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GENERAL INTRODUCTION 

Overview of Dissertation 

The microscopic characterization of organic monolayers at Au surfaces 

was performed primarily using scanning tunneling microscopy (STM) and 

atomic force microscopy (AFM). The literature review provides basic theory 

and principles of operation for STM and AFM, as well as providing a 

literature review of some recent applications of each technique. The 

remaining papers deal with the experimental results obtained from the 

characterization of self-assembled thiolate monolayers at Au(lll). The STM 

and AFM were used to investigate the structure of n-alkanethiolates at 

Au(lll). The details are presented in Paper 1 (STM) and Paper 2 (AFM). The 

spatial arrangement of a fluorinated thiol, CF3(CF2)7(CH2)2SH is revealed in 

Paper 3, along with the supporting infrared reflection spectroscopic and 

electrochemical details. The final paper. Paper 4, describes the apparent 

oxidation of the thiolate monolayers to elemental sulfur. Again, supporting 

electrochemical evidence is included. Together, these papers provide the 

first molecularly-resolved STM and AFM images of the alkane and 

fluorinated thiolates at Au(lll) and reveal their two-dimensional packing 

arrangements. Following these papers is a general conclusion as well as the 

list of references for the literature review. 



www.manaraa.com

2 

LITERATURE REVIEW AND GENERAL THEORY OF SCANNING 

TUNNELING MICROSCOPY AND ATOMIC FORCE MICROSCOPY 

Introduction 

The scanning tunneling microscope (STM) and the atomic force 

microscope (AFM) are redefining the concept of microscopy. Each is capable 

of resolving surface detail down to the atomic level. The development of 

the STM, by Gerd Binnig and Heinrich Rohrer in 1982, provided scientists 

the first atomically-resolved view of semiconducting^ surfaces with the 

possibility for the first time to obtain direct, real-space determinations of 

surface structure. Only four years later, Binnig and Rohrer shared the Nobel 

Prize in Physics (1986) for this accomplishment, indicating the perceived 

importance of the new instrument. The success of STM for achieving 

atomically resolved images of surfaces triggered the development of a variety 

of other scanning probe microscopes. Among these, and the most popular, is 

the AFM. Developed in 1986 by Gerd Binnig, Calvin Quate and Christoph 

Gerber,^ AFM has gained a status similar to that of the STM for its atomic-

scale imaging capabilities of nonconductive surfaces, something the STM 

cannot do. 

Still in their infancy, these techniques have already established 

themselves in the hierarchy of surface analytical techniques such as low 

energy electron diffraction (LEED) and Auger electron spectroscopy (AES) 

which provide a wealth of information about the surface but are inherently 

limited to the ultrahigh vacuum (UHV) environment. Although the first 
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STM experiments were performed under UHV, STM and ÂFM are capable of 

achieving atomic resolution in air and in liquid environments, a property 

which has escalated their use. 

Scanning Tunneling Microscopy 

Principles of Operation 

In scaiming tunneling microscopy (STM), an atomically sharp metal 

tip is placed a few angstroms away from a conducting surface. At this 

distance, the wave functions of the sample and tip (both decay exponentially 

in the vacuum barrier) overlap. A bias voltage, V, is applied between the tip 

and the sample surface and a quantum mechanical tunneling current begins 

to flow. The tip can be moved in three directions using either three 

orthogonal piezoelectric drivers or a piezoelectric tube. As will be discussed, 

the tunneling current depends exponentially on the tip-surface distance, 

typically varying about an order of magnitude for a 1 A change in the 

separation distance. As the tip scans over the surface, topographical changes, 

such as the presence of a surface step, will appear as changes in the tunneling 

current or height of the tip, depending on the imaging mode. 

There are two imaging modes for STM: constant current and constant 

height, as illustrated in Figure 1. In the constant current mode (Figure 1(a)), 

the tip is scanned over the surface while the tunneling current, U, is 

measured. A feedback network changes the height of the tip to maintain a 

constant current and the tip-surface separation distance remains essentially 

constant. An image consists of a map of tip height as a function of the lateral 
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Figure 1. An illustration of two imaging modes available in STM. In (a), 

the constant current mode is represented and (b) depicts the 

constant height mode. The dashed lines represent the path of 

the tip as it scans. 
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position of the tip on the sample. This mode is the more popular of the two, 

and can be used to probe surfaces that are not atomically flat. 

The second mode of operation for the STM is the constant height 

mode (Figure 1(b)). Here, the tip is scanned across the surface at a nearly 

constant height and constant bias voltage, V, while the current is monitored. 

In this case, the feedback loop responds to maintain the average tunneling 

current. The rapid variation in the current as the tip passes over features on 

the surface (atoms) is monitored as a function of the lateral position of the 

tip and a map of the surface is prepared similarly to that for the constant 

current mode. The advantage of the constant height mode is that much 

higher scan rates can be used because only the electronic response, not the z 

translator (tip height), is changed. Fast imaging, besides decreasing scanning 

time, minimizes image distortion due to thermal drift and piezoelectric 

creep. 

Theory 

Images from STM appear in many cases to be direct topographs of the 

surface. However, this is not always the case. A discussion of STM theory is 

required for a more complete understanding and interpretation of the 

images. The relationship between If and V is obtained from the equations 

for one-dimensional vacuum tunneling at low voltage and temperature:^ 

It * exp(-2Kri) (1) 
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where K is the decay constant of the wave functions in the tunneling barrier, 

and d is the separation between sample and tip. This equation relates the 

tunneling current to the effective work function of the surface, (ft, since 

*•= (2) 

where H is Planck's constant divided by 2n, and m is the mass of an electron. 

Using a typical work function of 4 eV and a y of 1.0 A"^, the tunneling 

cu rrent changes by an order of magnitude for a 1Â change in separation, d. If 

the current is kept constant (± 2%) then d will be constant to within ± 0.01 Â. 

This approach leads one to conclude that a topographical map of the surface 

is obtained. However, it is uncertain what distance d actually represents. 

The tunneling involves Fermi level states which have very complex spatial 

structures, leading to electronic interactions which reflect this spatial 

complexity. 

To characterize more completely how vacuum tunneling takes place 

between the tip and surface, a more complex representation of the tunneling 

current must be considered. One of the most widely used theories of STM is 

that of Tersoff and Hamann.'* Using Bardeen's approximation^ for the 

tunneling current between weakly coupled electrodes, Tersoff and Hamann 

calculated the tunneling current using first-order perturbation theory as: 

h = /(E^l - /(Ev+ eV)] 6(E^- Ey) (3) 
n fiv 
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where M^y is the tunneling matrix element between states Y// of the tip and 

Yv of the surface, /(E^ and /(Ey) are the corresponding Fermi functions, e is 

the elementary electron charge, V is the applied potential between the tip 

and the surface, y^and y y are nonorthogonal eigenstates of different 

Hamiltonians, and is the energy of the state n, where // and v include all 

states of the tip and surface, respectively. Assuming that the experiments 

take place at or below room temperature (so no reverse tunneling occurs) 

and at small voltages (~10 meV for metal-metal tunneling), the limits can be 

taken under these conditions to yield the following equation: 

where Ep is the Fermi level. 

The essential problem now is determining Mj^y. Bardeen has shown^ 

that the tunneling matrix element M^y can be written such that the wave 

functions of the tip and electrode only need to be known separately. So, 

A = AgZy % 5(Er Ep) ô(E;,-Ef) (4) 

^ j dS (V^V\|fy\|/vV\|/J) (5) 

where the integral is taken over any surface within the vacuum barrier 

region separating the tip and electrode. Equations (4) and (5) are, in principle, 

all that are needed to calculate It and hence, the STM image. 
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Ideally, a direct relation of the STM image to a property of the surface 

is desired. However, It is a complex convolution of the electronic properties 

of the surface and tip. Tersoff and Hamaim were able to model the tip such 

that the tip properties no longer were a part of the problem. Modeling the tip 

with a localized potential and wave form, the tunneling conductance, (T (<T is 

used instead of It since at small voltages, cris independent of voltage), with 

the limits of low voltage, is 

oroc p(f(, Ep) (6) 

where ft is the tip position and 

p(fî,EF)«2|vv(^)|^S(VE) (7) 
V 

is the surface local density of states (LDOS) at point r and energy E. The STM 

images can now be interpreted as contour plots of the constant Fermi level 

surface LDOS of the bare surface at the position of the tip. This result is valid 

for a tip of arbitrary size as long as the tip wave function at Ep can be 

approximated by an s-wave wave function. Tersoff and Hamann also show 

that the effective lateral resolution for an STM image is approximately 

[(2K:-l)(R + d)]l/2 (8) 

where R is the radius of curvature of the tip. Because 2v"^»1.6 the 

resolution is approximately [(2 Â)(R + 
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The theory developed by Tersoff and Hamaim has provided insights 

into issues related to the resolution of the microscope/ interpretation of 

STM images,^'' and the influence of the tip on imaging. Calculations 

using this theory were compared to the experimental results obtained by 

Binnig et al^^ for the reconstructed surfaces of Au(llO). This surface is 

known to reconstruct into a (2 x 1) structure with a missing row geometry^^ 

and, in some instances, into a (3 x 1) structure as well.^^ Binnig imaged the 

(2 X 1) and the (3 x 1) structures on separate regions of the same surface with 

the same tip, finding a corrugation of 0.45 Â and 1.4 Â for the (2 x 1) and (3 x 

1) surface, respectively. From these results, Binnig concluded that the (3 x 1) 

surface consisted of two missing rows in the first layer and one missing row 

in the second layer, which resulted in the large 1.4 Â corrugation compared 

to 0.45 Â for the (2 x 1) surface. 

Tersoff calculated p(r, Ep), the LDOS at the Fermi-level, for the two 

reconstructed surfaces found on Au(llO) using a linearized augmented-

plane-wave (LAPW) method and a tip with a radius R = 9 A. This value was 

chosen so that the tunneling conductance yields a corrugation of 0.45 A for 

the (2 X 1) surface at a tunneling resistance matching Binnig's experimental 

conditions. The resultant corrugation calculated for the (3 x 1) surface was 1.4 

A, agreeing well with the experimental value. 

The above supposition is consistent with experimental data when the 

surface is of an ordered nature. Unfortunately, many surfaces consist of 

disordered structures such as terrace steps, kinks, and impurities. Tersoff's 

computational treatment of these nonperiodic surface structures was based 
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on the assumption that the calculated p(r, Ep) for the Au(llO) reconstructed 

surface resembled the total charge density. Using the assumption that the 

charge can be represented by the superposition of atom charge densities then 

p(r,EF) ~ p ( r )/Eo (9) 

where p(r) is the total charge and Eo " EF/(KZ). By using R-AA , this value 

being fitted to yield the corrugation of the (2 x 1) surface as before, agreement 

was found between the calculated and experimental corrugation for the (3 x 

1) surface. 

From these calculations, it can be assumed that the atomic 

corrugations measured in the constant current mode are proportional to the 

Fermi level LDOS of the bare metal surface. Thus, the image yielded is 

simply a contour topographic map of the surface. This view, however, is too 

simplistic. The image is actually a convolution of both geometric and 

electronic structures of the sample and tip so the nature of the tip must play 

an important role in the imaging process. 

Lang^^'^^ considered this in a theory assuming that there was an 

adsorbed atom at each electrode. In effect, this theory takes into account the 

total current due to real atoms on the sample and tip, not imposed potential 

wells. In the exact calculation, the real wave functions of the tip and sample 

are considered. For his work, a Na atom as the tip was scanned over 

different surfaces consisting of Na, He, and S atoms. A plot of tip 

displacement versus lateral separation was then compared to contour plots 
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of constant Fermi level local density of states and constant total density for 

each of the three surfaces versus the Na tip. It was found that when Na and 

He were the surface, the tip-displacement curve agrees quite well with the 

contour plots of constant Fermi level LDOS and constant total density. In the 

case of the S surface, tip displacement and constant Fermi level LDOS curves 

match closely but the curve of constant total density is higher. This is 

explained by the fact that the almost filled 3p state of the S atom lies close 

enough to the Fermi level to contribute to the total charge. 

These results also revealed how chemically different atoms gave 

distinctively different tunneling current behaviors. When the tip was 

scanned over the Na atom versus the S atom, a larger tip displacement was 

obtained. This can be explained in part because the Fermi level LDOS for S is 

much smaller than for a Na atom. The He atom imaged as a depression 

because its closed valence shell is lower than the Fermi energy of the metal 

which causes the tip to displace negatively. These results show that the 

chemical nature of the adsorbate on the sample and tip will influence the 

behavior of the tunneling current as well. 

One of the main difficulties in the theory of STM remains its 

interpretation solely in terms of the unperturbed density of states. The 

Bardeen approximation ceases to be valid under particular circumstances 

such as at the energies of surface states, impurity states or other localized 

states at one of the surfaces, or states associated with the barrier.^^ Also, 

while the observation of surface states of semiconductors is well 

established,^®'^' this is not the case for metal surfaces.^® Atomic resolution 
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is also found on some compact metal surfaces^^*^^ (i.e. Cu and Au) which is 

not predicted by the LDOS. Intensive theoretical calculations incorporating 

the strong coupling between the tip and surface have been considered in 

several studies.^^'^^ These more intensive STM theories will not be 

examined here. Although not complete, the theory of Tersoff and Hamann 

has increased the knowledge of the STM mechanism and has become a 

relatively simple approach for the interpretation of STM images. 

Applications of STM 

The use of STM has spread to many fields including physical and life 

sciences. It can be used to obtain images from the angstrom scale to microns. 

Table I contains a list of examples of the use of STM to image semiconductor, 

metal and organic interfaces in the ultrahigh vacuum (UHV), air and liquid 

environments. 

The observation of atomic resolution of close-packed metal atoms on 

surfaces was made by Hallmark et al.^^ They were the first to obtain atomic 

corrugation for a close-packed metal surface, Au(lll), in air and UHV. The 

Au surfaces were prepared by the epitaxial growth of Au onto heated mica 

substrates (300* C) at 10*^ torr. A hexagonal packing arrangement with an 

atomic spacing of 2.8 ± 0.3 Â was observed, which compares favorably with 

the expected 2.88 Â interatomic Au spadng.^^ The vertical corrugation was 

typically ~0.3 A. This corrugation is much larger than the atomic corrugation 

for close-packed metals.^^ Electronic enhancements have been observed 

previously for semiconductor^^ and semimetal surfaces.^^ For the Au 
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Table I. Survey of Applications of STM 

Sample Environment Reference 
Au(lll) films at mica air, UHV and aqueous 22,32-38 

solution 
Au(lll) aqueous solution 
Au(lll) single crystal aqueous solution ^ 
Cu and Au films on UHV 

Ru(0001) 
Cu adlayers at Au(lOO) aqueous solution 
and Au(lll) 

COonPt(100) aqueous solution 
I on Pt(lll) air and aqueous solution 
SonRe(OOOl) UHV 46,47 

S on Mo(OOl) air ^ 
Pb UPD® on aqueous solution 
Au(lll)/mica 
Pt films at mica air 

Si(lll)7x7 UHV 51 
NH3onSi(lll)7x7 UHV 52 

GeonSi(lll)7x7 UHV 53 
GaAs on Si UHV 54 
InSb(llO) UHV 55 

Benzene on Rh(lll) UHV 56 
Cu-phthalocyanine on UHV 57 
Cu(lOO) 

Naphthalene on Pt(lll) UHV 58,59 
Alkanethiolate self- air 

assembled monolayers 
at Au(lll) 
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Polyimide LB air 
monolayers on graphite 

Lipid LB bilayers on air 
graphite 

Alkylcyanobiphenyl air 
(liquid crystals) on 
graphite 

Polypyrrole on graphite air 
and Au 

Isopolyanion arrays on air 
graphite 

Detergent monolayer on aqueous solution 
graphite 

Glycine on graphite glycerol/water solution 
Tosylated P-cydodextrin air 

on graphite 
DNÂ air and water 
Streptavidin adsorbed on air 

biotin-functionalized 
self-assembled 
monolayers 

^Underpotential deposition. 
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surface, a surface state near the Fermi level may contribute strongly to the 

t u i m e l i n g  c u r r e n t .  R e s u l t s  f r o m  s c a n n i n g  t u n n e l i n g  s p e c t r o s c o p y a n d  

photoemission studies*^ of Au(lll) indicate the continuation of a surface 

state above the Fermi level, making it possible to tunnel into or out of this 

state. Further investigation of the Au(lll) films on mica by STM has 

revealed the (23 x yfs) reconstruction of the Au(lll) surface,^^ a 

phenomenon previously observed by low-energy electron diffraction,^^ 

reflection high-energy electron diffraction,®^ and helium atom scattering.®'^ 

The arrangements of adsorbates on metal surfaces has been the focus 

of many studies. Schardt et al have investigated the adsorption of iodine on 

Pt(lll) in air^^ and in aqueous solution** by STM. Two iodine adlattice unit 

cells were obtained in air: (yj? x ^j7)R19.1° and (3 x 3) with surface coverages 

of 3/7 and 4/9, respectively. At 3/7 coverage, the position of the I adatoms 

with respect to the underlying Pt(lll) lattice was assigned by varying the 

tunneling parameters It and V. Depending on the tunneling parameters, 

1/3,2/3 or all of the I adatoms in the unit cell could be observed, but exhibit 

different vertical corrugations. The difference in the vertical corrugation and 

the spacing of the I adatoms led to the assignment of 1/3 of the I adatoms 

adsorbed at atop sites, 1/3 at three-fold hollows with a second layer Ft atom 

below it, and 1/3 at three-fold hollows without a second layer Ft atom below 

it. At the coverage of 4/9, the (3 x 3) adlattice was observed. Again, not all 

atoms have equal corrugation and the I atoms were assigned to one atop site 

and three atoms at two-fold sites in the unit cell. 
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The in situ investigation on I on Pt was performed in 0.1 M HCIO4 

under potential control (electrochemical STM). At the rest potential, the 

(•yj? X ^|7)R19.1° adlayer structure was observed, the same as in air. However, 

at 500 mV below this rest potential, a i^J3x^f3)B30° adlayer structure was 

observed, with the registry of the I atoms in three-fold hollow sites. This 

X 'V3)R30° structure was never observed in air. Registry of the I adatoms 

could be determined because the I adlattice was observed typically at 200 mV 

to 35 mV bias voltages and the Pt substrate at bias voltages less than 35 mV, 

allowing for subsequent images of the I adlattice and Pt lattice. 

The observation of organic species and films by STM has proven to be 

quite interesting, although difficult. Atomic resolution images of Langmuir-

Blodgett (LB) bilayers and self-assembled monomolecular films have been 

obtained. Smith et al^^ have investigated LB bilayer films of cadmium 

arachidate on highly ordered pyrolytic graphite (HOPG). They observed a 

packing arrangement with a triclinic unit cell and spacings in the a and b 

directions of 5.8 Â and 4 A, respectively. This structure agrees with data 

collected from such techniques as infrared spectroscopy, Raman spectroscopy, 

electron diffraction, x-ray diffraction and fluorescence microscopy. The 

ability to obtain STM images from such structures is quite remarkable 

because these bilayers are ~50 Â thick. Smith et al^^ suggest that electrons are 

transported through the long alkane chains to the conducting surface. 

However, it seems unlikely that the chains are conductive enough for a 

tunneling current to flow. Instead, they believe that the electrons must 

somehow propagate rather than tunnel through the chains. A study of self-
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assembled alkanethiolate monolayers at Au surfaces was conducted by 

Widrig et al^ and a hexagonal packing arrangement with nearest-neighbor 

and next-nearest-neighbor spacings of 5 A and 8.7 A was observed/ spacings 

consistent with a (V^x V3)K30° adlayer structure on Au(lll). Unlike the 

conclusion for the LB films that the tip was near the monolayer-air interface 

and electrons were transported through the alkane chains, here it is 

suspected that the tip is near the surface and tunneling is occurring near or 

through the Au-sulfur linkage. However, no conclusive data has been 

obtained to identify the exact position of the tip during scanning of these 

organic monolayers. The new technique AFM has recently become a very 

popular tool for these types of systems and the results of these studies will be 

presented in the following section. 

Atomic Force Microscopy 

Principles of Operation 

The basic principle of force microscopy can be explained using an 

analog to Hook's Law for the restoring force at a spring. A sharp probe tip 

mounted on a small spring (cantilever) is tracked across the sample surface. 

The spring deflects according to the force between the tip and surface, and 

this deflection is monitored as a function of the lateral displacement of the 

tip. As with the STM, the interaction of interest in atomic force microscopy 

(AFM) is between a single atom at the apex of the tip and a single atom on 

the surface of the sample. Unlike the STM, no current flows between the 
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sample and the tip in the AFM, allowing nonconducting surfaces to be 

characterized. 

Because AFM essentially uses the displacement of springs to measure 

forces, a maximum spring deflection for a given force is desired. Thus, 

springs (cantilevers) with very small force constants are required. However, 

soft springs are very susceptible to vibration which can severely limit the 

resolution of the AFM. The sensitivity of the cantilever to vibration in the 

AFM depends on the lowest resonant frequency, fo, of the AFM mechanical 

system. It is desired that fo of this system be much greater than the frequency 

of the interfering vibration (e.g. building vibrations, noise, etc.). Rigid 

mechanical components are needed as well as cantilevers with high 

resonant frequencies. 

The resonant frequency of a spring system is given by 

where k is the spring constant and nto is the effective mass that loads the 

spring. To keep fo large, it is necessary to keep ik/mo) large. Thus, to have a 

softer spring (smaller k) it is necessary to counterbalance by decreasing nto, so 

cantilevers with small masses are necessary. With microfabrication 

techniques, it is possible to make cantilevers with masses less than 0.1 

picogram. These low mass cantilevers have resonant frequencies greater 

than 2 kHz. Thus, force microscopes can have very soft springs and yet be 

less sensitive to vibration. Typical cantilevers are made of triangular shaped 
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Silicon nitride or bent wires with etched tips and have force constants of 0.1 

to 10 N/m. 

Force microscopy can be operate in two distinct modes; the contact 

mode and the noncontact mode. In the contact mode, the mode used most 

frequently to determine topography, the tip actually touches the sample 

surface during scanning. Interatomic forces between the apex of the tip and 

atoms on the surface are recorded. Typical forces measured in this mode are 

10"6 to 10"9 N.®® By doing measurements in liquid (e.g. water, ethanol), it is 

possible to further decrease these forces due to decreasing van der Waals 

forces and elimination of meniscus forces between the tip and sample.^ 

Deflections of the cantilever are used to monitor the force between the 

tip and sample. Here 

Force = k{Az) (11) 

where Az is the cantilever displacement from equilibrium in the direction 

perpendicular to the surface. For topography, the surface is scanned relative 

to the tip and the sample is moved toward or away from the cantilever tip 

via a feedback loop to maintain a constant cantilever deflection. These 

vertical movements are recorded and a topographical map is obtained. 

Alternately, it is possible to fix the cantilever position as it scans above the 

surface allowing the cantilever to deflect toward or away Arom the surface 

with the variations from the set zero position recorded. The end result of 

each, a topographical map of the surface, is the same. 
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In the noncontact mode, the tip is generally 10 to 100 nm from the 

surface.®^ It is possible to measure long-range forces, such as electrostatic, 

magnetic and van der Waals forces.^ A different type of force detection 

other than static cantilever deflection is used in this case. Here, the 

cantilever is driven to vibrate near its resonant h'equency by a small 

piezoelectric element. The presence of a force gradient changes the spring 

constant of the cantilever. If is the spring constant of the isolated 

cantilever, then 

k = ko + (SFz/Sz) (12) 

with (SFz/Sz) being the gradient of the force in the z direction. If the sample 

exerts an attractive force on the cantilever dSFzlSz) is negative) then k will 

decrease and the spring will essentially soften. 

Because k changes in the presence of the force, the resonant h'equency 

also changes (recall Equation (10)) and this change in resonant frequency is 

detected by measuring the amplitude phase or frequency change of the 

vibration. An interferometry optical detector®' is typically used. Two of the 

most often used noncontact techniques are magnetic and electrostatic force 

microscopies. 

Types of Forces 

When two bodies come into close proximity there are numerous 

interactions arising between them, depending on the nature of the two 
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bodies. Some interactions, such as van der Waals forces, are always present 

and are detectable over hundreds of angstroms. Other interactions occur 

only if the surfaces are not more than a few angstroms apart. 

The van der Waals and contact repulsion forces in general reveal the 

topography of the sample. Other forces, such as magnetic and electrostatic, 

lead to an additional attraction or repulsion, while adhesion and binding 

forces play a role in friction and can lead to an atomic scale "stick-and-slip" 

behavior of the tip. Van der Waals interactions are always present between 

the tip and the surface. These include induction forces (interaction of a 

dipole with an induced dipole), orientation forces (interaction between two 

oriented permanent dipoles) and dispersion forces (induced dipole-induced 

dipole interaction and are quantum mechanical in origin). They are long 

range (2 Â to > 100 A) and can be attractive or repulsive.^'' Adhesion, surface 

tension, and physisorption are macroscopic phenomena which are a result of 

van der Waals interactions. 

Ionic repulsion occurs when the tip and surface come closer together 

than a few angstroms (i.e. at high contact forces) and the electron clouds of 

their respective ions start to overlap, giving rise to a rapidly increasing 

repulsive force. This is the reason for the repulsive part of the Lennard-

Jones^ potential, which approximately describes the total intermolecular 

pair interaction. Most of the topographic imaging work by force microscopy 

is done in this high contact force regime. 
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Theory 

A description of the forces at a given surface and their influence on a 

probe tip is quite complex. Recently, a theoretical description of scanning 

force microscopy has appeared for scanning in the contact force regime.^^ 

The geometry of the cantilever and sample positions is shown in Figure 2. 

The position of the tip and piezo-tube are denoted z and u respectively. The 

distance between the tip and sample is s, and i(x,y) is the sample surface 

corrugation. Forces which are dependent on the tip-sample gap can include 

atomic or molecular forces (i.e. van der Waals and ionic repulsion forces) 

(Fi(x^)), electrostatic forces (F2(x^)), or magnetostatic forces (F3(x^)). If the 

tip is scanned only in the x direction, then the total tip-sample force equals 

the restoring force (Equation (11)) of the cantilever 

3 
21 Fi(*/S) = A:[w - (z -Zo)] (13) 
M 

where the summation is on the three forces, ZQ is the cantilever position 

with no forces acting on it, and (z-zo) is the displacement of the cantilever 

from equilibrium. Expressing Equation (13) in differential form yields 

E  ( d s  +  dk) = ki^du - dz). (14) 
1=1 I x̂ I 

In the case of scanning in the constant force mode (where the cantilever 

retains a constant deflection) the right half of Equation (14) is zero (since 
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U 

• V 

piezo-tube 

Figure 2. A schematic of the cantilever and sample positions in an AFM. 

The surface corrugation is represented by g(x,y) and z and u are 

the positions of the tip and piezo-tube, respectively. The 

distance, s, is that between the tip and sample surface. 



www.manaraa.com

24 

du^dz), yielding 

M \ ds dx 
(15) 

Since dz = ds + dg(x) and du = dz, then ds = du- dg(x). Substituting for ds in 

Equation (15) gives 

Thus, the piezo-tube will follow the topography of the sample surface, g(x), 

for forces which are constant on the surface (independent of x, as is the case 

when the sample has the same atoms all across the surface). Also, when the 

feedback maintains the lever at a fixed deflection, as is the case for the above 

derivation, the response of the piezo-tube is independent of the cantilever 

force constant. Amplification of the resulting AFM image can occur. The 

amplification (a) of the image depends on tip-sample gap and interaction 

forces. If the force acting on the tip is small (as when the tip is far from the 

surface), then the laterally dependent forces, dFi/dx, will be amplified. 

aFi(*,s) 
(16) 

where a is an amplification factor and 

aFi(x,s) 
(17) 
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The strength of adhesion forces between the probe tip and the sample 

surface has been the focus of several investigations.^'^^'^^ Calculations 

suggest that the force between the tip and sample should not exceed 10'^^ N 

for biological surfaces'® and 10"^ N for "hard" surfaces.^ Another calculation 

has actually determined that at 5 x N an AFM tip can actually 

"puncture" the surface of graphite.'^ Thus, measurement and minimization 

of forces when scanning a surface with a force probe is very important. 

Weisenhom et al^ measured the absolute force between a tip and a 

mica surface. The force was measured by first bringing the tip and sample 

into close proximity. When approached to the sample, the cantilever 

suddenly jumps into contact with the surface. On retraction, the cantilever 

has to be pulled a large distance away from the surface until it snaps back, 

breaking all contact with the surface. This phenomenon is well known form 

various force measurement techniques. When the gradient of the measured 

force becomes larger than the force constant of the force probing system, the 

situation becomes unstable and the cantilever jumps into a stable position. 

From this process, a force versus distance curve can be obtained. An example 

of such a curve is shown in Figure 3. In region A, the tip and surface are in 

contact and the tip adheres to the surface as the two are pulled apart. At 

point B, the force between the tip and the surface is no longer sufficient to 

allow continued contact and the cantilever snaps back to its equilibrium 

position. In the region C, the cantilever does not sense any forces from the 

surface. The sample and tip are again approaching each other in region D 

and not until region E does the tip again sense the interaction forces of the 
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Figure 3. An example of a force versus distance curve. The y-axis is force, 

with negative (-) being repulsive and (+) being attractive. The 

distance is that which the piezo-tube is moving, bringing the tip 

and sample closer (to the left) and further (to the right) from 

each other. The arrows indicate the direction of the scan cycle. 

Regions A-F are described in the text. 
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surface and it then jumps into contact with the surface. This region can be 

used to measure the attractive forces between the tip and sample surface. 

The tip and sample are again in contact in region F. By measuring the 

deflection at which the contact between the tip and sample is broken (point 

B) the adhesive force can be determined. This is the approach used by 

Weisenhom et al^ to measure the forces between a silicon nitride pyramidal 

tip, with a cantilever force constant of 3 N/m, and a mica surface. A force of 

~4 X 10"7 N was measured in air and <5 x 10"^ N in water. The large 

difference in the measured forces in air versus water is due to the decrease in 

the van der Waals forces (by about an order of magnitude) and the 

elimination of attractive surface tension (meniscus) forces in liquid. 

Bumham et al^^ performed a similar study using a tungsten tip and a 

series of substrates coated with Langmuir-Blodgett (LB) monolayer films. 

They found that as the surface energy of the sample increased, the measured 

forces systematically increased. An AI2O3 surface coated with an alkanoic 

add LB film, which has a lower surface energy (21 mj/m^) than does the bare 

AI2O3 substrate (45 mj/m^), also has a lower adhesive force (by ~65 nN). 

When the monolayer is prepared such that the functional group exposed to 

the tip is changed from -CH3 to -CF3, the surface energy decreases to 20 

mj/m2 yet the adhesive force decreases by 15 nN. This study indicates the 

great sensitivity of the AFM to changes in the surface being characterized. 
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Applications of AFM 

The greatest efforts in force microscopy so far have been put into its 

application as an imaging device. With AFM it has become possible to get 

atomic resolution images of nonconducting samples. The first atomic 

resolution image of a nonconductor was that of boron nitride.^^ As a result 

of this capability, the use of AFM for organic surfaces, especially biological 

surfaces, has become popular. 

Table n includes a listing of some of the applications of AFM from 

metal surfaces, to biological surfaces, to in situ electrochemical processes. 

Particularly interesting are those involving atomic or molecular resolution 

of organic interfaces as well as the in situ investigation of electrochemical 

and adsorption processes. Some examples will be described in detail. 

The use of AFM to obtain molecular resolution images of Langmuir-

Blodgett (LB) films is demonstrated by Weisenhorn et al.^^ Four different 

lipids were used to create LB films with different surface charges (i.e. cationic, 

anionic, and zwitterionic). These films were deposited on cadmium 

arachidate or octadecyltrichlorosilane coated mica. For the film of L-a-

dipalmitoyl-phosphatidylglycerol on cadmium arachidate coated mica, they 

observed a molecular arrangement similar to that obtained from the 3D 

crystal data. This information was obtained at ~10 nN. When the force 

between the tip and surface was increased to ~100 nN, a hexagonal structure 

with a lattice spacing consistent with that of mica was observed. Thus, these 

films, which are not covalently linked to the mica surface, were destroyed by 

the high applied force. When a covalently linked monolayer 
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Table H. A Survey of Applications of AFM 

Sampk swfaçg 
Au(lll) films on mica 
Bi films on mica 

Si UPD» on Au(lll) 
AgUPDonAu(lll) 
Cu UPD on Au(lll) 

Langmuir-Blodgett films 
Polymeric films 
Alkanethiolate 

monolayers at Au(lll) 

Lipid-protein 
membranes 

Polyanaline on glass 
DNA 
Red blood cells 

Immunoglobulin 
adsorption dynamics 

Photodimerization of 
cinnamic add and 
anthracene 

Environment 
air and water 
air and aqueous solution 

aqueous solution 
aqueous solution 
aqueous solution 

air and aqueous solution 
air and aqueous solution 
air 

aqueous solution 

air and aqueous solution 
air and aqueous solution 
air 

aqueous solution 

air 

Reference 
99 
100 

101 
102 
103 

104-106 
107-109 
110 

111 

112 
104,113,114 
115 

116 

117,118 

^Underpotential deposition 
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(octadecyltrichlorosilane) coated the mica, the increased force caused 

distortion and eventual disappearance of the molecularly-resolved image, 

but the mica structure was not observed. Also, when the force was then 

reduced, molecular resolution of the layer was again obtained. Molecules of 

single-stranded DNA were adsorbed on top of the charged surfaces of the LB 

films and images were obtained by AFM under buffer solution in hopes of 

sequencing the DNA. Unfortunately, the electrostatic attraction between the 

DNA and LB film was not strong enough to prevent the DNA from moving 

and thus, no reproducible scans were obtained, so sequencing was not 

possible. This study emphasizes the need for strong linkages of the 

molecules to the underlying substrates in order to withstand the force of the 

scanning probe. 

The AFM can also be used to obtain information about dynamic 

processes. Lin et al^^^ studied the adsorption dynamics of immunoglobulin 

on mica in a buffer solution. After obtaining an image of the underlying 

substrate in aqueous solution, the immunoglobulin was injected into the 

AFM cell and small raised patches appeared on the surface. After about five 

minutes, ridges began to appear which gradually began to grow and finally 

encompassed the entire surface. During this process, the molecules which 

adsorbed near the ridges stayed on the surface, yet those which adsorbed as 

isolated patches desorbed from the surface. Apparently only those molecules 

with sufficient lateral interaction had the capability to remain on the surface. 

Although it is certain that the scanning probe is pushing the molecules on 

the surface, the extent to which this occurs is not known. Thus, it is possible 
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to obtain information of dynamic processes using AFM. With the advent of 

cantilever technology, it may soon be possible to study these processes with 

little or no influence from the scanning probe. 

The AFM has also been useful in the in situ characterization of 

electrochemical processes at electrode surfaces. Gewirth and co-workers 

have been studying the underpotential deposition (UPD) of Cu^°^ and Ag^^^ 

at Au(lll). For Cu at Au(lll), the UPD monolayer of Cu was observed to 

have a different structure depending on the electrolyte. In perchloric acid, a 

closest-packed structure of Cu atoms was observed, with the nearest-neighbor 

spacing of 0.29 ± 0.02 nm. However, when sulfuric add is used, the Cu atoms 

are not closest-packed and the spacing between neighboring atoms is 0.49 ± 

0.02 nm. In both cases, as the Cu overlayer grew, the Cu atoms converged to 

a (lll)-oriented layer with a lattice spacing of 0.26 ± 0.02 nm. Registry of the 

Cu lattice with respect to the underlying Au(lll) lattice was determined from 

an image in which the Cu monolayer was being removed. Half of the image 

exhibits the characteristic spacing and corrugation of Au(lll) and the other 

half that of Cu, with a step between the two halves of 0.18 ± 0.05 nm, 

indicating the presence of only one monolayer of Cu. This image shows that 

the Cu lattice is rotated 30* with respect to the Au(lll) lattice. As with the 

Cu UPD at Au(lll), Ag UPD at Au(lll) also shows electrolyte dependent 

structures. A 3 x 3 Ag overlayer structure was observed in sulfuric add, a 4 x 

4 overlayer structure in nitrate- and carbonate-containing electrolytes, a more 

complex structure, which is not dosest-packed, in perchloric acid and a 

closest-packed overlayer in acetate. In general, this difference in packing of 
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metal atoms is attributed to the size of the electrolyte. In electrolytes which 

can complex with Ag, the packing structures of the Ag atoms are more open, 

with the larger electrolytes yielding more open structures due to 

coadsorption. The coverage determined by AFM (based on tihe structures 

observed) and the coverage Arom coulometric data do not agree. Thus, 

further investigation of the system is needed. However, this study clearly 

identifies the capability of AFM to obtain real-time images under potential 

control. 

Conclusion 

The scanning tunneling (STM) and the atomic force microscopies 

(AFM) have opened a new world to scientists, one in which the observation 

of atoms and molecules has become almost commonplace. The ability of 

these techniques to provide fundamental physical and chemical information 

about surfaces has made it possible for scientists to actually observe atomic 

and molecular surface structure as well as to study the reactivity of these 

surfaces at the atomic and molecular level. The number of applications of 

these techniques grows larger everyday; from manipulating atoms with the 

STM, to sequencing DNA with the AFM. The popularity of these techniques 

with physical and life scientists, as well as engineers, assures that these 

techniques will continue to develop and their applications become limitless. 
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PAPER 1. SCANNING TUNNELING MICROSCOPY OF 

ETHANETHIOLATE AND «-OCTADECANETHIOLATE MONOLAYERS 

SPONTANEOUSLY ADSORBED AT GOLD SURFACES 
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ABSTRACT 

Monolayer films from ethanethiol (ET) and w-octadecanethiol (OT) 

spontaneously adsorbed onto epitaxially grown Au(lll) films on mica were 

examined by scanning tunneling microscopy (STM). The resulting 

atomically resolved images are the first reported for gold-adsorbed 

organothiolate molecules and reveal the packing arrangement of the 

overlayer. Tuimeling is presumed to occur between the microscope tip and 

the gold-bound sulfur of the n-alkanethiolate head-group. For both the ET 

and OT monolayers, an image that corresponds to a hexagonally packed array 

of adsorbates with respective nearest-neighbor and next-nearest-neighbor 

spadngs of 0.50 ± 0.02 and 0.87 ± 0.04 nm was observed. This packing agrees 

well with the (V3x V3)R30° structure determined for long-chain 

n-alkanethiolate monolayers on Au(lil) in recent helium diffraction^ and 

electron diffraction^ studies. Furthermore, images with the above spadngs 

were found to exhibit continuity over areas from a few nm^ up to about 600 

nm2, indicating the potential utility of STM for probing both the short- and 

long-range order of organic monolayer films. Structural interpretations of 

these images are presented and examined within the context of molecular 

level descriptions that have been recently developed from macroscopic 

characterization studies of these monolayers. 
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INTRODUCTION 

Spontaneously adsorbed monolayer films of n-alkanethiolates^ and 

their functionalized analogs have been extensively examined as model 

molecular systems for elucidating structure-reactivity relationships at metal-

liquid interfaces.^' 2,4-6 ^ ̂  result of such efforts, details concerning the 

macroscopic (average) structure, electronic properties, surface Aree energy, 

and imperfections of these layers are beginning to emerge. To utilize these 

results fully, however, it is also necessary to possess a microscopic 

understanding of the monolayer structure, including descriptions of the 

short- and long-range packing arrangement within the film. The relatively 

new technique of Scanning Tunneling Microscopy (STM) provides the real-

space atomic resolution required to obtain such information^ at both 

organic^ and inorganic' adsorbate layers. In this report, we show that the 

application of STM to ethanethiolate- (ET) and n-octadecanethiolate- (OT) 

coated gold surfaces reveals the two-dimensional structure of the adsorbate. 

In the following sections, we present and discuss the first STM images 

obtained for ET and OT monolayers spontaneously adsorbed on epitaxially 

grown Au(lll) films. As discussed, we believe our images result from 

electrons tunneling between the microscope tip and the sample surface 

through the gold-bound sulfur of the n-alkanethiolate head group. For both 

ET and OT, an image that corresponds to a hexagonally packed adsorbate 

overlayer with respective nearest-neighbor and next-nearest-neighbor 

spadngs of 0.50 (± 0.02) and 0.87 (± 0.04) nm was observed. The two-
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dimensional arrangement suggests that the surface is covered predominantly 

with a (Vs X V3)R30° overlayer on an underlying Au(lll) lattice. This 

arrangement agrees with that reported by helium^ and transmission 

electron^ diffraction studies. In addition, images with the above spacings 

were found to exhibit continuity over areas of a few nm^ up to about 600 

nmZ. Such images suggest that STM can provide important evidence 

regarding the size and distribution of ordered domains within these 

monolayers. A structural interpretation of the images is presented and 

examined in the context of the molecular level descriptions that have been 

developed from recent studies with various macroscopic characterization 

techniques.^'2'4 
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EXPERIMENTAL 

Monolayer Preparation. 

Gold substrates with a predominant (111) texture were prepared by the 

epitaxial growth of 200 lun gold Alms onto freshly cleaved mica sheets.̂ ,̂ 11 

The mica sheets were nominally 1 inch by 1/2 inch. The deposition was 

carried out by resistive evaporation in a cryogenically pumped Edwards 306A 

vacuum chamber (West Sussex, England) at a pressure of -2 x lO*® torr. 

Immediately prior to deposition, the mica was heated in vacuum at 200" to 

300° C for ~1 hour. Gold was deposited onto the heated mica at a rate of 0.3 

nm to 0.7 nm per second. Subsequently, the substrates were allowed to cool 

radiatively to below 70° C, removed from the vacuum chamber, and 

immersed immediately in 1 mM ethanolic solutions of ET or OT to form the 

monolayers.4b The substrates were left in solution for 2 to 24 hours, 

emersed, and rinsed thoroughly with ethanol. Variation of the immersion 

time did not observably effect the resulting images. These monolayers are 

structurally comparable to those prepared at Au films deposited at polished 

silicon wafers, as determined by infrared reflection spectroscopic, contact 

angle, and electrochemical capacitance measurements.^ The ET was used as 

received (Aldrich); OT (Aldrich) was recrystallized twice from methanol. 

Instrumentation. 

All images were acquired with a Digital Instruments Nanoscope n 

STM (Santa Barbara, CA). The Instrument was equipped with a 450 nm x 450 
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nm scanning head and was operated in the laboratory ambient. With this 

instrument/ the images are displayed as though the tip moves from right to 

left across the computer monitor; the figures in this report maintain this 

presentation. 

Images examining large (0.02 to 0.20 ^m^) sections of the sample were 

recorded under conditions for constant current (the "height" mode of the 

Nanoscope n). In this mode, a preselected tunneling current between the tip 

and sample is maintained via a feedback loop to a piezoelectric tube that 

adjusts the vertical position of the tip. The adjustments to maintain a 

constant tunneling current are recorded as the tip is rastered over the sample 

surface. Typical tuimeling currents and bias voltages used for these images 

were 3 nA and +80 mV, respectively, with the sign of the bias voltage given 

with respect to the grounded substrate. The tips used for these large scans 

were fabricated from 0.010 inch diameter tungsten wire cut diagonally with 

wire cutters. 

For atomically resolved images, conditions for constant height 

imaging were found more useful (the "current" mode of the Nanoscope H). 

In this mode, the vertical position of the tip is held constant with variations 

in the tunneling current recorded as the tip moves across the sample surface. 

Images were obtained under a range of bias voltages (-200 to +200 mV) and 

tunneling currents (1 to 10 nA). The tips used for the atomically resolved 

images were fabricated by etching electrolytically a 0.010 inch diameter 

tungsten wire in a solution of IM KOH.12 Only those tips which readily 

provided well defined images of highly ordered pyrolytic graphite (HOPG) 
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were used. The lateral distances in these images were determined using 

HOFG for calibration. 
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RESULTS AND DISCUSSION 

To develop a basis for the discussion of our results, we first describe 

the various control experiments performed to verify that our STM images 

result from the presence of the monolayer. We next present images for our 

uncoated Au Alms, which reveal both the topography and predominate (111) 

crystallinity of the surface. The latter images serve as a reference for the 

presentation and discussion of the images of the spontaneously adsorbed 

monolayers of ET and OT. We conclude with a structural assessment of 

these images in the context of molecular level descriptions that have been 

developed from various macroscopic characterization techniques, and a brief 

discussion of a possible mechanism that gives rise to these images. 

Reproducibility of Imaging n-Alkanethiolates on Au with STM. 

To date, the tunneling conditions which consistently allow the 

observation of a well defined image have been difficult to define fully. We 

attribute this primarily to preparative variability of the shape and/or 

composition of the tip. "Good" and "bad" tips were distinguished solely on 

the basis of their ability or inability to resolve atomic structure at HOPG. 

Once constructed, a good tip was often used repeatedly. Also, images 

recorded upon initial engagement of a good tip at the sample surface 

frequently show no evidence of recognizable surface structure; it is only with 

time, displacement of the tip, and/or variation of the tunneling conditions 

that periodic features at an atomic level become apparent. It is usual that 
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once a structure is observed, successive scans over the same area reproduce 

the image for several minutes up to an hour, after which time the image 

gradually or suddenly disappears. Moderate variation in the tunneling 

current (0.5 to 10 nA) and bias voltage (±20 to ± 300 mV) during the time that 

the image is "in focus" usually does not lead to loss of the image. 

Instabilities in the tip shape or composition may cause this focusing and loss 

of atomically resolved images.®"'9®'^^ 

Because of the above difficulties, we cannot directly conclude that our 

images are representative of the structure across the entire surface of the 

sample. Such an extrapolation is also complicated because the actual surface 

area examined is very small (~10"^3-10"12 cm^). We are confident, however, 

that the images described below result from the presence of the monolayer 

and extend in some cases over areas as large as 600 nm^. Several control 

experiments support our contention.^3 First, each of the images reported has 

been observed on several (^0) samples of each adsorbate. Second, we have 

yet to observe images comparable to those of the thiol adsorbate at our 

uncoated Au or at uncoated Au exposed to neat ethanol. Third, preliminary 

experiments with monolayers containing long perfluorocarbon chains (e.g. 

CF3(CT2)7(CH2)2SH) yield images with a larger nearest-neighbor separation 

than found for the ET and OT layers. The latter observation is consistent 

with the packing limitations of the ~5.6 Â diameter of perfluoromethylene 

chains^b as opposed to that of the ~4.2 A diameter of methylene chains.^^ 

Together, these results indicate that our images result from the presence of 

the sulfur-bound alkanethiolate. 
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STM Characterization of Uncoated Au Films on Mica. 

Figure 1 is a STM image of a 450 nm x 450 nm section of a thin gold 

film that was epitaxially deposited onto freshly cleaved mica. This image 

was recorded using the constant current mode. This and all other images 

shown are grey-scale images in which the lighter areas correspond to higher 

regions of the surface and the darker areas to lower regions of the surface. 

The color scale for the height range of each figure is shown to the right of the 

image. As previously observed/^0'^^ the image in Figure 1 shows the gold 

film to be comprised of atomically flat crystallites that are a few hundred 

nanometers in diameter and are separated by grain boundaries of varied 

width. Profiles of the grain boundaries are difficult to assess because of 

possible tunneling between the side of the tip and the sides of the crystallites. 

The image shown was recorded immediately after removal of the sample 

from the evaporator, though continued storage of the bare substrate in the 

laboratory ambient does not effect the images at a noticable level. 

An atomically resolved 2.3 nm x 2.3 nm image of an uncoated gold 

substrate is shown in Figure 2A. Hexagonal arrays of bright spots are evident 

throughout the image. This is the only periodic feature on our uncoated Au 

substrates that we have observed to date, having examined more than 30 

samples. Figure 2B is a topographical contour plot taken along the black line 

overlaying the image in Figure 2A. The distance between the markers in 

Figure 2B gives a nearest-neighbor spacing of 0.29 ± 0.02 nm, which compares 

well with the 0.288 nm interatomic separation of Au atoms^^ of a (111) 

surface. Larger area scans show that the spacing exists for lateral tip 
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Figure 1. STM image of a 450 x 450 nm section of an uncoated epitaxially 

grown Au film on mica. The image was recorded in the constant 

current mode, without filtering, using a bias voltage of +80 mV 

and a tunneling current of 3 nA. 
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Figure 2. (A). An atomically resolved 2.3 x 2.3 nm section of an epitaxially 

deposited Au on mica film. The image was recorded in the 

constant height mode using a bias voltage of 100 mV and a 

tunneling current of 1.5 nA. This image was low-pass filtered. 
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Figure 2 (cont'd). (B). A contour of the surface for the black line that is 

superimposed on the image in Figure 2A. The markers 

on the contour indicate a nearest-neighbor spacing of 0.29 

nm. 



www.manaraa.com

48 

translations of tens of nanometers. In examining the figures, it is important 

to note that the vertical corrugation along the contour is a manifestation of 

the density of states in the electronic band structure at the surface, as opposed 

to an actual topographical distance.^ ̂  

The predominance of the (111) character of our Au films is consistent 

with that indicated by the current-potential curves for the underpotential 

deposition of Pb(ID by linear sweep voltammetry.3' ^5 Earlier studies with 

both low energy electron diffraction^^ and x-ray diffraction^® support our 

conclusion. Based on these results, we will refer to our Au substrates simply 

as Au(lll). 

STM Images of Ethanethiolate Monolayers on Au(lll). 

All of the images presented in this section were obtained using 

constant height imaging. Also, as noted in the figure captions, several of the 

images have been smoothed with an eight-point moving average algorithm, 

i.e. the low-pass filter utility of the Nanoscope n software. The remaining 

images are not smoothed. 

Figure 3 shows STM images found for a spontaneously adsorbed 

monolayer of ET at Au(lll). Figure 3A is an image slightiy less than 

8 nm X 8 nm. Figure SB is an expanded view of the middle right portion of 

Figure 3A, and is slightly greater than 2.5 nm x 2.5 nm. In both images, a 

hexagonal pattern with a spacing markedly different from that of the Au(lll) 

lattice is evident. The spacings of this pattern are given by contour plots in 

Figure 3C, which are taken along the dark lines overlaying the image of 
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Figure 3. (A) STM image of a 7.7 nm x 7.7 mn section of an ethanethiolate 

monolayer on an epitaxially grown Au film on mica. Figure SA is 

unfiltered and recorded in a constant height mode using a bias 

voltage and tunneling current of -200 mV and 2 nA, respectively. 
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Figure 3 (cont'd). (B) STM image of a 2.65 nm x 2.65 nm section of an 

ethanethiolate monolayer on an epitaxially grown Au film on 

mica imaged under the same conditions as Figure 3A. 
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Figure 3 (cont'd). (C) Contours of the image along the lines (a) and (b) in 

Figure 3B. The markers in the upper contour indicate the 

nearest-neighbor spacing of 0.51 ± 0.02 along line (a). The 

markers in the lower contour indicate the next-nearest-

neighbor spacing of 0.91 ± 0.04 lun along line (b). 
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Figure 3B. The triangular markers in the upper and lower contours of Figure 

3C indicate respective nearest-neighbor and next-nearest-neighbor spadngs 

of 0.51 (± 0.02) and 0.91 (± 0.04) nm. The uncertainties in the spadngs are 

consistent for all of our ET samples. The average nearest-neighbor and next-

nearest-neighbor spadngs from more than 20 samples is 0.50 (± 0.02) and 0.87 

(±0.04); respectively, which are consistent with a (V3 x V3)R30° adsorbate 

layer on a Au(lll) surface. Such a two-dimensional arrangement has also 

been found for long-chain n-alkanethiols adsorbed at Au(lll) via helium^ 

and electron^ diffraction studies. Additionally, the spadngs in the images are 

comparable to those found at our OT-coated samples (vida infra) as well as to 

those found in a few preliminary scans of monolayers from n-decanethiol. 

For comparison to the image in Figure 3B, Figure 4 provides a scale 

drawing of a Au(lll) surface (open drcles) with a commensurate overlayer 

of adsorbate molecules (shaded drdes) representing an n-alkanethiolate 

monolayer. The packing of the overlayer was determined by assuming that 

each adsorbate molecule binds at an equivalent site. The 0.42 nm diameter of 

the overlayer structure equals that for a dosest-packed arrayof alkyl chains. 

Although our images do not provide information concerning registry with 

the underlying substrate, we have placed the adsorbates in equivalent three

fold hollow sites as previously suggested.2,9b An identical overlayer 

structure may be drawn with n-alkanethiolate molecules centered at either 

on-top or two-fold bridging sites. In all three cases, the respective nearest-

and next-nearest-neighbor spadngs of the overlayer structure are 0.498 nm 

and 0.864 nm, which agree with those of Figure SB. 
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Figure 4. A scale drawing of the (Vs x ^f3)B30° overlayer with the 

underlying Au(lll) surface. The open circles represent the Au 

atoms and the shaded circles represent the hydrocarbon chain. 

The nearest- and next-nearest-neighbor spacings are (a) 0.50 nm 

and (b) 0.87 nm, respectively, as marked on the figure (see text 

for additional details). 
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In addition to packing information, the large area scan in Figure 3A 

shows that the hexagonal periodicity extends over an 8 nm x 8 nm region. 

We have occasionally seen continuous periodicity over much larger areas 

(~600 nmZ). Such a finding suggests the potential value of STM for probing 

relationships between macroscopic properties such as wetting^Mi/6 and the 

domain size of the monolayers. 

Also apparent in Figure 3A are rows of the adsorbate that appear 

brighter than others. We believe these rows correspond to single atomic 

steps on the substrate surface, though it is not clear if their "raised" 

appearance has chemical significance or is an artifact of imaging. For 

example, binding at edge sites should involve different adsorbate-substrate 

orbitals, which may be manifested in the images. However, this "brightness" 

may also occur because electrons can tuimel both vertically and laterally 

between the tip and substrate as the tip approaches the step edge from the 

upper surface. 

STM Images of n-Octadecanethiolate Monolayers on Au(lll). 

Figures 5A and 5B show STM images of an OT-coated Au sample for 

respective areas of 8.15 nm x 8.15 nm and 2.65 run x 2.65 nm. As with the ET 

coated samples, a hexagonal structure is evident with nearest- and next-

nearest-neighbor spacings that are markedly different than that for uncoated 

Au(lll). The spacings of the images, which are outlined in black in Figure 

5B, are consistent with the {•yJSx overlayer found at our ET coated 

samples. We also note that the images for the OT monolayers are 
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Figure 5. (A) STM image of a 8.15 x 8.15 nm^ section of n-octadecane-

thiolate on an epitaxially grown Au film on mica. The image is 

low pass filtered and recorded in the constant height mode with a 

bias voltage of -200 mV and a 2 nA tunneling current. 
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Figure 5 (cont'd). (B) STM image of a 2.65 x 2.65 nm^ section of n-

octadecanethiolate on an epitaxially grown Au film on mica 

using the same conditions as Figure SA. The spacings 

marked on Figure 53 are (a) 0.50 ± 0.02 nm and (b) 0.88 ± 0.04 

nm. 
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consistently noisier than those observed for the ET coated surfaces and that 

we have not been able to obtain images for the OT overlayers over as large an 

area as the ET overlayers. Although not understood, we presently attribute 

both ditferences to the presence of the longer alkyl chain of OT. 

Taken together, the images in Figures 3 and 5 indicate that our 

monolayers can be successfully characterized at an atomic scale with STM. 

These results further reveal that the adsorbate adopts a (Vs x V3)R30'' 

overlayer arrangement on a Au(lll) lattice. 

Comparison with Structural Descriptions of Thiols on Au from Macroscopic 

Data. 

Although our images reveal the two-dimensional arrangement for 

only an extremely small fractional area of the overlayer, comparisons with 

structural descriptions developed from "macroscopic" measurements argue 

that the observed packing is a reasonable representation of the predominant 

structure at the surface. For example, we have recently discovered that n-

alkanethiolate monolayers at Au(lll) can be desorbed by a one-electron 

reduction^. Integration of the charge for the desorption provides a measure 

of the adsorbate surface coverage. After accounting for roughness, we found 

a surface coverage of 8.4 (± 0.7) x moles/cm^ for all of the thiolate 

monolayers tested (CH3(CH2)nSH, n = 3-18). This value agrees reasonably 

well with the theoretical 7.6 x 10*^0 moles/cm^ coverage expected for a (yfSx 

V^R30* overlayer at Au(lll). In addition, a closest-packed array of alkyl 

chains in a (V3 x VS^RSO® overlayer structure would exhibit a chain tilt of 
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«35° from the surface normal'^, such a tilt is consistent with the 30° to 40° 

average tilts determined for long chain alkanethiol monolayers by an 

orientational analysis of infrared reflection specfroscopic data.^^'^' Taken 

together, the similarities of the structural descriptions provided by these 

macroscopic measurements and by our STM images suggest that the (V3 x 

"V^R30* overlayer is the predominant two-dimensional arrangement of our 

n-alkanethiolate monolayers at Au(lll). To develop this description further, 

we are beginning experiments to assess the relationship between 

imperfections in the substrate (e.g. grain boundaries) and structural 

imperfections in the monolayer. 

Possible Mechanism for the Imaging of Alkanethiolate Adsorbates. 

Assumptions concerning the relative position of the microscope tip 

from the sample surface during imaging influence the structural 

interpretation of the images. As previously stated, we believe that our 

images result from elecfrons tunneling between the tip and the Au-bound S 

of the alkanethiolate adsorbate. The conclusion is based primarily on the 

observation that both the coated and uncoated Au samples can be 

successfully imaged with comparable tunneling currents and bias voltages. 

This argues that imaging under our experimental conditions is not 

observably affected by the presence of the hydrocarbon layer, although, as 

noted, the "long chain" images are typically noisier that the "short chain" 

images. As such, we believe that the tip is positioned near the Au-S interface 

during imaging. Interestingly, recent studies of Langmuir Blodgett films of 
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cadmium arachidate, phospholipids^^B) and adsorbed detergent layers^k 

have yielded images indicative of the structure of the outer boundaries of the 

organic film, a separation distance of 3 to 5 nm between the tip and the 

substrate. Such large separation distances suggest that a "through-bond" 

long-range electron-transfer mechanism^^ may also be operative in imaging 

with STM.Sk The ability to image both our coated and uncoated Au samples 

under the same conditions, however, argues that a "through-bond" 

mechanism plays a minor role in imaging our monolayers. We are 

presently assessing the validity of our interpretation through measurements 

of the heights of the tunneling barriers of the layers and considerations of 

current theoretical models.^^ 
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CONCLUSION 

The most significant statement concerning these results herein is that 

we have found it possible to resolve atomically sized features of 

monomolecular organic films on gold by STM under ambient conditions. 

This finding adds to the rapidly growing list of imageable adsorbates and 

suggests a promising future for the utilization of STM in a number of areas 

in which detailed information concerning the structure at a metal/adsorbate 

interface in a non-ultra high vacuum environment is desired. Our results 

also complement and enhance the current understanding of the packing 

arrangement of n-alkanethiolate films on gold. We have observed domains 

of adsorbate surface structure that are well described as (Vs x V3)R30° 

overlayers commensurate with a Au(lll) substrate. This is in agreement 

with structures proposed for n-alkanethiolate layers based on the results of 

helium diffraction^ and transmission electron diffraction^ studies. We have 

also been able to observe continuous domains of this structure for areas as 

large as 25 x 25 nm. Though sampling has not yet been extensive enough to 

determine if such domain sizes are typical, such an observation suggests the 

potential value of STM for addressing important questions about the long-

range order within the adsorbate layer. Experiments are underway to 

evaluate further the capability to image these and various other 

hydrocarbon-based monolayers. 
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PAPER 2. ATOMIC SCALE IMAGING OF ALKANETHIOLATE 

MONOLAYERS AT GOLD SURFACES WITH ATOMIC FORCE 

MICROSCOPY 
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ABSTRACT 

Monolayer films formed by the chemisorption of alkanethiols 

(CH3(CH2)nSH, n=l-17) at epitaxially grown Au(lll) films were examined 

using atomic force microscopy (AFM). Atomically resolved images were 

found for films with n^4, directly revealing for the first time the 

arrangement of the alkyl chain structure. All of the images exhibit a periodic 

hexagonal pattern of equivalent spadngs (e.g. respective nearest- and next-

nearest-neighbor distances of 0.52 ± 0.03 nm and 0.90 ± 0.04 nm for n=l% and 

0.51 ± 0.02 nm and 0.92 ± 0.06 for n=5). These spadngs agree well with the 

analogous 0.50 nm and 0.87 nm distances of a {yfs x V3)R30° adlayer on a 

Au(lll) lattice, the two-dimensional arrangement reported in recent 

diffraction^'^ and scanning tunneling microscopy^/S studies. In some 

instances, images with the above spadngs were observed to extend 

continuously over areas as large as 100 nm^, suggesting the potential of AFM 

to reveal both the short- and long-range order of the alkyl chains of these and 

other model interfacial structures. The implications of these findings, 

including the inability to obtain well-resolved images for films with n^, are 

examined in the context both of the current structural descriptions of 

alkanethiolate monolayers and of general issues related to imaging organic 

films with AFM. 
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INTRODUCTION 

The atomic force microscope^ (AFM) and its predecessor, the scanning 

tunneling microscope^ (STM), have emerged as powerful tools for imaging 

semiconductor's metallic,^ organiC/^^ and biological^! surfaces with atomic-

scale resolution in environments ranging from ultra high vacuum to 

aqueous solutions. We have recently begun to assess the applicability of both 

techniques for imaging model organic interfadal systems, such as the 

alkanethiolate^z monolayers that form on gold surfaces. The goal is to 

develop detailed descriptions of the short- and long-range packing 

arrangements of these monolayers that will serve as a basis for correlating 

the interfadal microstructure with macroscopic observables (e.g. wettability^^ 

and electron-transfer properties2b,i4). in an earlier effort,4 we demonstrated 

that STM can reveal the two-dimensional arrangement of alkanethiolate 

monolayers at gold-observations attributed to electrons tunneling between 

the STM tip and the gold surface through the thiolate head group. As our 

explorations of the capabilities of STM and AFM progressed, we discovered 

that it was also possible to image these monolayers using AFM under 

ambient conditions. This paper reports the results of our findings. 

In the following sections, we present the first atomically resolved 

AFM images of monolayers formed by the chemisorption of alkanethiols 

(CH3(CH2)nSH) at epitaxially grown Au(lll). To set a foundation for the 

discussion of our images, we first describe the conditions that lead to the 

observation of atomic structure using AFM. This section also contrasts the 



www.manaraa.com

74 

ability to image these adsorbates using AFM and STM. Next/ we present an 

atomically resolved AFM image of our mica-supported gold films. This 

image defines the (111) texture of the uncoated gold surfaces and functions as 

a reference for comparison to the images of the alkanethiolate-coated gold 

samples. The AFM images of the thiolate monolayers are then presented. 

Though difficult to define fully, we believe these images arise from 

interactions between the AFM tip and the alkyl chains of the resulting gold(I) 

alkanethiolate monolayer. Recent literature precedents^0®''^®''5-l7 as well as 

results from attempts to image alkanethiolate monolayers of varied chain 

length (n=l-17) are used to support this contention. For n^4, an image that 

corresponds to a (V3 x V^)R30° adlayer was found, the same two-dimensional 

arrangement found for these monolayers using diffraction^'^ and STM^^S 

techniques. Images with a well defined periodicity have not yet been 

observed for monolayers with n^. We conclude with a brief assessment of 

images in the context of established and emerging structural descriptions of 

these monolayers.^2-14,18,19 
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EXPERIMENTAL 

Substrate Preparation. 

Gold substrates with a predominantly (111) crystallinity were prepared 

by the resistive evaporation of 300 nm of gold onto freshly cleaved green 

mica sheets (Asheville-Schoonmaker, Newport News, VA) at a rate of 0.3 

nm/s. Immediately prior to gold deposition, the mica sheets were heated in 

the vacuum chamber for ~1 hr at 250-300'C. During deposition, the pressure 

in a cryogenically pumped Edwards 306A vacuum chamber (Fairfield, CA) 

was held at ~2 x 10^ torr. Subsequently, the gold-coated mica was allowed to 

cool radiatively to below 70 *C before backfilling the chamber with dry 

nitrogen and removing the substrates. Hie substrates were then 

immediately immersed into the thiol solutions. 

Previous macroscopic level characterizations of our evaporated gold 

Alms using STM^ indicate that the gold films are composed of ~300 nm-wide 

crystallites that are separated by relatively deep grain boundaries. The 

roughness factor of the gold substrates, given by the electrochemically 

determined area^O divided by the geometric area, equals 1.1 ± O.l.^l At a 

microscopic level, the surfaces of the uncoated gold films are strongly (111) 

textured^! (>95%), based on comparisons of the voltammetric curves for the 

underpotential deposition of Pb(II) to literature data at single crystal gold 

electrodes.22 Images from STM^ routinely exhibit the 0.29-nm interatomic 

spacing of Au(lll). The latter findings are in general agreement with earlier 

STM^d'fi and AFM^®'^ reports as well as electron diffraction^ ,̂23,24 studies. 
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Monolayer Film Preparation. 

Alkanethiolate monolayers were prepared by the chemisorption of the 

corresponding thiol on gold from ~1 mM ethanolic solutions using 

previously described protocols.^^a Upon removal from solution, the 

samples were rinsed thoroughly with ethanol and dried in air. Varying 

immersion times from ~2 to 24 h had no observable effect on the resulting 

AFM images. 

Instrumentation. 

Images were obtained in air using a Digital .Instruments Nanoscope n 

(Santa Barbara, CA). The instrument was equipped with a 0.7-|im AFM scan 

head. After loading a sample, the instrument was allowed to come to 

thennal equilibrium, which required ~30 min. All images were collected in 

air with the AFM tip in contact with the sample in the constant force mode 

(i.e. the height mode of the Nanoscope n). In this mode, the force between 

the AFM tip and the sample surface is held constant, and the vertical 

displacements of the sample needed to maintain the preselected force are 

recorded as the tip rasters across the surface. Triangularly shaped silicon 

nitride cantilevers with pyramidal tips (Digital Instruments) were used. The 

force constant of these cantilevers was 0.58 N/m. Images were acquired at a 

rate of 14 to 28 lines/s, requiring roughly 15 to 25 s per image. Imaging forces 

were ~50 nN, unless otherwise specified. The horizontal displacement of the 

tip was calibrated using freshly cleaved mica. Images were either smoothed 
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with an eight-point moving-average algorithm (i.e. the low-pass filter utility 

of the Nanoscope H) or lightly filtered with a XY spectrum filter. 

Reagents. 

Liquid alkanethiols (CH3(CH2)nSH) were acquired from several 

sources (Alfa Products, n=l; Aldrich, n=:2,4,6,7,8,15; Eastman Kodak, 

n=3,5,9,ll; and Pfaltz and Bauer, n=13). Tridecanethiol and pentadecanethiol 

were synthesized from 1-bromotridecane (Aldrich) and 1-bromopentadecane 

(Aldrich), respectively, according to previous procedures.^^c Undecanethiol 

and heptadecanethiol were gifts from Professor George Whitesides 

(Department of Chemistry, Harvard University). All of these compounds 

were purified by passage through a neutral alumina (Aldrich) colunm prior 

to use. Octadecanethiol (Aldrich) was recrystallized twice from absolute 

ethanol. 
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RESULTS AND DISCUSSION 

General Observations. 

Using the previously described experimental protocols, we have 

attempted to image alkanethiolate (CH3(CH2)nSH) monolayers at our gold-

coated mica substrates for a large range of chain lengths (n=l-17). Images 

with atomically resolved features have been observed only for n^4. We 

have yet to obtain well defined images for n^. As with STM,^ the 

conditions that yield a well defined AFM image have been difficult to define. 

We have found, however, that such images are more readily attained with 

AFM than with STM. We attribute this primarily to differences in the 

structural stabilities of the two types of tips. Tips for STM that resolved 

atomic scale structures functioned effectively for a period between several 

minutes and a few hours, after which the image gradually or suddenly 

disappeared. Tips for AFM, on the other hand, were routinely used for 

several days. We found on numerous occasions that once "in focus", the 

same area of the sample could be scanned continuously with AFM for 

several hours with little apparent degradation of the image. 

In addition, we have found that the conditions yielding a well defined 

image varied somewhat with chain length. Both long-chain structures (e.g. 

n=17) and short-chain structures (e.g. n=5) could effectively be imaged under 

approximately the same force (~50 nN). However, the long-chain structures 

were able to withstand greater forces before the image degraded. We attribute 

the ability of the longer chain structures to withstand greater forces to 

increasing cohesive interactions between neighboring alkyl 
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chains. ̂ '^3b,14a,18c,d vVg have also observed that scanning at low forces (<20 

nN) leads to the loss of image definition. We ascribe this loss of definition to 

two sources. First, contact between the AFM tip and sample at low forces 

may be intermittent with the tip repeatedly losing and regaining contact 

during a scan. Second, the tip may be imaging the extreme outer surface of 

the chain structure which, at least for longer chain lengths, is disordered 

with respect to the underlying polymethylene chain. Such disorder reflects 

the presence of gauche conformational defects at the chain terminus.25 

Further discussion of the implications of our observations is deferred until 

later. 

AFM Images of Uncoated Epitaxially Grown Gold. 

An atomically resolved AFM image of uncoated, epitaxially grown 

gold is shown in Figure 1. The image encompasses an area slightly larger 

than 3 nm by 3 nm. This and all other images are given in a top-view 

presentation in which the lighter portions of the gray vertical scale 

correspond to higher regions of the surface and the darker portions to lower 

regions of the surface. The image in Figure 1 is composed of a hexagonal 

pattern of bright spots. This is the only periodic feature found on such 

samples and is routinely observed in our laboratory with both AFM and 

STM.4 The average nearest-neighbor distance, which is represented by the 

black line (a) overlaying a small portion of the image, is 0.29 ± 0.03 nm. This 

distance agrees well with the 0.288 nm nearest-neighbor spacing of the (111) 

face of gold,26 as found in earlier atomic-scale images of mica-supported 
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Figure 1. AFM image of uncoated, epitaxially grown Au(l 11) on mica 

covering 3.02 nm x 3.02 nm. The image was collected in a constant 

force mode and was lightly filtered using a XY spectrum filter. 

The average newest-neighbor spacing represented by line (a) 

equals 0.29 ± 0.03 nm and the next-nearest-neighbor spacing 

represented by line (b) is 0.50 ± 0.04 nm. 
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gold.'®'^' Larger area scans show that the (111) periodicity extends over 

hundreds of square nanometers. Based on the combined weight of these and 

previous characterizations (see Experimental Section), we will refer to our 

gold substrates simply as Au(lll). 

AFM Images of Alkanethiolate Monolayers at AuClll). 

Figure 2 shows images of alkanethiolate monolayers at Au(lll) of 

three different chain lengths: (A) octadecanethiolate (n=17); (B) 

decanethiolate (n=9); and (C) hexanethiolate (n=5). Each image is presented 

with the same horizontal length scales as those in Figure 1. In all three 

images, a hexagonal pattern of bright spots with similar spadngs is observed, 

the only periodic image observed to date for these films. These spacings are 

markedly larger than those of uncoated Au(lll). The average respective 

nearest- and next-nearest neighbor distances, which are represented by the 

black lines in Figure 2A, equal 0.52 ± 0.03 nm and 0.90 ± 0.04 nm for n=17, 

0.50 ± 0.02 nm and 0.91 ± 0.04 nm for n=9, and 0.51 ± 0.02 and 0.92 ± 0.06 nm 

for n=5. We have obtained images with similar spacings and uncertainties 

for alkanethiolate monolayers for the remainder of the series from n=4 to 17. 

These distances correspond to those expected for a (Vs x V3)R30** adlayer on a 

Au(lll) lattice, the same two-dimensional arrangement that has been found 

for these monolayers using diffraction^-^ and STM techniques.4,5 For 

illustration,28 a scale drawing of the (Vs x V3)R30® adlayer on Au(lll) is 

shown in Scheme I. 
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Figure 2. (A) AFM image covering 3.02 nm x 3.02 nm of octadecanethiolate 

at epitaxially grown Au(lll). This image was collected in a 

constant force mode (~10 nN) and is lightly filtered using a XY 

spectrum filter. The nearest- and next-nearest-neighbor spadngs 

are represented by the black lines, a and b, respectively. Average 

spadngs for these distances are: a=0.52 ± 0.03 nm and b=0.90 ± 

0.04 nm. These spadngs correspond to a (V3 x V3)K30° adsorbate 

overlayer on Au(lll). 
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Figure 2 (cont'd). (B) AFM image covering 3.02 nm x 3.02 nm of 

decanethiolate^^ at epitaxially grown Au(lll). This image 

was collected in a constant force mode (~10 nN) and is low-

pass filtered. The nearest- and next-nearest-neighbor 

spadngs are: a=0.50 ± 0.02, b=0.91 ± 0.04 nm 
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Figure 2 (cont'd). (C) AFM image covering 3.02 nm x 3.02 nm of hexanethiolate 

at epitaxially grown Au(lll). This image was collected in a 

constant force mode (~10 nN) and lightly filtered using a XY 

spectrum filter. The nearest- and next-nearest-neighbor 

spadngs are: a=0.51 ± 0.02 nm, b=0.92 ± 0.06 nm. 
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Figure 3 presents larger area images (8.45 nm x 8.45 nm) of the three 

monolayers shown in Figure 2. As previously noted, areas with a hexagonal 

pattern retend over à large portion of each image. The ordered areas, which 

are occasionally as large as 100 nm^, are separated by regions of poor 

definition which vary in size. In contrast, areas as large as 600 nm^ have 

been observed using STM.4 Though tempting to ascribe these findings to 

differences in the long range order (i.e. domain size) of the head group 

relative to the alkyl chains, more extensive large area scanning is needed 

before such a conclusion could be reached. Larger area scans may also reveal 

possible correlations between domain sizes and chain length, as suggested by 

He diffraction,^ a technique which probes the two-dimensional arrangement 

of the terminal methyl groups of these monolayers. 

Taken together, the images in Figures 2 and 3, which are 

representative of findings from several hundred hours of scanning, 

demonstrate the capability of AFM to image alkanethiolate monolayers at 

gold surfaces with atomic-scale resolution. The images further reveal that 

these thiolates form a (V3 x V3)R30° adlayer on a Au(lll) lattice, in 

agreement with the noted diffraction^ 3 and STM^'^ findings. This structural 

arrangement is also consistent with the chain tilts deduced by infrared 

spectroscopic characterizations^3b,14a,29 and with surface coverages 

determined from electrochemical reductive desorption'2a,19 measurements, 

approaches that probe macroscopic details of interfaces. 
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(A) AFM image covering 8.45 nm X 8.45 nm of octadecanethiolate 

at epitaxially grown Au(lll). This image is low-pass filtered. 
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Figure 3 (cont'd). (B) AFM image covering 8.45 nm x 8.45 nm of decanethiolate 

at epitaxially grown Au(lll). This image is low-pass filtered. 
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Figure 3 (cont'd). (C) AFM image covering 8.45 nm x 8.45 nm of hexanethiolate 

at epitaxially grown Au(l 11). This image is filtered lightly 

with a XY spectrum filter. " 
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Imaging Mechanism. 

To develop a structural interpretation of our images, it is important to 

determine the position of the AFM tip with respect to the sample surface. 

Such a determination would effectively identify the portion of the 

monolayer structure that is probed by the AFM tip (e.g. chain terminus or 

gold-bound thiolate). Model calculations have suggested that representative 

images of surfaces of individual biological macromolecules can be obtained 

only if the force between the AFM tip and sample is on the order of 0.01 

nN.30 Above this limit, the tip may deform the surface of the sample. We 

believe that both the strong cohesive interactions operative within the array. 

of alkyl chains and the covalent linkage between the sulfur head group and 

the gold surface enable our alkanethiolate monolayers to withstand much 

larger imaging forces. These factors were not taken into account in the noted 

calculations. 

Several literature precedents support the importance of both of the 

above factors in imaging with AFM. With respect to cohesive interactions, 

the recent atomically resolved images of a multilayer cadmium arachidate 

film^Oa and of other Langmuir-Blodgett-deposited films^^® are particularly 

noteworthy. The images in both studies were acquired at ~10 nN. Force-

distance profiles measured as an AFM tip approaches, contacts, and then 

penetrates into a film of cadmium arachidate^^ are in general accordance 

with these findings, with penetration occurring at ~7 nN. The importance of 

a strong linkage between an ordered overlayer and the support has been 

illustrated in recent friction and wear studies of multilayer films of cadmium 
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arachidate at the native oxide of a silicon substrate.!^ These studies found 

that the first layer, which is tethered to the oxide via add-base chemistry, is 

~1000 times more resistive to wear than the subsequent layers held together 

primarily by van der Waals forces. Together, the above results attest to the 

ability of organic films with structures similar to alkanethiolate monolayers 

to withstand forces similar to those used to acquire our images. 

As stated previously, we attribute our images to interactions between 

the AFM tip and the alkyl chain structure of the monolayer. This 

conclusion, supported by the above literature findings,^0a,lla,l5-l7 ig based on 

the differences in the capabilities of AFM and STM to image the atomic 

structure of short-chain (n^) alkanethiolates at Au(lll). With STM,4 for 

example, we have routinely obtained atomically resolved images of 

ethanethiolate (n=l) monolayers. We have ascribed these images to 

electrons tunneling between the STM tip and the gold surface through the 

sulfur head group, placing the STM tip near the gold surface. If the AFM tip 

images the gold-bound sulfur, one would then reasonably expect to obtain 

images with the hexagonal pattern for all chain lengths,^! not only for n^4. 

This result argues that the atomically resolved images of the longer chain 

(n^4) monolayers arise from interactions between the AFM tip and the alkyl 

chain structure. The aforementioned chain length dependence of the range 

of forces that gave atomically resolved images is consistent with this 

interpretation. Interestingly, the inability to obtain images for n ^ 3 further 

suggests the most likely position of the AFM tip to be near the outermost 

carbons of the alkyl chains. However, it is not clear if the tip probes the 
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packing arrangement of the chain terminus or pushes through the first few 

carbons and images the underlying polymethylene chain structure. The 

latter possibility may have relevance to the inability to obtain atomically 

resolved images of the short-chain (ng3) monolayers (i.e. the tip induces 

disorder). The inherent disorder of the short alkyl chain 

structures^'^3b,l4a,l8c/i may also be a contributing (and possibly the 

dominant) factor. We are currently designing experiments in an attempt to 

resolve these issues. 
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CONCLUSIONS 

This paper has demonstrated that it is possible to resolve atomic-scale 

features of organic monolayer films at gold using AFM under ambient 

laboratory conditions and reaffirms the presence of a (Vs x V3)R30° adlayer 

structure for alkanethiolate on Au(lll). This and other recent findings 

suggest that AFM may prove valuable in providing detailed microscopic 

information for developing insights into interfacial structure-reactivity 

relationships. Both cohesive interactions between neighboring chains and 

the covalent linkage between the sulfur head group and gold surface have 

been identified as factors that play an important role in the ability to obtain 

these images. Experiments are in progress to evaluate further the capability 

of this technique to reveal the structure of various other monolayer films. 

We are particularly interested in developing further insights into the AFM 

imaging mechanism to facilitate a detailed comparison of our findings with 

those from He diffraction,^ noting the possible complementary nature of the 

information supplied by the two methods. Extension to characterizations 

under thin layers of contacting liquids are also underway. 
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PAPER 3. THIOLATE MONOLAYERS AT GOLD WITH A 

FLUOROCARBON TAIL: MICROSTRUCTURAL AND 

MACROSTRUCrURAL DESCRIPTIONS FROM ATOMIC FORCE 

MICROSCOPY, ELECTROCHEMISTRY, AND INFRARED REFLECTION 

SPECTROSCOPY 
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ABSTRACT 

Monolayer films formed by the chemisorption of CF3(CF2)7(CH2)2SH 

(FT) at epitaxially grown Au(lll) Alms were examined using atomic force 

microscopy (AFM), electrochemistry, and inArared reflection spectroscopy 

(1RS). The AFM images exhibit a periodic hexagonal pattern with average 

nearest- and next-nearest-neighbor distances of 0.58 ± 0.02 nm and 1.0 ± 0.02, 

respectively. A packing model for such an arrangement is a (2 x 2) adlayer 

structure at Au(lll). The surface coverage of the monolayer, as determined 

by the electrochemical reductive desorption of the monolayer from the Au 

substrate is (6.3 ± 0.8)x 10-^0 mol/cm^, a value consistent with the 0.25 

monolayer coverage expected for a (2 x 2) structure. Evidence from 1RS also 

supports the existence of the (2 x 2) adlayer structure as determined by AFM. 

The usefulness of AFM for determination of the structure of densely packed 

monolayers will be discussed as will the value of correlating the microscopic 

data from AFM with macroscopic descriptions. 
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INTRODUCTION 

Scanning tunneling (STM)^ and atomic force microscopies (AFM)^ 

have become important techniques for the atomic-scale characterization of 

surfaces. Notable studies include the surface structure of semiconductor/"^ 

metallic,®"® electrochemical/'^^ organic/^^ and biological,^^^ interfaces. 

Both techniques have also proven valuable as probes of model organic 

monolayer films, such as those formed by Langmuir-Blodgett 

deposition^®'^^'^®"^^ and by self-assembly.^®'^^'^^ A major goal of the latter 

efforts is the determination of the long- and short-range packing 

arrangements of the model monolayers that will serve as a basis for 

correlations with macroscopic interfadal properties (e.g. wettability/®"^ 

electron-transfer/^'®^ and metal overlayer adhesion®^®®). 

We have been exploring the utility of STM and AFM for imaging 

monolayers formed by the self-assembly of various thiol-containing 

compounds at gold surfaces. Our earlier e^orts^®'^^ have demonstrated that 

both techniques can reveal details of the two-dimensional arrangement of n-

alkanethiolate^®'®^ monolayers formed at Au(lll) epitaxially grown gold 

films at mica. In this report, we apply AFM to probe the atomic-scale 

structure of a different type of thiolate monolayer, namely that formed from 

CF3(CF2)7(CH2)2SH (abbrev. FT) at Au(lll). Our interest in this type of 

monolayer stems from two primary sources. First, monolayers that contain a 

terminal perfluorocarbon chain may prove useful as models of the surface of 

fluorinated polymers. i5,3i,3&40 Second, the FT monolayers will serve as an 
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important test case for further assessment of the atomic-scale imaging 

capabilities of AFM for ordered organic interfaces. The larger diameter (van 

der Waals diameter of 5.6 of the CF3(CF2)7-tail should lead to a 

difference in the packing of the FT monolayers at Au(lll) relative to the 

analogous alkanethiolate monolayers (van der Waals diameter of 4.2 A).^^ 

Thus, a delineation of the two-dimensional arrangement of this adsorbate-

substrate system is of fundamental importance. 

In the following sections, we present the first atomic-level AFM 

images of monolayers formed by the adsorption of FT at Au(lll). As 

discussed, a periodic image with a hexagonal packing arrangement consistent 

with that expected from a molecular model for densely packed 

perfluorocarbon chains is found. These images are compared with those 

obtained for monolayers formed from the analogous chain length n-

alkanethiol (i.e.CH3(CH2)9SH, abbrev. DT).^^ The difference in the ability to 

obtain atomically resolved images of the two different types of monolayers is 

also examined. In addition, we describe the results from characterizations 

using electrochemical measurements of surface coverage, and infrared 

reflection spectroscopy (1RS), techniques that provide a macrostructural 

description in agreement with that based on our interpretations of the AFM 

images. 
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EXPERIMENTAL 

Monolayer and Gold Substrate Preparation. 

Gold substrates with a predominantly (111) surface crystallinity were 

prepared by the resistive evaporation of 300 nm of gold onto freshly cleaved 

green mica sheets (Asheville-Schoonmaker, Newport News, VA), as 

previously described.^^'^^ The roughness factor of the gold substrates, given 

as the electrochemically determined area divided by the geometric area, 

equals 1.1 ± 0.1,^ this value was determined by the oxidative desorption of 

iodine^^ At a microscopic level, the surfaces of the uncoated gold films are 

strongly (111) textured (>99%), based on comparisons of the voltammetric 

curves for the underpotential deposition of Pb(lD to literature data at single 

crystal gold electrodes/^'^ Images from STM and AFM routinely exhibit the 

0.29 nm interatomic spacing^ of Au(lll)^^'^^ over areas as large as several 

hundred square nanometers. The above findings are in general agreement 

with the results of earlier bulk and surface^^^ crystallinity results as well as 

earlier STM,^»® AFM,^ and electron diffraction studies. 

The monolayers were prepared by chemisorption at gold from 1 mM 

ethanolic solutions of the thiols using previously described protocols.^^ 

Formation times were typically 2-4 hrs. Upon removal from solution, the 

samples were rinsed thoroughly with ethanol and dried in air. The 

wettabilities of both types of monolayers, using water and hexadecane as 

probe liquids for contact angle measurements, were comparable to those 

reported previously.^^'^ 
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Instrumentation. 

AFM. Images were obtained in air using a Digital Instruments 

Nanoscope H (Santa Barbara, CA). The instrument was equipped with a 0.7 

AFM scan head. After loading a sample, the instrument was allowed to 

come to thermal equilibrium, which required ~30 min. All images were 

collected in air with the AFM tip in contact with the sample in the constant 

force mode. In this mode, the force between the AFM tip and the sample 

surface is held constant, and the vertical displacements of the sample needed 

to maintain the preselected force are recorded as the surface rasters below the 

tip. Triangularly shaped silicon nitride cantilevers with pyramidal tips 

(Digital Instruments) were used. The force constant of the cantilevers was 

0.58 N/m. Images were acquired at a rate of 14 to 28 lines/s, requiring 

roughly 15 to 25 s of collection time per image. Imaging forces were typically 

50 nN. The horizontal displacement of the tip was calibrated using freshly 

cleaved mica. Images were smoothed with an eight-point moving-average 

algorithm (i.e. the low-pass filter utility of the Nanoscope H). 

Electrochemical Measurements. Electrochemical experiments were 

performed in 0.5 M KOH solutions using a CV-27 potentiostat (Bioanalytical 

Systems), a Houston Instruments 2000 XY recorder, and a conventional 

three-electrode cell. The exposed area of the working electrode, as defined by 

the diameter of a Teflon O-ring, was 0.55 cm^. All voltages are reported with 

respect to a Ag/AgCl/saturated KCl electrode. 

Infrared Spectroscopy. Infrared spectra were acquired with a Nicolet 

740 FT-IR interferometer. Monolayer spectra were obtained using p-
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polarized light incident at 80° with respect to the surface normal and are 

reported as -lQg(R/Ro)/ where R is the reflectance of the sample and Ro is the 

reflectance of a bare Au reference substrate. A home-built sample holder was 

used to position reprodudbly the substrates in the spectrometer.^* 

Transmission spectra were obtained by the dispersion of bulk FT in KBr. All 

spectra are the average of 1024 scans of both the sample and reference. All 

spectra were collected at 2 cm'l resolution (zero-filled) with Happ-Genzel 

apodization. A liquid N2 cooled HgCdTe detector was used. The 

spectrometer and sample chamber were both purged with boil-off from 

liquid N2. Further details of the spectroscopy, and sample and reference 

handling, are given elsewhere.^^ 

Orientational Analysis of the Monolayer. Spatial orientation of these 

monolayers develops from consideration of the infrared surface selection 

rule,^^ with the average tilts between transition dipole moments (m) and the 

surface normal (2) calculated from^»^® 

cos^Offiz — Aobs/ 3(Acalc) (1) 

where Qmz is the angle of average tilt of a vibrational mode with respect to 

the surface normal, Aobs is the observed absorbance, and Acaic k the 

absorbance calculated for an isotropic collection of adsorbate precursors with 

comparable packing density. Therefore, relating the molecular axis of the 

carbon backbone to the transition dipole, the spatial orientation of the 

monolayer can be determined. Inputs into the electromagnetic 
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formulation^ for Ae calculated spectra include the angle of incidence and 

polarization of incoming light, and the complex optical constant ( n ) of each 

of the phases of the experimental system (i.e. air, monolayer, and Au 

substrate). The optical function for the monolayers was calculated from a 

Kramers-Kronig analysis of the IR spectrum of the adsorbate precursor 

dispersed in KBr. The optical function for Au was extrapolated A-om the 

literature. 

Reagents. 

Absolute ethanol (Quantum) and KOH (Aldrich, 99.99%) were used as 

received. Hexadecane (Aldrich, anhydrous, 99+%) was stored under N2 and 

used as received. Decanethiol (Kodak) was passed through an alumina 

column prior to use. The fluorinated thiol (CF3(CF2)7(CH2)2SH) was a gift 

from Dr. F. Behr (3M), and was used as received. 
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RESULTS AND DISCUSSION 

The following sections present and discuss the results of a detailed 

characterization of the structure of the monolayer formed by the 

chemisorption of Œ3(CF2)7(CH2)2SH at Au(lll). Microscopic features are 

probed using AFM giving information on the spatial arrangement of the FT 

monolayer. A molecular model for the spatial arrangement of molecules for 

the FT monolayer is presented and compared to that for the n-

alkanethiolates. Macroscopic features are probed by contact angle 

measurements, and infrared reflection spectroscopy; techniques that provide 

information related respectively to the wettability and spatial orientation of 

the layers. 

Atomic Scale Characterization with AFM. 

Images of FT and DT at Au(lll). Figure 1 contains an AFM image of 

FT at Au(lll). The image encompasses an area of 9 nm^ and is given in a 

top-view presentation with a gray vertical scale. A hexagonal array of bright 

spots is observed. The topographical contour plots taken along the black 

lines overlaying the image, are shown in Figure IB; the lines a and b 

represent the nearest-neighbor (nn) and next-nearest-neighbor (imn) 

spacings, respectively. The respective average nn and nnn spacings are 0.58 ± 

0.02 nm and 1.0 ± 0.02 nm. This arrangement has been observed for areas up 

to 100 nm2. 
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Figure 1. (A) A 3.0 x 3.0 nm^ AFM image of FT at Au(lll). This image is 

unfiltered. 
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Figure 1 (cont'd). (B) The cross-sections indicated by lines (a) and (b) in 

Figure lA. The line (a) shows the nearest-neighbor 

spacing of 0.57 nm and line (b) the next-nearest-neighbor 

spacing of 0.99 run. 
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For comparison to Figure 1, Figure 2 contains the AFM image of DT at 

Au(lll), the perhydrido analog FT at Au(lll). The image of DT at Au(lll) 

has been previously reported^^ and is used here for a necessary comparison. 

The image in Figure 2 also has a hexagonal periodicity and areas as large as 

100 nm2 have been observed.^^ However, as shown by the cross-sections in 

Figure 2B, the respective average values of 0.50 ± 0.03 nm and 0.90 ± 0.04 nm 

for the nn and nnn spadngs are less than those for FT at Au(lll). We have 

found comparable spacings for n-alkanethiolates having between 5 and 18 

carbons in the alkane chain.^^ The spacings are, in both cases, larger than 

those of the 0.29 nm and 0.50 nm nn and nnn spacings found in images of 

the uncoated Au(lll) substrate.^»®'^®'^^'^ 

Packing Models. As previously determined, the two-dimensional 

arrangement of DT is consistent with a (V^x V^)R30*' adlayer structure at 

Au(lll);^^ an arrangement which has previously been suggested 6"om such 

macroscopic techniques as electron^^ and helium^® diffraction, 

electrochemical coverage data^, etc. This arrangement is depicted in Figure 

3a where the open circles represent the Au(lll) lattice and the gray circles 

represent the thiolate molecules. The placement of the thiolate adsorbates at 

the three-fold hollow positions, although not evident from the AFM/STM 

data, is consistent with previous accord.®^'®® The arrangement of FT at 

Au(lll) is different from that of DT at Au(lll). Although hexagonal, the 

separation distances between neighboring adsorbates is greater. Figure 3b 

presents a reasonable arrangement for FT at Au(lll) where the dark circles 

represent the FT molecules. This arrangement represents a (2 x 2) overlayer 
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(A) A 3.02 X 3.02 nm^ AFM image of DT at Au(lll). Hiis image is 

lowpass filtered. The slight elongation of the spots is due to 

thermal drift. 
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Figure 2 (cont'd). (B) The cross-sections indicated by lines (a) and (b) in 

Figure 2A. The line (a) shows the nearest-neighbor 

spacing of 0.50 nm and line (b) the next-nearest-neighbor 

spacing of 0.87 nm. 
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Figure 3. Schematic representations of the (a) (yf3x V3)R30® zmd the (b) 

(2 X 2) adlayer structures on Au(lll). The open circles represent 

the Au atoms, the dark circles represent OT molecules, and the 

gray circles FT molecules. The expected spacings are a = 0.50 

nm, b = 0.87 nm, c = 0.58 nm and d = 1.0 nm. 
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structure at Âu(lll) and has nn and nnn spadngs of 0.58 nm and 1.0 nm, 

respectively. Importantly^ the spadngs in the model are consistent with 

those experimentally observed in the AFM images in Figure 1. Again, 

although not demonstrated by the AFM data, positioning of the adsprbates at 

the three-fold hollow sites is used in agreement with the alkanethiolate 

structure. From the spacing of the FT molecules and the van der Waals 

diameter of the fluorinated chains, a surface coverage of 5.7 x lO-^O mol/cm^ 

is calculated at Au(lll) (0.25 of a monolayer) and the expected tilt of the 

molecules relative to the surface normal is calculated to be -15'. (The 

comparison of this tilt angle with that calculated using IR data is discussed 

below.) This is demonstrated in Figure 4a where the FT chains are 

represented by the rectangles and the angle 6 is that from the surface normal 

to the carbon-carbon backbone. In comparison, the tilt for n-alkanethiolates 

at Au(lll) as predicted by the (V3 x 'V3)R30® model is 33* as depicted in 

Figure 4b. 

General Imaging Observations, It is uncertain what the exact position 

is of the tip relative to the end of the chain. We do expect that the tip is near 

the terminus of the fluorinated chain based primarily on comparison to the 

alkanethiolate.^^ As with the alkanethiolate monolayers, this ordered 

assembly of molecules can withstand the force of the tip (-50 nN) without 

destruction even though individual molecules have been calculated to 

withstand forces of only ~10"^0 Comparisons can be made between the 

ability to obtain images of the fluorinated vs. alkyl thiolate monolayers. 

Images of the fluorinated alkanethiolate monolayers are more 
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Figure 4. Schematic representation of thiolate monolayers tilted with 

respect to the surface normal. The fluorinated thiol (2 x 2) 

adlayer at Au(lll) has an expected tilt of 0 =15* as represented 

in (a). The expected tilt for the (Vs x V3)R30° adlayer at Au(lll) 

is 33* and represented in (b). 
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readily obtained using AFM than are the hydrocarbon analogs. This may be a 

result of the FT being less tilted with respect to the surface normal than the 

alkanethiolates (FT is tilted about 15* less then DT, see Figure 4) and less 

susceptible to compression^^ by the AFM tip during scanning. The FT also 

has a 15/7 helical conformation^^ versus the trans zig zag conformation of 

the n-alkanethiolates. Both properties of the FT monolayer would result in a 

more rigid system which is less susceptible to distortion (or induced rotation) 

from the AFM tip and more likely to produce ordered periodic AFM images. 

Examination of the FT monolayers at Au(lll) using STM has been 

performed but has not yet been successful. 

Electrochemical Characterization. 

The electrochemical reductive desorption of FT from Au can be used 

as a means to determine surface coverage. This information can be 

compared to that from AFM. A cyclic voltammetric (CV) current-potential 

(i-E) curve for FT at Au(lll) is shown in Figure 5. An i-E curve for uncoated 

Au(lll) is included for comparison. Voltage scans were initiated at +0.2 V at 

a rate of 0.1 V/s and were reversed at the voltage limit imposed by solvent 

reduction. The supporting electrolyte was 0.5 M KOH. The large cathodic 

wave with a peak current near -1.05 V reflects the electrode reaction 

Au-SR + le' -> RS- + Au(0). (2) 
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Figure 5. The i-E curve for the reductive desorption of FT (solid line) 

from Au(lll). The i-E curve for uncoated Au(lll) (dotted line) 

is shown for comparison. The scan rate is 0.1 V/s. 
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Earlier studles^^ show that thiolates desorb in alkaline solution via a one-

electron reduction. The desorption voltage is comparable to that observed 

for alkanethiolate monolayers with an equivalent number of carbons, i.e. DT 

at Au(lll).^^ The much smaller anodic wave found near -0.9 V upon scan 

reversal represents the reverse of the reaction in Equation (2), i.e. a one-

electron oxidative deposition of the thiolate remaining in the di^sion layer 

after desorption. Details of the deposition reaction have recently appeared.^^ 

From the CV i-E curve in Figure 5, the surface coverages (r) of thiolate 

monolayers at Au(lll) can be determined using the electrode reaction given 

in Equation (2). Hie value of F is calculated as 

r = Q/(nFA) (3) 

where Q is the charge consumed in the reductive desorption reaction, n is 

the number of electrons involved in the electron-transfer process, and A is 

the geometric surface area of the electrode. The charge, Q, associated with the 

reductive desorption reaction for FT at Au(lll) is determined by integrating 

the area under the cathodic wave after compensation for charging current. 

The value of Q was found to equal 33 ±4 fiC/cm^ and is given as the average 

of determination of eight separate electrodes. Based on the reaction in 

Equation (2), Q then translates to a T of (6.3 ± 0.8)x lO'̂ O mol/cm^ for FT. This 

value, after accounting for the roughness of the underlying substrate 

(roughness factor of 1.1), correlates to a coverage of approximately 0.25 of a 

monolayer at Au(lll), the same as expected for the (2 x 2) adlayer structure in 
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Figure 2b. By comparison, a r of (9.3 ±0.6) x 10*^0 mol/cm^ was determined 

for alkanethiolate at Au(lll)^/ consistent with the 0.33 monolayer coverage 

of a (V3 X V3)R30° adlayer at Au(lll). These data support the interpretation 

of the AFM images. 

Infrared Reflection Spectroscopic Characterization. 

The composition and spatial orientation of FT at Au(lll) was 

characterized using infrared reflection spectroscopy (1RS). Figure 6 presents 

the low energy spectral region (1800-1000 cm-^) of the layer. Both observed 

(solid line) and calculated (dashed line) spectra are shown. Peak positions 

and tentative mode assignments are given in Table 1. As expected for a 

monolayer containing only two methylene groups, there are no observable 

features in the C-H stretching region (3000-2800 cm-^) of thé FT monolayer. 

This finding, along with the bands in the C-F stretching region (1400-1000 

cm-1), confirms the formation of the targeted monolayer. 

The C-F stretching region exists at about 1400 cm-i to 1000 cm'V 

Because of the complex nature of the IR spectrum for FT, a complete 

assessment of bands does not appear. The bands at 1372 cm'l and 1335 cm'̂  

are attributed to the v(CF3). Bands at 1246 cm*^ and 1150 cm ^ are for v(CF2). 

Utilizing these v(CF2) modes which have dipole orientations parallel to the 

surface, a chain orientation can be determined based on the infrared surface 

selection rule. The average tilt between the transition dipole moments (m) 

and the surface normal (z) can be calculated from Equation (1). 
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Figure 6. The experimental infrared reflection spectrum (solid line) of FT 

at Au(lll), and the calculated spectrum (dashed line) for FT. 
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Table 1. TR band assignments for C8Fi7<CH2)2SH at Au/mica 

Peak Position (on"^) Assignment Dipole Orientations 
1372 V(CF3) 
1335 v(CF3) 
1295 t)(CCEi) 
1276 Da(CF2/ El) ± to chain axis 
1246 \)a(CF2,E) 1 to chain axis 
1150 'US(CF2/ El) 1 to chain axis 
1137 
1119 
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Using the relationship in Equation (1), a tilt of ~23* was calculated for 

the FT chain with respect to the surface normal. This calculated tilt is 

reasonably close to the expected tilt for a (2 x 2) adlayer structure of FT at 

Au(lll), 15*. The difference can be attributed to several factors. First, IR is a 

macroscopic technique and the spectrum is an average over a large area. 

Molecules near defects and step edges will have more freedom of movement 

and higher tilt angles. Secondly, the tilt calculation assumes that the FT 

molecules exhibit a nearly planar, trans zig-zag conformation. However, 

long fluorocarbon chains exhibit a 15/7 helical conformation above 19* C. 
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CONCLUSION 

Using AFM, the two-dimensional arrangement of FT at Au(lll) has 

been determined; a (2 x 2) adlayer structure. This result shows the difference 

in packing structure of the fluorinated versus alkane thiolates as predicted by 

the van der Waals diameter of the chains. Also, macroscopic measurements 

using electrochemistry and 1RS indicate that the coverage of the monolayer 

and the tilt of the FT chain axis with respect to the surface normal are 

consistent with those predicted from the packing model obtained using 

AFM. Together, the microscopic and macroscopic details form a convincing 

picture of the packing structure. The AFM can be useful for determining 

packing arrangements of many densely packed organic assemblies. Future 

studies will focus on the determination of packing arrangements for less 

densely packed structures as well as determination of the AFM tip position 

and imaging mechanism. 
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PAPER 4. SCANNING TUNNELING MICROSCOPIC AND 

ELECTROCHEMICAL EVIDENCE FOR THE OXIDATION OF 

ALKANETHIOLATE MONOLAYERS AT AU(lll) UPON 

PROLONGED EXPOSURE TO AIR 
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ABSTRACT 

Octadecanethiolate (OT) monolayers at Au(lll) films on mica were 

studied as a function of exposure to laboratory ambient using scanning 

tunneling microscopy (STM) and electrochemical reductive desorption. At 

short exposure times (<2 days), the expected (V3 x V3)R30° structure was 

observed. However, upon prolonged exposure to air, evidence for the 

oxidation of the monolayer was obtained. The longer the exposure to air, the 

more likely the observation of an oxidized species of sulfur. Images from 

STM show evidence for a closed ring structure with dimensions similar to 

those of a cydooctasulfur (cydo-Sg) molecule. The electrochemical reductive 

desorption experiments indicate the appearance of a second spedes on the 

thiolate-coated Au substrate with desorption potentials similar to that of 

cydo-Sg. Thus, the oxidation product has been identified as cydo-Sg. The 

observation of structures other than the (VSx V3)R30'' and cydo-Sg structures 

seem to indicate the presence of other allotropes of sulfur on the surface as 

oxidation products of the thiolate decomposition. 
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INTRODUCTION 

In recent reports, we have demonstrated the capability of imaging at 

an atomic-level alkanethiolate monolayers formed at Au(lll)* 

(CH3(CH2)nS-Au) using scanning tunneling (STM)^ and atomic force 

(AFM)^ microscopies. Similar findings^ along with those obtained using 

various macroscopic probes (e.g. infrared reflection^ and Raman^ 

spectroscopies, and diffraction t 

echniques/'̂ ^ and electrochemical measurements of surface coverage"), 

support the presence of a (^3 x V3)R30° alkanethiolate adlayer as the 

dominant structure at a Au(lll) surface. 

In this paper, we report on the observation of images that point to the 

presence of at least one other type of surface structure for these layers on Au. 

We have identified this species as elemental sulfur in the form of 

cyclooctasulfur (abbrev. cyclo-Sg). The presence of this species on 

alkanethiolate-coated Au substrates has not previously been identified. 

However, other recent studies indicate the presence of other forms of 

oxidized sulfur on these types of thiolated surfaces.^ '̂̂ ^ 

We believe this structure results from the oxidation of the thiolate at 

Au to cyclo-Sg during prolonged monolayer formation and exposure to air. 

Evidence for the cyclo-Sg species is given by STM. The presence of a 

structure, which we refer to as the square structure, is observed. Each square 

consists of eight bright spots with the shape and distances comparable to 

those in a cyclo-Sg molecule. The (V3 x V3)R30'' structure, which has 
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recently been reported as the predominant structure observed on these 

samples,^ '̂̂ '̂  continues to remain so at short (<2 days) exposures to 

laboratory ambient and usual monolayer formation times (<1 day). The 

square structure obtained by STM, however, is observed more often when 

the sample has been formed longer and has been exposed to the laboratory 

ambient for greater amounts of time. The electrochemical reductive 

desorption indicates the presence of another species on the surface, which, 

when compared to a layer made from a solution of elemental sulfur, has a 

peak position similar to the sulfur desorption peak potential. 
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EXPERIMENTAL 

Substrate Preparation. 

Gold substrates with a predominantly (111) crystallinity were prepared 

by the resistive evaporation of 300 nm of gold onto A-eshly cleaved green 

mica sheets (Asheville-Schoonmaker, Newport News, VA) as previously 

described.^ The gold substrates were then immediately immersed into the 

thiol solutions. Previous characterizations of the Au films by 

underpotential deposition of Pb(II)/^ and electron diffraction,indicate 

that the primary surface structure is the (111) crystal face. 

Monolayer Film Preparation. 

Monolayers of the alkanethiolates were prepared by the chemisorption 

of the corresponding thiol on Au from ~1 mM ethanolic solutions using 

previously described protocols.^^ Upon removal from solution, the samples 

were rinsed thoroughly with ethanol and dried in air. The molecular sulfur 

species were adsorbed onto the Au substrates by immersing the Au into a 

saturated CCI4 solution of elemental sulfur. 

Instrumentation. 

STM. Images taken by STM were obtained in air using a Digital 

Instruments Nanoscope II (Santa Barbara, CA). The instrument was 

equipped with a 0.7 ^im STM scan head. All atomic resolution images were 

obtained in the constant height scanning mode. The tips used were 
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fabricated by etching electrolytically a 0.01 in. diameter tungsten wire 

(Aldrich) in a 1 M KOH solution. The lateral distances in these images were 

determined by using highly ordered pyrolytic graphite (HOFG) for 

calibration. (All images are raw data, smoothed with and eight-point 

moving-algorithm (low-pass filtered), or XY spectrum filtered, as noted.) 

Electrochemical Measurements. Electrochemical reductive desorption 

measurements were performed in 0.5 M KOH solutions using a Cypress 

Systems model CYSY-1 computer controlled potentiostat (Lawrence, KS). 

Measurements were obtained in a conventional three-electrode cell with an 

exposed area of 0.55 cm^, which was defined by the diameter of a Teflon O 

ring. All potential measurements are reported with respect to a 

Ag/AgCl/sat'd KCl electrode. The scan rate was 0.1 V/s. 

Reagents. 

The octadecanethiol (Aldrich) was recrystallized twice from absolute 

ethanol. The KOH (Aldrich, 99.99%), absolute ethanol (Midwest Grains), 

carbon tetrachloride (Fisher) and crystalline sulfur (Fisher) were used as 

received. The octadecanethiol-dgy was synthesized in our lab. 



www.manaraa.com

148 

RESULTS AND DISCUSSION 

Figure 1 is an STM image of the octadecanethiolate (OT) monolayer at 

Au presenting the (^^3x^f3)B30° adsorbate structure on a Au(lll) crystal face, 

a similar image has been presented previously.^ This structure is the 

predominant structure observed on OT samples which have been formed 

<24 hrs and have been exposed to room ambient for <2 days. Although this 

structure is occasionally observed on older samples (>2 days) and on those 

formed >24 hrs, another structure becomes more prominent. This second 

structure, which has been observed using STM, is shown in Figure 2 and 

resembles squares. Figure 2c contains an enlarged image of this square 

structure. Each square consists of eight spots having three spots along each 

side and a spacing of 0.20-0.25 nm between the spots. Each side of the square 

is 0.40-0.50 nm long. The intensity of the spots usually varies, with every 

other spot being brighter, due perhaps to a difference in the tunneling 

orbitals or a difference in height. The shape of these squares are similar to 

that of the elemental cyclo-Sg. A representation of the cyclo-Sg molecule 

6"om the top view is shown in Figure 3a. The top view looks very similar to 

a square and to the observed STM images with every other S atom raised. 

However, small differences in the S-S distances (the free form of cyclo-Sg has 

0.338 nm per side of each "square") exist, but it is reasonable to assume some 

variance in S-S distances from the free form to the Au-bound form. The 

orientation of these squares with respect to the underlying Au(lll) lattice has 

not yet been determined. 
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Figure 1. A 3.01 x 3.01 nm^ STM image of octadecanethiolate at Au(l 11) 

demonstrating the (.yfs x V3)R30° structure which is the 

predominant structure observed on fresh samples of 

alkanethiolatesat Au(lll). The nearest-neighbor and next-

nearest-neighbor spadngs are 0.50 nm and 0.87 nm, respectively. 

The tunneling current is 2 nA and bias voltage -200 mV. This 

image is XY spectrum filtered. 
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Figure 2. (a, top figure) A 7.01 x 7.01 nm^ STM image of an aged 

octadecanethiolateat Audi 1) sample, (b, bottom figure) The 

same sample as (a) but obtained 15 sec. later. Both (a) and (b) are 

raw data. The tunneling parameters are: 1 = 2 nA, V = -200 mV. 
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Figure 2 (cont'd), (c, upper figure) A 3.01 x 3.01 nm2 STM image showing the 

details of the individual square structures shown in (a). A 

cross-section along the line in (c) is shown in (d, lower figure). 

The distance across a square, as noted by the markers, is 0.48 

nm. The image in (c) is lowpass filtered. The tunneling 

parameters are: 1 = 4 nA, V = 10 mV. 
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(a) (b) 
Figure 3. (a) Two representations of a cyclo-Sg molecule. A top view is 

shown in the upper portion and reveals the similarity to the 

square structure, (b) Two representations of cydo-S6. Again, 

the upper portion is a top view representation. 
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To determine if elemental sulfur does take this form on the Au 

surface, a layer of elemental sulfur (cyclo-Sg being the primary allotrope in 

such a solution^^ was adsorbed onto Au by immersion in a CCI4 solution. 

Figure 4 contains STM images of such a sample. Note the similarity to the 

images in Figure 2. The lengths of the sides of the squares (0.40 - 0.50 nm) are 

also comparable. This similarity indicates that the square structures observed 

for the OT monolayers are very likely due to cyclo-Sg. Also observed on the 

elemental sulfur layer are shapes other than the squares, such as octagons, 

diamonds, and rows of spots (Figure 4b). We attribute these other shapes to 

the different allotropes of elemental sulfur. 

We have also found evidence for the formation of other allotropes of 

sulfur on thiolate-coated surfaces. During the investigation of 

ethanethiolate, a different structure was observed, one we refer to as the 

trimer structure. This structure is shown in Figure 5. The image contains 

rows of what appear to be clusters of three spots. Currently, we are unsure if 

these are due to the cyclo-S6 sulfur allotrope, another fairly stable allotrope 

(represented in Figure 3b), or S3 clusters. In the study of the adsorption of S 

on Re(OOOl), these S3 clusters were formed.^^ These clusters were in a close-

packed arrangement. It is possible that we have the same cluster formation. 

Why these clusters or molecules are not in a closest-packed arrangement is 

not clear. However, the structure appears to be stable and does not change 

with prolonged scanning. We have not observed this structure on any other 

thiolate surfaces. Perhaps the unique nature of ethanethiolate, with a very 

short alkyl tail group, allows this structure to form. 
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Figure 4. TwoSTMimagesof elemental sulfur adsorbed on Au(l 11). (a, 

upper figure) A 6 x 6 nm  ̂image showing the square structure 

present on the surface, (b, lower figure) A 5.8 x 5.8 nm  ̂image 

showing individual squares, but also several other shapes and 

arrangements. Both are raw data. The tunneling parameters are: 

(a) I = 2 nA, V = -200 mV; (b) I = 22 nA, V= 14 mV. 
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Figure 5. A 6.07 x 6.07 nm  ̂STM image of ethanethiolate at Au(ll 1). The 

distance between the trimers is 1.06 nm in the vertical direction. 

This is XY spectrum filtered and the tunneling parameters are I = 

2 nA and V = 200 mV. 
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A possible mechanism for the formation of the Sg molecule is the 

oxidation of the thiolate due to atmospheric oxygen. It is evident that the 

longer the monolayer has been exposed to the ambient, either in air or in the 

thiol solution, the more frequent the observation of the square structure by 

STM. Also, the square structure for the OT monolayer tends to occur 

frequently in small patches, ~7x7 nm ,̂ and in single rows, suggesting the 

formation at defect sites in the monolayer or along step edges, likely sites for 

the oxidation process to begin.̂  ̂ On occasion large areas (>15x15 nm^) have 

been observed. These larger patches tend to be very well-ordered and in a 

closest-packed arrangement with little or no space between molecules and 

occasionally contain shapes other than the squares. 

The role, if any, of the STM tip on the formation of the square 

structure cannot be delineated. There are precedents of tip-induced 

transformations of surfaces^*  ̂ but we believe this is not the sole factor in 

the formation of cyclo-Sg on the thiolated Au surface. Experimentally, we 

have found large areas (>15x15 nm^) which contain this square structure 

immediately upon scanning that area. If this structure were solely tip-

induced, it would take time for this reaction and rearrangement of atoms to 

occur and such an observation would not be likely. However, it is possible 

that once the oxidation process begins in air, the tunneling process 

accelerates or completes the reaction. 

It is apparent that the tip does play a role in orienting the molecules 

with respect to each other, although it is probably not the sole driving force. 

Experimental evidence is presented in Figure 2b which shows an STM image 
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of a well-packed array of molecules over the same area as that in Figure 2a. 

However, the image in Figure 2b was taken 15 sec later than the one in 

Figure 2a after continuous scanning (-5 scans). Note the square at the center 

left has essentially been pushed into a closest-packed position. Once such an 

arrangement of squares is achieved it is usually stable and further scaiming 

does not noticeably degrade the packing structure. 

On occasion, an OT sample which has been observed by STM to 

contain the square structure, exhibits the (Vs x V3)R30® structure when 

subsequently examined by AFM. This argues that both structures are present 

on the same surface, although it is uncertain to what extent each exists. The 

reason why this square structure is not observed by AFM could be due to the 

different part of the monolayer imaged by each technique. The AFM, which 

scans near the end of the alkyl chains, would be less sensitive to changes at 

the Au/S interface than the STM, which is thought to be tunneling near the 

Au-bound sulfur.̂  Also, the oxidation process, which severs the carbon-

sulfur bond, leaves an alkane reaction product. Where this product goes 

after the reaction is uncertain. It could be laying on top of the oxidized sulfur 

species allowing only this disordered arrangement of alkane chains to be 

scanned by the AFM. However, the STM can essentially plow through this 

alkane layer and tunnel through to the sulfur. It is also possible that there is 

some function that the tunneling process plays in completing the oxidation 

process and allowing the formation of the cyclo-Sg species. Whatever the 

reason, it is clear that the thiolate species and the oxidized form coexist on 

the Au surface. 
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An attempt to quantify the extent to which each species is present on 

the surface was made by performing the electrochemical reductive 

desorption of the monolayer from the Au surface. This technique can be 

used to determine the coverage of the thiolate monolayer according to the 

reaction^  ̂

RS-Au + le" -> RS" + Au(0), (1) 

as well as identify the presence of different species on the surface. Figure 6 

contains the desorption current-potential (i-E) 

curves for OT monolayers at Au with each curve representing different 

exposures to laboratory ambient. Curve (a) represents the desorption from 

an OT at Au sample in which the monolayer was formed in solution for 3 

hrs and exposed to air 3 hrs. A desorption wave at about -1.15 V is observed 

with the charge enclosed by the peak (38.6 ̂ C) corresponding to a coverage of 

7.3 X 10*^0 mol/cm2. This is consistent for a full monolayer of coverage on 

Au(lll) for the (Vs x '\/3)R30® structure. Curves (b) and (c) in Figure 6 

represent OT monolayers at Au exposed to 1 day in solution and 3 days in air, 

and 4 days in solution and 2 hrs in air, respectively. Note that each curve 

shows a broadening of the wave at about -1.15 V in the positive direction. 

This broadening could be a result of the increased defectiveness in the 

thiolate monolayer as a result of increased oxidation and explained as a loss 

of neighbor interactions.̂  ̂
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Figure 6. A series of i-E curves for octadecanethiolate at Au(lll). (a) An 

OT monolayer formed in solution 3 hrs and exposed to air for 3 

hrs. (b) An OT monolayer formed in solution 1 day and 

exposed to air for 3 days, (c) An OT monolayer formed in 

solution 4 days and exposed to air for 3 hrs. (d) An elemental 

sulfur layer formed in solution 1 day and exposed to air for 3 

hrs. 
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A new reductive peak forms upon increased exposure to air. Curve (b) 

has a small peak at about -1.02 V and curve (c) has a peak at about -0.9 V. 

Neither of these peaks are present in the i-E curve of the fresh OT monolayer 

and indicate the presence of another species on the surface. The charge 

enclosed by Aie peaks at about -1.15 V for curves (b) and (c) are 36.3 p.C and 

35.0 nC respectively, corresponding to coverages of 6.8 x 10-^0 mol/cm  ̂and 

6.6 X 10"^0 mol/cm .̂ These differences are relatively small compared to the 

error in obtaining the measurements (typically ± 0.9 x 10-^0 mol/cm^). Thus, 

at this point/ the reductive desorption can not provide quantitative 

information to determine the extent of oxidation of the thiolate monolayers. 

However, it is clearly evident that a second species is present on the surface. 

The i-E curve (d) in Figure 6 is for elemental sulfur (Sg) adsorbed on 

Au. The largest peak occurs at about -0.9 V, but other smaller peaks appear 

at about -0.95 V and aibout -1.05 V, possibly indicating the presence of several 

elemental sulfur allotropes on the surface or different adsorption sites of Sg 

on the Au surface.̂  ̂ The position of the small peaks present on the oxidized 

OT sample (curves (b) and (c)) are in similar positions as that for elemental 

sulfur. Although it is clear a second species is on the thiolate surface, it is 

unclear if that desorption wave is actually for a polysulfur molecule. It may 

be that some of the oxidized sulfur species are not electroactive and do not 

desorb electrochemically. A recent study^  ̂reveals that for sulfide adsorbed 

on Au, polyatomic sulfur is formed under potential control and desorbs by a 

two electron process. The potential of this desorption is about -0.9 V, the 

same potential as the desorption peak in curve (d). Also, an STM study of 
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sulfide adsorbed at Au under potential controF  ̂has revealed a structure 

which is similar to the square structure observed here and has an 

electrochemical response which correlates to the formation of polyatomic 

sulfur. 

It is thus clearly evident from STM and electrochemical desorption 

that a second species exists on the surface and is the elemental sulfur 

allotrope, cyclo-Sg. Studies of these samples using infrared reflection 

spectroscopy indicate no difference between fresh OT samples and those 

exposed to solution and laboratory ambient for up to least two weeks. Thus, 

the evidence for the oxidation process is only on the microscopic scale at 

these exposure times. 
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CONCLUSION 

The presence of a second sulfur species that forms upon prolonged 

exposure to laboratory ambient, cyclo-Sg, has been observed on OT 

monolayers at gold. There is also evidence indicating other species as well. 

This degradation of the OT monolayer films upon exposure to air puts into 

question the long-term stability of these Alms and implies that these 

monolayers may not be useful for technological development. Further 

experiments are underway to determine the mechanism of the oxidation 

process as well as to further quantify it. Continued electrochemical 

investigation, including in-situ STM and ÂFM, are underway. 
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SUMMARY AND DISCUSSION 

The microscopic characterization of self-assembled thiolate 

monolayers at epitaxially grown Au(lll) films on mica was performed. 

Alkanethiolates were found to exhibit a (V3x V3)K30° packing structure on 

Au(lll) as observed by both scanning tunneling (STM) and atomic force 

microscopies (AFM). The fluorinated thiol, CF3(CF2)7(CH2)2SH, however, 

was found to exhibit a (2 x 2) adlayer structure at Au(lll), a structure 

consistent with the van der Waals diameter of the fluorinated chain. 

Complementary electrochemical coverage determinations reveal a surface 

coverage which agrees with this (2 x 2) arrangement. Evidence for the 

oxidation of these thiolate monolayers at Au(lll) was revealed using STM. 

A structure was observed which closely resembled that of cyclooctasulfur. 

Electrochemical evidence was also found to support the presence of this 

species, while inA-ared reflection spectroscopy provided no evidence for a 

change in the adsorbed species. Thus, the importance of microscopic 

characterization is evident. 

Finally, the study of these seemingly simple monolayer systems is 

quite a complex process. Macroscopic techniques have provided information 

as to bulk properties and several surface properties. The STM and AFM have 

allowed these systems to be studied at a molecular level for the first time, 

allowing confirmation of previous structural data. However, STM and AFM 

not only confirm previous findings, but have allowed new information to be 

gained. Because of this, the evolution of STM and AFM continues. Each day 
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more applications are found for these techniques and their popularity 

increases. Much emphasis is being place on the in situ characterization of 

surfaces (i.e. in water or other liquids). In this way, dynamic processes, such 

as adsorption on surfaces or biological processes, can be studied in real time 

at the molecular level. Such investigation would be useful in further 

characterizing the thiolate monolayer systems presented in this dissertation. 

Also, when studying systems in situ, it becomes possible to provide potential 

control of the surface of interest, a property which is useful in the study of 

electrochemical properties. With all of these applications, it is clear that the 

STM and AFM are invaluable techniques and have limitless potential. 
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