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SCIENTIFIC PROGRESS AND ACCOMPLISHMENTS 

The goal of the our research program was to investigate the potential use of 

self-assembled films of organic molecules as corrosion protective primer coatings for metal 

surfaces. Monolayer and multilayer films are deposited on metal surfaces by immersing the 

substrate in solutions containing suitably functionalized organic compounds. The molecules 

spontaneously chemisorb on the metal surface to form ordered, densely packed, and highly 

impermeable layers. The primary advantage of these films over currently used heavy 

metal-based primer materials is that they are both non-hazardous to the environment and 

non-toxic. 

Our research focused on two broad issues: (1) development and refinement of diagnostic 

techniques for measuring the atmospheric corrosion of metal substrates, and (2) deposition of 

self-assembled monolayers (SAMs) on aluminum surfaces and assessing the corrosion inhibitive 

properties of these monolayers. 

In the first category, we have completed a study of sulfuric acid-induced corrosion of 

aluminum using Fourier transform infrared reflection absorption spectroscopy (FT-IRAS) to 

identify and quantify corrosion products. (The results of this study are reported in an article 

published in J. Electrochem. Soc. 142, 4063-4069 (1995).) Sulfuric acid is the principal corrosive 

agent in polluted urban and industrial atmospheres. Sub-micron thick films of sulfuric acid were 

formed on aluminum surfaces in vacuum by co-depositing S03 and H20. Changes in the 

chemical composition of the sulfuric acid layer (including the appearance of sulfate ions and 

hydrated aluminum ions) resulting from corrosion of the aluminum substrate, were monitored as a 

function of reagent concentration and relative humidity. The rate of corrosion was enhanced by 

both higher relative humidities and increased rates of sulfuric acid depositioa 

Also in this category, we have completed an investigation of the morphological changes 

that occur on an aluminum surface undergoing corrosion by submicron-sized sulfuric acid 

droplets. In this study (conducted in collaboration with Miquel Salmeron at Lawrence Berkeley 

Laboratory), we employed Scanning Polarization Force Microscopy to image the size changes 

-liraroücurirrcoric«!^ 

able to observe the onset of aluminum corrosion and the formation of aluminum sulfate salts as 

products of the corrosion process. These results have been published in J. Phys. Chem. IPÜ, 

9-11 (1996).   (Please note that the support of the Army was inadvertantly omitted from the 



acknowledged section of this paper. We greatly regret this oversight.) 

Our research on the use of ultrathin organic films as corrosion protective coatings for 

metal surfaces has focused initially on deposition of SAMs of stearic acid (CH3(CH2)16COOH) 

on aluminum surfaces. Alkanoic acids are known to chemisorb on the native oxide present on 

aluminum surfaces that have been exposed to air. The monolayers were formed in the following 

manner. 2000 Ä of aluminum were vapor deposited on polished 4 in. diameter silicon wafers. 

The vapor deposition chamber was vented to pure oxygen so that the native oxide layer on the 

aluminum surface would not contain impurities from ambient room air. Immediately after 

removing the metal coated wafers from the vacuum chamber they were immersed in a ImM 

solution of stearic acid in HPLC grade hexadecane. The hexadecane was eluted through an 

activity 1 alumina column prior to making the solution in order to remove impurities. The wafers 

were allowed to remain immersed in the solution for -24 hrs whereupon they were removed and 

rinsed, alternately, with ethanol and heptane. 

Alkanoic acids are known to chemisorb on the native oxide present on aluminum surfaces 

that have been exposed to air. Self-assembled monolayers of stearic acid (CH3(CH2)16COOH) 

were formed on aluminum surfaces in the following manner. 2000 A of aluminum were vapor 

deposited on polished 4 in. diameter silicon wafers. The vapor deposition chamber was vented 

to pure oxygen so that the native oxide layer on the aluminum surface would not contain 

impurities from ambient room air. Immediately after removing the metal coated wafers from the 

vacuum chamber they were immersed in a ImM solution of stearic acid in HPLC grade 

hexadecane. The hexadecane was eluted through an activity 1 alumina column prior to making the 

solution in order to remove impurities. The wafers were allowed to remain immersed in the 

solution for -24 hrs whereupon they were removed and rinsed with HPLC grade heptane. 

X-ray photoelectron spectroscopy studies of the resulting SAMs indicated that the 

aluminum layer was indeed coated with an organic film and that the film was stable at least to a 

temperature of 400% C. Contact angle measurements for the coated aluminum surfaces were 

102% for water and 40% for hexadecane which are consistent with the presence of-CH3 groups 

at the air-monolayer interface. 

We tested the corrosion inhibitive properties of the C18-monolayers by exposing the 

SAM-coated aluminum surfaces to sulfuric acid and then using Fourier transform infrared 

reflection absorption spectroscopy (FT-IRAS) to identify and quantify corrosion products [1]. 



Sulfuric acid is the principal corrosive agent in polluted urban and industrial atmospheres. 

Sub-micron thick films of sulfuric acid were formed on aluminum surfaces in vacuum by 

co-depositing S03 and H20. Changes in the chemical composition of the sulfuric acid layer 

(including the appearance of S04
2-, H30

+, and HS04" and hydrated Al3+ ions) resulting from 

corrosion of the aluminum substrate, were monitored as a function of reagent concentration and 

relative humidity. 

The FT-IRAS results indicate that, overall, the C18-monolayers do not significantly 

inhibit the sulfuric-acid induced corrosion of vapor-deposited Al surfaces. The corrosion 

products and their rate of appearance were essentially identical to those observed when no 

monolayer was present. This suggests that defects in the SAM allow the corrosive agents to 

fully penetrate the monolayer and react with the underlying aluminum substrate. 

This conclusion was confirmed by experiments in which both SAM-coated and bare Al 

surfaces were exposed to a spray of 20 wt% H2S04. Figure 1 shows photographs of these 

surfaces, which were allowed to remain at ambient humidity (-50%) for two days after spraying. 

The liquid acid droplets beaded up on the SAM-coated surface but spread uniformly on the bare 

Al surface. This is due to the C-18 SAM surface being hydrophobic and the native oxide covered 

Al surface being hydrophilic. On the Al surface, the acid reacts with the metal to form a layer of 

aluminum sulfate salt. The underlying dark Si substrate is visible. Underneath the acid droplets 

on the SAM-coated surface, dark spots are also visible, suggesting that the acid penetrates the 

Figure 1 Figure 1. Photographs of C-18 S AM/Al/Si (left) and Al/Si (right) wafers 48 hrs after spraying with 
20 wt% sulfuric acid solution. The dark spots on the left are due to beads of acid that form on the SAM 
surface and eventually penetrate the organic layer to corrode the underlying metal. The corrugated appearance 
of the wafer on the right is due to the formation of aluminum sulfate precipitate. 



organic layer and corrodes the metal revealing the silicon wafer. X-ray photoelectron 

spectroscopy (XPS) measurements of the dark spots revealed exposed Si. Thus, the monolayer 

controls the wetting properties of the surface, but is not sufficiently thick to act as a barrier to 

corrosive agents. To the extent that the SAM coating limits the wettability of the surface by the 

acid, it also limits the degree of corrosion. 

We also began to investigate the applicability of cross linked self-assembled films as 

corrosion protective coatings. Most organic primer coatings that are currently in use (e.g., epoxy 

resins) involve cross-linked systems of molecules. Cross-linking decreases the permeability of 

the film and increases its mechanical strength. We chose to study monolayers of 

10,12-pentacosadiynoic acid [10,12-PDA; C25H4202; CH3(CH2)uCeX-CeX:(CH2)8COOH] 

since this compound has been observed to photopolymerize readily in Langmuir-Blodgett films 

under exposure to ultraviolet light [2-5]. Essentially, CeC bonds rupture when irradiated leading 

to C-C bond formation across adjacent PDA chains. We expected that the carboxyl group at the 

end of the PDA chain would chemisorb onto the bare Al surface as it does with stearic acid. 

The monolayer deposition experiments were performed in the following manner. 

Al-coated Si wafers were prepared as described above. They were then immersed in a ~1 mM 

solution of 10,12-PDA in HPLC grade hexadecane and allowed to remain in solution for -24 hr. 

The wafers were then removed and rinsed thoroughly with hexadecane. All experiments were 

carried out under amber/red light to prevent photopolymerization. The wafers were stored in the 

dark. 

Some of the wafers were then irradiated with ultraviolet light from a low pressure Hg 

lamp for 30 min in order to cross-link the triple bonds in adjacent 10,12-PDA molecules. The 

light flux on the wafers was -10 mW/cm2 and the radiation output peaks at 254 nm The UV- 

irradiated and non-irradiated PDA-coated wafers were then subjected to different analytical tests. 

The corrosion resistance of the PDA-coated surfaces was tested using a spray of 20 wt% H2S04 

as described above. Both the irradiated and non-irradiated PDA-coated surfaces displayed no 

corrosion inhibitive properties. The acid spread across the wafers and corroded both surfaces 

completely. XPS experiments indicated that the bare, uncoated Al surface had a large amount of 

-^dventitious^carbonTpresumably^ue^oadsorption^f^tmospheric-eö^and hydrocarbonsr-The- 

PDA-coated wafers (which were kept in vacuum prior to immersing in solution) had roughly the 

same carbon coverage as the uncoated Al wafers. Finally, polarization modulation FTIR 

experiments (performed by Dr. Larry Seger at the Army Research Laboratory) revealed identical 



spectra for both the irradiated and non-irradiated PDA-coated surfaces. Dominant features 

included symmetric and asymmetric C-H stretching vibrations at -3000 cnr1 [Figure 2]. No 

features due to CeC stretches were observed (-2150 cm-1) [3] although these vibrations generally 

have very low absorption coefficients. 
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Figure 2. Polarization modulation infrared reflection absorption spectra of Al/Si wafers 

immersed in a 1 mM solution of 10,12-PDA and subsequently exposed to 10 mW of UV light for 

-30 min or not exposed (courtesy of Dr. Larry Seger, ARL). 

Our results suggest either that 10,12-PDA has not chemisorbed on the native-oxide 

surfaces or that the PDA coverage is very low. In preparing the PDA/hexadecane solution, it was 

necessary to filter out what appeared to be insoluble, polymeric material. It is possible that the 

concentration of PDA is actually quite a bit lower than 1 mM. Alternatively, it is possible that 

-rhc-chemisorptiort probabilttyxrfi0;i2-PD A-oiiTiativeoxide-CDvered AlisTmucrriowerthanthar 

for stearic acid. Future experiments will involve variations in the procedure for forming PDA 

monolayers directed at enhancing the surface coverage. 



As part of our overall effort to understand the physical properties of self-assembled 

monolayers, we spent some time during the past year finishing experiments and a paper on the 

surface potentials of fluorinated SAMs. Previous work in our laboratory on alkanethiolate 

SAMs [6] indicated that SAMs fluorinated using a beam of F atoms should be highly 

impermeable to gaseous reagents. In order to understand the electrical properties of such 

monolayers (and, by implication, their chemical properties), we have measured their static 

surface potentials. Our results [7] indicate that the electrical polarization of the beam-fluorinated 

monolayer is directly proportional to the degree of fluorination. In addition, the surface 

potentials displayed a small but finite temperature dependence. This result may have 

implications for the development of ultrathin film pyroelectric materials. 
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ABSTRACT 

Self-assembled monolayers (SAMs) consisting of twenty-two carbon, methyl-terminated 

alkanethiolates adsorbed on vapor deposited gold have been fluorinated in vacuum using an 

effusive F atom source. The reactive uptake of fluorine as a function of F atom exposure was 

calibrated using X-ray photoelectron spectroscopy. The surface potentials (Vs) of SAMs that were 

fluorinated to different degrees were measured as a function of temperature using a high- 

sensitivity vibrating probe electrostatic voltmeter. The surface potential grew increasingly negative 

with increasing fluorine uptake, reflecting the charge asymmetry that is induced in the 

alkanethiolate chains as a result of the substitution of fluorine for hydrogen. The Vs of the most 

highly fluorinated SAMs displayed a negative temperature dependence. This observation may be 

indicative of a pyroelectric effect in these monolayers although a definitive conclusion awaits 

further measurements. 

10 



I.    INTRODUCTION 

Recent work in our laboratory has focused on modifying the surface properties of self- 

assembled monolayers (SAMs) composed of ordered, long-chain n-alkanethiolates adsorbed on 

gold (CH3(CH2)nS/Au) via fluorination of the carbon atoms near the air-monolayer interface [1]. 

In the present study, we have investigated the effect of such fluorination on the surface potentials 

of twenty-two carbon, methyl-terminated alkanethiolate SAMs. Our interest was primarily in 

determining what effect fluorination has on the temperature dependence of the monolayer's surface 

potential. Fluorination renders the chain molecules in the SAM dipolar. Since these molecules are 

highly oriented, fluorination should therefore create a permanent electrical polarization, or charge 

asymmetry, within the monolayer. To the extent that the orientation of the dipolar molecules 

within the fluorinated SAM is temperature dependent, the electrical polarization, and associated 

surface charge density and surface potential, of the monolayer should also vary with temperature. 

Such a variation in surface charge density with temperature is equivalent to pyroelectricity. 

Our approach to fluorinating the CH3(CH2)2lS/Au monolayers was to expose the SAMs to an 

effusive beam of fluorine atoms in vacuum. This technique allows us to introduce calibrated 

quantities of fluorine into the monolayer. Previous experiments indicated that the incoming F 

atoms penetrate the close-packed chains of the SAM and react to form mono- and difluorinated 

methylene groups [1]. Fluorination most likely occurs by incoming F atoms abstracting methylene 

hydrogen atoms on the chain, forming HF and creating radical sites for subsequent addition of F 

atoms. A maximum of seven out of twenty carbon atoms are fluorinated at room temperature, 

presumably because of steric crowding of the chains which prevents the F atoms from fully 

penetrating the layer. 

In the present experiments, CH3(CH2)2lS/Au SAMs were fluorinated to different extents 

and the surface potentials of the resulting monolayers were measured as a function of temperature 

using a high-sensitivity vibrating microprobe electrostatic voltmeter.  Surface potentials for the 

11 



fluorinated SAMs were measured relative to those of an unfluorinated reference monolayer. Our 

results indicate that fluorination significantly influences the surface potential of the twenty-two 

carbon chain monolayers. We have also observed a temperature dependence in the surface 

potentials of the fluorinated SAMs; however, attributing this observation unambiguously to a 

pyroelectric effect will require measurements of the electrical response of the fluorinated SAMs to a 

constant temperature ramp and/or to modulated infrared radiation [2-4] 

II.   EXPERIMENTAL 

A. Sample Preparation 

Self-assembled monolayer samples were made in the laboratory of Professor George M. 

Whitesides at Harvard University. The substrates were prepared by vapor depositing -1000 A of 

gold onto 0.5 mm thick silicon (100) wafers pre-coated with -10 Ä of titanium to promote 

adhesion. Self-assembled monolayers were formed by immersing the substrates overnight in a -1 

mM solution of HS(CH2)2jCH3. Details of the synthesis procedures for these compounds are 

given in references 5-7. The samples were rinsed thoroughly with hexane and ethanol and blown 

dry with dry nitrogen prior to mounting in the vacuum chamber. 

B. Fluorination 

The fluorination experiments were carried out in an ultrahigh vacuum apparatus consisting 

of a reaction chamber and a contiguous analysis chamber containing an X-ray photoelectron 

spectrometer. The reaction chamber is pumped by a turbomolecular pump and a liquid-nitrogen- 

cooled cryopanel. Atomic fluorine is produced in a microwave discharge plasma source consisting 

—©f-a-L-cm diameter-alnmina-flow^nbe^ufreu^ 

mixture of 5% F2 in argon at 2 Torr flows at a rate of -150 seem through the tube. Running the 

discharge at 70 W produces 100% dissociation of the F2- The output of the tube is sampled by a 

40 urn aperture resulting in an effusive F atom beam while the remainder of the gas flows through 

12 



a co-annular passage and is pumped by a mechanical pump. Assuming the F atom source to be 

effusive, we calculate a flux of ~9 x 10 ^ atoms cra"^ s" * at the sample surface. Possible errors 

in this calculation, including uncertainties in pressure, aperture size, and aperture-substrate distance 

are estimated to be -25%. 

The samples were heated to -335 K under vacuum for about one hour prior to 

fluorinating. Fluorine dosing experiments were performed at a sample temperature of 305 K. The 

base pressure in the apparatus during these experiments was -2 x 10"" Torr; the pressure in the 
7 

reaction chamber with the beam on was -1 x 10"   Torr. 

C. XPS Analysis 

In order to determine the uptake of F atoms corresponding to a given F atom exposure, X- 

ray photoelectron spectroscopy (XPS) analysis experiments were performed. After exposure to a 

timed dose of F atoms, SAM samples were transferred using a linear motion manipulator to the 

ion-pumped analysis chamber. XPS analysis was performed using a PHI 15 keV Mg Ka X-ray 

source at a photon energy of 1256.3 eV and a PHI double-pass cylindrical mirror energy analyzer 

operated at a bandpass energy of 25 eV. Spectra were recorded at each level of dosing for the 

C(ls), F(ls), and Au(4f) transitions. In addition, survey spectra were periodically recorded to 

check for contamination by water, oxygen, etc. The C(ls) and F(ls) intensities were normalized 

to the integrated Au(4f7/2) signal in order to account for small changes in X-ray flux and the 

position of the surface in the spectrometer from run to run. The Au(4f7/2) signal remained 

roughly constant during the experiments. 

The XPS experiments were carried out in the first phase of our experimental study in order 

to calibrate the F atom uptake. No XPS measurements were performed on samples whose surface 

potentials were to be studied. 

 13   



D. Surface Potential Measurements 

Surface potentials (Vs) of the SAMs were measured with a Trek Model 320B high- 

sensitivity, vibrating probe electrostatic voltmeter (Figure 1). The instrument is fitted with a 

custom-designed high-resolution miniature vibrating probe electrode (~1 mm diameter) for 

studying thin films and has been used to measure surface potentials of self-assembled monolayers 

[9,10]. A cylindrical brass shield surrounds the probe to minimize interference of stray electric 

fields with the voltage measurements. The temperature was controlled with a resistive heater and 

thermoelectric cooler that were attached to an aluminum block upon which the samples were clip- 

mounted. This block was attached to a positioning fixture with x, y, and z motion. A 

thermocouple was press fit against a reference sample to monitor the temperature. Electrical 

contact was made to the gold surface of the samples through the mounting clips. A small flow of 

dry nitrogen was introduced into the brass can during the measurements. The ambient relative 

humidity was ~50%. 

Surface potentials were measured at temperatures in the range of 290-350 K for five 

samples that had been fluorinated to different degrees but not probed with XPS. An unfluorinated 

SAM served as a reference for the measurements. The Vs that are reported are therefore 

differences between the surface potentials of the fluorinated and unfluorinated monolayers. The 

precision of the measurements was ~±5 mV. 

14 



III.    RESULTS 

A. Calibration of Fluorine Uptake 

X-ray photoelectron spectroscopy was used to calibrate the reactive uptake of fluorine 

atoms by monolayers of CH3(CH2)2lS/Au. The integrated intensities of the F(ls) spectra 

normalized to the integrated Au(4f 7/2) XPS signal at 84.0 eV are plotted as a function of F atom 

exposure in Figure 2. X-ray exposure caused a small (<5%) amount of C-F bond breakage [1]. 

(Note that the surface potential measurements were performed on fluorinated SAMs that had not 

been exposed to X-rays.) 

C(ls) spectra were also recorded at each exposure. Since the resonance energy of 

fluorinated methylene (i.e., -CH2-) carbon atoms is shifted relative to that of unsubstituted 

methylene carbon atoms, it was possible to determine the fraction of carbon atoms that were 

fluorinated at each exposure [1]. Knowing the coverage of the alkanethiolate chains in the 

monolayer (4.6x10*4 cm-^), the number of carbon atoms per chain (22), and the fraction of 

fluorinated carbon atoms, it was then possible to determine the absolute number of F atoms bonded 

to the alkanethiolate chains. The ordinate-scale in Figure 2 is determined in this manner. 

Reference 1 gives a detailed description of this calculation and the uncertainties associated with it 

B. Surface Potential Measurements 

The surface potential arises from the asymmetrical electric field that exists at the interface 

—between two phases^-l-HHTheiietstirfaee potential of a-SAM-ofalkanethiolates on-gold comprises 

contributions from the dipole moments of the Au-S bonds and of the alkane chains [9]. The net 

dipole moment of an unsubstituted alkanethiolate layer is directed towards the sulfur atoms since 

they draw electron density from the gold substrate. Fluorinating the chains will shift the net dipole 

15 



moment strongly in the opposite direction towards the surface of the monolayer [10]. 

The surface potential, Vs, of a SAM consisting of polar chains can be represented by the following 

equation (in SI units) [12], 

Eq. 1 

ad 
V. = 

De where    a   is  the ° 

surface charge density, d is the thickness of the monolayer, D is the relative dielectric constant of 

the monolayer, and EQ is the permittivity of free space. If the dielectric constant of the monolayer is 

known, measuring the surface potential will give the surface charge density directly and, when 

measured as a function of temperature, the charge density yields the pyroelectric coefficient, p 

(units of coulombs per m^ per Kelvin); thus, 

Eq. 2. _ =   AO   =   DE^ AV, 

AT d    AT 

Surface potentials were measured as a function of temperature for five CH3(CH2)2lS/Au SAMs 

that underwent different amounts of beam-fluorination but were not probed with XPS. The 

fluorine exposures (40, 110, 210, 300, and 610 x lO1^ cm"2) are equivalent to five of the nine 

exposures plotted in Figure 2. (For convenience, we will refer to these five SAM samples by the 

numbers 1 - 5.) Values of Vs for these monolayers are plotted in Figure 3 as the difference 

between the surface potential of the fluorinated SAM and the surface potential of an unfluorinated 

reference SAM. The measurements on all five samples were carried out using the same reference 

monolayer. 

The Vs display a distinct dependence on degree of fluorination, becoming more negative 

the more fluorinated the SAM. This reflects the charge asymmetry that is induced in the 

alkanethiolate chains as a result of the substitution of fluorine for hydrogen; the top of the 

monolayer is more negatively polarized than the bottom due to the presence of electronegative 

16 



fluorine atoms [10]. The thiolate-gold linkage should also become more polarized since the 

fluorinated chain can draw more electron density from the gold substrate. 

Most striking is the pronounced temperature dependence of Vs for the three most highly 

fluorinated CH3(CH2)2lS/Au SAMs (Figure 3). As the SAMs are heated, Vs becomes 

increasingly negative suggesting that the net polarization of the monolayer increases with 

temperature. It is important to note that the measured Vs for the reference SAMs showed no 

temperature dependence. 

Averaging the data for the three most highly fluorinated SAMs, AVs/AT=-3.4 ± 0.3 

mV/K. Measurements of monolayer 5 on a different day with a different reference monolayer 

yielded a higher absolute value of Vs (by ~0.1 V) but the value of AVS/AT was essentially 

unchanged. 

IV.    DISCUSSION 

The chains in a methyl-terminated, alkanethiolate monolayer form an oriented, hexagonally close- 

packed monolayer [13] and, on Au, are canted roughly 35° from the surface normal [14,15]. 

Low-energy helium diffraction measurements on a monolayer of CH3(CH2)nSH (n = 

13,16,17,21) adsorbed on Au indicate that the lattice constant for the surface of the monolayer is 

5.01 Ä [16] at 35 K. Most surface analytical and structural measurements indicate that these 

monolayers possess a high degree of surface order and uniformity. 

 BöttrHe~dfffracttön [16] and^FTIRrtTT] THeasurements suggest, howevefT thaOKe" 

surfaces of CH3 terminated SAMs become disordered as the temperature of the monolayer is 

increased. Molecular dynamics studies by Klein and co-workers [18] indicate that the chain tilt 

angle (relative to the surface normal) decreases with increasing temperature. From Eq. 3, such a 

  _„_ „12 _ _.„  ....__._  ___.  



decrease in tilt angle would cause the surface charge density, c (and, from Eq. 1, Vs) of the 

monolayer to increase. Thus, 

Eq-3, a=^Ecose 
a 

(where N is the number of molecules per unit area, u is the dipole moment of the chains, and 6 is 

the angle between the molecular dipole moment and the surface normal) [12]. 

The change in surface potential with temperature that we observe for the three most fluorinated 

monolayers may indeed be due to such a collective change in tilt angle. Presumably monolayers 1 

and 2 are insufficiently fluorinated to show a significant change in surface potential upon heating. 

This may be due to a smaller net polarization in these monolayers and/or to greater degree of order 

in the monolayer. 

The beam-fluorinated monolayers will undoubtedly be somewhat disordered since the F 

atoms must penetrate the chains to abstract hydrogen and fluorinate the carbon atoms and F atoms 

are larger than H atoms [1]. For example, the chain-packing density of a SAM composed of 

(nearly) fully fluorinated chains is smaller than that of SAM composed of hydrogenated chains: the 

lattice constant of CF3(CF2)j j(CH2)2S/Au has been measured to be 5.7 Ä [19] whereas the 

lattice constant of CH3(CH2)J3S/Au is 5.0 Ä [16]. The increased disorder near the top of the 

beam-fluorinated SAMs would lessen the interchain van der Waals attractive forces present in a 

well-ordered monolayer, thereby enhancing the mobility of the chains and increasing the value of 

AVS/AT. In monolayers 1 and 2, which are the least fluorinated and presumably the least 

disordered, AVS/AT = 0. 
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If the observed change in surface potential with temperature is indicative of a change in 

the net polarization of the monolayer, it is possible to calculate pyroelectric coefficients for the 

fluorinated SAMs from AVS/AT via Eq. 2. We assume D = 2.2 (halfway between FIFE (D = 2.1) 

and polyethylene (D = 2.3)). Ellipsometric measurements of CH3(CH2)2lS/Au SAMs yield a 

monolayer thickness of 29 Ä [20]. Using our value of 3 mV/K for AVS/AT, we calculate p = 

2x10"^ C m"2 K"l or 20 uC m"^ K~* for the three most highly fluorinated monolayers. 

This value of p is comparable in magnitude to those for polymer pyroelectrics.   At 300 K, 

polyvinylidene fluoride (PVDF) has a pyroelectric coefficient of 30 - 45 uC m "2 K" * [21-23] and 

-2-1 the co-polymer polyvinylidene fluoride-trifluoroethylene has a coefficient of 40 - 50 uC m "^ K    . 

[24]. Noncentrosymmetric, multilayer Langmuir-Blodgett (LB) films have been created which 

have values of p between 0.2 - 2 uC m"2 K"* [4, 25-29]. However, there has been a report of a 

pyroelectric coefficient of 22 uC m"2 K"* for an LB film composed of azobenzene-derivatized 

alkane chains [30]. 

Ascribing our observation of a temperature-dependent Vs for the fluorinated monolayers 

to a pyroelectric effect is rather tentative at this point. Our experimental method differs from the 

commonly used static and dynamic methods for measuring pyroelectric coefficients [2-4], which 

require electrical contacts on both sides of the material being studied. In the static method, a linear 

temperature ramp is applied to the material and the resulting current is measured with an 

electrometer. In the dynamic method, a lock-in amplifier is used to measure the electrical response 

of the material to modulated infrared radiation. Such measurements would be challenging on a 

SAM since it would not be easy to make electrical contact with the top of the monolayer without 

shorting though the layer. Nonetheless, in order to determine definitively the source of the 

—observed temperamre^epenTden^ 

electrode on top of the monolayer and to carry out one or both of the pyroelectric measurements 

commonly employed. 
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FIGURE CAPTIONS 
Figure 1.      Schematic of vibrating probe electrostatic voltmeter apparatus used for surface 

potential measurements on twenty-two carbon alkanethiolate SAMs on gold-coated Si. 

Figure 2.      F atom uptake by CH3(CH2)2lS/Au as a function of exposure. Circles represent 

integrated F(ls) X-ray photoelectron spectra.  The procedure for determining the 

ordinate scale is given in Reference 1. 

Figure 3.      Surface potentials as a function of temperature for five CH3(CH2)21S/Au SAM 

samples fluorinated to different degrees. The sample numbers referred to in the text 

are noted next to the F atom exposures. 
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