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ABSTRACT 

Nanoindentation has been combined with nanometer-scale friction measurements to 

identify dissipative mechanisms responsible for friction in hexadecanethiol self-assembled 

monolayers on Au. We have demonstrated that friction is primarily due to viscoelastic 

relaxations within the films, which give rise to contact hysteresis when deformation rates 

are within the ranges of 5 and 200 h s .  We observe that this contact hysteresis increases 

with exposure to air such that the friction coefficient increases from 0.004 to 0.075 when 

films are exposed to air for 40 days. Both hysteresis and friction increase with probe 

speed, and we present a model of friction that characterizes this speed dependence. and 

which also predicts a linear dependence of friction on normal force in thin organic films. 

Finally, we identify several short-term wear regimes and identify that wear changes 

dramatically when films age. 

INTRODUCTION 

The study of friction is fhdamentally the study of the mechanisms by which 

energy is dissipated when two bodies slide past one another. These mechanisms depend 

upon the stress regime 1 and range from plastic deformation and fracture at very high 

repulsive stresses 2 to the subtle realignment of molecules as they stretch to make chemical 
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bonds with one another at small attractive forces 3. Within these extremes, many different 

mechanisms contribute to tribological properties and, if operative mechanisms can be 

identified and controlled, improvements in friction and wear behavior can be achieved. 

Because of their potential as lubricants in nanoscale devices, molecularly thin 

organic films (liquid and solid) have received considerable attention in tribological studies 

(see 1$,5 for reviews). One class of these films, self-assembling organic monolayers, 

have an added attraction in that by altering chemistry, physical properties may be changed, 

such that films may be tailored for specific applications 6 .  As an example of this, 

molecular tail groups have been altered to vary adhesive energies 7,* and frictional 

properties 9-1 1. In self-assembled monolayer systems, many of which are highly ordered, 

one characteristic that has been associated with friction is the degree of disorder 12-14. 

The degree of disorder depends upon the molecule length 15, and friction forces have been 

inversely correlated with chain length 12-14. 

The goal of this research was to identify dissipative mechanisms in a self-assembled 

monolayer of hexadecanethiol. It has been recognized that dissipation occurring during a 

cycle of contact and compression is directly related to friction 1. We will make the same 

correlation among properties of monolayers when compressed between a smooth asperity 

and an atomically-smooth surface. In order to clearly identify dissipation mechanisms, we 

have used an Interfacial Force Microscope (IFM) to quantify forces and hysteretic behavior 

in the monolayers during a loading cycle (loading to some compressive force and then 

reversing). We will demonstrate that by combining nanoindentation and friction 

experiment%cviscoelastic - dissipation mechanisms can be quantifie d will show that 

friction in this system is dominated by contact hysteresis of the monolayer. Additionally, 

\ 

we will identify several factors (film age, rate of deformation, and wear history) that 

influence energy dissipation. 

:, . . .. . 
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EXPERIMENTAL PROCEDURES 

Measurements were performed using the Interfacial Force Microscope (IFM). This 

instrument, which has been described in detail elsewhere l6, is distinguished by its use of 

a novel electrostatically-driven feedback sensor to ensure rigid displacement control during 

a loading experiment. Rigid displacement control ensures that instrument compliance 

(common in many indentation studies) does not exist, which simplifies analysis of loading 

cycles. In contrast to other nanoindentation instruments, there is no ‘snap-tocontact’ 

instability when using the IFM; the instrument maintains equilibrium by electrostatically 

balancing the applied force, which keeps the sensor in the same position. This 

characteristic of the sensor can be exploited to quantitatively map forces throughout 

attractive and repulsive force regimes. In addition, the IFh4 has the capability to perform 

constant-force imaging, similar to other scanning force techniques. Imaging at a low force 

(0.2 pN) allowed us to quantify damage resulting from our measurements. 

Although the IFM was developed to measure forces while moving a probe normal 

to a surface, it may also be used to measure forces when sliding a probe along the surface. 

The importance of this is that if the sensor and probe geometry are known, frictional forces 

and normal forces can be quantified simultaneously. The force sensor maintains a balance 

of torques, such that while the probe tip is in contact with the sample, if the probe is moved 

laterally, an additional torque is developed due to the lateral friction force on the probe tip. 

To maintain a constant sum of all torques, the feedback must change the normal force, 

which it does by increasing or reducing the depth of deformation. When moving the probe 

tip laterally in opposing directions, torques developed have opposing senses, which means 

that the depth of deformation must be increased when the probe moves in one direction and 

decreased when moving in the opposite direction. The result of this is a friction loop, as 

illustrated in Fig. 1. When moving to the left (upper portion of the loop) the depth of 

deformation was reduced (to lower the torque due to the normal force) and when moving to 

the right the depth of deformation was increased. In order to quantify the fiction force that 
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results in a friction loop, the sensor and probe geometry must be known, as well as the 

change in normal force with depth of deformation. 

To determine this relationship, nanoindentation loading cycles must be performed 

using the same experimental setup (sensor, probe, and sample). An example of a loading 

cycle is shown in Fig. 2, along with a fit to the data using Hertzian theory 17. The 

Hertzian relationship for a parabolic probe contacting a planar surface is given by the 

expression 17, 

where F is the applied force, R is the radius of curvature, 6 is the depth of deformation, 

and E* is the composite modulus, given by 

-= 1 (l-vA,)+(l-vty)  
E *  Ew ' 

where E A u ,  Ew, v A U ,  and vw refer to the elastic modulus and Poisson's ratio of Au and 

W. Because of the good agreement with the Hertz model, we can confidently use a simple 

analytic expression (Eq. 1) to relate the depth of deformation to the normal force. With a 

known change in normal force during a friction loop, and known sample-probe geometry, 

we can estimate the frictional force. 

The force sensor and piezo actuators were calibrated using a standard laboratory 

electronic balance and a displacement indicator, respectively. Both calibrations are 

necessary for quantitative measurements. Probes used in this study were electrochemically 

etched 100 pm tungsten wires with tip radii and parabolic shape determined by field 
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emission Scanning Electron Microscopy. Au samples with (1 1 l)-oriented facets were 

prepared from 99.99% pure Au wire by flame annealing 18,19. Immediately after 

preparation, samples were immersed in a 0.5 mM ethanolic hexadecanethiol 

(CH,(CH,),5SH) solution for 24 hr to develop a self-assembled monolayer ( S A M )  of 

hexadecanethiol. Samples were dried in N,, and were mounted for IFM interrogation, 

which was performed in air but under a cover to prevent exposure to light. Unless 

otherwise noted, the rate of displacement for force profiles was 10 &s and the lateral speed 

during a friction trace was 100 ks. 

RESULTS 

To investigate how the mechanical properties of the monolayer degrade over time, 

force profiles were acquired from new samples (0-2 days old) and from samples that had 

been exposed to air for 40 - 45 days. A force profile typical of new monolayer behavior is 

presented in Fig. 3a. Data from the loading segment of the loading cycle is marked by 

open circles and the unloading segment by closed circles. Force profiles from new samples 

showed virtually no hysteresis, indicating that little energy was dissipated during a loading 

cycle (loading and unloading). Fig. 3c illustrates the dependence of friction on normal 

force for new monolayers. Below a normal force of -4 pN, which corresponds to a mean 

normal stress of -3.7 GPa (calculated using Hertzian mechanics), friction is minimal. The 

'coefficient of friction was quantified by a least-squares linear fit to be approximately 0.004. 

Above 3.7 GPa it increased to 0.12. It was observed that measuring friction in this high- 

stress regime damaged the monolayer (a depression several 8, deep was observed), so it is 

likely that the increase in friction is due to dissipation through increasing damage 

(discussed in more detail below). Note that 

friction on normal force was roughly linear, \ 

this particular tip speed. When normal forces were further increased such that stresses 
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were above 5 - 6 GPa, plastic deformation of Au was observed, and friction coefficients 

were much higher. 

The behavior of aged monolayers was markedly more hysteretic. A force profile 

typical of an aged monolayer is presented in Fig. 3b and demonstrates this increased 

hysteresis. During the loading portion of the cycle, repulsive forces were observed over a 

longer range than seen in new samples, and the force dropped to zero more rapidly during 

unloading. Note that this hysteresis is not due to an increase in adhesion (which would be 

observed as negative forces), but due to a change in the time dependence of repulsive 

forces. The corresponding friction response is shown in Fig. 3d. Except for normal 

forces less than 1 pN, the friction force is again a linear function of the applied force, with 

a coefficient of friction of 0.075. This is an increase in friction coefficient over that of a 

new monolayer of more than an order of magnitude and demonstrates that an increase of 

contact hysteresis correlates with an increase in friction. 

The stresses used in this study were high (> 1 GPa), and a question that arises is 

whether friction forces changed with repeated measurement, i.e., does the film ‘wear’? 

For new monolayers, force profiles and friction loops repeated in the same location 

remained unchanged unless stresses were above 3.5 - 4 GPa. Above this threshold, a 

depression several 8, deep , Le., a ‘wear track’, was observed. Thus, new monolayers 

showed higher friction only when damaged. Aged monolayers, on the other hand, showed 

noticeable wear at all stresses. Fig. 4a illustrates the decrease in friction force as the same 

section of the sample is repeatedly probed. It decreases over the first 20-30 cycles to 

roughly 70% of the initial friction force (F,J. A force profile taken after 30 cycles is 

shown in Fig. 4b, and when compared to that of undamaged monolayer (shown by the 

I 

broken line), a reduction in the amount of hysteresis is observed. A depression 

approximately 10 8, deep (a ‘wear track’) was also observed after 30 cycles, indicating that 

aged monolayers can be worn by repeated deformation. 
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To better understand the relationship Atween the iction and contact hysteresis a 

aged films, we varied the speed at which nanoindentation and friction properties were 

investigated. We have related lateral (v,) and vertical (vJ velocities using a simple model 

for the distance near the contact periphery within which the monolayer will be fully 

compressed. Since our depths of contact were much greater than the film thickness, we 

find that compression should occur over a distance of 12 h, where h is the film thickness, 

giving vx = 0.08 vz. Correlations between nanoindentation and friction properties over a 

range of speeds are presented in Fig. 5. Fig. 5a presents F,,/FN as a function of vx for aged 

monolayers that have not been worn (Le., initial friction traces were analyzed). A strong 

speed dependence exists, with FJFN increasing with vx. Force profiles were acquired at 

rates of vz = 5,20 and 200 ks and we present loading and unloading portions of these data 

separately. Loading portions of these cycles are presented in Fig. 5b. At a displacement 

rate of 200 ks, the monolayer initially supports higher stresses than it does when 

compressed at 5 or 20 h s ,  which results in greater nanoindentation hysteresis and greater 

friction. Unloading portions are presented in Fig. 5c, and while there appears to be little 

difference between unloading at 20 and 200 as, unloading at 5 &s results in repulsive 

forces over a longer range, which translate into lower hysteresis and lower friction. 

Nanoindentation displacement rates of 5 ,  20, and 200 h s  correspond to friction 

measurements at 63, 250, and 2500 hs, which have been identified by open triangular 

markers on the abscissa of Fig. 5a. Thus, there is good correlation between the increase in 

friction and the increase in contact hysteresis with speed. 

DISCUSSION 

We have presented three examples of the correlation between contact hysteresis and 

friction, each of which demonstrate the benefit of having a versatile, mechanically stable 

force sensor that can quantify normal and lateral forces. It has enabled us to characterize 

contact hysteresis and adhesion independently, such that we have observed hysteresis in 
I *  
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the absence of adhesion (see Fig. 2-5). We will first coment  on the observation of a 

linear dependence of friction on normal force and then discuss the processes responsible 

for the age, wear, and speed dependence of friction. 

Linear dependence offiction on normal force 

Others 10,12913 and we have found that for organic monolayer films, F, increases 

roughly linearly with F, in the repulsive loading regime at high stresses. This contrasts 

with measurements of organic films 1912 and clean contacts 20 that indicate that friction is a 

non-linear function of the applied force when forces are low. Because the stresses used in 

this study are high and the adhesive energy of the methyl-terminated alkanethiol film is 

low7, we believe that dissipation due to compressing the monolayer dominates that due to 

the adhesion-related hysteresis. Starting with this assumption and using a viscoelastic 

model of the monolayer, we show in the following why F,, increases linearly with F,. 

To understand why friction forces vary linearly with normal force, we start with the 

assumption that the deformation of alkanethiol monolayers can be described using linear 

viscoelasticity 21 322. Following Persson 23* we approximate the monolayer using the 

standard linear solid model (a spring in series with a Voigt element that has a spring 

constant E, and a relaxation time constant T,). Additionally, we approximate our loading 

(during both a force profile and a friction measurement) as sinusoidal loading with a peak 

stress (3, and a frequency a. Although we measure losses from only a portion of such a 

loading cycle (our probe would have to be bonded to the surface to apply both tensile and 

compressive stresses), this should illustrate the dominant characteristics of the system. 

Under cyclic stressing, the absorbed energy density is 24: 

or, u=- 
2 2 '  E, l+o r, (3) 
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This can be related to friction by considering the work required to move the probe against 

the friction force over some distance d 

W,, = F,,d. (4) 

This work is also the energy absorbed by the film, which is the energy density (Eq. 3) 

times the volume of the film compressed during movement: 

W,, = U * 2 ~ d h ,  

where a is the contact radius and h is the film thickness. Thus, 

The stress is given by 

andsince a =  (2;)""7, - 

- 2 h .  4 E * F N  wz,, 
37rE0R 1+w2r: F,, = 

Thus, we expect friction in a thin viscoelastic film to be linearly dependent upon normal 

load. Additionally, this result is not limited by the single relaxation model used; we expect 

a linear dependence even in the more realistic case of a spectrum of relaxation time 

constants. 
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It is worthwhile to point out how different sample configurations give rise to 

different scaling behavior between friction and normal forces. From the above, we expect 

friction forces to be linearly dependent on the normal force when a thin (h << a) layer is 

investigated with a spherical probe. If the layer were not thin, the volume that dissipates 

413 
energy in Eq. 5 would be m 2 d  / 2, and we’d expect Fp FN , as is reported for many 

bulk measurements 2917. Alternatively, if a flat, cylindrical punch were used to 

characterize a thin layer, the contact radius would be independent of F,, and we’d expect 

Fp = FN . Thus, the functional dependence of Fp on F, is specific to the experimental 

arrangement. 

213 

We can alternatively consider fiiction in terms of an interfacial shear strength, 

113 Since the applied stress, also scales as FN 

with the general description of zfi 2: 

, we observe that T~ = 0, which is consistent 

TP = z, +PO. 

This simply means that z, is low in our experiments, which is consistent with our 

observations of very low adhesion. This description of the interfacial shear strength is very 

general and has been applied to friction when plastic deformation of metals is involved 2, in 

the very high stress regime (the ‘cobblestone’ model) 1, and for Langmuir-Blodgett 

monolayer films on mica 25. A pressure-dependent interface shear strength has been 
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observed in systems of thin organic films 4, and has been observed for alkanethiol 

monolayers via atomistic simulations 26. 

Speed Dependence of Friction in Aged Films 

Using the above framework, we can rationalize our observed speed dependence of 

friction. We have assumed a single relaxation time constant, even though it is known that 

viscoelastic behavior is typically described by a relaxation spectrum 27. The relaxation 

spectrum of the monolayer is a signature of the molecular relaxation mechanisms occurring 

27928. For alkanethiol monolayers, one important mechanism is the change in tilt angle of 

molecular chains 26. It is believed that loading cycles produce a cycle in tilt angle and that 

the characteristic time constant of the tilt restoring force directly relates to the observed 

hysteresis. Although the simplicity of our single-relaxation approach precludes a complete 

description of loss mechanisms in these films, it does give some insight into our 

observations. 

This implies that at increasing 070 From Eq. 8, we find that -= 
FN 1 + w 2 < '  

frequencies, friction rises and peaks when a,, = 1. We have measured friction as a 

function of tip speed, which can be related to a frequency through some characteristic 

distance. As stated above, we've used a simple geometrical model for the compression of 

the film and find that it should occur over a distance of about 12h. Using o = 12Nv,, we 

find that - FP = hz0vx , which peaks at v, = 12h7,. 
FN v: +h2r: 

The relaxation response of aged hexadecanethiol films has been measured, giving a 

single time constant of 0.08 s 21. Using 20A as the monolayer thickness, the maximum 

loss for this relaxation should occur around 3000 as. Our experimental findings, that 
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friction rises throughout our experimental speed range, indicates that the peak is well above 

2000ks, which is consistent with this prediction. Our speed range is limited by the 

apparatus configuration, and we cannot presently measure friction at higher speeds. 

Although time constants are best measured by instantaneously imposing a stress or 

strain and monitoring the relaxation 21, we can draw some conclusions about relaxations in 

the film by performing loading cycles at various speeds. During loading of an aged film 

(Fig. 5b), there appears to be a relaxation rate between 20 and 200 h s .  Forcedeformation 

relationships are nearly identical for 5 and 20 h s ,  but increasing the displacement rate to 

200 hs results in higher forces for equivalent deformations. A relaxation rate between 20 

and 200 h s  translates to a time constant between 0.1 and 1 s. However, there appears to 

be a separate time constant for retraction. In Fig. 5c, retracting the tip at 20 or 200 ks 
results in stresses dropping to zero within the first several %, of movement. When 

retracting the tip at 5 &s, the monolayer can at least partially relax, which is observed by a 

repulsive force that decreases to zero over approximately 15 A. Thus, relaxation occurs at 

a rate somewhere between 5 and 20 h s ,  giving a time constant between 1 and 4 s. These 

longer time constants indicate that multiple relaxation rates do exist in aged films and that 

friction is speed dependent even at the lower limits of scanning capabilities. 

Monolayer aging and wear 

Details of monolayer deformation have been investigated via both experimentation 

21 and atomistic simulation 26929, which provide the basis for an understanding of how 

aging increases contact hysteresis. Unstressed self-assembled hexadecanethiol monolayers 

have a tilt angle from the surface normal (e) of roughly 30" 6 ~ 1 ~ 9 ~ 9 .  Molecular dynamics 

simulations of uniform compression of this system indicates that compression involves 

three structural changes 26: the tilt angle of the molecules increases to a maximum of 48", 

bonds within the chains are elastically compressed, and a structural transition, whereby 
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S me f t h  sulfur head roups shift from three-fold hollow I two-fold bridge sites, 

occurs. These changes were all found to be reversible, and, in a study of the tribological 

properties of this system, the primary dissipation mechanism was oscillation of the tilt 

angle of the alkyl chains, resulting in a friction coefficient of < 0.02 for two contacting 

monolayers 26. Our results on the friction coefficient and the amount of hysteresis in new 

monolayers are consistent with these predictions, and we take the view that changes in 

friction and hysteresis are due to changes in the freedom of movement of alkyl chains. 

It has been established that lower packing density is associated with higher friction 

12913. Interchain interactions dominate the energetics of monolayer compression 29, so 

that with high packing density, alkyl chains move in concert 29. With low packing 

density, the movement of each chain is less dependent upon that of its neighbors, so that 

compression of the film can involve less concerted movement of chains. Compression of a 

less ordered film involves non-uniform changes in tilt angle and the formation of gauche 

defects 30. Since vibrational chain movement is the dominant mechanism of dissipation 26 

and less ordering increases freedom of chain movement, if reduced packing density occurs 

during aging, we expect higher friction. 

The aging of hexadecanethiol monolayers in air has been associated with ozonolysis 

31. An increase in 8 32, fragmentation of the alkyl chain 33, and the oxidation of thiolate 

species to sulfonate species 34 have been observed during aging. It is also believed that 

aging involves an increase in disorder 35. The causes of disordering may be the 

incorporation of oxygen into the adsorbed sulfur layer or the reduction in interchain 

interactions resulting from chain fragmentation, but regardless of which mechanism leads 

to disorder or lower packing density, it is clear that the changes taking place result in 

greater friction and hysteresis. 

We also observed strong wear behavior in aged films. Scanning repeatedly reduced 

contact hysteresis and friction and resulted in a depression in the film. There appeared to 



be transient and steady-state components to both the contact hysteresis and friction in that 

hysteresis and friction decreased over the first 30 cycles, but persisted after many more. 

Additionally, we observed the cessation of the transient component to coincide with 

attaining the limit of film damage (10 A). With a reduced film thickness, we attribute the 

reduction in friction during wear to a reduction in the volume of material that can dissipate 

mechanical energy. An alternate possibility is that wearing the film also involves a 

reordering once the thickness has been reduced. It is important to point out, however, that 

1) friction after wearing the film is still much greater than in new monolayers and 2) even 

after repeated wear at high stresses and after plastic deformation of the Au substrate, the 

film still passivates the probe-sample interaction. 

We consider two damage mechanisms: the removal of a fraction of the monolayer 

and the fragmentation of alkyl chains. Regarding the first, sulfonates bind more weakly to 

Au than thiolates 36,37 to the degree that one method of patterning films is through 

oxidation and rinsing in an alcohol 37. In non-oxidized films, a reversible structural 

transition in thioiate ordering has been observed at high stresses 12,29,38, so we expect 

reversible thiolate displacement to occur in our non-oxidized films. The lower binding 

energy of the sulfanotes in oxidized films makes displacement more likely at lower stresses 

and may lead to irreversibilty in the transition or to sulfonate removal. In this case, 

wearing the frlm would involve removal of a certain fraction of sulfonate species and the 

attached alkyl chains. Fragmentation of alkyl chains is reported to be aided by the 

oxidation process 33 and the act of measuring friction may remove the fragmented species. 

The high stresses may also fragment additional chains. Both mechanisms would give rise 

to the observed behavior, and with either the loss of a fraction of sulfonates or 

fragmentation of alkyl chains, we expect a reduction in the volume available to dissipate 

mechanical energy and a corresponding reduction in friction. 
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CONCLUSIONS 

We have developed a technique that permits the direct comparison of friction and 

mechanical properties on the nanometer scale. We have applied this technique to 

investigate the sources of friction in self-assembled monolayers of hexadecanethiol and 

have observed a strong correlation between contact hysteresis and friction. In all 

monolayers, friction forces increased linearly with applied normal force, allowing us to 

characterize friction using a coefficient. Contact hysteresis and friction were observed to 

increase with age, and we propose that aging of the film results in a reduction in packing 

density when stressed, which leads to greater chain mobility and more modes of energy 

dissipation. Additionally, we have identified that aged films wear rapidly at high stresses 

and have identified the dependence of friction on rate of deformation. These results 

indicate that the age and storage of these materials must be taken into account when 

tribological properties are investigated. 
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FIGURE CAPTIONS 

Fig. 1 Typical friction loop from an IFM friction experiment. Friction forces give rise to 

additional torques on the sensor, for which the feedback compensates by increasing or 

reducing the torque due the normal force (Le. changing the depth of deformation). Moving 

to the left, feedback retracted the tip from the sample and moving to the right, it increased 

the depth of deformation. 

Fig. 2 Loading cycle demonstrating near-elastic behavior of monolayer-Au couple. Data 

shows a very good fit to the Hertzian model, which is used to estimate the change in 

normal force with change in tip vertical position. 

Fig. 3 Correlation between contact hysteresis and friction. (a) Loading cycIe 

demonstrating the minimal contact hysteresis of a monolayer 0-2 days old. (b) Loading 

cycle of a film that was exposed to air for 40 days. A distinct increase in hysteresis is 

observed in the aged monolayer. (c) Friction force as a function of normal force for a new 

monolayer. Friction is minimal. (d) Friction vs. normal force for the aged monolayer. 

Friction forces rise linearly with normal force at a much greater rate than for new 

monolayers. 

Fig. 4 (a) Normalized friction coefficient as a function of number of measurement cycles 

in the same location for aged films. The friction force (F,) is normalized by that of the first 

measurement cycle (FJ. Friction forces drop to - 75% of their original value over 20 - 30 

cycles. (b) The change in contact hysteresis with wear. The behavior of the monolayer 

after t h t y  wear cycles is shown and, for comparison, behavior of an unworn, aged 

monolayer is shown by the broken line. The reduction in contact hysteresis with wear 

correlates with the reduction in friction. 
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Fig. 5 (a) Dependence of the normalized friction force on lateral tip speed (v,), 

quantifying the increase in friction with deformation rate for an aged film. Error bars 

represent scatter in the measurements. The open arrows along the abscissa identify the 

lateral velocities (62.5,250, and 2500 ks) that roughly correspond to v, = 5, 20 and 200 

h s .  Force-deformation 

relationships appear to be the same for deformation rates of 5 and 20 %Js, but the film 

appears stiffer at 200 ks. (c) Unloading portion of loading cycles at three speeds. At 5 

h s ,  recovery of the monolayer is observed, while at 20 and 200 h s ,  virtually no 

relaxation is observed. 

(b) Loading portion of loading cycles at three speeds. 
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