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Abstract

C60-terminated self-assembled monolayers (SAMs) were generated on the surface of Au(111) by the adsorption of unsymmetrical

disul®des having saturated hydrocarbon backbone structures comprised of six (C-6) and eleven (C-11) carbon atoms. The formation of

oriented monolayer ®lms from these adsorbates was con®rmed by ellipsometric thickness and contact angle measurements. The morphol-

ogies and frictional properties of the C60-terminated SAMs were examined using atomic force microscopy (AFM). The SAMs derived from

the C-11 disul®des exhibited smooth morphologies and homogeneous frictional force distributions, which proved ideal for the study of

intrinsic frictional properties. The SAMs derived from the C-6 disul®des, however, exhibited rough and inhomogeneous topographic and

frictional force distributions. In addition, the shorter SAMs exhibited erratic frictional behavior and partial ®lm delamination. The relative

frictional forces observed on these immobilized C60 ®lms were higher than those observed on normal methyl-terminated SAMs and on the

surface of graphite. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The tribological properties of C60 or `buckminsterfuller-

ene' [1] ®lms have been widely studied because of their

potential use as solid lubricants [2±13]. Their structural

uniqueness and chemical identity has prompted their

comparison to other carbon-based materials such as

diamond, graphite, and amorphous carbon [4,10]. Despite

the theoretical prediction of exceptional rigidity and load-

bearing capacity [14±16], experimental observations of the

lubricating properties of C60 ®lms have been inconsistent

[2±13]. Although low frictional properties of the ®lms

have been reported [5±8], the accompanying wear and the

mobility of wear debris complicate the characterization of

their intrinsic tribological properties. Moreover, many of the

C60 ®lms reported thus far exhibit `island' formation due to

insuf®cient coverage [6±9], or exist as multilayers at the

other extreme [3,5,10,11]. For the majority of these inves-

tigations, the C60 ®lms were obtained by sublimation onto

various substrates.

To overcome these dif®culties, researchers have explored

the attachment of C60 moieties to the tail groups of self-

assembled monolayers (SAMs) [14±19]. Chemical bonding

of the C60 moieties to the surfaces of SAMs should not only

provide discrete monolayers of C60, but also organized

assemblies in which the C60 moieties will remain immobi-

lized on the surface even when subjected to stress. This

approach has been employed in studies of the structural,

electrochemical, and biological properties of C60 ®lms; its

use, however, in the tribological characterization of fuller-

enes has been somewhat rare [12,13].

We report here the structural characterization and fric-

tional properties of a new class of C60 monolayers that are

chemically attached to the surfaces of SAMs. Fig. 1 illus-

trates the nature of these monolayers, which were generated

by the adsorption of speci®cally designed C60-modi®ed

unsymmetrical disul®des onto the surface of Au(111) [20].

To explore the relationship between the structure of the

underlying saturated hydrocarbon backbones and the fric-

tional properties of the overlying C60 layer, we employed

two types of disul®des having different chain lengths (C-6

and C-11). We then compared the frictional properties of

these SAMs to those of CH3-terminated SAMs having also

C-6 and C-11 chain lengths. Finally, we compared the fric-

tional properties of the C60 ®lms to those of the well known

solid lubricant graphite (HOPG). With these studies, we
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wished to determine the in¯uence of immobilization on the

tribological properties of well-de®ned C60 monolayer ®lms.

Also, we wished to compare the frictional properties of

these immobilized C60 ®lms with other carbon-based lubri-

cant materials such as normal hydrocarbons and graphite.

2. Experimental

Fig. 1 illustrates the structures of the SAMs examined in

this work. Fig. 1a shows the SAM derived from the C-6

symmetrical CH3-terminated disul®de, [CH3(CH2)5S]2

(left), and its unsymmetrical C60-aziridine-terminated

analog, C60N(CH2)6SS(CH2)5CH3 (right). Fig. 1b shows the

SAM derived from the C-11 symmetrical CH3-terminated

disul®de, [CH3(CH2)10S]2 (left), and its unsymmetrical C60-

aziridine-terminated analog, C60N(CH2)11SS(CH2)10CH3

(right). Details of the synthesis of the C60-aziridine-termi-

nated C-6 disul®de have been provided elsewhere [20].

The C60-aziridine-terminated C-11 disul®de was prepared

similarly. 1H NMR (CDCl3): d3.67 (t, J � 7:7 Hz, 2 H,

NCH2CH2), 2.67 (t, J � 8:0 Hz, 2 H, SCH2CH2), 2.64 (t, J �
8:0 Hz, 2 H, SCH2CH2), 2.20±2.10 (m, 2 H), 1.81±1.51 (m, 6

H), 1.42±1.5 (m, 28 H), 0.89 (t, J � 7:7 Hz, 3 H, CH2CH3).

For the thickness and wettability studies, the disul®des

were adsorbed onto polycrystalline gold substrates, which

were prepared by thermally evaporating gold onto silicon

wafers [21]. The thicknesses of the SAM ®lms were

measured by ellipsometry using a Rudolf Research Auto

EL III ellipsometer equipped with a HeZNe laser (632.8

nm at an angle of incidence of 708). A refractive index of

1.45 was assumed for all ®lms. The contact angles of water

(H2O) were measured using a rameÂ-hart model 100 contact

angle goniometer. For topographic and frictional studies,

the SAMs were obtained by immersing Au(111) surfaces

into 1025 M solutions of the unsymmetrical C60-terminated

disul®des dissolved in benzene or 1023 M solutions of the

symmetrical CH3-terminated disul®des dissolved in ethanol.

The Au(111) surfaces were obtained by annealing a gold

wire in a ¯ame of H2/O2 to produce a number of atomically

¯at (111) terraces around the circumference of the micro-

ball. Detailed procedures for the preparation and character-

ization of these gold substrates are available in a previous

publication [22].

Topographic and frictional measurements of the SAMs

were performed using an atomic force microscope (AFM).

The instrument employed here utilizes a conventional beam

de¯ection technique with a single tube scanner (0.5 00 in

diameter and 1.0 00 in length) [22]. In this technique, light

from a laser diode is focused on the backside of the V-

shaped microfabricated cantilever, which supports the

probe tip underneath. In this experimental approach, the

sample is scanned relative to a ®xed cantilever position.

De¯ections of the cantilever generated by interaction of

the probe tip and the sample surface is detected by a four-

quadrant position-sensitive detector. With this approach,

both normal and lateral de¯ections of the cantilever can

be simultaneously recorded. Sample positioning as well as

data collection and processing were controlled by RHK

AFM 100 and RHK STM 1000 electronics and software.

We adopted two different approaches for the studies of

friction. In the ®rst approach, the force between the tip and

the sample surface was maintained at a constant normal

force (zero applied load) using a feedback system while

topographic images of the surface were obtained. This

approach produced two-dimensional maps of the ®lm topo-

graphy and the spatial distribution of lateral forces across

the ®lm surface. These maps provide information regarding

the homogeneity of the ®lms in terms of frictional properties

as well as the average frictional forces at zero applied load

in a given area.

In the second approach, the feedback control of the

normal load between the tip and the surface was disabled,

and the sample surface was rastered laterally over the same

line (1000 AÊ scan length) as a function of a systematically

varied applied load (maximum of ,30 nN). The lateral

forces were then plotted as a function of load to yield a

`friction-load' map [22]. For statistical validity, friction-

load maps were obtained from several different areas of

the sample surfaces. Normal loads have been expressed in

force units (nN) using the manufacturer's (Digital Instru-

ments, CA; 0.58 Nm21) speci®cations of the force constant
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Fig. 1. Illustration of the types of SAMs derived from: (a) the C-6 symme-

trical CH3-terminated disul®de (left) and the C-6 unsymmetrical C60-termi-

nated disul®de (right), and (b) the C-11 analogs, respectively. Note that the

overlying C60 moieties are depicted as large spheres.



of the cantilever. Lateral forces have been expressed in

voltage (V) as measured at the photodetector without further

conversion. Several different cantilever-tip assemblies were

used in this work for duplicate experiments. All data

presented here for the purpose of comparison in the same

plot or in the same table, however, were obtained with a

single cantilever-tip assembly to ensure validity. The radii

of the AFM tips used were ,700 AÊ , as determined by

imaging a standard sample [23].

3. Results and discussion

3.1. Thicknesses and wettabilities of SAMs

Because the van der Waals diameter of C60 (,10 AÊ ) is

approximately twice the lattice spacing of simple CH3-termi-

nated SAMs on gold (,5 AÊ ) [20,24±26], the unsymmetrical

disul®des employed here represent ideal underlying hydro-

carbon moieties for the generation of C60-terminated SAMs

on gold (see Fig. 1). Indeed, previous studies by scanning

tunneling microscopy (STM) have con®rmed that these

SAMs expose C60 moieties at the interface [20,27]. To further

con®rm that the hydrocarbon underlayers are substantially

covered by C60 moieties, we characterized the ®lms by ellip-

sometry and contact angle measurements. We then compared

these data to those of SAMs derived from normal alka-

nethiols with chain lengths equivalent to those proposed to

lie beneath the C60 moieties as illustrated in Fig. 1. For the

purpose of comparison, we measured contact angles on

graphite as well. The results of these studies are summarized

in Table 1. Measurements of the ellipsometric thickness of

both SAMs derived from the C60-terminated disul®des ± 16.5

AÊ for C60N(CH2)6SS(CH2)5CH3 and 21.8 AÊ for

C60N(CH2)11SS(CH2)10CH3 ± showed an approximately 10

AÊ greater thickness than the SAMs derived from the corre-

sponding normal alkanethiols ± 5.5 AÊ for CH3(CH2)5SH and

13.7 AÊ for CH3(CH2)10SH, respectively. Given the probable

differences in refractive index of the two types of SAMs as

well as possible effects due to optical anisotropy [28], the

measured differences in thickness show surprisingly good

agreement with the diameter of the C60 moieties. These

results are thus consistent with the structural model proposed

in Fig. 1.

Contact angle measurements provide a sensitive probe of

the nature of the terminal functional groups of organic thin

®lms [29,30]. When using water as the contacting liquid

(Table 1), both the C-6 (uH2O
a � 898) and the C-11

(uH2O
a � 878) C60-terminated SAMs exhibited slightly higher

advancing contact angles than those previously reported for

C60-terminated SAMs [15,17,19]. The values are, however,

substantially lower than those obtained on SAMs formed

from the corresponding normal alkanethiols (uH2O
a � 1088

for CH3(CH2)5SH and 1148 for CH3(CH2)10SH). The differ-

ences in the advancing contact angles of water on the C60- and

CH3-terminated ®lms appear consistent with the exposure of

C60 rather than CH3 moieties at the surfaces of the SAMs

formed from the unsymmetrical disul®des. Furthermore,

the similar values of the advancing contact angle of water

measured on graphite (uH2O
a � 868) and on the chemically

similar C60-terminated SAMs (uH2O
a � 87±898) provide addi-

tional support for this model.

3.2. Topographic and lateral force images of SAMs

Figs. 2 and 3 provide representative AFM images of the

SAMs studied in this work. In Fig. 2a, topographic (left) and

lateral force (right) images of the SAM formed from the C-6

symmetrical CH3-terminated disul®de are presented. This
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Table 1

Ellipsometric thicknesses (AÊ ) and contact angles of water on SAMs on

Au(111)a

Samples Ellipsometric

thickness (AÊ )

Advancing

contact angle

of water (8)

CH3(CH2)5SH 5.5 108

CH3(CH2)10SH 13.7 114

C60N(CH2)6SS(CH2)5CH3 16.5 89

C60N(CH2)11SS(CH2)10CH3 21.8 87

Graphite ± 86

a Average values from multiple independent measurements are reported.

Errors in ellipsometric thicknesses are estimated at ^3 AÊ errors in contact

angle values are estimated at ^28.

Fig. 2. Topographic (left) and lateral force (right) images of SAMs derived

from: (a) the C-6 symmetrical CH3-terminated disul®de and (b) the C-11

symmetrical CH3-terminated disul®de. The scale of the image is ,0:5 £ 0:5

mm. Enhanced brightness corresponds to increased height in the z-direc-

tion.



SAM exhibited a smooth and featureless morphology over

the scale shown (,0:5 £ 0:5 mm), except for well de®ned

steps and terraces arising from the underlying Au(111)

substrate. Enhanced brightness in the images corresponds

to increased height in the z-direction. Lateral force images

yielded a homogeneous distribution of frictional forces over

the scanned area. Comparison of both images suggests that

topographic features such as steps and terraces exert no

in¯uence upon the frictional properties of the ®lm. Smooth

morphologies and homogeneous frictional force distribu-

tions were also seen on the SAM formed from the C-11

symmetrical CH3-terminated disul®de (Fig. 2b). Topo-

graphic corrugation over the ¯at areas of both CH3-termi-

nated ®lms was less than ,2AÊ .

SAMs formed from the unsymmetrical C60-terminated

disul®des, however, exhibited features that varied with the

length of the underlying hydrocarbon chains (see Fig. 3a,b).

For the SAM derived from the C-6 unsymmetrical C60-

terminated disul®de (Fig. 3a), the topographic image (left)

was substantially rougher than those of the CH3-terminated

®lms. The topographic corrugation over the feather-like

features (brightest areas), for example, suggested heights

of as much as ,20 AÊ . Furthermore, the lateral force

image (right) revealed an inhomogeneous distribution of

frictional forces, unlike those of the CH3-terminated

SAMs. Brighter regions in the lateral force images corre-

spond to higher friction. Meanwhile, the topographic image

of the SAM derived from the C-11 unsymmetrical C60-

terminated disul®de (left image in Fig. 3b) exhibited homo-

geneously distributed grainy features with underlying

terraces. The surface of this ®lm (rms roughness of 4.0 AÊ

per 0.5 mm2 with height variations of #10 AÊ ) appeared

much smoother than that of the C-6 unsymmetrical C60-

terminated SAM, but rougher than that of the CH3-termi-

nated SAMs. Furthermore, despite the grainy features seen

in the topographic image, the lateral force image (right

image in Fig. 3b) exhibited homogeneous frictional force

distributions similar to the CH3-terminated SAMs.

Average frictional forces and the standard deviation of

the lateral force images of the SAMs were measured at zero

applied load; these measurements, together with those on

graphite, are summarized in Table 2. The two CH3-termi-

nated SAMs exhibited comparable average frictional forces

at zero applied load: 42.1 mV for C-6 and 39.0 mV for C-11.

Higher average frictional forces were measured on the C-60

terminated SAMs: 113 mV for C-6 and 104 mV for C-11.

The frictional properties of all SAMs were substantially

higher than that of graphite: 0.7 mV. Although the absolute

values of the frictional forces were different for each

measurement, the relative magnitudes of these forces on

the various samples were reproducible. The standard devia-

tion of lateral force images, which correlates with the homo-

geneity of the frictional properties, were comparable for all

of the SAMs and graphite (except perhaps for the margin-

ally higher value observed for the six-carbon C60-terminated

SAM).

From these observations, we conclude that the target

material in this work, anchored ®lms of C60, are well formed

as SAMs on Au(111) when chemically attached to dialkyl

disul®des having relatively long hydrocarbon chains (e.g. C-

11). When chemically attached to shorter hydrocarbon

chains (e.g. C-6), however, the SAMs are rough and inho-

mogeneous. These results are unsurprising in light of the

known phenomenon that chain lengths of less than 10

carbon atoms yield disordered SAMs from either alkylsilox-

anes or alkanethiols [29±31]. We believe that the roughness

and inhomogeneity of the shorter C60-terminated ®lms

partly arise from deformations induced by the scanning

probe tip. When the topography of the six-carbon C60-termi-

nated SAM was measured by STM (i.e. in the absence of

mechanical perturbation), a more homogeneous structure
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Fig. 3. Topographic (left) and lateral force (right) images of SAMs derived

from: (a) the C-6 unsymmetrical C60-terminated disul®de and (b) the C-11

unsymmetrical C60-terminated disul®de. The scale of the image is

,0:5 £ 0:5 mm. The brighter areas of the topographic and lateral force

images correspond to higher topographic features and higher frictional

Table 2

Average frictional forces and the standard deviation of the lateral force

images at zero applied load obtained on SAMs on Au(111)

Samples Average

friction (mV)

Standard deviation of

lateral force images

(mV/0.25 mm2)

[CH3(CH2)5S]2 42.1 15.8

[CH3(CH2)10S]2 39.0 16.2

C60N(CH2)6SS(CH2)5CH3 113 19.3

C60N(CH2)11SS(CH2)10CH3 104 17.0

Graphite 0.70 15.4



was observed [20] than is observed here. Although the

present AFM images were obtained with zero applied

load, there still exist attractive forces between the tip and

the ®lms while scanning. These attractive forces might

in¯uence the observed structures of the ®lms.

3.3. Friction-load maps of the six-carbon C60-terminated

SAM

Friction-load maps measured on the SAM formed from

the C-6 unsymmetrical C60-terminated disul®de were

obtained from several different areas of the ®lm. Similar

to the lateral force image at zero load shown in Fig. 2b,

the frictional measurements collected as a function of load

were different from area to area, re¯ecting the inhomoge-

neous frictional properties across the sample surface and

suggesting an inhomogeneous C60-terminated SAM. As a

consequence, it would be misleading to offer a single map

as representative of these ®lms. We present instead a few

notable examples of friction-load maps obtained from

several different areas. In the ®rst example, shown in Fig.

4a, nonlinearities or discontinuities in the frictional response

are observed at different load regimes and are suggestive of

rupture or drastic deformation of the ®lm. While the load

regime in which the deformation occurred varied from run

to run, the phenomenon was observed in most measure-

ments on these SAMs.

A second example is shown in Fig. 4b, where large ¯uc-

tuations are observed in the frictional force as a function of

load, suggesting that structural changes are occurring as the

tip is scanned over the surface of the ®lm. Also, distinctively

different slopes of the friction-load maps, which re¯ect the

inherent frictional properties of a material in macroscopic

contact [32], were frequently observed on the surface of a

single given sample. Insight into these ¯uctuations and

variations was obtained by scanning the tip on the surface

of graphite before and after obtaining frictional measure-

ments on the ®lm. As shown in Fig. 5, when the graphite

surface was imaged immediately after rastering over the C60

®lm, higher frictional forces were observed than when

graphite was scanned ®rst. This observation strongly

suggests that material is transferred from the ®lm surface

to the AFM tip during the scanning process. We thus

conclude that the six-carbon C60-terminated SAM under-

goes substantial deformation when in contact with the

AFM probe tip in this load regime.

3.4. Friction-load maps of the eleven-carbon C60-terminated

SAM

In contrast to the C60-terminated SAM described above,

the SAM formed from the C-11 unsymmetrical C60-termi-

nated disul®de showed reproducible frictional behavior as a

function of load. Fig. 6 shows the overlap of ®ve different

friction-load maps obtained from ®ve different areas of this

®lm. The data show excellent reproducibility and exhibit the

anticipated non-linear Hertzian deformation as a function of

load (Ff , L2/3) [33]. Furthermore, the same stable and

robust structure shown in Fig. 3b was observed repeatedly

when imaged over the area at which the frictional data were

collected. No evidence of plastic deformation was observed.

Also, no evidence for material transfer was observed as was

seen for the six-carbon C60-terminated ®lms (vide supra).

The stability of this C60 ®lm is attributed to the additional

stability afforded by increased van der Waals interactions

between the underlying chains (e.g. ®lm stabilization by as

much as 0.8 kcal/mol per additional CH2 has been reported

[34]).

The construction of structurally stable and homogeneous

C60 monolayer ®lms enabled us to investigate the intrinsic

frictional properties of immobilized C60 moieties without
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Fig. 4. Friction-load plots obtained on the SAM derived from the C-6

unsymmetrical C60-terminated disul®de illustrating (a) ®lm deformation,

as revealed by nonsystematic slope changes in the friction-load curves,

and (b) the large ¯uctuations and varied frictional responses of this ®lm.

The ®lled and un®lled symbols indicate measurements taken from two

different regions of the surface.



interference from mechanical instability. Fig. 6 compares

the frictional properties of the C60-terminated C-11 ®lm to

those of the CH3-terminated C-11 ®lm and graphite. The

highest frictional forces were reproducibly observed on

the C60 ®lm over the entire range of loads employed.

Although a quantitative comparison of our results with

other previous reports is hampered by differences in instru-

mental conditions and calibration issues, the observed

higher frictional properties of the C60 ®lm examined here,

when compared to standard materials such as graphite, is

consistent with previous reports [4,10] of the relatively poor

tribological performance of C60 moieties.

3.5. Tribological implications of the results

Examination of the morphological features and frictional

properties of the present `immobilized' C60 ®lms provides

new insight into the nature of C60 as a tribological agent. The

data obtained from the C60 ®lms with underlying C-11

hydrocarbon chains show substantially higher friction than

was observed on the chemically similar surface of graphite.

These data therefore suggest that the attractive lubricant

properties of C60 reported in the literature [5±8] arise, at

least in part, from non-chemical sources. We note further

that ®lm deformation and material transfer were seen when

the C60 moieties were attached to the less stable underlying

C-6 hydrocarbon chains. From one perspective, these latter

C60 ®lms might more closely represent the frictional proper-

ties of free C60 acting as a lubricant. Although a `micro-

bearing' motion has long been predicted to enhance the

tribological properties of C60-based lubricants [2±13], our

results ®nd no support for this phenomenon.

4. Conclusions

The frictional properties of C60 ®lms immobilized on the

surface of self-assembled monolayers were investigated

using atomic force microscopy. Unsymmetrical disul®des

with two different chain lengths, C-6 and C-11, were chosen

as templates to provide underlying hydrocarbon backbones

for the C60-terminated SAMs. The formation of C60-termi-

nated ®lms was con®rmed by ellipsometric thickness and

contact angle measurements. Immobilization of the C60

moieties on C-11 hydrocarbon underlayers provided homo-

geneous monolayer ®lms that were ideal for fundamental

friction studies; frictional measurements on these ®lms were

free from artifacts due to mechanical instability. In contrast,

inhomogeneous and/or unstable C60 ®lms were produced

when C-6 hydrocarbon underlayers were employed. The

frictional forces of the former C60 ®lms exhibited a well

behaved non-linear relationship in response to changes in

load, consistent with the model of Hertzian deformation

(Ff , L2/3). Finally, the frictional forces of the well-behaved

C60 ®lm were higher than those observed on CH3-terminated

®lms and much higher than those observed on graphite in

the load regime adopted in this work (maximum load , 30

nN). Our results are thus inconsistent with a model in which

C60 moieties act as superior lubricating agents.
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