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We design and fabricate an apparatus which uses two dual double cantilever flexures to probe

mechanical properties of self-assembled monolayers sSAMd under compression. The cantilevers

were designed to give stiffness of the same order as the SAM. One of the cantilevers carrying the

probe is vibrated sinusoidally at subresonance frequency and subnanometric amplitude while the

dynamic response of the other carrying the SAM is recorded in the contact mode to yield data which

could be deconvoluted to give stiffness and damping constant of the SAM under compression using

a model of viscoelasticity. We validate the apparatus as well as the method of deconvolution by

indenting bulk polytetrafluoroethylene and estimate mechanical properties of SAMs of different

chain length and head group. The approach adopted here is able to distinguish in terms of

mechanical properties a bulk polymer from a SAM and also between two SAMs of similar but

subtly different structure. © 2005 American Institute of Physics. fDOI: 10.1063/1.1857278g

I. INTRODUCTION

The surface force apparatus designed and fabricated by

Israelachvili and McGuiggan
1

was a breakthrough in measur-

ing different types of surface forces valid at different length

scales especially when molecules deposited on opposed sur-

faces interact in different media. While transparent substrate

made up of materials such as mica is a must for implemen-

tation of high resolution displacement measurement using

multiple beam interferometry, such an equipment has limited

scope in engineering applications where surfaces are gener-

ally rough and substrate are opaque. The equipment designed

and used by Corassous et al.
2

and Tonck et al.
3

and later by

Peachy et al.
4

circumvents this problem and uses sACd
modulation, credited to Pethica and Oliver,

5
to deconvolute

elastic and damping properties of liquid molecules confined

between engineering surfaces. The frequency dependent

shear relaxation behavior of nonwetting molecules such as

Octamethylcyclotetrasiloxane sOMCTSd is well

documented.
6,7

Joyce et al.
8

have indicated that even in com-

pression self-assembled monolayers sSAMsd possess time

dependent elastic response. The problem we address here is

the measurement of mechanical properties of a stiff poly-

meric monolayer assembled on a solid substrate. Such a

problem is of interest to the designer of additive molecules

used in tribology. The mechanical properties influence fric-

tion and load bearing capacity. Simple thiol molecules are

known to have modulus of the order of 10 GPa.
9

From the

engineering point of view it is however the stiffness, a prod-

uct of the storage modulus and the contact radius and the

damping constant which have direct bearing on the load

bearing capacity and friction.

The problem we address here imposes following restric-

tions on the configuration and design of an apparatus or se-

lection of a standard equipment which may be used to mea-

sure the required properties. s1d. The self-assembled

monolayers are generally about 2–3 nm thick. To probe the

properties of such a system the perturbation must be limited

to about 20% of the thickness.
10

At larger perturbation the

molecular order is disturbed and the deconvoluted properties

are composite properties of the test molecule and

substrate.
8,11

This rules out nanoindenter as a probing instru-

ment, where the displacement resolution of this order is

rarely achieved. s2d. The contact area has to be large to allow

the determination of average properties of a large number of

molecules. This rules out the atomic force microscope

sAFMd which has a tip of very small radius. s3d. The relax-

ation time of SAMs of these test molecules are generally less

that 0.1 s. The probe frequency has thus must be small, of

the order of a few hertz. The stiffness of the measuring flex-

ure cannot therefore also be too low as the low natural fre-

quency leads to low signal–to–noise ratio. Further a low

stiffness flexure is prone to snap-in instability which should

be avoided. A very high stiffness of the flexure compared to

that of the SAMs of molecules is also not acceptable as mea-

surement of displacement of the order of 0.2–0.5 nm fall

within the resolution of measurement system. We have in a

previous paper
12

given the design of a dual double cantilever

flexure system which is especially designed to nullify any

rotation and sideways movement of a specimen platform of

the type used in a surface force apparatus sSFAd,7 on normal

loading. Here two such cantilevers are part of an integral

block, one is used to transmit a modulated displacement sig-

nal superposed on a ramp to a self-assembled monolayer

deposited on a flat mounted on the second cantilever plat-

form. The cantilevers are designed using the finite element

method to satisfy the above requirements. This design gives

a stiffness s<15 000 N/md which is of the same order as the
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stiffness of the test samples. A similar approach has been

used in the mechanical property measurement of confined

water layers using an off-resonance AFM.
13

High displace-

ment resolution is achieved here by recording the sample

displacement as a differential between the displacements of

the two cantilevers, measured using capacitive sensors. We

designate the equipment contact force apparatus.

Given the near solid state of the additive molecules we

use the kelvin viscoelastic model
14,15

to deconvolute the

stiffness and damping properties of two stiff polymeric

monolayers; perfluorooctyltrichlorosilane sFOTSd sRef. 16d
and perfluorooctadecylacid sPODAd, self assembled on alu-

minum surfaces. As the stiffness of the self-assembled addi-

tive monolayers are not well known we first calibrate the

instrument using a well-known polymer polytetrafluoroeth-

ylene sPTFEd, the mechanical properties of which are well

established.

II. EXPERIMENT

A schematic of the apparatus is shown in Fig. 1. It con-

sists of two parallel and coaxial dual double cantilevers

sDDCd integral to a main frame, the assembly is machined

out of a single aluminum sAl—2024d block. A micromotor

sPhysik Instruments, Germanyd is fixed at one end to the

rigid frame while the other end is attached to a piezoactuator

sPhysik Instruments, Germanyd which has a displacement

resolution of 0.1 nm in a 10 mm range selectronic noise reso-

lution 0.115 ppm/ÎHzd. The actuator drives the top DDC

platform, the underside of which is attached to the top end of

a shank. The other end of the shank carries the indenter or

the probe. The vertical displacement X of the top DDC plat-

form is measured by a capacitor C1 of resolution 0.01 nm in

a 15 mm range. The fixed plate of the capacitor is attached to

a plate fixed at both ends to the main frame. The indentor

presses on the sample deposited on a substrate attached to

the platform of the bottom DDC. The capacitor C2 sidentical

to C1d measures the deflection Y of the bottom DDC plat-

form. The displacement of the probe tip with respect to the

sample surface is given by d=X−Y. The force on the sample

is given by F=KcY where Kc is the cantilever stiffness ssee

Ref. 12 for calibration procedured. To measure the stiffness

and damping of the sample a small AC signal speak–peak:

1–10 nm, 1–100 Hzd is superposed on the actuator dc sig-

nal. Typical piezodisplacement sC1d and DDC displacement

sC2d sforce signald are shown in Fig. 2.

Data is acquired using a 100 channel National Instru-

ments sAustin, TXd, data acquisition card sDACd and visual

C11 software. The rate of acquisition is 100 kS/s. The

voltage signals from C1 and C2 are filtered and the signals

fed into two dual phase lock-in amplifier sStanford Research

Systems, Sunnyvale, CAd. The gain and phase are recorded.

The piezoactuator is driven by a closed/open loop high volt-

age s0–1000 Vd piezocontroller sPhysik Instruments, Ger-

manyd. The gain R and the phase w are used to estimate the

stiffness and damping constant of the sample.

A. Deconvolution of stiffness and damping constant

The spring-dashpot model of the system is shown in Fig.

3. where Kpz and Ktr are the stiffness of the piezoactuator and

the top DDC spring and M1 the effective mass of the probe

and the top spring. Kc is the stiffness of the bottom DDC,

i.e., force sensor and M2 the effective mass of the sample

substrate and the bottom DDC spring. Ks and Cs represent

the stiffness and damping constant of the sample. Here we

have ignored the damping effect of the capacitors which may

be modeled as dashpots parallel to the top and bottom DDC

springs. The capacitor plates are separated by a 10 mm air

gap and we have measured the damping due to the air and

found it to be negligible. Equation of motion for member 1

sM1d is

FIG. 1. Schematic of the apparatus sCFAd used for experimentation.

FIG. 2. Experimental result of piezodisplacement and bottom DDC deflec-

tion in nanometer plotted as function of time. tc—contact begins,

to—contact rupture, td—maximum displacement.
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M1Ẍ + KeffX = Foeivt, s1d

where Keff is the effective stiffness of Kpz and Ktr. Since the

operating frequency sv<1–100 Hzd is less than the natural

frequency svo<100 KHzd of member 1, the inertia term

M1Ẍ can be neglected. As Kpz@Ktr the effective stiffness

Keff<Kpz, Eq. s1d becomes

X = Aoeivt,

where Ao= sFo /Kpzd is the input amplitude. The combined

equation of motion for member 2 sM2d and the sample is

M2Ÿ + KcY − CssẊ − Ẏd − KssX − Yd = 0. s2d

Since the operating frequency svd is less than the natural

frequency svod of member 2 the inertia term M2Ÿ can be

neglected. Equation s2d becomes

KcY − CssẊ − Ẏd − KssX − Yd = 0. s3d

The response equation of bottom DDC may be written as

Y = Ay exp isvt + fd ,

where Ay is the response amplitude. Substituting X and Y in

Eq. s3d, the real and imaginary parts of the equation may be

separated. The real part is given by

sKc + KsdAy cos f − KsAo − vCsAy sin f = 0

from which Ks is given as

Ks =
KcAy cos f − vCsAy sin f

sAo − Ay cos fd

=
KcR cos f − vCsR sin f

s1 − R cos fd
, s4d

where R=Ay /Ao. The imaginary part is

sKc + KsdAy sin f − vCsAo + vCsAy cos f = 0

from which

vCs =
sKc + KsdAy sin f

sAo − Ay cos fd
=

sKc + KsdR sin f

s1 − R cos fd
. s5d

Solving Eqs. s4d and s5d gives the stiffness and damping

constant of the sample material as

Ks = Kc

sR cos f − R2d

sR2 − 2R cos f + 1d
, s6d

Cs =
sKcR sin fd

vsR2 − 2R cos f + 1d
., s7d

It should be noted that the above model only analyzes

the harmonic part of the experimental process. This serves

the purpose of deconvolution of stiffness and damping con-

stant of the sample. We have assumed that the elastic and

viscous forces of the sample system are additive. This as-

sumption is suitable for solid viscoelastic material, where

stiffness and damping elements are parallel sKelvin

modeld.13,17,18
For liquids, Maxwell’s visco-elastic model is

more suitable where stiffness and damping elements act in

series. The Kelvin model may be converted to Maxwell’s

using the following set of equations:

helastic = Ks +
v2Cs

2

Ks

,

hviscous = Cs +
Ks

v2Cs
2

,

where helastic and hviscous are the elastic and viscous compo-

nents of the Maxwell model.

B. Storage „E8… and loss „E9… modulii

Given Ks and f we can now estimate the storage sE8d
and loss sE9d modulii. If n1 , E1 and n2 ,E2 are the Poisson’s

ratio and Young’s modulus of the probe and the sample ma-

terial, respectively, and

1

Eeff

=
1 − n1

2

E1

+
1 − n2

2

E2

.

We may estimate E8=E2 from the above if we write using

Sneddon’s equation
5

Eeff =
Ks

2ac

,

where ac is the contact radius. For validation of the equip-

ment and measurement procedure we measure the E8 and E9

of a crystalline polymer, polytetrafluoroethylene sPTFEd, the

mechanical properties which are well established. For such a

material we expect the material to flow at the asperity level

on contact and result in the real area of contact to become

about the same as the apparent area of contact. We thus as-

sume ac to be the Hertzian contact radius. We have measured

the adhesion between the ruby sphere and the PTFE sample

and found that the departure from the hertzian contact due to

adhesion, is very small.
20

E9 is given by

E9 = E8 tan f .

FIG. 3. Spring-dashpot model of CFA.
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C. Calibration

Figure 4 shows an input sDCd ramp with a superposed

2 nm amplitude, 1 Hz, sinusoidal signal, and the correspond-

ing capacitor response obtained in an experiment where the

probe presses the bare Al substrate on bottom DDC. The gain

is R=1 and the phase difference is f=0.

We next check the response of the system when a ruby

tip of 1.12 mm radius indents an aluminum substrate. The

aluminum substrate was polished to a rms sroot mean squared
roughness of 1 nm, ultrasonicated in 50–50 acetone water

mixture, and dried in dry air. The experiment was conducted

in a humidity chamber, at <10% relative humidity. As the

ruby sphere approaches the aluminum flat, the aluminum flat

moves up to register a negative attractive force seen in Fig.

5. A contact is made at zero load. Figure 6 shows that the

displacement of the ruby sphere in contact with the alumi-

num flat is the same as that of the aluminum flat in loading

and unloading parts of the cycle as long as the interaction is

in the contact mode. This gives rise to a vertical repulsive

path without hysteresis, d=X−Y =0. This is seen in Fig. 5,

which indicates that the aluminum flat is not indented. Figure

7 shows that the response sACd amplitude sAyd reaches the

piezo sACd amplitude sAo=2 nmd and the phase difference

becomes zero as soon as the tip makes contact with the sub-

strate, tloc in Fig. 7 is the characteristic time of the lock-in

amplifier to lock the signal, tloc is related to the proportional

integral differential sPIDd value selected for the amplifier.

The phase angle remains zero at all loads during the experi-

ment.

D. Validation of the spring-dashpot model

We validate the model by penetrating a polymer, poly-

tetrafluoroethylene sPTFEd of low modulus and deconvolute

the storage and loss modulus from the machine data of gain

and phase difference.

A disc of thickness 1 cm was cut out from PTFE rod of

1 cm diameter sReliance Plastics, India; the manufacturer

specifies a Young’s modulus of <0.4 GPad and polished us-

ing commercially available polishing cloth. The experiments

were performed using a ruby sphere of radius 1.12 mm. An

AC signal of 5 nm amplitude and 5 Hz frequency was super-

posed on the DC ramp.

FIG. 4. Peak–to–peak calibration curve.

FIG. 5. Force curve of a ruby sphere sradius 1.12 mmd contacting an alu-

minum flat, loading sfilled circled, unloading sopen circled.

FIG. 6. Y sresponsed vs X sinputd, DC ramp, ruby sphere contacting an

aluminum flat.

FIG. 7. Response of capacitor C2 to a piezo-sACd signal of 2 nm peak–to–

peak amplitude. Ruby sphere s1.12 mm radiusd approaching an aluminum

flat.
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Figure 8 shows a load-displacement curve with a hyster-

esis. Figure 9 show the stiffness and damping constant of

PTFE as a function of penetration. It is of interest to note that

the damping constant increases with penetration of this rela-

tively thick PTFE film. Figure 10 shows the deconvoluted

storage and loss modulus. The estimated values of these

modulii agree with those given in the literature.
19

III. MECHANICAL PROPERTIES OF SELF ASSEMBLED
MONOLAYER

The thickness of a self-assembled monolayer is gener-

ally of the order of 2–3 nm. We propose to deconvolute the

stiffness and damping coefficient of a SAM in the contact

mode.The aluminum substrate was prepared as stated before.

1 mM FOTS in isooctane was prepared and the aluminum

substrate was dipped in it for 30 min. The substrate was

taken out, washed in isooctane, and again dried in dry nitro-

gen gas and preserved in a vacuum desiccator prior to ex-

periments. Grazing angle fourier transform infrared sPerkin-

Elmer, Germanyd was used to obtain spectra of the deposited

film to ensure monomolecular coverage of the substrate by

the SAM. The same procedure as used for the preparation of

FOTS SAM was done for the preparation of perfluoroocta-

decylacid sPODAd, except that the solvent used was chloro-

form and the substrate was dipped in the solution for four

hours. A ruby sphere of 1.12 mm radius was used to contact

the SAM. The experiments were conducted using an AC sig-

nal of 1 nm peak to peak amplitude and 5 Hz frequency.

Figure 11 shows the force-displacement characteristics of

FOTS obtained in a DC mode sAo=0 nmd. It is clear that

there is an approach to the sample over a <10 nm distance

where the force is attractive. Very close to zero separation

the force increases sharply with minimal displacement. If we

mark this point of inflexion as contact the displacement does

not change measurably beyond this value even when the load

increases to 100 mN, on retraction no appreciable hysteresis

is observed. It should be noted that the experiment using

present apparatus gives the attractive part of the force in the

noncontact approach and retraction regimes. It should be re-

iterated at this stage that no indentation of the aluminum

substrate was observed sFig. 5d even at 500 mN load. The

maximum load used in probing FOTS SAM s120 mNd is

thus unlikely to result in any indentation of the substrate.

Figure 12 shows the stiffness characteristics for FOTS de-

FIG. 10. Storage and loss modulii of PTFE as a function of separation. The

arrows to the right and left are the loading and unloading, respectively.

FIG. 11. Force curve of a ruby sphere sradius 1.12 mmd contacting FOTS on

aluminum flat, loading sfilled circled, unloading sopen circled.

FIG. 8. Load-displacement curve from indentation of PTFE disc.

FIG. 9. Stiffness and damping constant of PTFE as a function of separation,

positive value of separation is penetration. The arrows to the right and left

are the loading and unloading, respectively.
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convoluted using Eq. s6d for different peak loads. Figure 12

gives some idea of the experimental variation from three

independent experiments. It also shows that the stiffness

starts to increase long before contact szero loadd. The maxi-

mum attractive force recorded here is about 20 mN which is

significantly less than that s<920 mNd due to any possible

capillary effect.
1

Considering that the experiments were done

at about 10% RH srelative humidityd, this perhaps is not

surprising. We are thus led to believe that the recorded non-

contact attraction is most probably due to the presence of van

der Waal forces. The damping constant obtained using Eq.

s7d also increases sFig. 13d in the noncontact regime and

attains a peak at about +30 mN for the FOTS SAM. It should

be noted at this stage that the driving frequency which is low

in these experiments allows significant time for the molecule

to relax. Compared to the 0.08 s relaxation time constants

estimated for thiol SAM sRef. 8d the driving time constant

here is 0.2 s. At the higher loads the damping constant for

both the test SAMs decrease and attains zero value at 80 and

120 mN for PODA and FOTS SAMs, respectively. Both the

test molecules broadly show the same characteristics, the

stiffer PODA molecule with acid head group relaxes faster

than the FOTS molecule with silane head group and attains

zero damping at lower compressive loads. If a nondimen-

sional damping–constant–to–stiffness ratio represents a no-

tional ratio of liquidlike–to–solidlike behavior we see in Fig.

14 a sharp transition for the two SAMs at a rate of 1600/N in

the 20–100310−6 N range. For PTFE the ratio sextracted

from Fig. 9d is 0.4 at zero load and it decreases almost as-

ymptotically to 0.2 over a load range of 0–2.5310−3 N at an

average rate of about 80/N. Thus the bulk PTFE unlike the

SAMs shows a model viscoelastic behavior, never quite be-

coming nondissipative even at high loads. The SAMs on the

other hand show a sharp transition from viscous to purely

elastic response behavior at a compression load which is spe-

cific to the structure of the molecules being tested.
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