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Tribological behavior of a polymer grafted on silanized silica probed with a nanotip
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The frictional forces between grafted layers on silica and a nanotip have been investigated as a function of
the tip velocity. A comparative study has been performed between the friction behavior of the triethoxysilane
molecules and polymer grafted on the silica. The polymer, a substituted polyacetylene, has been grafted
following a two-step process. The silica surface is first pretreated with the triethoxysilane molecules, then the
polymer is grafted on the silane molecules acting as a coupling agent. This two-step process allows the
polymer to be firmly fixed. The good reproducibility of the data is accompanied by a robustness in the friction
behavior. Both the silane molecules and the polymer grafted on the coupling agent show a linear increase of the
force of friction with the logarithm of the sliding velocity. For the polymer, the force of friction is doubled that
measured for the silane molecules and the forces of friction are found to be linearly dependent of the effective
applied load. These two results are also supported by the measurement of the dynamic friction coefficient of
the two grafted layers. The trends in these friction data have been found to be amenable to an analysis based
upon a simple stress-modified thermally-activated Eyring model. A good consistency of the evolution of the
different parameters, shear strengths, and barrier heights, computed with the model is obtained. From these
results and their interpretation one gets a step forward for more quantitative information to be extracted with
an atomic force microscope. Also, with the help of the Eyring model we provide a qualitative interpretation of
what process is taking place to explain the increase of dissipation when the sliding experiment is performed on
the grafted polymer.@S0163-1829~97!06435-7#
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I. INTRODUCTION

Scanning probe microscopy~SPM! has evolved during
the last decade to probe surface properties at the nanom
scale. Among them, scanning force microscopy~SFM! has
shown a tremendous development, a part of which be
dedicated to the study of tribological properties. For mos
the engineers and scientists working in the field of tribolo
friction force microscope~FFM! and more generally SFM
are additional tools which give the possibility of probin
friction processes at the nanometer scale, thus providing
opportunity of increasing the knowledge about friction.1,2

Pioneering works were performed by Overneyet al. and
Radmacheret al. in which it was shown that organic film
either physically or chemically adsorbed on the solid s
faces can exhibit a high friction contrast.3,4

The description of energy dissipation during the fricti
process is still an unsolved problem. One reason is that
cannot access what is taking place at the interface du
sliding, thus making quantitative analysis and interpretat
difficult to achieve. When a nanotip is used, the situation
even worse as we do not have access to the contact
between the tip and sample, normally a rather large dr
back as far as tribology is concerned.

Nevertheless, there are ways to overcome this main d
culty, either because an accurate knowledge of the con
area between the tip and sample is not required or becau
comparison between several kinds of measurements on
ferent samples allows the experimentalist to extract the
evant variations. One approach that has made progres
560163-1829/97/56~12!/7694~10!/$10.00
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removing some uncertainty at the tip-sample interface is
creased control over the chemical nature of the two inter
ing surface species.5,6 Another tact that minimizes the ab
sence of knowledge on the contact area is to investigate
influence of the tip velocity on the tribological behavior
grafted surfaces.7,8

To get a better understanding of what is occurring un
the tip, several attempts were performed, among which is
mechanical contact between two elastic solids.9–11 Using
such a theoretical framework means that the tip and volu
of the sample under the tip are considered as continuum e
tic medium. But up to now, there has been no clear exp
mental evidence that these theories can be called up to in
pret most of the situations encountered with an atomic fo
microscope~AFM!. Dissipation and plastic deformation ma
also occur, which, in many cases, make those theories
useful.

Some interesting attempts were performed in
ultrahigh-vacuum~UHV! AFM. Carpicket al.12 have shown
that the interfacial shear properties between the tip and
face was satisfactorily described with the help of t
Johnson-Kendall-Roberts~JKR! model.10 But first it con-
cerns a very specific experiment on fresh mica cleaved
UHV, and second, the radius of the tip was measured
found to be around 150 nm,12 such that the curvature i
rather smooth and cannot be considered as being truly on
nanometer scale. Putmanet al.13 compare experiments per
formed in UHV and in air. The authors show that a line
relationship between the friction force and an effective lo
is obtained in UHV, while a JKR relation is obtained in a
7694 © 1997 The American Physical Society
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56 7695TRIBOLOGICAL BEHAVIOR OF A POLYMER GRAFTED . . .
Putmanet al. ended with the conclusion that a multiasper
effect occurs in UHV, while in air the influence of contam
nant molecules induces a smooth contact.

Other attempts to understand the friction process wa
evidence a clear relationship between the pull-off force,
lated to the adhesion, and the friction force. Using an AF
with tips coated with several different chemical species, F
bie et al.5 show that the friction force increases as the pu
off force increases. The experiments performed with a sc
ning force apparatus~SFA! on various monolayers leads to
more subtle relation between adhesion and friction. The
perimental results obtained by Yoshisawaet al.14 have been
interpreted in a way indicating that the magnitude of t
friction is proportional to the hysteresis of the adhes
rather than to the adhesion itself.

It does appear now that the relationship between the p
off force and the friction is often verified experimental
with an AFM. Nevertheless, except for the work of Carpi
et al.,12 an exact, accurate demonstration of the use of
JKR model to describe friction measurements remains q
tionable.

A way to get a better understanding of the friction is
vary the velocity of the slider. This has been made in sev
experiments,7,8,14–19showing its influence and becomes to
more regularly used with an AFM. The effect of the slidin
velocity can be of some help to access to the structure of
investigated monolayers. As suggested with the dyna
phase diagram representation of the rate of energy diss
tion as a function of the sliding velocity,14,15,17,18we can
decide either if the monolayer has a liquid, solid, or am
phous structure. Typically in the range of velocity accessi
with the AFM ~micrometer per second!, one cannot expect to
observe any velocity dependence if the monolayer is
much rigid or compact. Only when a liquid state is met
we expect to measure an effect.

Beyond a dynamic phase diagram, several phenome
logical models have been used to get more quantitative
formation. One is to borrow an approach describing the v
coelastic behavior of complex polymer materials such as
William-Landel-Ferry~WLF! approach.14,15,17,18It has been
discussed in a few occasions, but the structure of the e
tion is not very convenient as it does not give an easy tr
table relationship between the velocity and friction force.7,20

Therefore, the main help is to give a way to fit data show
that the amount of energy dissipation is velocity depende

Another phenomenological model is an Eyring-ty
model of thermally activated process.21,22 Experimental
works have been successfully described that way.15 Pressure,
temperature, and velocity dependence of friction on La
muir films were satisfactorily described using a therma
activated process. Experiments were performed with a S
apparatus, therefore giving a contact area within the
crometer scale. The question arises that such a behavio
also be observed with a sharp AFM tip where a single as
ity contact can be expected. Moreover, a recent molec
dynamics study has been done showing that the friction
monolayers involving a contact area of a few square nan
eter can be accounted with the thermal activation model22

In a preceding study7 we have shown that the good repr
ducibility of the tip velocity dependence on the friction
force provides an interesting way to characterize the graf
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process with organosilane molecules. In the present pape
move a step forward by grafting a polymer on the silaniz
silica surface. Also, a phenomenological model is employ
~Eyring model!, allowing us to describe more accurately th
different steps of the grafting process. In addition, the Eyr
model provided a useful way to compare the present exp
mental results to friction data obtained on self-assemb
monolayers at a macroscopic scale. The paper is organize
follows: In Sec. II are given the experimental conditio
required to obtained reproducible friction data and the
perimental results are presented; in a Sec. III the data
compared to the Eyring model, and Sec. IV is devoted t
discussion.

II. EXPERIMENTAL RESULTS

A. Experimental conditions

Except for the grafted polymers, sample preparation a
experimental conditions are described in great det
elsewhere.7 Here we only recall which do appear as the mo
important experimental constraints required to get robust,
producible friction data with an AFM. The experiments ha
been performed with a Nanoscope III from Digit
Instrument.23

The experimental results presented in this work were
tained in a gloves box in which the ppm of O2 and H2O is
achieved. This condition seems to be necessary since the
experiments we have performed in air were not reproduc
enough to extract a significant variation of the friction as
function of the tip velocity.

The feedback loop was never used, because when
allowed the piezoactuator to move, erratic results were o
obtained. Several qualitative explanations can be put forw
to understand the difficulties in getting reliable data when
feedback loop was used. The feedback loop allows the
ezoactuator to have a vertical motion, which is a requirem
necessary to record an image of a surface at a more or
large scale. But this vertical motion produces an additio
random noise rendering measurement more difficult
achieve when deflection of nanometer range must be a
rately measured. Also, such a vertical motion induces an
ditional fluctuation of the contact area between the tip a
sample, which in turn affects the measure of the force
friction. Therefore, uniquely, the deflection of the cantilev
was measured, keeping the piezoactuator at rest with a
applied voltage throughout the experiments.

In Fig. 1 are sketched the different situations investigat
As described in Ref. 7, several organosilanes were stu
that all show the same behavior as a function of the tip
locity. Here we shall focus the attention on the results o
tained on the 3-ethoxysilane ended with a thiol group
formula HS-CH2-Si~OEt!3 and on the grafting of a polyme
on the 3-ethoxysilane.

The polymer chosen is a substituted polyacetylene w
substituent side groups ended with a chlorine atom of gen
formula —HCvC ~CH2!3Cl—n . This polymer is fairly
rigid24 and can be assimilated to a rodlike object; the m
lecular weight isMw514 700, corresponding to a contou
length of the backbone of 20 nm. The chemical react
allowing the polymer to be grafted on the organosilane m
ecules is given by the reaction between the chlorine a
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7696 56T. BOUHACINA et al.
and the thiol group as described in Ref. 25. Therefore,
chain can be fixed at the coupling agent in several locati
along the polymer backbone.

Three grafted silica surfaces with the organosilanes m
ecules and two samples with the grafted polymer were inv
tigated. Four different tips and three cantilevers were u
k1 , k2 , k3

a , andk3
b ; the announced stiffnesses are reported

Table I. The experiments and identical sample preparat
were performed over 2 years and always give the same
sults. The measurements were done at zero externally
plied load. Each time a grafted polymer sample was p
pared, a new silica surface and a new silica surface gra
with 3-ethoxysilanes were also prepared.

FIG. 1. Sketch of the surfaces investigated.
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B. Experimental results

To check the efficiency of the coupling agent, the polym
was first deposited on the silica surface. Figure 2 shows
images obtained; the polymer is easily removed by the
rubbing the surface. No more than one scan can move a
the polymer adsorbed. On the contrary, when the coup
agent is used, whatever the number of scans recorded, th
is unable to move the polymer and the images remain id
tical. The topography is markedly different from what h
been obtained when uniquely the organosilane molec
were grafted~Fig. 3!. Therefore, from a comparison betwee
Figs. 2 and 3, we can conclude a success in grafting
polymer on the coupling agent and that the polymer is n
firmly fixed at the surface.

A systematic study of the tribological properties of th
grafted polymer was thus performed to better understand
structure of the layers. Figure 4 shows the experimental
sults obtained on the three samples, the silica, the organ
lane, and the polymer. As previously discussed, the layer
organosilane molecules exhibit a characteristic velocity
pendence which is not observed with the silica in the vel

FIG. 2. Image 10mm310mm of polyacetylene physisorbed o
silica. ~a! Image obtained after one scan.~b! The same location afte
several scans of the probe, the polymer is removed.
TABLE I. Computed area of contact and interface shear strength with different stress activation volumes~see discussion in Sec. IV D!.
Q is the barrier height,D the additional vertical deflection of the cantilever due to the tangential forceF f . F f5ktD/2 and the pull-off force
is given byFPO5kvDp , whereDp is the vertical piezodisplacement needed to unstick the tip.

Probe Sample

F50.2 nm3 F55 nm3

Q
(10220 J)

D
~nm!

F f

~nN!
FPO

~nN!
A

(nm2)
t ~5 mm/s!

~MPa!
A

(nm2)
t ~5 mm/s!

~MPa!

k2

kV50.12 N/m Silanized wafer 14 213 348 8.6 10.8 1.260.3 6.161.5 7761
kL55.1 N/m Grafted polymer on

Silanized wafer
12 419 298 16.9 14.4 2.060.3 10.261.5 7261

k1

kV50.58 N/m Silanized wafer 85 284 2118 11.4 12 3.360.3 48.861.5 20966
kL514.8 N/m Grafted polymer on

Silanized wafer
76 574 1898 23 17.6 5.960.3 82.961.5 16865

k3
(a)

kV50.38 N/m Silanized wafer 44 270 1088 11 11.8 2.560.3 24.361.5 12561
kL59.7 N/m Grafted polymer on

Silanized wafer
42 508 1041 20.5 16.3 4.460.3 42.761.5 10861

k3
(b)

kV50.38 N/m Silanized wafer 376 110 9402 4.4 9.6 8.660.3 83.461.5 39961
kL59.7 N/m
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56 7697TRIBOLOGICAL BEHAVIOR OF A POLYMER GRAFTED . . .
ity domain investigated. Similar results were obtained wh
using the other probes~Fig. 5!. For the polymer samples
also the same velocity dependence of the friction is obser
~Fig. 6!.

The magnitudes of the pull-off force measured on
polymer are slightly smaller than the ones measured on
organosilane layers. In spite of similar pull-off forces, wh
the polymer is grafted a further increase of a factor of 2
the friction force is observed. Contrary to what is expect
the increase of the friction force is not followed to an i
crease of the pull-off force. This makes a difference w
what was observed on the different organosilane molecu
for which higher pull-off forces were accompanied in mo
cases by higher friction forces. Therefore, for the polym
grafted on the coupling agent, the origin of the friction for
is not simply related to adhesive forces.

As shown in Fig. 6, the rate of energy dissipation is larg
for the polymer grafted on organosilane, but the slopes
nearly identical. This result suggests a very similar behav
for the two organic films, but with a force of friction twice a
large for the polymer.

In Fig. 7 is reported the variation of the force of frictio
as a function of the externally applied load. The friction c
efficients deduced from the slope are velocity dependent

FIG. 3. ~a! Image 1mm31 mm of 3-ethoxysilane grafted on
silica. ~b! Image 1mm31 mm of polyacetylene grafted on silanize
silica. The surface remains identical after several scans.

FIG. 4. Friction versus tip velocity, at zero externally appli
load, with the cantileverk1 on the three samples: silica~crosses!,
organosilanes grafted on silica~open square!, and polymer grafted
on organosilanes~solid square!.
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the organic films, so that the slopes give the two dynam
coefficients of friction,m(V). The friction coefficient of the
silane molecules is closed to that of the silica, whilem(V) is
twice as large for the grafted polymers. This result is
complete agreement with the observed velocity depende
of the two layers.

III. MODELING THE INFLUENCE
OF THE SLIDING VELOCITY

A first analysis restricted to the silanes experimental
sults was given in Ref. 7. As shown in this paper, the use
the WLF equation gives good fits, but is unable to extr
information to interpret the friction data.

Here we shall interpret the overall results including t
ones obtained on polymer PA through the use of a Eyri
type model of thermally activated process. The Eyring mo
has been adapted to describe the plasticity of solid and
count for the motion of dislocations in vitreous polymer26

Also, it provides a phenomenological model for the viscos
in liquids. This model has been extended to interpret dis
pation processes in sliding experiments.15,27

The interface between the slider and sample is charac
ized by a shear strength which may become a function of
temperature, pressure, and velocity. The relationship
tween the shear stresst, the contact areaA, and the mea-
sured force of frictionF f is given by

F f5tA. ~1!

In a thermally activated process under a shear stres
flow of particles can take place from which one has to c
culate an average velocity~Fig. 7!. For a particle in an har-
monic potential of barrier heightQ, the probability of occu-
pation at a specific location is given by the product of t

FIG. 5. Fits and experimental data of friction versus tip veloc
for the organosilanes grafted on silica and probed with three ca
levers: k2 ~triangle!, k1 ~square!, andk3

a ~circle!. Fits are obtained
with the use of Eq.~5!. The results of the fits are given in Table
In the inset are reported the experimental data obtained with
probek3

b ~lozenge!.
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7698 56T. BOUHACINA et al.
vibration frequency of the particle or mobile molecule a
the Boltzmann factor. The probabilities of jumping to the le
or to the right are equal, leading to a null average veloci

If we consider a one-dimensional periodic distribution
barriers of spatial periodb, under shear force the potenti

FIG. 6. Semilogarithms of fits and experimental data of fricti
versus tip velocity for the organosilanes grafted on silica and p
mer grafted on the silanized substrate with~a! the cantileverk2 , ~b!
the cantileverk1, and~c! the cantileverk3

a .
t
.
f

barriers are distorted and the average velocityv is given by

v52nb expF2
Q

kTGsinhS tf

kTD , ~2!

where n is the vibrating frequency of the molecule in th
unperturbated harmonic potential,t the shear strength of th
slider-monolayer interface, andf is referred as the stres
activation volume. The barrier heightQ is governed by the
repulsive interaction between neighboring molecule un
~see Fig. 8!.

If the force and temperature are small enough, the m
ecule is restricted to small motions inside the harmonic
tential with a relaxation time given byn. A typical frequency
of molecule units of 1 nm length or less is 1011 Hz, which
gives for a periodb50.5 nm a velocityv05100 m/s. For
such an excitation, the energy dissipation occurs thro
phonons. Such a process leads to abrupt changes in the
tion signal in which short relaxation times are involved co
responding to a stick-slip behavior.

At higher temperatures and higher shear forces, a cont
ous energy dissipation similar to that of liquid viscosity c
occur. In that case, characteristic times are much longer
the friction increases sublinearly with the velocity. Depen
ing on the barrier height, the phenomenological equation~2!
predicts that measure of the friction can exhibit such a
havior in themm/s range, a domain of velocity accessib
with an AFM.

-

FIG. 7. Frictional force versus vertical piezoelectric displac
ment ~cantileverk2 is used!. For convenience, a zero value corr
sponds to a null externally applied load, that is, an effective app
load equal to the pull-off forceFPO. Silica surface~crosses! 0.05
<m<0.07, organosilane~open square! 0.06<m<0.08, and poly-
mer ~solid square! 0.11<m<0.15.

FIG. 8. Sketch of a double-well potential distorted by an ext
nal shear force.
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56 7699TRIBOLOGICAL BEHAVIOR OF A POLYMER GRAFTED . . .
In the sliding experiments we do not observe the veloc
v of the rate-controlling process, but the sliding velocityV of
the nanotip. With the assumption thatv is simply propor-
tional to the velocity of the nanotipV5av and of the ob-
served exponential dependence of velocity on shear s
~i.e., tf.kT!, Eq. ~2! becomes

V5V0expF2S Q

kT
2

F

A

f

kTD G , ~3!

whereV05anb and Eq.~1! has been used. Equation~3! can
be rewritten such that the relationship between the additio
vertical cantilever deflectionD due to the friction force and
the velocity appears explicitly:

F f5kt

D

2
, ~4!

where kt is the cantilever stiffness that gives the vertic
deflection connected to the tangential force in the plan
contact between the tip and the sample.kt is simply related
to the announced cantilever stiffness and the geometrica
rameters of the lever.4,27,28 The phenomenological equatio
compared to the experimental results is given by

D5
2A

ktf
kT lnS V

V0
D1

2A

ktf
Q. ~5!

At room temperature,kT;4.1310221 J andkt can be esti-
mated~see Table I!.

There remain four unknown parameters: the veloc
V0 , the area of contactA, the barrier heightQ, and the stress
activation volumef. As shown with the fit performed by
Briscoe and Evans15 ~paragraph IV-4!, a variation of one or
two orders of magnitude ofV0 does not change the gener
trends, so that using a value ofV05100 m/s is a reasonabl
assumption. For the stress activation volume, it is a m
complicated matter. The exact physical meaning off is less
clear. Let us consider first that it is related to the volume
a molecular unit so thatf;0.2 nm3. With the help of these
assumptions, the fit of the experimental data points gives
two other parametersA and Q. The results are reported i
Table I.

In spite of the wide range of contact area calculated w
the help of Eq.~5! and even considering that the geometry
the contact area between the tip and layer can vary sig
cantly, the quantities of interest which are related to the d
sipation process remain remarkably close. Except for the
k3

b the shear strength, which is obtained from the compu
values of the contact area and equation~1!, varies between
210 and 290 MPa, while the barrier height varies betwee
and 2310219 J. Even more interesting is the systematic d
ference between the shear strengths of the PA grafted on
organosilane molecules and the ones of the organosilane
ers themselves. The shear strengths are systematically a
tor of 2 higher when the polymers are measured, while
ratio of the effective barrier heights shows also a remarka
stable value with values ranging between 1.3 and 1.45.
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IV. DISCUSSION

A. Preliminary remarks

Before attempting to extract more quantitative inform
tion, it is worth discussing first some technical and expe
mental points. Except when friction data are recorded a
function of the externally applied load~paragraph IV-2!, an
additional well-known difficulty encountered when using
AFM is that we do not accurately know the stiffness of t
cantileverkv .30,31

The stiffness of the cantilever follows a cubic law as
function of the thickness.9,32 As the thickness is below the
micrometer, the cubic law and this small thickness expl
the reason why one can get scattered values of the stiffn

The lateral stiffness used in this work scales askt
;(L/h)kv , whereL and h are the length of the cantileve
and the height of the tip, respectively. Therefore, additio
uncertainties due to the geometrical factor of the cantilev
tip system are negligible since the dependence is linear
that significant relative errors on the length and the tip hei
are not expected because of their much larger values, m
than 100 and a few micrometers, respectively.

If we do consider that the announced stiffnesses are
correct ones, at first sight, there are magnitudes of the f
tion forces which do not seem to match the cantilever st
nesses. For example, let consider the two extreme cases
resented by the experimental results obtained with thek3

b and
k2 . The calculated vertical stiffnesses give a factor of
while the friction measured at a velocityv55 mm/s with the
k3

b is a factor of 7 higher than the one measured with
k2 . Also, the pull-off force measured with thek3

b is a factor
of 5 larger than the one measured with thek2 , and therefore
again a different value is obtained, still not reaching the o
deduced from the friction measurement.

From the Deryaguin approximation or the JKR model,10,33

we derive that the adhesive force is proportional to the rad
of curvature of the tip:

FPO5Fadh5CWR, ~6!

whereW is the Dupre´ work of adhesion and, in these exper
ments, the constantC can be assumed as being the sa
whatever the cantilever used.31

Taking the smallest pull-off force as a reference, we o
tain a relative evolution of the ratio between the pull-o
forces, which in turn give the relative evolution of the radi
of curvature of the four different tips~Table II!. When these
values are compared to the ones obtained from the comp
areaA, one gets an excellent agreement and the appa
discrepancy disappears. Both the fits of the friction d
points and the measurements of the pull-off force indic
that the large differences are mostly due to a change of
size of the tip.

This result is completely sustained by the different me
surements performed on the organosilane molecules an
the polymers. As a consequence, if one cannot access a
rately quantitative stiffnesses, it remains that their relat
values are certainly the good ones. Because of the very g
consistency obtained and leaving aside that the force m
not be quantitatively accurate, we conclude that our estim
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tion of the lateral stiffnesses does not introduce an additio
uncertainty when using Eq.~5!.

B. Relationship between adhesive and friction forces

Since the experiments were performed at null extern
applied load, the pull-off force is a measure of the effect
applied load. The JKR model predicts that the area of con
varies as

A;~FPOR!2/3;~WR2!2/3;R4/3. ~7!

As expected from the preceding analysis, the relative ev
tions of the ratios of the contact area calculated from
pull-off forces and expression~7! do not agree with the one
deduced from the friction data~Table II!. For example, the
two extreme cases give a factor of 9 between the two res
tive contact areas, that is, a factor of 3 times less than the
computed from the friction data.

For an elastic response of the organic films following t
Hook law, the elastic displacementd depends linearly of the
effective applied load, that is,d;FPO. For values ofd much
smaller than the radius of the tip, a simple geometrical
sumption gives the area of contact between the sphere
plane surface:

A;dR;WR2, ~8!

which is the relationship obtained between the pull-off for
measurements, with the use of the Eq.~6!, and the areas o
contact computed from Eq.~5! and the friction data~Table
II !.

Therefore, whatever the size of the tip we have us
these results indicate that a linear relationship holds betw
the effective applied load and the contact area between
tip and layer. Rather than a JKR model, the use of the A
ontons’ law is more suitable.

The whole picture is supported by the measurement of
friction as a function of the externally applied load. Polyme
and silane molecules exhibit a linear behavior~Fig. 7!. The
comparison of the friction coefficientsm(V) give results in

TABLE II. Ratios of the area of contact computed from th
friction data and of the pull-off forces. The values used as refere
are obtained with the cantileverk2 . 3-ethoxysilane~a! and polymer
grafted on silanized silica~b!.

~a!

SAki

Ak2

D SFPOki

FPOk2

D 2 S FPOki

FPOk2

D 4/3

k1 6.1 7.4 3.8
k3

a 3.1 2.7 1.9
k3

b 26.9 26.9 9.0

~b!

SAki

Ak2

D SFPOki

FPOk2

D 2 S FPOki

FPOk2

D 4/3

k1 6.3 5.4 3.1
k3

a 3.5 2.3 1.7
al
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very good agreement with the relative shear strengths ca
lated in Table I. The friction coefficient of the grafted poly
mer surface is 0.13, while the friction coefficient of the sila
film is 0.06. The friction coefficient measured for the silic
which is velocity independent, is 0.06, a value smaller th
the one previously obtained with an AFM.13 At
0.7mm s21, the silane film is almost equal to the silica on
a rather high friction coefficient,3,34 which indicates that the
layer made of the triethoxysilanes does not act as a lubric

Here it is important to note that, when recording frictio
data as a function of the externally applied load, the way
measure the friction7,29 does not need to know the cantilev
stiffness. The friction deflection is given byD/2
5 3

2 (h/L)m(V)Dp , whereDp is the vertical motion of the
piezoactuator. Thus, if our calibration of the cantilever d
flection is correctly done, which is very easy to perform, o
gets a direct absolute measurement of the friction coeffici

We have already noted that while the friction of the po
mer is systematically higher of a factor of 2, the pull-o
force is slightly smaller. The differences between the pull-
force are small, from 5% to 10%, but, since they have be
systematically measured, are significant.

A friction force much larger when the pull-off forces ar
nearly identical does not fit the expected behavior. An
crease of the friction as function of the pull-off force seem
quite obvious since the magnitude of the friction increases
the contact area increases and therefore must do with
effective applied load. Nevertheless, a more subtle rela
between adhesion and friction has been suggested
Yoshizawa et al.14 Their recent experimental work per
formed with a SFA apparatus shows that the friction force
more likely to be a function of the hysteresis of adhes
rather than being a direct function of the force of adhes
itself. In other words, the energy dissipation becomes
difference in energy between advancing and receding
contact area during the translation motion of the tip, a sit
tion similar to what happens in a force curve when the tip
approached and then retracted from the sample. We do
have the sensitivity to measure accurately the shape of
instability of the microlever when the tip approaches the s
face. Uniquely, the pull-off force, corresponding to the r
traction, can be measured, so that we cannot perform a c
parative study between friction and hysteresis of adhes
As shown below, taking advantage of the changes obse
between grafted polymers and silane molecules, we g
further insight into the origin of the increase of the frictio
without the need of an increase of the adhesive force.

C. Influence of the tip velocity on the force of friction

In their review article Overneyet al. stress that AFM re-
sults of variable velocity cannot be explained by the Eyri
model of friction, while it does as a function of th
pressure.3,34 The main reason was that any velocity depe
dence was associated with wear of the layer. In their exp
ment, the smaller the tip velocity, the larger the friction, t
increase of friction being accompanied by a noticeable da
age of the film.

As we have shown in Ref. 7, we also have observed s
a behavior in some circumstances and clear evidence tha
increase of the friction force as the tip velocity decreases

ce
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always connected to damage in the films. Note also that
cent experiments performed at the macroscopic scale h
shown a velocity weakening of the friction. This veloci
weakening is interpreted by a creep process, the streng
which being increased with the age of contact between
slider and the surface.27 This appears similar to the observe
V weakening with an AFM, as it was systematically acco
panied by evidence of plastic deformation or serious dam
on the film.

When the behavior is of the Eyring type, as described
the present work, the layers remain remarkably stable. E
data point shown in the present work corresponds to an
erage of several measurements, and this means that to re
a velocity dependence, the same surface location mus
scanned several hundred times without showing any mo
cations. A similarV strengthening of the force of friction ha
been recently observed with an AFM, in which, also,
specific damage of the layers was reported.8

The main interest of the Eyring model is to provide info
mation, barrier heights and shear strengths, which give
fruitful comparison between the two series of measureme
As shown in Table I, the barrier heights are higher for t
polymer, showing at least an increase of about 30%.

Glosli et al.22 in their molecular dynamic simulation ex
press the barrier height as a function of an effective num
of molecules involved in the friction process. The barr
height for one molecule is given by the repulsive stren
between molecules and is set equal to 70kB . To describe the
barrier height in terms of an effective number of molecu
units is questionable, and, as underlined by the authors, t
is no reason to expect that the barrier height can be sim
connected to the area of contact.

Nevertheless, it can help to understand the increas
barrier height as being an increase of the number of m
ecules involved in the dissipation process. If so, our exp
mental data show that this number does not depend of
contact area~Table I!. In spite of the wide range of contac
areas and whatever the series of samples measured, s
molecules or polymers, within the same series of layers
get values of the barrier height nearly identical. In oth
words, the force of friction is proportional to the number
molecules under the tip, the area of contact, but the num
of molecules that characterizes the process to produce
dissipation of energy remains independent of the numbe
molecules involved in the contact.

As the stress activation volume, the exact physical me
ing of the barrier height is difficult to access. The base line
a microscopic description of the viscous forces is that
transfer of moment occurs through motions bringing
molecules into contact. Following this framework and b
cause of the simple chemical structure of the polymer
qualitative interpretation can be drawn.

A chemical function has been synthesized at each mo
mer unit, allowing the polymer backbone to be grafted
several organosilane molecules. Moreover, because of
conjugated backbone, polyacetylene might have a more r
structure than usual polymer with saturated covalent link24

Therefore, through the chemical links and the polymer ba
bone, a coherent motion of organosilane molecules can
induced. The number of monomer units per polymer is ab
80, so that for an energy dissipation related to motion t
e-
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brings molecules into contact, the effective unit involv
contains more molecules when the grafted polymers are
volved. For each equivalent translation motion induced
the tip, the number of repulsive contacts increases, fr
which one can expect an increase of the barrier height.

When rubbing the grafted polymers, the interface sh
strengths are found to be systematically the double of
ones measured on the silanes. But those results are obta
by keeping the stress activation volume identical for the t
types of layers.

There isa priori no particular reason to use the sam
stress activation volume for the silane molecules and
polymer grafted on the connectors. The use of a stress
vation volume twice as large for the polymer will give th
same shear strength for the two series of samples. It will a
gives an area of contact twice as large for the polymer
spite of smaller pull-off forces. As shown in Table I, keepin
the same stress activation volume provides a very g
agreement between the relative pull-off forces and the c
tact area. The contact areas for the polymer samples c
puted from the friction data are systematically sligh
smaller than the ones obtained for the silane layers, exa
as the pull-off forces behave. Therefore, to keep coherent
discussion of the results, we consider that the large incre
of the friction is related to an increase of the shear stren
such a choice being completely sustained by the anal
given in Secs. IV A and IV B.

Following this aim, the same qualitative arguments can
used to understand the increase of the shear strength.
cause of the rodlike structure of the polymer, the silane m
ecules are more tightly fixed; thus, the units are more rig
leading to a structure with a higher spring constant, which
turn leads to a higher shear strength to move the unit at
same velocity.

D. Comparison with friction data obtained at larger scale
on Langmuir films and rubbers

Because of the good robustness of the friction data
the coherent picture obtained when the Eyring model is us
it becomes interesting to compare in more details the A
results to the ones obtained by Briscoe and Evans. For t
experiments, the contact area is at the macroscopic s
thus several orders of magnitude higher than the one we h
with a nanotip. As a consequence, the authors have acce
the contact area which allows them to reduce the numbe
unknown parameters. Therefore, the stress activation vol
can be calculated instead of being set arbitrarily.

The main point is to evaluate the influence ofV0 , since in
any sliding experiment what is measured is the slider vel
ity. Using several V0 values between 7.731022 and
1700 m s21, the authors found values off between 3 and
6.6 nm3. A direct consequence of the use of a large activa
volume, for example, 5 nm3, corresponding to V0
;20 m s21, is that the contact radius computed is betwe
10 and 25 nm, thus leading to a rather large area of con
between the tip and layer.

Using the procedure described in Ref. 35, we get an e
mation of the radius of the tip. For example, we estimate
thek2 a tip radius between 20 and 25 nm and for thek3

a a tip
radius between 50 and 60 nm. Thek3

b is clearly broken,
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which can be straightforwardly deduced from the data re
ported in Table I. These measurements are indicative sin
the assumptions are based on a geometrical analysis.34 Such
an approach assumes a smooth, spherical shape, at the v
end of the tip and thus cannot give the fine structure of th
tip.

These values provide information suggesting that the ra
dius of the contact area is about the one of the tip, which
unexpected for grafted layers that have thicknesses betwe
1 and 4 nm. A too high magnitude of the contact area ma
partly be due to an overestimation of the stiffnesskv @Eq.
~5!#. But to get reasonable values of the contact area requir
to divide the announced stiffnesses by a factor of 5. Not on
is such a discrepancy on the stiffness values not reasonab
but this will also mean that the same correcting factor shou
have to be applied for the four different cantilevers. Also, th
pull-off force measurements give an overestimation simila
to that obtained with the friction data. In spite of the very
stable behavior and the coherent picture we get, there are s
a few questions remaining to perform a complete quantita
tive analysis with an AFM.

With a stress activation volumef55 nm3, the interface
shear strengths decrease by a factor of 25. The AFM resu
give shear strengthst ranging between 8 and 11 MPa, which
is exactly the domain of shear strength measured at the ma
roscopic scale. Moreover, the barrier heights calculate
which are independent of the activation volume chosen, a
also nearly identical to the ones obtained by Briscoe an
Evans.

Therefore, using the same phenomenological model to i
terpret the AFM results leads to quantitative values identica
to that obtained at a much larger scale. In other words, th
process that characterizes the dissipation of energy is ind
pendent of the scale at which the force of the friction o
self-assembled or grafted layers is investigated.

This conclusion should not be so surprising. AFM deal
with the concept of single asperity, which obviously come
from the size of the nanotip, but when a sliding experimen
at the macroscopic scale involves soft materials on a smoo
surface, there is no particular reason to consider a multia
perity problem.

This has been unambiguously shown by Grosch.17,18 By
sliding a rubber on a glass, Grosch has been able to extrac
characteristic length of 6 nm, while when using a rough su
face, the characteristic length is 1022 cm, corresponding to
the average distance between the asperities. This experim
tal results clearly show that if soft materials are investigated
macroscopic sliding experiments can access molecular qua
tities.

Also, through an analysis of the relaxation of the fric-
tional force, recent experiments made with a SFA apparat
show that a characteristic length of 4.5 nm was systema
cally observed.36

If we put these results together, we might see that th
stress activation volume computed by Briscoe and Evan
Fa
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and used in the present work, falls in the range of this c
acteristic length. It seems that as soon as ideas of vis
flow can be applied to explain the friction behavior, we e
with very similar results whatever the scale at which
sliding experiment is performed and whatever the frict
apparatus used.

V. CONCLUSION

The frictional forces between grafted layers on silica a
a nanotip have been measured with an AFM. The chang
the frictional force as a function of the tip velocity has be
investigated, providing a comparative study between the
tion behavior of triethoxysilane molecules grafted on
silica and polymer grafted on the triethoxysilane molecu
acting as coupling agents.

For the two types of grafted layers, the forces of fricti
increase linearly with the logarithm of the tip velocity. T
general trend of the data is correctly described with a sim
stress-modified, thermally activated model. With the help
the Eyring model we compute the interface shear stren
and the barrier heights. The nanotip experiences a m
higher frictional force on the polymer layer, and we syste
atically compute a corresponding interface shear stre
twice as high as the one computed for the silane layers. A
the barrier heights increase 30–40%. The good robustne
the behavior, observed whatever the tip used, and the u
the model make that we obtain a coherent picture fr
which we deduce the way the polymer has been grafted
the triethoxysilane molecules. The monomer unit has b
chosen such that the polymer backbone can be grafte
several locations. The friction data sustain this possibi
We end with the conclusion that the increase of the inter
shear strength and the effective barrier is due to the poly
that chemically links the organosilanes, thus increasing
number of molecules involved in the process of dissipati

Using the stress activation volume computed by Bris
and Evans,15 we obtained shear strengths and barrier heig
for the silane layers which are remarkably closed to the o
they measured. Therefore, from the macroscopic scale d
to the nanometer scale, it does appear that we can ge
same behavior with very similar quantities characterizing
interface during a sliding experiment.

As the sliding friction is described with a thermally ac
vated process, to get further quantitative insight into the f
tion behavior requires measurement as a function of the
perature. The present analysis suggests a liquidlike stru
of the layers, and following the dynamic phase diagram14

one can expect to reach the amorphous, more rigid state
cooling down the sample. From a practical point of view
can be of importance to access the different structures o
underlying coupling agent layer in order to optimize eithe
grafting or a polymerization process of a polymer. Suc
study of the influence of the temperature is currently und
way.
*Author to whom correspondence should be addressed.
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bordeaux.fr
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