system, are in contact witlarger repulsive forces to maintain the 20 nN target load. The
the tip at 0 nN. The load of 0 nN is achieved by a balance oglightly-flatter structure of the pure systems does not inhibit
attractive and repulsive forces with the net repulsive forceghe generation of force components in the sliding plane to
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FIG. 2. The distribution of contact forces along the sliding direction. The FIG. 3. Average deviation along the sliding direction of the top 200 mono-
force between each chain group (—£Hor —CH;) and the tip is binned  layer chain groups relative to their starting positions for both the pure and
over intervals of 2000 simulation steps for the top 200 chain groups of eaclmixed systems. Sliding is in the direction(to the right in Fig. 1.
monolayer(the top two chain groups of each chain in pure SAMs and the

top four chain groups of each long chain in mixed SAMBositive force

intervals correspond to chain groups resisting tip motion, while negative . . . . .

force intervals indicate chain groups pushing the tip along. Friction can bd@rger resistance to tip motion in the smaller, positive force
calculated by summing all bins. The top figure compares pure and mixedntervals. In contrast, the negative contact for(fesces that
monolayers when sliding in the direction (to the right in Fig. 1. All four pUSh the tip alon)gof the pure and mixed systems are mark-

runs (A, B, C, andD) are binned together for each monolayer type. The . :
bottom figure looks at a single pure monolayeun C) after sliding has edly different. This suggests that the ordered structure of the

been switched from thg direction to thex direction. After sliding over a ~ PUre systems is conducive to returning the energy stored dur-
significant length of the sample, the chains within this pure monolayer roing resistive processes as mechanical energy, while the dis-
ta}ted so that they were more glig_ned_ with the new sliding directi_on. Thegrdered, slightly less dense, structure of the mixed systems at
ZLs;?ngSr.am compares the force distribution before and after the rotation of th?he sliding interface results in the conversion of the stored
potential energy into thermal energy. The resistive forces at
medium to high force intervals indicates that the scale of
achieve low friction. Rather, the pure systems are characteforces is similar in the pure and mixed systems. While the
ized by either larger, and/or more frequent, interactions belarger forces in the pure systems at small positive force in-
tween tip and sample along the sliding direction. Thereforetervals indicate a more densely packed structure that brings
pure systems exhibit lower friction not because the scale omore chain groups in more frequent contact with the tip.
forces is smaller, but because there is significantly less difwith its densely packed structure, the pure monolayer chain
ference between forces that resist tip motipositive con-  groups exhibit a much higher level of symmetry between
tributions to the friction and forces that push the tip along positive and negative forces along the sliding direction.
(negative contributions to the friction The coordinated response of chains in the pure systems
Only those chain groups close to the sliding interfaceduring sliding aides in the recovery of mechanical energy.
generate appreciable contact forces. In the pure monolayefihe average deviation along the sliding direction of the top
at the target load of 20 nN, the 200 groups closest to th00 chain groups relative to their starting positions is shown
interface are the top two groups from each of the 100 chainsp Fig. 3. The position of a chain group (—GH or —CH;)
while the top 200 SAM groups in the mixed monolayers areis taken to be the average position of the group’s carbon
the top four groups of each of the 50 long chains. The lowesatom averaged over 2000 simulation steps. It is clear from
12 groups of each chain in all systems are excluded with lessxamination of these data that chains in the pure system re-
than 1% effect on the net friction and less than 2% effect orspond in a correlated manner to the motion of the tip, and
the positive and negative contributions to the friction. maintain the periodicity of their arrangement on the substrate
The individual contact forces on the top 200 groups ofdespite the fact that the tip is amorphous. This type of coor-
each SAM can be plotted as a histogram. Figur@@per dinated motion has been observed in previous simulations
pane) shows the distribution of contact forces in the sliding where flat, periodic tips have been uséd®*!In contrast,
direction for both the pure and the mixed systems with thehe groups in the mixed system do not reflect the underlying
four independent runs binned together. In this figure, the deerder of the lower groups of the monolayers or the substrate.
pendent variable is the summed net force in each force inteffhe positions of chain groups in the mixed system vary over
val (friction is thus the sum of all bingather than a count. a much wider range than the groups of the pure system. This
Forces that resist the motion of the tip are positive and those confirmed by a calculation of the standard deviation of
that “push” the tip in the sliding direction are negative. The position along the sliding direction for each chain group av-
shape of the distributions containing the positive forces israged over the top 200 chain groups. Mixed systems give an
similar for the pure and mixed systems. Thus, the pure andverage standard deviation of 0.58 A whereas pure systems
mixed systems resist the motion of the tip in similar fashionsgive an average deviation of only 0.25 A. Earlier studies
though the pure systems exhibit a higher frequency of smalktonducted by our group have also found this correlation be-
resistive interactions, which is apparent from the noticeablytween restricted range of motion and lower frictitn.
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- . . o . FIG. 5. Average deviation along the sliding direction of the top 200 mono-
FIG. 4. Characteristic trajectories of individual chain groups from pupe |aver chain groups relative to their starting positions. The sliding direction is
per panel and mixed(lower panel monolayers while sliding in thg direc- i, "yhe v direction (out of the page in Fig. Jwith the chains initially canted
tion. The deviation is the change in position along the sliding direction ;. they direction. The steep rise over aliguA evident in most systems
relative to th'e. Cha'? Erouﬁs_ startlng’ posmt;()posmon is taken to b_e thle ._corresponds to a change in the azimuthal angle of the monolayer chains so
average position of the chain group's carbon atom over 2000 simulationy, they are more closely aligned with the sliding direction. Al four of the
step_$. The four trajectories chosen for each monolayer type are the fou?nixed monolayer runglower panel A, B, C, andD undergo a transition.
chain groups from the set of runs(B, C, andD) that generate the largest 1y jashed vertical line in the upper pariplire system represents the

net contact force along the sliding direction. position of a transition from high frictiof2.45 nN to low friction (1.21 nN
in the first system to transition.

A detailed examination of the motion of the individual Lo . .
) . - ) . though it is possible that the untransitioned pure systems
chain groups reveals a variety of characteristic motions. Fig- . . )
" - - would undergo a change in chain cant upon continued
ure 4 shows the position along the sliding direction of a few_,." .

) . . . .sliding.
representative trajectories for each system. These trajectories 9

. - : Further insight into the reorientation of the monolayer to
are the four chain groups of the four sliding systems that give . . o
- .~ < 7anew orientation can be gleaned from an examination of the
the largest average contact force along the sliding direction. _. S . .
. . . . azimuthal angles of the individual chains. The azimuthal
The trajectories of chain groups from the mixed systems

. . angle is defined in the following way. Consider tkandy
typically show a wider range of movement by way of larger
. . components of the vector from carbon atorfclbsest to the
movements around a general area and dramatic rapid transj- - o
. ... substratgto carbon atom 11 inside each ché&ihain vectoy.
tions from one general area to another. The general differ=

. . The azimuthal angle is taken to be the inverse tangent of
ences between the pure and mixed systems are dramatlcaﬂ_ g 9

. . g : I_yyx. Thus, the azimuthal angle is the angle betweenxthe
characterized by these trajectories; however, they fail to cons.” = . oo :
.direction and the projection of the chain vector constructed

Yf?ey tZ?g ;hosl:gsqletwh;? gﬁénv\??r:’o?;r:qeeﬁ?%t;?ec?al?cglrlou;;slofom carbon atoms 1 to 11. The azimuthal angle for all 100
P y ypically chains is plotted as a function of sliding distance for the pure

S:‘rf: with chain groups from the mixed systems and Vlcesy:stem that transitions after 60 A of sliding in thelirection

(Fig. 6). At the start of the sliding, the angle is close to 90°
indicating that the chains are primarily canted in yhdirec-
C. sliding direction tion. As sliding progresses, the chains within the monolayer

After steady-state sliding along tlyedirection(predomi-

nate direction of chain cantvas established, the sliding di- 100 N

rection was changed to thedirection in all eight systems. &

Analyses of the distribution of contact forces and the average § gg

deviation of the position of the chain groups from their initial §’

positions were also done for these slides. At the beginning of 3 70

the slides, the cant of chain backbones is nearly perpendicu- 2 60

lar to the sliding direction. Examination of the average de- % 50

viation of the position of the chain grougfig. 5 in the 3

mixed systems shows that all mixed systems undergo a tran- £ %

sition corresponding to a rotation of the chains within the < 30 ;
monolayer in the horizontal plane. A signature of such a 20 . . . . . . .
transition is the increase in the averaggosition deviation 0 10 20 30 40 50 60 70 80
from near zero to large positive values around 7 A. After the Sliding Distance (Angstroms)

trf_inSItlon’_ the Can_t _Of th_e remlented chains is more CIOSeI¥IG. 6. Azimuthal angle, the angle between chain backbones projected into
aligned with the sliding direction. In contrast, only two O_f t_he the xy plane and the sliding direction, as a function of sliding distance for
pure systems successfully transition after 88 A of sliding,the first pure system to transition by way of rotation of the entire monolayer.
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make several attempts to transition. This is apparent from thmixed systems also show a change in contact-force-
periodic downward spikes in the angles extending down tdlistribution shape after the systems transition. However, this
70°-75°. After~52.5 A of sliding, the chains within the effect is not as pronounced as it is in the pure systems.
monolayer begin to reorient. The angles of the individual

chains begin to decrease. After65 A of sliding, the reori- V- DISCUSSION

entation of the chains is complete and all the chains have A number of groups have used AFM to examine the
azimuthal angles slightly larger than 30°. Thus, the chainsriction of alkanethiof* " 111223263079 gnq  glkylsilane
have passed over a potential energy barrier between tw8AMsE® These experimental studies show that as the length
crystallographically equivalent directions of the underlyingof the alkanethiol chain increases, the friction decreases.
diamond substrate. The azimuthal angle as a function of slidHowever, it has also been shown that as the chain length
ing distance shows the same general behavior in the mixeiticreases so does the packing derfSityhus, it seems that
system. Note that in the intermediate region of the transitionncreasing the packing density of the chains, and thereby
there is a spread in chain angles that is over 40° wide. Thukicreasing order within the monolayer, decreases friction.
the transition does not occur in complete unison across aff€rry and co-workers used spiroalkanedithiol-based SAMs

chains in the monolayer, though all chains do respond withif® unambiguously ~ examine the effect of —order on
a few angstroms of sliding. friction.©"**In these studies, the packing density at the point

Both the mixed and the pure systems exhibit higher fric_where the chains attached to the substrate was fixed. Because

tion when sliding in thex direction compared to thg direc- two chains originate from each attachment point, varying the

tion. Friction in the pure systems shows a dramatic increasl?tng:‘h of ci?e. of these; chams_ aItersi thﬁ prder at the SI'd('jn?
of over a factor of 2 with the change in sliding direction. The Nt€Mtace. various surface science techniques were used to

. o . S confirm that shortening one of the chains led to more disor-
new sliding direction does not “see” the same periodicity as .

- - o e .7 ““der at the surface of the monolayer. The more disordered
the original sliding direction(recall the differing periodic

bound diti in th dv directi d h systems had higher friction. Salmeron and co-workers exam-
oundary conditions |n.t & andy irections due to the ined islands of alkanethiols composed of only 12 or 16 car-
structure of the underlying diamord11) substrate. Conse- bon atoms and islands containing a mixture of 12 and 16

quently_, t.he orientgtior_l and organization of chains relative.tcbarbon-atom chains. The measured friction of the mixed-
the x sliding direction in the pure monolayer after the reori- -phain system was always higher than the islands with chains
entation are different than they were in the analogpuB-  of one length. In addition, the response of friction to load
rection slides. Thus, while the friction does decrease after th a5 different in the mixed than in the pure islands under low
reorientation(transition, it is still higher in both systems |oads. Thus, the correlation between crystalline order and
than in the originaly direction slides where chains were nanoscale frictional properties is well established.
aligned along the sliding direction and were aligned favor-  In a unique study, van de Veges al. examined the tri-
ably with respect to the crystal structure of the underlyingbological behavior of opposing surfaces of unsymmetrical
substrate. dialkyl sulfides on Au with varying chain lengths using a

Focusing on the first pure system that transitions, thescanning force microscopéThese molecules are also com-
vertical line near 60 A of sliding in Fig. 5 indicates the posed of two chains and one attachment point to the sub-
region where a transition from high friction to low friction Strate. In this work, both the tip and the substrate were cov-
occurs. The size of the fluctuations in the average deviatiogred with monolayers. The tip was covered with chains
data are larger before the transition compared than after tHgomposed of a mixture of 10 and 18 carbon atoms. The
transition. In addition, the average standard deviation of€ngths of one of the chains in the substrate was systemati-
chain group position along the sliding direction for the un-cally varied an_d the frictipn measured. As the d_ifft_arence be-
transitioned pure systems is 0.46 A compared to the 0.25 Aveen the chain lengths increased so did the friction and the
for the pure systems when sliding in tiedirection. Both of fr!ct!on cpefﬂuents. Ir_1 this case, the_quthors attribute Fhe
these comparisons show the correlation between restrict HCtIOI’] dlfferepces to increased interdigitation of the chains
range of motion and low friction. Histograms of contact etween the tip _and the monqlayer.

. " Two compatible hypothesis have been put forth to ex-

forces for the first pure system to transition were constructed

by separating the pretransition and posttransition phases. It SIain the correlation between friction and order. Salmeron
y Sep g P anap on p . and co-workers suggested that it is easy to deform the pro-
clear that the shape of the positive and negative force distr

butions h h q it of th ition: th : fruding ends of the moleculdsThe increased number of
utions have changed as a result of the transition: the scale QLo rmation modes leads to increased energy dissipation and

forces (the size of forces in the medium to high positive ye pigher friction. Perry and co-workers argue that the
force intervals is significantly less, and the negative force |gosely packed chains undergo enhanced van der Waals con-
distribution shows a more even distribution across negativeyct with the AFM tip, which gives rise to enhanced frictional
force intervals. With regard to sliding direction, it is the Sca|eresponses during sliding. In other words, the number of
of resistive forces that is primarily responsible for the ob-atomic contacts falling within a given area of contact is
served friction anisotropy; whereas, in the comparison abovgreater for liquidlike films(disordered than for crystalline
between mixed and pure monolayers, it was the degree dfims2!

symmetry between resistive forces and “pushing” forces that  The molecular dynamics simulations reported here were
explained the observed frictional differences. Some of thaimed at elucidating the connections between order and fric-
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tion. The friction of SAMs composed of 14-carbon-atom fects of commensurability between the tip and the SAM, an
chains(pure systemsand those composed of a random mix- amorphous carbon tip was used for the studies reported here.
ture of equal amounts of 12- and 16-carbon-atom chain3he use of an amorphous tip clearly shows that at least under
(mixed systemswas examined. When sliding along the di- the specialized circumstance of sliding in the direction of
rection of chain cant under repulsive loads, pure SAMs conehain cant, there are notable differences resulting in lower
sistently exhibit less than half the net friction of mixed net friction under repulsive loads for pure SAMs contrasted
SAMs. The origin of this friction difference was elucidated with mixed SAMs.

by examining the contact forces between the tip and the in- The ordered densely-packed structure at the sliding in-
dividual groups in the chains that compose the SAMs. Ex{erface is a necessary, but not a sufficient condition for yield-
amination of the contact forces allows for lateral force to being low friction. Specifically, if the sliding direction is
separated into components that resist slidipggitive forces ~ changed to one that is transverse to the cant of the chains the
and those that push the tip in the sliding directioegative friction increases. For example, the high level of symmetry
forces. Thus, the net friction is obtained by summing the evident in the force distributions of both systems is lost due
positive and negative contributions to sliding. Though pureto both an increase in resisting forces and a decrease in push-
SAMs show a higher frequency of interactions betweering forces when the sliding direction is changed. However,
chain groups and the tiflue to the uniform chain length  under continued sliding in the direction perpendicular to
they possess a high level of symmetry between forces th&thain cant, SAMs are capable of reorienting by way of a
resist the motion of the tip and forces that push the tip alongrotation of the monolayer chains such that the symmetry be-
It is this symmetry between positive and negative forcegween positive and negative forces along the sliding direction
along the sliding direction, rather than the overall scale ofS at least partially regained. While reoriented pure SAMs
forces or the strength of resistive forces, that is responsiblehow a lower friction than reoriented mixed SAMs, pure
for the low friction of the pure monolayers. In other words, SAMs are less likely to make the transiti¢only two of the

the ordered, densely packed nature of the pure monolayefgur pure SAMs transitioned after approximately two passes
allows the energy stored when the monolayer is resisting ti®f the tip across the samplerhe conditions that result in the
motion (positive forceto be retained as mechanical energy reorientation of SAMs are currently under investigation.
when the monolayer pushes on the (figgative forces The
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