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ABSTRACT JUN 0 8 
Although self-assembled monolayers (SAMs) are promising candidates for in&&@ T I 

lubricants in micro-electromechanical systems, the relationship between the monolayer structure 
and its viscoelastic properties is not understood. Using Acoustic Wave Damping (AWD), we 
have measured the complex shear modulus of linear alkane thiol monolayers, HS(CH2),-,CH3 
denoted as C,, on Au(1 1 1)-textured substrates. The AWD technique measures the elastic energy 
storage and dissipative loss within a SAM adsorbed onto the electrodes of a quartz crystal 
microbalance. For C,,, C,, and C,, SAMs, the storage modulus increases with alkane chain 
length, but the loss modulus exhibits no systematic correlation. To investigate the origins of 
energy dissipation, we used a new, high-sensitivity oscillator circuit to simultaneously monitor 
the adsorption kinetics and acoustic damping during monolayer growth from the gas phase. For 
both C, and C,, thiols, the dissipation in the growing monolayer can be correlated with distinct 
two-dimensional fluid phases and the nucleation and growth of condensed-phase islands. 

INTRODUCTION 

Self-assembled monolayers (SAMs) offer the opportunity to predictively alter not only the 
chemical functionality of a surface, but also its physical properties [l]. For example, alkane 
thiols exhibit coverage and composition dependent, low-density, two-dimensional fluid and solid 
phases on gold substrates in the process of self-assembling into a high-density, periodic array of 
inclined molecules [2-91. By selecting appropriate constituent molecules and controlling the 
growth conditions, SAM-coated material interfaces could be engineered for optimal lubrication, 
adhesion, or vibration damping characteristics. Whereas the molecule's tail-group functionality 
defines the monolayer's surface chemistry, its mechanical properties involve an ensemble 
response to an external force. Understanding exactly how the monolayer's structure determines 
its mesoscopic viscoelastic properties is the objective of this work. 

In the <resent study, A;o&tic Wave 
Damping (AWD) was used to measure 
the complex shear modulus of self 
assem bled, methyl- terminated, alkane 
thiol monolayers (HS(CH,),~,CH,) on 
Au(ll1)-textured substrates. At 
saturation coverage, these molecules 
form ordered ~ ( 4 x 2 )  domains of 
vertically inclined molecules [2], shown 
schematically in figure 1. Helium 
diffraction, X-ray diffraction [2,9], and 
photoemission experiments [ 101 indicate 
that the detailed structure of the SAM is 
subtly more complex than indicated in 
figure 1. Specifically, the SAM may 
consist of disulfides with the sulfur head 
groups bonded to inequivalent Au( 11 1) 
adsorption sites [ 1 11. 

- Au(ll1) Substrak 

Fig. 1: Simplified model of the ~(4x2) saturation phase of 
a linear alk'me thiol monolayer on Au(ll1). The 
equilibrium tilt angle, a, is typically -34". Three tilted 
domains are possible due to the azimuthal symmetry of the 
Au(ll1) substrate. 
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thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or service by trade name, trademark, manufac- 
turer, or otherwise does not necessarily constitute or imply its endorsement, m m -  
mcndktion. or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 



The SAM packing arrangement and 
tilt angle shown in figure 1 are 
determined by intermolecular van der 
Waals interactions, which increase with 
alkane chain length. SAMs consisting of 
long chain molecules are therefore well 
ordered [12]. In contrast, the head 
groups of very short alkane thiols ( n 4 )  
assemble into the ~ ( 4 x 2 )  array but the 
molecular axes remain disoriented even 
at saturation coverage. For well-ordered 
SAMs, inducing a shear deformation in 
the monolayer effectively reorients the 
molecular tilt axis and probes the 
strength of the intermolecular 
interactions. This realization leads us to 
ask if the shear modulus of an alkane 
thiol SAM can be tailored by varying the 
chain length of the constituent 
molecules . 
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Fig. 2: Cross sectional representation of a QCM. An AC 
voltage applied across gold electrodes on the parallel faces of 
the oriented quartz wafer induces a shear deformation in the 
quartz and inertially shears the SAM. 

In order to answer this question, C, SAMs were grown on the two parallel gold electrodes of 
a quartz crystal microbalance (QCM), which is a simple piezoelectric transverse shear resonator 
[13]. As indicated in figure 2, when the QCM is driven at its resonant frequency (-5 MHz), the 
quartz crystal undergoes a shear deformation with maximum displacements at the surfaces. 
Hence the two electrodes experience sinusoidal lateral accelerations in opposite directions, 
thereby inertially shearing the adsorbed SAMs. Using an equivalent circuit model and continuum 
acoustics [14-161, the complex shear modulus (G = G’ + i G”) of the SAM can be determined 
from the resonator’s frequency response function. By using this inertial method to coherently 
deform the entire monolayer, we can access high shear rates (> cdsec )  and avoid the 
complication of modeling a contact region between a probe tip and the monolayer. 

EXPERIMENT 

Commercially available quartz crystal microbalance crystals with nominal resonant 
frequencies near 5 MHz were used for all measurements. Some were pirhana etched, rinsed in 
deionized water, and nitrogen dried to clean the gold electrodes. For other experiments, the 
existing electrodes were chemically removed and new polycrystalline &u( 1 1 1) electrodes were 
patterned onto the bare quartz substrate by vacuum deposition of a 150A chromium binder layer 
followed by a 2000A gold layer. The rms roughness, measured by atomic force microscopy, 9f 
pirhpa-etchedoelectrodes, freshly evaporated electrodes, and bare quartz substrates was 17-35A, 
4-8A, and 2-6A, respectively. 

Each clean QCM was mounted in a high vacuum chamber that was rapidly evacuated to less 
than 1 x torr. An electrically isolated chrome1 alumel thermocouple junction attached to the 
QCM edge provided temperature feedback to a thermostatically-controlled cooling system, 
thereby maintaining a constant QCM temperature (f0. 1 “C) and stable resonant frequency (f0. 1 
Hz). A network analyzer was used to measured the frequency-dependent QCM admittance in a 
narrow bandwidth near resonance. After recording reference AWD data, the clean QCM was 
removed from the vacuum chamber, immersed in a -1pM thiol solution in ethanol for 8-24 hours 
to adsorb the monolayer, rinsed in ethanol, dried with nitrogen, and remounted in the vacuum 
chamber. A second response curve was then measured under conditions identical to the reference 
clean QCM curve. 

For kinetic studies of adsorption and assembly, we designed and built a high-sensitivity 
oscillator circuit for simultaneous frequency and damping measurements [ 171. This approach is 
similar to that of Krim and co-workers who used the QCM to measure the coverage-dependent 
energy dissipation during condensation of rare gases onto the electrodes at cryogenic 
temperatures [ 181. After evaporating clean gold QCM electrodes in vacuum, clean reference data 
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were obtained. Alkane thiol molecules were then admitted into the chamber via a calibrated leak 
valve while continuously measuring the resonant frequency and damping voltage (proportional to 
energy dissipation). In some experiments, an effusive molecular beam doser in close proximity 
to the QCM was used to enhance the effective pressure above the gold substrate surface. Control 
experiments using rare gases, which do not adsorb on gold at 25”C, confirmed that the measured 
frequency shifts and dissipation were due to alkane thiol adsorption. Although the QCM and 
other acoustic transducers have been used previously for alkane thiol adsorption measurements 
[19-211, our studies are the first to simultaneously measure the energy dissipation within the 
growing monolayer. 

RESULTS 

Figure 3 shows typical response data for a clean QCM operating in vacuum. The solid 
squares and open circles are the real and imaginary parts of the complex admittance, respectively. 
At the series resonant frequency, the admittance magnitude is maximized and the electrical 
impedance is a purely real nbmb&. 

For frequencies near resonance, the 
QCM response can be conceptually 
represented by an equivalent circuit 
model [14,16]. This model contains a 
static capacitance and three dynamic 
elements (resistance, inductance and 
capacitance) that represent the 
mechanical properties of the clean QCM. 
These four parameters completely 
determine not only the frequency and 
admittance at resonance, but also the 
shape of the frequency response function 
as shown in figure 3. Whereas 
measuring the admittance at four 
frequencies is sufficient to uniquely 
determine these parameters, we over 
determine the parameter set by 
measuring the admittance at 201) 
frequencies near resonance and 
iteratively fitting the full response curve 
~131. 
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Fig. 3: QCM frequency response function near the 
fundamental msve r se  shear resonance. 

The QCM resonant frequency and amplitude are dependent upon its operating environment. 
A viscoelastic layer on the electrode surfaces adds a mechanical impedance to the vibrating QCM, 
manifested electrically by a decrease in the resonant frequency and admittance. In the equivalent 
circuit model, two additional parameters represent the energy stored elastically in the SAM, and 
the energy dissipated within the SAM. Using acoustic theory, the change in the measured 
response function can be related to the complex shear modulus (G,,, = G’ + i G’), SAM 
density, and SAM thickness [ 13,161. For a saturated, well-ordered monolayer, the density and 
thickness are determined by the two-dimensional periodicity of the ~ (4x2)  structure and molecular 
tilt angle. 

For C,, C,, and C,, monolayers pre ared in solution, we find that the storage modulus (G’) 
increases from lo4 to lo7 dynes cm-‘ with increasing hydrocarbon chain length, although 
considerable sample-to-sample variation does occur. The higher elastic modulus for the long 
chain thiols may reflect better two-dimensional ordering due to enhanced intermolecular van der 
Waals interactions. The values obtained for the loss modulus (G’) of the solution-deposited 
SAMs ranged from lo4 to 10‘ dynes ern-'; no correlation with alkane chain length was found. 
Molecular dynamics simulations of our experiment, performed for a C!, SAM, showed that 
structural defects were necessary in the monolayer to induce energy dissipation [13]. This 
suggests that film order is a crucial variable in determining the value of the measured dissipation. 
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In order to better control the assembly process and investigate the origins of dissipation, we 
initiated gas phase adsorption studies using a high-sensitivity oscillator circuit. Figure 4 shows 
representative data for C, adsorption at 23.1OC under high incident flux conditions. The 
monotonic frequency decline (solid line, left scale) is approximately proportional to the increased 
mass density on the electrode surface [22]. The shape of this adsorption isotherm is indicative of 
Langmuir adsorption kinetics, which is consistent with previous reports for alkane thiol 
adsorption on Au( 1 1 1) surfaces. 
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Fig. 4: Change in frequency and dissipation during C, monolayer growth at - 5 x lo6 torr. 

The energy dissipation (dashed line, right scale) initially increases sharply but exhibits 
coverage-dependent behavior as the monolayer approaches saturation coverage. Interestingly, 
close inspection of the leading edge (not shown) reveals that the energy dissipation increases 
slightly before the frequency begins to decline. This is fully consistent with the irzitiul C, 
molecules being in an adsorbed 2-dimensional as that is only weakly coupled to the Au( 11 1) 
substrate. After an exposure of -1OOL (1L = 10 toir sec), the adsorbed molecules condense into 
islands of the “striped” phase. STM data show that this phase consists of dimerized thiols (R-S- 
S-R) with co-linear alkane chains oriented parallel to the surface [8]. These dimers are arranged 
in stripes, analogous to the rungs of a ladder. As the exposure increases, the striped and ~ (4x2)  
condensed phases co-exist and the dissipation reaches a maximum (fig. 4). Abruptly terminating 
the incident gas flux causes a drop in the dissipation and a slight gain in the frequency. These 
observations are readily understood as the desorption of a physisorbed molecular state, in 
equilibrium with the gas phase. Evidence for such a physisorbed state has been reported 
previously [23,24]. The rapid depletion of this state confirms that it is only weakly bonded to the 
SAM, and hence only weakly coupled to the moving QCM electrode. Although the physisorbed 
molecules contribute very little to the effective mass felt by the QCM, they do contribute 
significantly to the measured dissipation. These physisorbed molecules (R-S-H) exist in a more 
viscous state than the low-coverage 2-D gas (R-S) that precedes the striped phase. 

Similar studies are undeiway with longer chain and shorter chain alkane thiols. For the C,, 
SAM, adsorption is not characterized by a Langmuir isotherm, but is suggestive of precursor- 
mediated adsorption kinetics; Le., the rate of adsorption proceeds with a constant sticking 
probability and is not proportional to the fraction of available sites. Pressure dependent studies, 
currently in progress, indicate that the C,, precursor state is unlike the C, 2-D gas [25]. These 
experiments also show that the rate of adsorption -- for both C, and C,, monolayers -- determines 
the magnitude of dissipation during the co-existence of striped and ~ ( 4 x 2 )  condensed phases. 
This flux dependent dissipation can be understood if dissipation originates at domain boundaries 

$ 
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between co-existing phases. High flux conditions favor nucleation of new islands whereas low 
flux conditions favor existing island growth. The former would result in a larger perimeter-to- 
area ratio, and hence more domain wall boundaries at which dissipation could occur. 

Although a conclusive identification of a C,, precursor state cannot be made at this time, it is 
useful to consider the role of van der Waals interactions in the adsorption kinetics. Recent work 
has provided compelling evidence that the adsorbed thiols are dimerized both in the striped phase 
and in the ~ ( 4 x 2 )  phase [ 11,261. For a longer chain alkane thiol, the enhanced van der Waals 
interaction between adsorbed monomers and between a monomer and the gold substrate may 
increase its surface residence time and, therefore, its probability to dimerize. (Dimerization of the 
incident gas phase molecules is also a possibility.) If dimerization is required to nucleate and 
stabilize the condensed phases, then this could be a critical kinetic step in the monolayer growth 
mechanism. Ongoing Acoustic Wave Damping experiments will explore this mechanistic 
hypothesis in studies using a complete range of hydrocarbon chain lengths. 

CONCLUSIONS 

Acoustic Wave Damping techniques have been used to measure the complex shear modulus of 
alkane thiol SAMs on (1 1 1) textured gold substrates. Whereas the storage modulus increases 
with alkane chain length, no correlation is found for the loss modulus. The increased van der 
Waals interactions among the long-chain molecules that enhances long range order in the 
monolayer is proposed to be the origin of the increased elasticity of these films. Dissipation is 
proposed to originate at defects in the monolayer structure. 

A new oscillator circuit was developed and used to make the first simultaneous measurements 
of adsorption kinetics and energy dissipation within the growing monolayer. Adsorption data for 
C, and C,, SAMs show that both have a low-coverage, 2-dimensional gas phase and physisorbed 
molecules in equilibrium with the ambient thiols. Monolayer dissipation is controlled by the 
adsorption rate, further supporting the hypothesis that dissipation originates at phase boundaries 
when the striped and ~ ( 4 x 2 )  phases coexist. 
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