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CHAPTER I 

INTRODUCTION 

The chemisorption and reaction of halogen and sulfur containing 

compounds on metal surfaces is important in describing wear phenomena 

or reduction of friction in lubrication processes, poisoning or reaction 

processes in heterogeneous catalytic processes, and initial reaction 

or inhibitor protection in corrosion phenomena. Previous workers 

(1-15) using the X-ray photoelectron spectroscopy (ESCA, XPS) tech-

nique to study the adsorption of gases on metals have shown that 

chemical bonding and possible structural information can be obtained. 

Most previous studies have concentrated on well-characterized systems 

such as: CO with Mo, W., Pt, and Ni; N2 with Ni, Fe, and W; o2 with 

Ni, Mo, Pt, Fe, and W. The various adsorption systems were studied 

because a large volume of corresponding work in infrared spectroscopy 

mass spectrometric analysis, field emission and thermal desorption (TD) 

had been done previously. 

In the hope of better understanding the chemisorption and reaction 

processes of a series of organic halides and sulfides on poly-

crystalline nickel, a study was initiated using XPS and TD with mass 

spectrometric analysis. The integration and implementation of experi-

mental techniques to identify adsorbed products of organic halides and 

sulfides chemisorbed on metals is the principle theme of this study. 
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XPS and TD were used to study chemical processes that occur at the gas-

metal interface so that possible chemical identification of surface 

species could be made. The question of dissociative and/or associative 

adsorption on nickel was answered for the various compounds studied. 

The compounds adsorbed on clean nickel included the methyl halide 

series (fluoride, chloride, bromide, iodide) and the sulfur series of 

methyl mercaptan, dimethyl sulfide, dimethyl disulfide, and bis-tri-

fluoromethyl disulfide. Methyl chloride and methyl bromide were 

adsorbed on the corresponding nickel halide surface. Several different 

co-existing adsorbed species were observed for the methyl halides on 

nickel and nickel halide surfaces. For the organic sulfides adsorption 

on nickel was unique for each compound studied due to the structural 

and substitutent differences. An industrial lubricant FC-43 (tris-per-

fluorobutylamine) was adosrbed on a gold-plated nickel surface. The 

FC-43 was shown to be associatively adsorbed. Several different species 

were detected on the surf ace. 



CHAPTER I I 

PREVIOUS INVESTIGATIONS 

Adsorption of Alkyl Halides on Metals 

The earliest study of the adsorption of alkyl halides on metals 

was carried out by Campbell and Kemball in 1961 (16}. The reactions 

of ethyl chloride (or bromide} mixed with hydrogen on nickel produced 

ethylene, ethane, and hydrogen halides. The products were identified 

using a mass spectrometer. The authors did not state the type of 

adsorption taking place at the surf ace but assumed that the ethyl 

halide was in equilibrium with the surface and an adsorbed associative 

specie. After adsorption two possible mechanisms were suggested to 

explain the experimental results: 

c2Hsx( g} ~ c2jsx + )2Hs + I 
Ni Ni Ni 

CH -CH-X ~ CH 3-CH + X 
3 f I I I 

CH -CH-X + H 
3 I I I 

Ni-Ni Ni 

Ni Ni Ni Ni 

( 1} 

(2a} 

(2b} 

Rate determination was based on either the rupture of the carbon-halogen 

3 
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bond (1) or the rupture of the carbon hydrogen bond (2a). To resolve 

the rate determination question, a deuterium o2 experiment was 

performed. If rupture of the hydrogen-carbon bond was the slow step 

then the accumulation of CH3-CH-X specie on the surface with possible 
I I 
Ni Ni 

recombination of a deuterium atom could desorb to form CH3CHDX. 

Since there was no exchange of alkyl halides with deuterium, the rupture 

of the carbon-halogen bond (1) was suggested as the rate determining step. 

Work done by Anderson and Mcconkey in 1967 (17) provided more 

information on the adsorption of alkyl halides on metal surfaces. Methyl 

chloride and methylene chloride were adsorbed on a variety of metal 

surfaces and studied using a mass spectrometer or gas chromatograph. 

Methane and hydrogen were the only products formed over nickel, tungsten, 

copper, platinum, cobalt, manganese, aluminum, and silver. The adsorp-

tion of methyl chloride and methylene chloride was found to be dissocia-

tive and irreversible with rupture of the carbon-chlorine bond upon 

adsorption. When deuterium was incorporated in the reaction chamber, 

no deuterium containing species (CH2DC1 .Pr CHDC1 2) were produced in 

the gas phase. This implies that the C-H bond did not break upon 

adsorption and is in agreement with previous results (16) for ethyl 

chloride. By using 13c and 35c1 enriched materials, it was found that 

isotopic mixing did not occur which confirms the idea of irreversible 

adsorption. Processes following C-Cl rupture occur in such a manner 

that the methyl radical on the surface undergoes either a.) hydrogen 

loss to form a methylene residue orb.) tecombination with hydrogen to 

form methane which desorbs into the gas phase. The experimental results 
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showed that desorption of H2 was in competition with methane production. 

Adsorption of alkyl chlorides on palladium and titanium proceeded 

via a different reaction process. When methyl chloride was adsorbed 

on palladium and titanium the products were high molecular weight 

hydrocarbons. No halogen containing products were detected. The 

adsorption processes for Pd and Ti were dissociative with rupture of 

the C-Cl bond. The reaction of alkyl chloride with the adsorbed CH2 

residue was postulated to form the higher hydrocarbons. The reaction 

of methylene chloride was similar to methyl chloride. 

Harrod and Summers (18-20) studied the adsorption and reaction of 

a series of alkyl halides on titanium using a mass spectrometer to 

analyze the gas phase products. Titanium at so0 -200°c was exposed to 

10-2 torr of the alkyl halides for one hour. It was found that the 

structure of the alkyl halide compound played a major role in determining 

the reaction order, the gaseous products produced, and the distribution 

of products observed. The compounds studied included n-alkyl halides, 

branched alkyl halides, and polyhalogenated alkyl derivatives. For 

the n-alkyl halides no halogen containing gaseous products were 

detected. Only simple gaseous hydrocarbon species, alkanes and alkenes, 

were found. From this result, a mechanism consistent with the data 

was formulated to describe the interaction of n-alkyl halides with Ti 

at 175°C. 

(3) 

R-CH -CH * ~ R-CH=CH t t H* 3 2 2 (4) 
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X* ~ TiX + * 

R-CH2-CH2* + H* ~ R-CH 2CH3+ + 2* 

* = surface site, + = desorption process. 

(5) 

(6) 

When 1,2- and 1,3-dichloropropane reacted with titanium half-

order kinetics resulted without production of hydrogen chloride. The 

mechanism and kinetics were similar to n-alkyl chlorides except that the 

s-hydrogen elimination step (4) was replaced by elimination of chlorine 

(Cl·) which subsequently reacts with Ti to produce a chloride ion 

R-CHC1-CH3-Cl + 2* ~ R-CHC1-CH 2* + Cl* (7) + 

R-CHC1-CH2* ~ R-CH=CH t + Cl* 2 (8) 

Cl* ~ Ti Cl + * (9) 

* = surf ace site, + = desorption process. 

The interaction of branched alkyl chlorides on a titanium surface 

at soo - 1S0°c proceeded via catalytic dehydrochl~rination with 

production of olefin and hydrogen chloride. The reaction order was 

first order in branched alkyl chloride. A mechanism for branched alkyl 

chlorides was not proposed. 

To examine the reduction of the coefficient of friction upon ad-

sorption, Buckley (21), studied the adsorption and reaction of methyl 

chloride, ethyl chloride, vinyl chloride, ethylene, and ethane with 

iron. Using a novel experimental apparatus, an Auger spectrometer was 

used to study the iron surface. A reproducible clean iron disk was 
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produced by Ar+ sputtering. The primary electron beam of the Auger 

spectrometer was focused on the.wear track scribed by the rider. 

Information about the change in elemental concentration of carbon and 

chlorine residues before, during, and after sliding metal-metal con-

tact was obtained. 

The methyl chloride adsorbed readily on clean iron and could be 

detected after only one Langmuir (L = l x lo-6 torr - sec) of exposure. 

The coefficient of friction was reduced from 2.0 to l .2 after 10,000 L 

exposure. After 100 passes over the surface, the iron was heated to 

2so0c for 12 hours in vacuum. There was no decrease in the Auger peak 

intensity for carbon or chlorine. The sliding contact did not affect 

the adsorption of methyl chloride on iron, since it neither promoted 

adsorption nor desorption. 

The static adsorption of ethyl and vinyl chloride at 104 L resulted 

in a greater concentration of ethyl versus vinyl chloride on the 

surface. Thus, ethyl chloride was more chemically reactive to iron 

than vinyl chloride. Further, ethyl chloride was affected by sliding. 

The Auger peak intensity for chlorine was at a maximum after l L when 

sliding was occurring. Compared to methyl chloride, 104 L of ethyl 

chloride was needed to give the same chlorine signal intensity in the 

static mode of adsorption. Since chemisorption is a monolayer .process, 

there was no increase in chlorine peak intensity after l L in the 

sliding mode. Once a monolayer was formed, the adsorption process on 

iron was completed. Vinyl chloride was affected by sliding and showed 

a rapid increase of Auger chlorine peak intensity between 10 and 100 L 

during sliding. An increase of chlorine peak values higher than those 
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for the ethyl chloride indicated that different adsorption and 

reaction processes were occurring for vinyl chloride. It was postulated 

that polymerization accounted for the difference in surface concentra-

tion for vinyl and ethyl chloride in the sliding condition. 

Both ethane and ethylene showed no sliding induced adsorption 

compared to static adsorption. The maximum carbon peak intensity was 

reached after 104 L of exposure and resulted in a reduction of the 

coefficient of friction from 2 to 1 .4. 

The significant result of Buckley's work was that organic chlorides 

did reduce the coefficient of friction upon adsorption, and that the 

type of surface specie produced in static adsorption may change when 

sliding surfaces were allowed to come into contact with the surface 

specie. It was discovered that knowledge of the concentration of 

various organic chlorides on the surface did not give any infonnation 

about whether dissociative or associative chemisorption had occurred. 

The XPS study of halogenated alkenes chemisorbed on Pt(lOO) and Pt 

(111) surfaces was reported by Mason, Gay, and Clarke (22). The adsorp-

tion was carried out at 300°K with exposures of 2-200L. The Pt surface 

was cleaned by ion·sputtering. The chemisorption of vinyl fluoride and 

vinyl chloride on the Pt{lOO) and (111) surfaces was unusual compared to 

the other halogenated alkenes. For vinyl fluoride and vinyl chloride 

the carbon ls photopeak intensity increased until monolayer coverage 

was attained. The halogen photopeak intensity was not detected at 

low coverages but was detected at 0 = .25 (0 =surface coverage). 

The halogen photopeak intensity continued to increase until 0 = 1.0 

(monolayer coverage). Thus, dissociative adsorption occurred up to 
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e = .25 whereupon associative adsorption was the predominant process. 

The adsorption of other halogenated alkenes including 1,1-difluoro-

ethylene, cis-1,2-difluoroethylene, trifluorochloroethylene, 1,1-di-

chloroethylene, trans and cis-1,2-dichloroethylene, and trichloro-

ethylene on the Pt(lOO) and Pt(lll) surfaces was associative. The 

carbon ls and halogen photopeak intensities increased simultaneously 

with increasing surface coverage. 

Adsorption of Organo-Sulfides on Metals 

The adsorption of methyl mercaptan on clean iron at 300°K was 

reported to be dissociative by Buckley (23). An Auger spectrometer 

was used to monitor the sulfur and carbon peak intensities with 

various exposures (l-104 L) of methyl mercaptan. The sulfur intensity 

increased with increasing exposures but the carbon peak was never 

detected. A mass spectrometer was attached to the vacuum system to 

examine the gas phase during adsorption. The ions present were CH 3+, 
+ + + + + CH4 , CH3S ; and CH3SH . It was suggested that CH 3 and CH4 were 

produced by the fragmentation of CH4 which was formed via a reaction 

of methyl radical with hydrogen present in the vacuum system. Since 

the author did not report the relative ion abundances, it is not 

clear whether the ions CH3+ and CH4+ were from the fragmentation of 

CH 3SH or from the desorption of CH4. 

Blyholder and Brown (24) have adsorbed methyl, ethyl, and diethyl 

mercaptans on silica-supported nickel and recorded the corresponding 

infrared spectra. The nickel sample was prepared by mixing nickel 

nitrate with Cab-0-Sil. The mixture was pressed into disks and 
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mounted in a vacuum cell. The nickel was reduced on the silica by 

passing hydrogen at 30o0 c for five hours. The exposure for the mercap-

tans was 4 torr at 20° or 165°C. The base pressure in the infrared 

cell was 10-5 torr. The nickel-sulfur stretching mode was observed 

for ethyl and diethyl mercaptan but not for methyl mercaptan. The 

various carbon-hydrogen stretching and bending modes were shifted for 

all the mercaptan adsorbed on nickel. It was hypothesized that both 

carbon and sulfur had chemisorbed bonds to the nickel. The workers 

could not state whether associative or dissociative adsorption was 

occurring in this system. 

The infrared spectra for n-propyl, isopropyl, n-butyl, iso-butyl, 

and tert-butyl mercaptans adsorbed on evaporated nickel films have 

been reported by Neff and Kitching (25). The nickel was evaporated 

onto a hydrocarbon oil film. The base pressure for the infrared cell 

was 10-6 torr. The exposures for the mercaptans was 300 torr for two 

hours at room temperature. The infrared cell was then evacuated and 

the spectra recorded .. The adsorption bands for carbon-sulfur 

stretching mode were observed for all mercapt~ns adsorbed -0n nickel 

except for n-butyl mercaptan. The nickel-sulfur stretching:mode was 

not observed for the mercaptans adsorbed on nickel; however, a weak 

band at 360 cm-l was observed for isopropyl mercaptan. This band was 

in agreement with those reported for various sulfur chelates. The 

conclusion of this work was that the carbon-sulfur bond did not rupture 

upon adsorption on nickel. 

Results of methyl mercaptan and other organic sulfides adsorbed on 

silica or hydrocarbon oil supported nickel (24,25) using infrared spectros-
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copy are in contrast with Buckley's results (23). The discrepancies 

between the Auger and infrared experiments could be due to several 

factors. First, in the Auger study, an atomically clean iron surface 

(free from impurities) was examined and kept clean due to the ultra-

high vacuum conditions, 10-lO torr. Secondly, in the studies using 

Ni, the nickel on silica was reduced by hydrogen then kept at a vacuum 

of only 10-S torr. In the study of nickel deposited on hydrocarbon oil, 

the sample was prepared at 10-6 torr. Using these sample preparations 

and handling techniques, it is not possible to maintain a clean Ni 

surface. 

The adsorption and reaction of organic disulfides with steel 

surfaces under actual wear testing conditions has been studied by 

Quinn and Coy (26} using glancing angle X-ray diffraction (GAXD}, 

electron probe microanalysis (EPM), and scanning electron microscopy 

(SEM}. The three experimental techniques were used so that compound 

identification (GAXD}, elemental identification and concentration (EPM}, 

and surface topographies (SEM} could be elucidated-on the worn surfaces. 

The additives used were dibenzyl disulfide (DBDS}, di-tert-butyl 

disulfide (DTBDS}, and diphenyl disulfide (DPDS}. They were blended with 

either a white oil or a high viscosity index solvent-refined oil 

(both oils consist of saturated cyclic hydrocarbons}. The wear 

testing was done with a standard four-ball wear machine. The organic 

disulfide additives were tested for their extreme pressure lubrication 

effectiveness. The theory of extreme pressure additives is the preven-

tion of seizure and the reduction of wear by forming soft, easily 

sheared inorganic or mixed organic-inorganic films on rubbing surfaces. 
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The extreme pressure region by definition is when wear scars are much 

larger than the static elastically defonned area of contact. The results 

of the additives were that OBOS and OTBOS increased the maximum load 

capacity by only two and a half. The analysis of the wear tracks was 

in agreement with the wear test results. The GAXO identified a major 

amount of FeS in the wear tracks for OBOS and OTBOS. The major 

compound in the wear tracks for OPOS was elemental iron, however, 

increased amounts of Fe3c compared to an unworn etched ball were observed. 

The sulfur concentration, monitored by EPM, increased with load 

for OBOS and OTBDS additives. The OPOS showed only a small constant 

amount of sulfur in the extreme pressure region. Finally, the SEM 

photographs of the wear track for OBOS and OTBOS showed that a thick 

smooth reacted film (~ 2-4 ~m) was formed. The OPOS wear track was 

rough with no film observed. The molecular structure of the adsorbing 

additive appeared to be a major factor in the effectiveness as an 

extreme pressure additive along with their thermal stability. 

X-Ray Photoelectron Spectroscopy 

The development of X-ray photoelectron spectroscopy as a basic and 

an applied research instrument has been very rapid during the late 

1960's and 1970's. High resolution photoelectron spectroscopy was 

developed by Kai Siegbahn in the early 1950's. In XPS a specimen is 

irradiated by soft X-rays (~10 Kev) and photo-ejected electrons (photo-

ionization) are analyzed with respect to their kinetic energy. From 

the measured individual states of particular elements the binding 

energy is determined according to equation (10): 
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(10) 

where Ehv is equal to the X-ray energy and EKE is the measured kinetic 

energy of the photo-ejected electrons. The work function, ~W' is the 

result of the difference in work functions for the specimen and the 

spectrometer. The specimen and the spectrometer are at the same ground 

potential (Fermi levels are the same), but the difference in work 

functions produces an electric field gradient between the specimen and 

the spectrometer entrance slits (27). The electrons ejected from the 

surface now have a different kinetic energy; however, the ~W is negated 

by determining it empirically by calibration using a standard whose 

binding energy is known. To better understand the calculation of 

binding energy, Figure 1 shows pictorally the removal of a K level 

electron from the specimen to the spectrometer detector. 

The binding energy may yield information about identification, 

concentration, and the chemical environment of the elements studied (27). 

Variations in binding energies are important in XPS studies. The 

chemical shift is defined as the shift in b;nding energy (positive or 

negative) of an element compared to the electron binding energy of a 

reference standard. Other experimental techniques, Auger, secondary ion 

mass, and ion scattering spectroscopies, can monitor elements and 

their surface concentration, but XPS is the only technique that can 

easily describe the chemical environment of an element. 

A simple model for understanding chemical shift is that core elec-

trons feel alterations in the valence shell electrons as they are being 

drawn away or toward the core electron shells. Because the chemical shift 
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is the measure of the relative electron density of a particular element 

in a certain chemical environment, it may be possible to distinguish 

between the various oxidation states of an element and the substituent 

effects in the bonding of an element. 

Since soft X-rays are used to irradiate the sample, the average 
0 

escape depth for elastic photoelectrons is of the order of 10 to 100 A 

(28). The average escape depth depends on the energy of the X-rays 

used, the photoelectron kinetic energy, and the solid matrix of the 

sample (28). The fact that XPS provides information on only the first 

few atomic layers of a sample emphasizes the potential of XPS as a 

powerful surface instrument. The importance of knowing the binding 

energies, which identify the elements and chemical states of the 

elements, of various surface species in conjunction with other physical 

surface measurements (i.e., infrared stretching frequencies, etc.) 

has supported (29,30) and changed conclusions (31) of what actually is 

occurring at gas-solid interfaces. 

There are several other phenomena that occur when soft X-rays are 

used to irradiate a specimen. After a pho~oelectron is ejected two 

possible modes of relaxation can occur to fill the vacant orbital, 

Auger and X-ray fluorescence. To understand the relaxation processes, 

Figure 2 shows the events occurring after the photoionization of a K 

shell inner core electron to produce an Auger electron or a photon. 

The Auger electron is ejected from the L shell after another L shell 

electron fills the K shell vacancy. The kinetic energy of the Auger 

electrons is dependent on the energy difference between the initial and 
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final states and not on the energy of the X-ray (27). In X-ray fluor-

escence, the emitted photon energy is equal to the difference in the 

Kand L shells and is produced when an L shell electron fills the K 

shell vacancy (27). 

XPS Study of Adsorption and Reaction Processes with Metals 

An XPS study of the reaction of evaporated films with chlorine 

was investigated by Kishi and Ikeda (31). The metal films were prepared 

in vacuum and exposed to 107-109 L of chlorine at room temperature. 

The reaction of chlorine with copper and silver resulted in only one 

doublet for the chlorine 2p level. The unresolved chlorine 2p112 , 312 
photo level appears as a doublet with a splitting of 1.7 eV due to 

spin-orbit coupling and a ratio of intensity of 1:2 was observed for 

both reacted metals. The chlorine 2p312 binding energy was similar 

to corresponding bulk metal halide compound values. The chlorine 

on the copper and silver metal surface was assigned as a chloride 

ion (Cl-). The reaction of chlorine with nickel, iron, gold, and 

palladium resulted in two chl~rine 2p doublets indicating that two 

types of chlorine were present on the surface. 

when chlorine reacted with nickel the chlorine 2p312 binding 

energies were 199.7 and 198.3 eV. The bulk nickel chloride Cl 2p312 
binding energy was 198.5 eV, thus, the lower photopeak at 198.3 eV 

was assigned to a chloride ion (Cl-}. The chlorine 2p312 peak at 199.7 

eV was near that for chlorine in a neutral state Cl(O}, indicating the 

adsorption of molecular or atomic chlorine on the surface of nickel 

chloride. Similar results were observed for the iron-chlorine system. 
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In the case of palladium reacting with chlorine, the two chlorine 

2p312 peaks at 199.0 and 197.8 eV indicate the fonnation of two kinds 

of chlorine species on the surface. The bulk palladium chloride, PdC1 2, 

chlorine 2p312 binding energy was 198.7 eV. The chemical shift for the 

palladium 3d photo levels was +2.5 eV and the bulk palladium halide 

shift was +2.6 eV. Since the shifted palladium 3d peaks appear along 

with an increase in the chlorine 2p312 doublet at high binding energy, 

the surface compound was assigned to palladium chloride (Cl-). The 

chlorine 2p levels at lower binding energy remained at constant 

intensity with respect to the chlorine 2p levels at higher binding 

energy when the exposures were increased. It was postulated that the 

lower binding energy chlorine 2p312 level, 197.8 eV, was a chloride 

ion adsorbed on the palladium halide surface. Similar results were 

observed for the gold-chlorine system. The adsorption and reaction 

of chlorine with these four metals resulted in three kinds of chlorine 

species on the surface. bulk metal chloride ion (c1-). adsorbed 

chloride ion (Cl-), and a neutral adsorbed chlorine Cl(O) (molecular 

or atomic). 

A comprehensive work by Yates, Madey, and Erickson (2,3,4) on 

the adsorption of carbon monoxide on tungsten used XPS in conjunction 

with thennal desorption to detennine possible surface structures and 

bonding of carbon monoxide species. The adsorption was carried out 

on polycrystalline tungsten in a XPS spectrometer with a vacuum system 

capable of operation at 10-lO torr. The carbon monoxide was detected 

in four states by XPS at l00°K. Table l summarizes the results of 

their work. The s1 and s2 states were detected with thermal desorption, 
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Table I 

Adsorption of Carbon Monoxide on Tungsten 

Type of CO 

Virgin-CO 

al-CO 

a -CO 2 

el-CO 

S -CO 2 

* 

Possible 
Structure 

0 
II 

/c ""--
w w 

0 
II I 

c 
I 

w 

0 
111 

c 
I 

w 

7 w 

c --- 0 
/ \. w w 

relative to Fermi level 

Desorption 
Temperature (OK) 

350 

380 

950 

1500 

Binding Energy*(eV) 
C ls 0 ls 

285.4 531. 5 

287.3 534.2 

287.3 532.8 

283. l 530.5 

283.1 530.5 
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but appeared as one species using XPS. The virgin-CO was detected by 

XPS and not thermal desorption. The change of virgin-CO to a-CO at 

300°K was demonstrated using XPS upon increasing the temperature and 

successively recording the XPS spectrum. For virgin-CO, the oxygen ls 

photopeak intensity decreased as the temperature increased while for 

a-CO the oxygen ls photopeak increased. The a 1 and a 2-co species also 

underwent thermal conversion of an a1 to a2-co at 300°K. When the 

tungsten foil was heated below the desorption temperature of 950°K 

for a1 and a2-co, the a-CO oxygen ls photopeak did not increase in 

intensity whereas the a 1-co oxygen ls photopeak decreased steadily 

and a2-co oxygen ls photopeak increased then decreased in intensity. 

The possible structures of CO on tungsten were postulated by relying 

on the results of previous studies of CO adsorption on tungsten 

(field emission, infrared spectroscopy, electron impact desorption). 

However, XPS was the only technique which permitted detection of virgin-

CO on the surface. The virgin, a 1 and a 2-co species are associatively 

adsorbed on tungsten. If the work function correction for a clean 

tungsten surface, ~W = 4.5 eV, is added to the binding energies of 

adsorbed CO and compared to gaseous CO binding energies (C ls=295.9 

eV; 0 ls=542.l eV) the adsorbed carbon and oxygen binding energies 

are 4 to 6 eV lower, respectively. To explain the difference between 

gaseous and adsorbed CO, the theory of atomic and extra-atomic re-

laxation effects was applied (32,33). 

The atomic relaxation effect is the result of outer orbitals 

relaxing toward the positive hole caused by photoionization and 

decreasing the magnitude of the electron binding energy. The extra-
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atomic relaxation effect is the flow of electronic charge from 

surrounding atoms to the positive hole which would decrease the magni-

tude of the electron binding energy, Figure 3. To better examine 

and understand the phenomena of relaxation effects, an adsorption of 

xenon on tungsten was carried out (3). 

The results of physisorbed xenon on tungsten were that at 

monolayer coverage, e = 1, the Xe 3d512 binding energy was 2.1 eV lower 

than that for gaseous xenon. The relaxation effects were found to 

be sensitive to small changes in adsorption energy. The greater 

shift of 2.6 eV at e = .05, corresponding to adsorption on extraneous 

sites, is consistent with thermal desorption measurements which 

indicated that the extraneous sites exhibit higher adsorption energy. 

Finally, the xenon binding energy decrease was in contradiction to 

the surface dipole model for physisorbed xenon on tungsten and 

indicated that the relaxation effects were important in explaining 

the shift between gaseous and adsorbed molecules. 

The adsorption of N2 and NO on iron and nickel surfaces has been 

studied by XPS (9-12,34,35). The ~bility of XPS to detect various 

surface species, to distinguish between associative and dissociative 

adsorption, to identify the products of dissociation, and to differen-

tiate between weakly bound species and chemisorbed species can be 

shown by examining the N ls binding energies in Table II. The gas 

phase binding energies, Eg, for N2 and NO are 4 to 10 eV higher 

than the adsorbed binding energies values, Eads· To explain the 

difference, the work function term, ~W' and the final state differen-

tial relaxation energy term, 6ER, are equated in Equation (11): 
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Table II 

Adsorption of Nitrogen Containing Materials 

Exposure 
and 

Temp. °K 

20 L @ 77° 

108 L @ 273° 

lOlO L @ 273° 

20 L @ 77° 

20 L @ 300° 

103 L @ 300° 

l 06 L @ 300° 

lOlO L @ 3000 

106 L @ 300° 

lOlO L @ 300° 

108 L @ 300° 

409.9 

410.3 

407.0 

Binding Energies {eV) N ls 

NO Nitride Ref. 

{9) 

405.7 400.6 {9) 

404.6 400.0 398.7 396.8 { l 0) 

405 .1 400.0 398.5 397.0 { l 0) 

{9) 

399.9 {9) 

399.9 397.8 {9) 

. 403.0 397.8 {9) 

400.2 397.6 { 12) 

401 .3 397.6 {12) 

400.7 396.6 { 12) 

402.5 401 .0 396.6 { 12) 

404.5 400. l 398.5 396.5 { l 0) 
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where 6Es is the initial state bonding effect (chemical shift). By 

reducing the temperature and condensing the adsorbate on the surf ace, 

the 6E8 may be reduced to zero, and the 6ER term can be determined. 

The 6ER's that have been reported lie in a l to 3 eV range (36,37). 

The nitrogen ls binding energy for the nitrogen adsorbed on nickel 

(N2-Ni) at 770K measured by Brundle (9) resulted in 6ER ± 6E8 values 

of =3.8 and -1.3 eV. The former value was too large to represent 

a non-interacting specie. In addition, it was concluded that N2 

was associatively adsorbed at 77°K since the measured nitrogen ls 

binding energies were 405.7 and 400.6 eV while that for nitride is 

397 to 396 eV. The nitrogen ls binding energies for the adsorption of 

nitrogen on iron (N2-Fe) and air on iron (air-Fe) at 273°K measured 

by Honda and Hirokawa (10) were in contrast to Brundle's results. 

Honda and Hirokawa did not have an atomically clean surface but had 

carbon and oxygen residues on the surface. The oxygen residue 

apparently facilitates nitride formation and various other species 

and may explain why nitrogen ls photopeaks were noted at 273°K by 

Honda and Hirokawa whereas Brundle reports that nitrogen has desorbed 

from the nickel surface at 300°K with no nitrogen ls photopeaks being 

detected. 

The 6ER ± 6E8 for the nitrogen ls binding energy in the NO-Ni 

system (20 L at 77°K) was =5 eV.(binding energy= 399.9 eV)(9) which 

implies a strong chemisorbed bond for NO. When the temperature was 

increased, the formation of nitride was evident by the appearance 
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of a binding energy at 397.8 eV. Further reaction of NO at 300°K 

increased the nitride N ls photopeak intensity and decreased the 

chemisorbed N ls photopeak at 399.9 eV. However, the appearance of a 

new photopeak at 403.0 eV was observed. The possibility that the new 

N ls photopeak was an N02 species was negated by heating the sample 

to 373°K. Upon heating the 403 eV peak was no longer detected, 

therefore, Brundle postulated a weak associatively bound NO species (9). 

The nitrogen ls binding energy for the NO-Ni interaction (106 L at 

300°K) measured by Kishi and Ikeda (12) was in good agreement with 

Brundle's value. However, Kishi and Ikeda assigned the 400 eV peak 

to a nitrosyl type NO+ since the transition metal nitrosyl N ls 

binding energy range is 399.6 to 403.3 eV (38,39). After more 

exposure (1010 L) of NO at 300°K Kishi and Ikeda reported the appear-

ance of a N ls photopeak at 401 .3 eV with the reduction of the 400.2 

eV peak intensity. The 401 .3 eV binding energy value was assigned 

as a nitrosyl type NO+. 

The adsorption of nitric oxide on iron has also been studied (12). 

The NO-Fe system (106 L at 300~K) N ls binding energy values measured by 

Kishi and Ikeda (12) were similar to NO-Ni (106 L at 300°K) and were 

assumed to be due to the same type of bonding. When further exposure 

(1010 L) of NO on iron was done at 300°K similar binding energies 

resulted compared to the NO-Ni system (1010 Lat 300°K). In addition, 

a new photopeak appeared at 402.5 eV and again was assigned to a 

nitrosyl type of NO. Honda and Hirokawa (10) also adsorbed nitric 

oxide on iron. The NO-Fe system (108 L at 273°K) had similar nitrogen 
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ls binding energies and compared favorably to the work of Brundle (9) 

and Kishi and Ikeda (12). Honda and Hirokawa reported two new 

binding energies of 407 and 398 eV. The assignment of the nitrogen 

ls binding energy 407 eV to an NOj specie was done because of the 

agreement with bulk nitrate measurements. The nitrogen ls 398 eV 

peak was designated as nitride. 

The Honda and Hirokawa assignment of nitride to the 398.5 eV 

nitrogen photopeak is in conflict with the Kishi and Ikeda assign-

ment of nitride (396.6 eV). Honda and Hirokawa did observe a 

nitrogen peak at 396.5 eV but did not assign it to a nitride type 

of nitrogen because of the results of two experiments. The first 

was the increase of the 398 eV photopeak on heating while all other 

peaks were decreasing. The second was the reaction of a 1:1 mixture 

of N2 and NH 3 at l000°K and subsequent heating which again resulted 

with the dominant peak being at 398 eV. The 404 eV binding energy 

was assigned as an ·N02-type due to the agreement with bulk nitrite 

measurements. The 396 eV binding energy was given an unknown state 

of nitrogen. The only agreement with Kishi and Ikeda (12} and 

Brundle (9) was the NO.assignment at 400 eV. 

From the discussion of the results of nitrogen containing species 

on iron and nickel, it is apparent that when small molecules adsorb 

and react with metal surfaces, conflicting results can be obtained. 

The question of differences in experimental conditions (such as surface 

cleaning, background pressure} must be examined closely in an XPS 

study before any comparisons and conclusions can be made. The recording 

of binding energies by themselves does not yield definitive infonnation. 
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Thermal Desorption 

The thermal desorption (TD) of adsorbed gas from metal surfaces has 

been used to examine surface species since the 1950's and recent reviews 

on the experimental technique and desorption phenomena by King (40), 

Schmidt (41 ) , Redhead (42), Mad ix (4J), and Petermann (44) are excellent 

for an indepth analysis of TD. The TD method involves the adsorption of 

a gas or gases on a solid, followed by a progranmed heating cycle. When 

sufficient thermal energy is applied to the solid, the adsorbed species 

are then desorbed into the gas phase. The increase in pressure due to 

the desorption of the gas is recorded versus temperature. The desorp-

tion of the gas is the final process in any gas-solid interaction and 

information about the structural model for the adsorbed layer must be 

either assumed or determined by another technique. 

The possible reactions that can occur when temperature is increased 

are the diffusion of a gas into or out of the adsorbant, the conversion 

(dissociation or association) among the different adsorbed phases, and 

the desorption into or readsorption from the gas phase. When a gas is 

adsorbed on a solid and then heated, the most observable event is the 

release of the adsorbed gas into the gas phase. 

The major drawback of the TD technique is the desorption and 

adsorption of gas from other surfaces besides the substrate. This effect 

is called a wall effect (44). If the gas or gas products studied consti-

tute a reversible adsorption-desorption system, as the temperature is 

increased and desorption from the substrate occurs, adsorption of 

the gas on the walls reduces the rate of desorption measured by the 

pressure device. After the maximum value has been reached, desorption 



28 

from the walls can occur which causes the observed thermal spectrum to 

tail-off instead of returning to base line quickly. The wall effect 

results in the amplitude of the peak being decreased, the maximum of 

the peak is shifted along the time axis and the shape of the peak 

altered. Another serious wall effect is the reaction of a desorbed 

specie with the wall to produce a new non-representative specie. 

Another problem with TD is the temperature inhomogeniety across the 

metal sample during the desorption process (cooler at the support 

rods). When partial pressures are being monitored using a mass 

spectrometer, close proximity of the high temperature electron 

emitting filament may cause the temperature at the substrate to be 

uncertain. The impurities emitted from the electron emitting filament 

can be adsorbed on the walls to form new species. The wall effect 

phenomena is a problem and must be realized when interpretations of 

data and conclusions are being formulated. 

Objectives and Significance 

The chemisorption and reaction of sulfur and halogen-containing 

materials with nickel was investigated by XPS and TD such that the 

following scientific objectives could be attained: 

1 .) to indicate whether the chemisorption process had occurred 

on nickel with the various sulfur and halogen-containing 

materials. 

2.) to examine the chemical reactions which occur at the 

nickel surface. 

3.) to identify the adsorbed species on the nickel surface. 
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4.) to study the influence of molecular structure on chemi-

sorption. 

5.) to examine the synergistic effects on reactions of the 

nickel with substituted sulfur-containing materials. 

6.) to provide information which may aid in modeling the 

chemisorption and initial reaction processes of nickel with 

sulfur and halogen-containing materials. 

The significance of this research is characterization of the nickel 

surface and the alterations to the surface by sulfur and halogen-

containing reagents using modern surface techniques. The contribution 

to the basic knowledge of sulfur and halogen-containing materials upon 

interaction with nickel is relevant to the catalytic problem of 

surface poisoning and to the lubrication theory of extreme pressure 

additives. 



CHAPTER III 

EXPERIMENTAL APPARATUS AND TECHNIQUES 

The knowledge about the gas-solid interface has been greatly 

advanced in recent years with the advent of new experimental techniques 

such as: X-ray and ultraviolet photoelectron spectroscopy (28), Auger 

electron spectroscopy (27), secondary ion mass spectroscopy (45), and 

ion scatterirY;J spectroscopy (27). These techniques in conjunction 

with previously developed methods (i.e., thermal desorption, field 

emission, infrared, etc.) have allowed investigators to study more 

directly the adsorption and reaction process of gases with metals. 

The instruments employed in this study were an X-ray photoelectron 

spectrometer utilizinq Al K X-rays for photoionization and for . a 

thermal desorption, a quadrupole mass spectrometer, utilizing electron 

impact as the ionization source. 

X-RAY PHOTOELECTRON SPECTROSCOPY 

The XPS spectra were determined using an AEI ESlOO photoelectron 

spectrometer. The spectrometer consists of four basic components: 

source, target chamber, analyzer, and detector. The source has a 

tungsten filament which emits thermal electrons that are accelerated 

by 15 KeV to an Al target. The Al K radiation produced is then 
a 

passed through a 0.5 mil Al foil to filter out any backscattered or 

30 
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secondary electrons. The target chamber has multi-access ports which 

are fitted with a Physical Electronics Industries 04-131 Sputter Ion 

Gun for ion etching and ion implantation usage, a Varian 951-5106 leak 

valve for gas introduction, a 1/2 inch quartz window for sample 

viewing, a UTI 100-C quadn.ipole mass spectrometer for analyzing residual 

gases and reactant gas purity, and a sample introduction port. The 

ion gun was mounted 45° off the sample-primary lens plane. The acceler-

ating voltage could be varied from zero to l KeV. Dual tungsten 

filaments (construction of filament is 16 turns of 5 mil tungsten wire 

around a 40 mil post then stretched to 5.8 inch) supply electrons for 

ionization of sample gases. The distance from the final lens of the 

ion gun and the sample is approximately 5 cm. The mass spectrometer 

design and operation will be discussed in the section on Thermal 

Desorption. The sample introduction port was designed such that a 

stationary probe, Figure 4, or a movable probe, Figure 5, could be 

used to obtain XPS spectra. The analyzer is an electrostatic disper-

sion type and employs two hemi-spherical plates to measure the 

kinetic energy of photoejected electrons. A single-channel detector 

(channeltron: glass impregnated with metal) is used to multiply the 

energy analyzed electrons. 

The vacuum system, Figure 6, consists of two Edwards High Vacuum 

Inc. ROS rotary pumps and two Edwards High Vacuum Inc. E02 oil diffusion 

pumps. A polyphenyl ether, Sanovac 5, was the diffusion pump fluid 

used. Two liquid nitrogen traps in conjunction with water cooled 

baffles were used to minimize back-streaming of diffusion oil into the 

target and analyzer regions. The target chamber and analyzer region, 
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could be isolated from each other, thus, sample gases were admitted 

without contamination of the analyzer or detector. The pressure in the 

analyzer was monitored by an uncalibrated nude ion gauge. The target 

chamber pressure was monitored by the quadrupole mass spectrometer and 

a Veeco Instrument Inc. RG-75P ion gauge. The instrument was constructed 

with gold or copper 0-ring seals. When the movable probe was used, it 

facilitated the use of viton 0-rings for vacuum sealing of the probe 

with the target chamber. The base pressure of the instrument after 
0 -8 bake-out of 250 C was typically in the 10 torr range. 

The dimensions of the nickel foils were l mil by 0.5 cm by 3.0 cm 

and were mounted mechanically or silver soldered to 1/16 inch nickel 

support posts. The angle between the sample (Ni foil) and the primary elec-

tron lens could be altered by rotating the movable probe, Figure 5. Also, 

upon further rotation, the foil could be positioned directly in· line 

with the ion gun for ion sputtering without breaking vacuum. The 

stationary probe, Figure 4, did not have the advantage of rotation in 

vacuum, however, the reduction of volume and possible contamination 

from the viton 0-ring and the insulation on the nickel support posts 

were negated. 

The data from the spectrometer was obtained by an interfaced 

Digital Equipment Corporation PDP-8/e computer or manually collected 

with a Hewlett-Packard 70358 X-Y recorder. The computer system was 

described previously by Burness (46). The data system used for data 

acquisition was an AEI-DSlOO package. Software was included to pennit 

complete scanning of the energy spectrum (0-1500 eV) or a series of 

narrow regions (0-40 eV). The energy region for a narrow scan was 
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40 eV. The electron volt step was usually 0.1 eV for narrow and 1.0 

eV for a total energy spectrum. Data was punched out on paper tape in 

ASCII format after sufficient scanning time had elapsed. A Digital 

Equipment Corporation PDP-8/1 computer using MADCAP IV (47) was used 

to plot the data. The MADCAP IV (47) system program was used to scale 

the data points from 0 to 500 arbitrary units and to plot single points 

(point per channel) on an abscissa scale of 1 cm per l eV. The point 

plot was smoothed with an eleven point parabolic least-square smoothing 

routine and plotted as a continuous line plot. 

The manual mode of scanning was carried out also. The faster 

acquisition of data was accomplished using the manual mode because a 

varied number of channels (electron volts) and time per channel could 

be changed as the spectrum was being recorded. The operation of manual 

scanning was done in the following series of steps. The kinetic energy 

voltage was dialed in for the photoelectron level of interest. The rate 

meter scale was determined such that the peak maximum would not cause 

the X-Y recorder pen to go off scale. The voltage sweep was set at 25 

eV but was terminated at any time after the photqpeaks were recorded. 

The rate of voltage increase was determined by the intensity of the 

energy level of interest. As an example, the nickel 2p312 level was 

scanned quickly at l volt per second due to high count rate in contrast 

with the carbon ls112 level which was usually scanned at .05 volts per 

second because of low count rates. The disadvantage of manual scan 

was that no data scaling or smoothing could be done. 
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The binding energies were determined by measuring the maximum of 

the photopeaks from the line or manual plots and correcting for the 

work function. The work function for any given experimental run was 

determined by subtracting the absolute binding energy of a known 

element from the experimentally measured elemental value. The binding 

energy for nickel 2p312 level was determined to be 852.8 eV (48). The 

binding energy for gold 4f 512 and 4f 712 level was determined to be 

87.l and 83.4 eV (49). Both nickel and gold binding energies were in 

reference to the graphite C ls level of 283.8 eV (50). 
1/2 

THERMAL DESORPTION 

The thermal desorption (TD) technique requires three basic units: 

a high vacuum system, a pressure sensing device, and a prograrrmable 

heated foil or wire. The high vacuum system used in this study is 

shown in Figure 7. The vacuum system had all bakeable parts with the 

exception being a Nupro Company fine metering valve Model SS-25X, V4. 

The vacuum system used only gold and copper 0-rings in its construction. 

The vacuum system's pressure was reduced from atmospheric pressure to 
-5 10 torr by connecting a vacuum hose from a Nupro Company bellows 

valve, H series, to a glass vacuum line with a base pressure of 10-5 

torr. The Varian Ion Pump, Model 911-5030 (20 l/s) was initiated to 

further reduce the pressure. The UTI lOOC quadrupole mass spectrometer 

monitored both pressure and residual gases in the vacuum system. A 

quick check for air leakage was to inspect the mass peaks of N2 and o2 
(28 and 32 amu). A helium leak test was done to insure no air leakage 

in the vacuum system. After a bakeout of 200°c for 12 hrs, the base 
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pressure of the vacuum system was less than 1 x lo-e torr. 

The pressure sensing device used in the TD measurements was an 

UTI lOOC quadrupole mass spectrometer. The mass range was 1 to 327 amu. 

A complete spectrum, 1-327 amu, could be obtained every 75 m sec and 

displayed on a Tektronix RM-503 oscilloscope. Two to 10 minute scan 

times were used for convenient permanent recording of spectra on a 

Honeywell 19302 strip chart recorder or a Honeywell 1706 viscorder. 

The mass spectrometer consists of three basic parts, an ionizer, a mass 

filter, and a detector. The ionizer was a 2n steradian open ion source 

which was space charged operated (Figure 8). The emission of the 

electrons was determined by the grid to reflector spacing and voltages. 

Since the ionizer was similar to a Bayard-Alpert ionization gauge with 

the Faraday cup collecting the positive ions formed instead of a central 

wire, it was possible to measure total pressure (10-3 to lo-8 torr} and 

negated the need for an ion gauge. The dual tungsten filaments emitted 

electrons which were accelerated towards the grid (+15 V}. The 

electrons that did not strike the grid wire or ionize any gas phase 

molecules, pass through the grid towards the reflector (-55 V}. The 

electrons then decelerate and re-accelerate back toward the grid and 

continue to circulate until they strike the grid wire, ionize a gas 

phase molecule, or become lost by electron recapture. The electrons with 

sufficient energy can ionize the gas phase molecules that are within 

the grid volume. The positive ions are attracted towards the center 

by the negative potential produced by the increasing electron density 

toward the center of the grid volume. The focus plate (-20V} extracts 

the positive ions from the ionizer to the mass filter. 
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The mass filter consists of four precisely machined and mounted 

molybdenum rods. The positive ions that are produced by the ionizer 

try to traverse the distance between the ionizer and detector. By 

applying RF and DC voltages to the rods an electrodynamic field is 

produced. The spacing and location of the mass peaks is determined by 

the RF voltage. The resolution of the mass filter is determined by 

the DC/RF ratio. The definition of resolution, R, is R = M/6M ~ 2M 

where M is the mass number and 6M is the width at one half the peak 

height. The mass filter can either scan the complete or a portion of 

the spectrum. Individual mass peak can also be monitored. For a more 

indepth explanation of the theory of the quadrupole mass filter the 

reviews of Blauth (51) and Mclachlan (52) are suggested. 

The ion detectors for the quadrupole are a Faraday cup or a 

channeltron electron multiplier. The Faraday cup measures the ion 

currents emerging from the mass filter. The ratio of ion current for 

the multiplier and the Faraday cup for any mass peak is the gain of 

the multiplier for that particular ion. The Faraday cup is also used 

when total pressure is measured. When the multiplier is being used 

a positive potential is applied to the Faraday cup which directs the 

positive ions to the multiplier because the multiplier does not have 

line of sight to the ions emerging from the mass filter. A Field 

Effect Transistor (amplifies the ion currents) is used in conjunction 

with an 8-decade picoammeter for both the Faraday cup and the multiplier. 

The ion current output is digitally displayed and a 0 to 10 volt 

analog signal is available for oscilloscope and recorder input. 
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The ion intensities for the constant pressure measurements were 

measured from the output of the Honeywell 1706 viscorder. The relative 

ion abundance was calculated by dividing the most intense mass peak 

into the other observed mass peaks and multiplying by 100. The ion 

intensities for the TD measurements were measured from the output of 

the viscorder at peak maximum. The relative ion abundance was calcu-

lated by the same methods as in the constant pressure measurement. 

The progranrned heated foil system consists of four basic units: 

a mounted foil in vacuum, a power supply to heat the foil, a recorder 

to monitor the temperature of the foil, and a cycling control device 

for the power supply. The nickel foil had the dimensions of 7.0 cm x 

.25 cm x .025 cm and was mounted mechanically to .50 mil nickel support 

posts in vacuum similar in design to Figure 4. The power supply, 

Deltron SP60-10, was capable of 0-10 ampere with a voltage range of 

0-60 volts. 

The temperature of the nickel foil was obtained by measuring the 

voltage drop across the foil, VF, and the total voltage drop, VT, 

across the nickel foil and a five ohm resistor, R5, which were in 

series, Figure 9. The resistance of the nickel foil, Rf, increased 

with increasing temperature. Thus, the VF is increasing with 

respect to VT. The resistance of the nickel foil, RF, was calculated 

from equation (12): 

(12) 

A Honeywell 19302 dual pen strip chart recorder was used to obtain the 

voltage drop data. 
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The calculation of the resistivity of nickel foil at ooc, p , 
0 

was done using equation (13): 

(13) 

where A is the cross section measured in cm and L is the length in 

cm of the nickel foil. The unit of resistivity was micro ohm - cm. 

The ratio of resistivity at a higher temperature, Pr, to resistivity 

at o0c, p0 , was determined. The temperature at that particular ratio 

(pr/p 0 ) was then interpolated from a standard plot of PT/p 0 versus 

temperature (53) for nickel. The temperature range for the TO measure-

ments was ±30°C. The lack of precision in the TO measurements was 

due to two experimental facts. One was the inaccuracy in starting 

other viscorder and temperature program simultaneously. The second 

was the dual pen strip chart recorder only allowed three significant 

numbers to be measured from the voltage drop measurements, thus 

limiting the accuracy in the temperature calibration. 

The cycling control device for the power supply is shown in 

Figure 10. The SPOT momentary push button was pushed to initiate 

the heating cycle of the nickel foil. The voltage comparator initial 

value was set to zero potential, Figure 11. The light emitting 

diode was on to indicate that a cycle was started. The timer, Figure 

12, was reset and started to pulse the stepping motor. The drive 

shaft of the stepping motor was mechanically attached to a l KO 

and a 10 Kn linear continuous rotatable potentiometers. The lKn 

potentiometer was connected to the Deltron power supply pre-progranmed 

current inputs. Thus, the constant increase in resistance from the 
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KEY: 

CONTROL CIRCUIT FOR POWER SUPPLY 

Figure 10 

a - 5 volt 

b - 12 volt 

c - 1 volt 

d - 57 Kn 

e - 1 Kn 

f - 10 Kn 

g - 220 n 
h - .0022 lJF 

i - 2N3393 

j - 1N4003 

k - 2N3568 
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l Kn potentiometer was matched by the power supply's constant increase 

in current. The 10 Kn potentiometer had a five volt potential. 

When on volt was the output from the 10 Kn potentiometer, the voltage 

comparator would pulse the 7474 flip-flop and terminate the heating 

cycle. 

Materials 

The materials used in these experiments were purchased from 

corrmercial sources. Before use, all materials, with the exception 

of the nickel foil, were examined for purity by mass spectrometric 

analysis. The nickel foil was purchased from Alfa Ventron Products. 

The purity of the polycrystalline nickel foil was 99.998%. The nickel 

foil was examined by XPS after cleaning in vacuum. The nickel 2p313 
level and valence region (0-20 eV) XPS spectra were in agreement with 

other spectra reported on clean nickel (54). The oxygen ls, carbon 

ls, sulfur.2pl/2, 3/2, and various halogen photolevels were examined 

by XPS. The result was that no detectable impurity was observed 

on the nickel surface. The gold-plated nickel was obtained from 

Poly-Scientific Division, Litton Industries. The film thickness 

of the gold was approximately 0.5 mil. Methyl fluoride, methyl chloride, 

methyl bromide, methyl mercaptan, and chlorine were purchased from 

Matheson Gas Products. Bis(trifluoromethyl) disulfide and FC-43 {tris-

per-fluorobutylamine) were purchased from PCR Incorporated. Bromine 

and methyl iodide were purchased from the J. T. Baker Company. Methyl 

disulfide was purchased from Aldrich Chemical Company. Dimethyl 
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disulfide was purchased from Matheson Coleman and Bell Co~any. The 

reactant gases were used without further purification since mass 

spectrometric analysis revealed no detectable impurities. 

The reactant gases were stored in Hoke Incorporated 2HS10 10 ml 

stainless steel sample bulbs. The sample bulbs were hated to 200°c 

for 12 hr in vacuum before reactant gases were admitted. The shut-

off valves for the sample bulbs were Whitey Company DK Kel-F stem 

insert types and would withstand the bake out temperature without 

degradation of the valve. 



CHAPTER IV 

EXPERIMENTAL RESULTS 

The surfaces of clean metals at room temperature are usually 

quite chemically reactive compared to metal surfaces that have had no 

cleaning treatment. Clean metals have no organic or inorganic residues 

on the surface. The generation of a clean surface can be done in 

a variety of ways (i.e., high temperature heating in vacuum, ion 

sputtering, metal vapor desposition, and mechanically grinding in 

vacuum). In this investigation, the nickel foil was repeatedly heated 

in vacuum to an orange color causing the organic residues on the 

surface to be volatilized along with water and the adsorbed or 

absorbed gases. XPS spectrum, Figure 13, of the nickel 2PJ/2 photo level 

before and after heating of the nickel foil shows the result of heating in 

vaC¥Um. The XPS spectra of various other photo levels were 

examined to determine if any inorganic impurities were on the nickel 

surface. The carbon ls, oxygen ls, and sulfur 2p photo levels were 

routinely examined to determine the surface purity of the nickel. 

The nickel surface could not be monitored directly with the 

thermal desorption technique, however, the desorbing impurity gases 

could be monitored using the mass spectrometer. The mass peaks of 

interest were 18 amu (H20), 28 amu (CO), 32 amu (02, S), 44 amu (C02) 

48 amu (SO), and 64 amu (S02). After 10 to 20 heating cycles the 

51 
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thennal desorption peaks for the impurity gas mass peaks were no 

longer detected. It was assumed that the nickel surface was free 

from any impurity. 

The scanning electron microscope photographs of the nickel foil 

at X2000 before heating, Figure 14, and after heating, Figure 15, 

show that the surface of the nickel foil loses the rolling mill 

markings and the grain boundaries become more defined. The white 

spherical objects on Figure 15 were nonconducting dust particles. 

Methyl Halides 

The XPS study of the adsorption of methyl halides was perfonned 

at 25°C with exposures of 104 to 105 L. The nickel foil was mounted in 

the rotatable probe for these studies. The binding energy results 

for carbon and halogens upon adsorption on nickel are presented in 

Table III. Similar spectra were observed for the chlorine 2p photo 

level by Kishi and Ikeda (31) who reacted chlorine with nickel. 

The lower binding energy value, 198.9 eV, corresponds to that 

for chloride (Cl-} in nickel chloride and the higher binding 

energy, 200.9 eV, peak is in agreement with a neutral chlorine specie. 

The lower binding energy values for fluorine, 684.8 eV, and iodine, 

619.7 eV, are indicative of the x- species (49). The bromine 3d 

level was not measured in this study due to interference from the 

nickel 3p level. The bromine 3p112 , 312 levels were not detected 

in the adsorption experiments. The iodine 3d512 level showed no 

doublet. 
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NICKEL FOIL BEFORE HEATI NG (X2000) 
Figure 14 
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NICKEL FOIL AFTER HEATING (X2000) 
Figure 15 
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Tab le II I 

Binding Energies of Adsorbed Methyl Halides on Nickel 

Adsorbed Halogen Photo Level 

CH 3F 290.9 284.4 688.4 684.8 F lsl/2 

CH 3Cl 290.5 284.3 200.9 198.9 Cl 2Pl/2, 3/2 

CH 3Br 290.4 284.2 ------------* Br 3p 3/2 

CH 3I 290.3 284.2 619.7 I 4f712 

* Bromine 3p levels not detected. 
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Angular dependence experiments were conducted to show that the 

higher binding energy halogen species was predominately on the surface. 

The take off angle for the photoejected electron was decreased which 

increased the surface sensitivity of the spectrometer (55). The fluorine 

Js peak, Figure 16, at higher binding energy, 688.4 eV, increases in 

intensity with decreasing take off angle while the lower binding energy 

peak is decreased. 

Two carbon photopeaks were always observed for the adsorption of 

methyl halides and the binding energy remained relatively constant 

at 290.5 and 284.3 eV for all methyl halides. This suggests that the 

carbon species formed by the different methyl halides were similar. 

Ion implantation studies of methyl halides with nickel were 

carried out. The CH 3x+ ions were formed by 180 eV electrons and 

accelerated to 1 Kv. The average current density was 52 µa/cm2 for 

a time period of 10 minutes. The binding energies of the methyl halides 

that were ion implanted into the nickel are presented in Table IV. 

From the mass spectra of methyl halides, it is known that the pre-

dominant ions are CHnX+ (n = 0-3) {57). 

The TD study of the adsorption of methyl fluoride was performed 

at 25°c with exposures of 350 to 480 L. The mass peaks that were 

observed to desorb from the methyl fluoride-nickel system are 

presented in Table V. The temperature range for methyl fluoride 

desorption was 100° to 175°c. The mass spectrum of methyl fluoride 

at 1 x lo-6 torr is presented in Table VI. 

In the case of methyl chloride, the adsorption on nickel was 

performed at 25°c with exposures of 300 to 500 L. The mass peaks that 
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Table IV 

Binding Energies of Ion Implanted Methyl Halides on Nickel 

Ion Implanted* Halogen Photo Level 

CH F+ 283.7 684. 1 F ls 112 n 

CHnc1+ 283.4 198.9 Cl SPl/2, 3/2 

CHnBr+ 2283.3 182.3 Br 3P3/2 

CH I+ . 283.5 n 619.6 I 4f 712 

* The dominant ion is CH 3x+ for all methyl halides 
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Table V 

Desorption of Methyl Fluoride from Nickel 

m/e Relative Ion Abundance Ion 

l 21.0 H+ 

2 100. H + 
2 

15 .107 CH + 3 
19 .08 F+ 

29 .23 C2H5 
+ 

34 .025 CH F+ 3 
77 .027 NiF+ 

96 .005 NiF2+ 
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Table VI 

Mass Spectrum of Methyl Fluoride at Constant Pressure 

m/e Relative Ion Abundance Ion 

12 12.8 c+ 

13 21.2 CH+ 

14 42.2 CH + 2 
15 100. CH + 

3 
19 3.29 F+ 

20 2.84 HF+ 

31 l.21 CF+ 

32 1.45 CHF+ 

33 95.4 CH F+ 2 
34 95 .1 CH F+ 3 
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were observed to desorb from the methyl chloride-nickel system are 

presented in Table VII. The temperature range for methyl chloride 

desorption was 100° to 185°c. The mass spectrum of methyl chloride at 

2 x lo-6 torr is presented in Table VIII. The desorption of methyl 

chloride from nickel chloride was performed at 2s0 c with an exposure 

of 600 L. The nickel chloride surface was prepared by exposing 

clean nickel to chlorine at 25°c with exposures of 104L. The mass 

peaks that were observed to desorb from the methyl chloride-nickel 

chloride system are presented in Table IX. The characterization of the 

nickel chloride surface was carried out by adsorbing 200 to 250 L of 

chlorine at 25°C on nickel and observing the various nickel chloride 

desorption mass peaks. The mass peaks that were observed to desorb 

from the chlorine-nickel system are presented in Table X. 

The methyl bromide-nickel adsorption system was studied at 25oc 

with exposures of 450 to 550 L. The mass peaks that were observed 

to desorb from the methyl bromide-nickel system are presented in 

Table XI. The temperature range for methyl bromide was the same as 

for the methyl chloride desorption system. The mass spectrum of methyl 

bromide at 2 x 10-6 torr is presented in Table XII. The adsorption 

of methyl bromide from nickel bromide was performed at 25°c with an 

exposure of 244 L. The nickel bromide surface was prepared by the 

exposure of l04L of bromine at 25°c on clean nickel. The mass peaks 

that were observed to desorb from the methyl bromide-nickel bromide 

system are presented in Table XIII. The characterization of the 

nickel bromide surface was carried out by adsorbing 132 L of bromine 

at 250C on clean nickel and monitoring the various nickel bromide 
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Table VII 

Desorption of Methyl Chloride from Nickel 

m/e Relative Ion Abundance Ion 

5.52 H+ 

2 100. H + 
2 

15 16. 2. CH + 3 
29 .24 C2H5 

+ 

35 .52 c1+ 

37 . 17 i-Cl+ 

50 .24 CHfl+ 

52 .08 i-CHll + 

128 .03 Ni Cl+ 

i = isotope 
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Table VIII 

Mass Spectrum of Methyl Chloride at Constant Pressure 

m/e Relative Ion Abundance Ion 

12 4.85 c+ 

13 8.33 CH+ 
14 13.0 + CH2 
15 100. CH3 

+ 

35 5.54 + Cl 
36 4.04 + HCl 
37 1.78 . + 1-Cl 
38 1.31 . + 1-HCl 
47 4 .01 + CCl 
48 + 

1.88 CH Cl 
49 4.76 + CH2Cl , i-CCl+ 
50 38 .1 + CH3Cl , i-CHCl+ 
51 + 1.61 i-CH2Cl 
52 + 

11. 9 i-CHll 

i = isotope 
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Table IX 

Desorption of Methyl Chloride from Nickel Chloride 

m/e Relative Ion Abundance Ion 

15 100. 

50 .41 CHf~+ 



m/e 

35 

37 

70 

72 

93 

95 

97 

128 

130 

132 

134 

i - isotope 
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Tab 1 e X 

Desorption of Chlorine from Nickel 

Relative Ion Abundance 

100. 

18. 7 

1.38 

.32 

2.36 

.97 

.89 

10.0 

2.34 

.50 

.24 

Ion 

Cl+ 

i-Cl+ 

Cl + 
2 

. Cl + 1- 2 

Ni Cl+ 

i-NiCl+ 

i-NiCl+ 

Ni Cl 2 + 

i-NiCl + 2 
i-NiCl + 

2 
. N"Cl + 1- l 2 
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Table XI 

Desorption of Methyl Bromide from Nickel 

m/e Relative Ion Abundance Ion 

l + 9.03 H 
2 100. H + 

2 
15 .22 CH + 3 
29 .06 C2H5 

+ 

79 .10 Br + 

80 .003 HBr+ 

81 .09 . + 1-Br 
82 .003 

. + i-HBr 
94 .008 CH 3Br + 

96 .002 i-CH3Br + 

i = isotope 
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Table XII 

Mass Spectrum of Methyl Bromide at Constant Pressure 

m/e Relative Ion Abundance Ion 

12 8.02 c+ 

13 7.60 CH+ 

14 14.0 CH + 2 
15 100. CH + 

3 
79 3.28 Br+ 

80 1.00 HBr+ 

81 3.21 . B + 1- r 

82 .67 i-HBr+ 

91 .99 CBr+ 

92 .60 CHBr+ 

93 2.46 + CH2Br • i-CBr+ 

94 11. l + CH3Br • i-CHBr+ 

95 1.50 i-CH2Br+ 

96 9.90 i-CH3Br+ 

i = isotope 



m/e 

15 

94 
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Table XIII 

Desorption of Methyl Bromide from Nickel Bromide 

Relative Ion Abundance 

100. 

6.24 

Ion 

CH + 
3 
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desorption mass peaks. The mass peaks that were observed to desorb 

from the bromine-nickel system are presented in Table XIV. 

The TD study of the adsorption of methyl iodide was performed 

at 25°c with exposures of 600 to 800 L. The mass peaks that were 

observed to desorb from the methyl iodide-nickel system are presented 

in Table XV. The te~erature range for methyl iodide desorption 

was 100° to 185°c. The mass spectrum of methyl iodide at 2 x lo-6 

torr is presented in Table XVI. 

Methyl Sulfides 

The XPS study of the adsorption of methyl sulfides was performed 

at 25°c with exposures of 103 to 105 L. The nickel foil was mounted 

in the non-rotatable probe and had a photoelectron take off angle of 

15° relative to the primary lens. The binding energy results for 

carbon and sulfur adsorbed on nickel are presented in Table XVII.· 

The carbon ls and fluorine ls photo levels were not detected when 

bis(trifluoromethyl) disulfide was adsorbed on nickel. The absence 

of the carbon ls level and the presence of sulfur 2p level suggests 

that a dissociative adsorption process had occurred. 

The nickel valence region (0-20 eV) was monitored for dimethyl 

disulfide and bis(trifluoromethyl) disulfide adsorptions. The nickel 

valence peak at 0.5 eV decreased in intensity upon adsorption of 

the disulfide and increased in intensity as the foil temperature was 

increased, Figure 17. The dimethyl disulfide case showed no new 

peaks in the valence region upon adsorption. The bis(trifluoromethyl) 

disulfide upon adsorption had a photopeak at 5.0 eV appearing as 
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Table XIV 

Desorption of Bromine from Nickel 

m/e Relative Ion Abundance Ion 

79 100. Br+ 

137 17.2 NiBr+ 

139 36.6 . N"B + 1- l r 

141 21.3 . N"B + 1- l r 

160 .58 . B + 1- r2 

216 16. 7 NiBr2 
+ 

218 29.4 i..rNiBr2 
+ 

220 18 .4 i-NiBr2 
+ 

222 5.79 i-NiBr2 
+ 

i = isotope 
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Table XV 

Desorption of Methyl Iodide from Nickel 

m/e Relative Ion Abundance Ion 

1 100. H+ 

2 50.4 H + 
2 

15 25.8 CH + 
3 

29 .46 C2H5 
+ 

127 1.07 I+ 

128 .33 HI+ 

142 . 21 CH I+ 
3 
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Table XVI 

Mass Spectrum of Methyl Iodide at Constant Pressure 

m/e Relative Ion Abundance Ion 

12 4.79 c+ 

13 6.48 CH+ 

14 13. 6 CH + 2 
15 100. CH + 

3 
127 10.3 I+ 

128 1.58 HI+ 

139 .90 cI+ 

140 .73 CHI+ 

141 2.37 CH y+ 2 
142 15 .8 CH y+ 

3 
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(a 

(b) 

1 .oev 

NICKEL VALENCE REGION (a) BEFORE AND AFTER (b) ADSORPTION OF 
BIS(TRIFLUOROMETHYL) DISULFIDE 

-figure 17 
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Table XVII 

Bindina Energies of Adsorbed Methyl Sulfides on Nickel 

Adsorbed 

CH3SH 

CH 3SCH3 

CH3SSCH3 

CF3SSCF3 

284.0 

284.2 

284. l 

S 2Pl/2, 3/2 

162.4 

162. l 

163.0 

161.8 
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the foil was heated. The appearance of the peak at 5.0 eV is shown in 

Figure 18. 

The TD study of the adsorption of methyl sulfides was perfonned 

at 25°c with exposures of 60 L. The mass peaks that were observed 

to desorb from the methyl sulfide-nickel system are presented in 

Table XVIII. The temperature range for methyl sulfide desorption 

was 90° to 150°c. A second desorption peak at 830°c was noted for 

the mass peaks at 32, 44, and 64 amu. The mass spectrum of methyl 

sulfide at 1 x lo-4 torr is presented in Table XIX. 

For dimethyl sulfide adsorbed on nickel the desorption results 

were similar to methyl sulfide but secondary desorption peaks were 

not detected for mass peaks at 32 and 64 amu. The mass peaks that were 

observed to desorb from nickel for dimethyl sulfide adsorption process 

are presented in Table XX. The temperature range for dimethyl aulfide 

desorption was 90° to 225°c. The mass spectrum of dimethyl sulfide 

at 1 x lo-5 torr is presented in Table XXI. 

The results of dimethyl disulfide desorption from nickel are 

presented in Table XXII. The TD spectra of dimethyl disulfide were 

characterized by three temperature ranges: 90° to 1S0°c, 375° to 

525°c, and 830°c. The mass peaks and the temperature range at which 

desorption occurred are presented in Table XXIII. The mass spectrum 

of dimethyl disulfide at 1 x 10-5 torr is presented in Table XXIV. 

In the case of bis(trifluoromethyl) disulfide on nickel, there 

was no desorption peak for the parent molecule. The desorption peaks 

observed for bis(trifluoromethyl) disulfide are presented in Table 

XXV. The desorption temperature ranges were similar to dimethyl 
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1 .aeY 

NICKEL VALENCE REGION WITH ADSORBED BIS(TRIFLUOROMETHYL) DISULFIDE 

Figure 118 
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Table XVIII 

Desorption of Methyl Sulfide from Nickel 

m/e Relative Ion Abundance Ion 

+ 
l 44.2 H 

+ 2 100. H2 
+ 15 31. 9 CH3 
+ 29 .02 C2H5 
+ 

30 .09 C2H6 
+ 

32 l.17 s 
+ 33 l.14 HS 
+ 34 l.02 H2S 

35 .06 i-HS+ , H S+ 
3 

44 2.28 cs+ 

47 10. 3 CH S+ 3 
48 8.69 CH3SH+ 

64 .02 s + 
2 

66 .09 . s + 
1- 2 

96 . 01 s + 
3 

i = isotope 
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Table XIX 

Mass Spectrum of Methyl Sulfide at Constant Pressure 

m/e 

12 

13 

14 

15 

16 

32 

33 

34 

35 

36 

44 

45 

46 

47 

48 

49 

50 

i = isotope 

Relative Ion Abundance 

6.48 

8.69 

17.5 

60.6 

20.8 

25.9 

18.8 

22.0 

1.20 

1.15 

24.6 

72 .1 

16.6 

100. 

59.3 

4.80 

2.42 

Ion 

+ CH2 
+ CH3 

CH4+, s2+ 

s+ 
HS+ 

+ H2S 
. + i-HS 
. + i-H2S 

cs+ 
CHS+ 

+ CH2S 

CH S+ 
3 

+ CH3SH 
. + i-CH3S 
. + i-CH3SH 
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Table XX 

Desorption of Dimethyl Sulfide from Nickel 

m/e Relative Ion Abundance Ion 

5.70 H+ 

2 100. H + 
2 

15 9.57 CH + 
3 

29 .40 C2H5 
+ 

32 . 17 s+ 

33 .27 HS+ 

34 . 21 H S+ 2 
35 .05 . + H S+ 1-HS , 3 
44 .32 cs+ 

47 .39 CH S+ 3 
48 .32 CH3SH+ 

62 .32 CH3SCH3 
+ 

64 .02 + 
s2 , ;-cH3SCH 3 + 

96 .02 s + 
3 
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Table XXI 

Mass Spectrum of Dimethyl Sulfide at Constant Pressure 

m/e Relative Ion Abundance Ion 

12 5.61 c+ 

13 9.37 CH+ 

14 28. l CH + 2 
15 70.3 CH + 

3 
27 64.2 + 

C2H3 
28 15. 5 C2H4 

+ 

29 3.04 C2H5 
+ 

32 17.8 s+ 

33 10.0 HS+ 

34 21.0 H S+ 2 
35 76. l H S+ 3 
36 2.04 . H S+ 1- 2 

37 3.40 . s+ l-H3 
44 29.2 cs+ 

45 93.7 CHS+ 
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Table XXI (Cont'd) 

m/e Relative Ion Abundance Ion 

46 83.9 CH2S + 

47 100. CH S+ 3 
48 12.7 CH3SH+ 

49 7.99 i-CH S+ 3 
57 4.62 c2HS + 

58 6.35 + c2H2S 

59 5.80 c2H3S + 

60 2.93 C2H4S + 

61 56.0 CH3SCH2 
+ 

62 98.9 + CH3SCH3 
63 7 .12 i-CH3SCH2+, i-CH3SCH3+ 

64 6.37 i-CH3SCH3+ 

i = isotope 
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Table XXII 

Desorption of Dimethyl Disulfide from Nickel 

m/e Relative Ion Abundance Ion 

2 44.7 H + 
2 

15 48.0 CH + 3 
27 25 .1 C2H3+ 

29 1.10 C2H5 + 

32 24.0 s+ 

33 4.55 HS+ 

34 5.28 H s+ 2 
35 36.5 H s+ 3 
44 19.4 cs+ 

45 82.8 CHS+ 

46 31.0 CH s+ 2 
47 100. CH s+ 3 
48 19.3 CH3SH+ 

49 5.65 i-CH3s+ 
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Table XXII (Cont'd) 

m/e Relative Ion Abundance Ion 

61 19.5 CH3SCH2 + 

62 43.6 CH3SCH3 
+ 

64 3.24 + + s2 , 1-CH3SCH3 
66 .09 . s + 

1- 2 

76 31.3 cs + 2 
78 2.35 i-CS2+, CH2ss 
79 .37 CH3SS+ 

80 .07 i-CH3SS+ 

94 .24 + CH3SSCH3 
96 .07 i-CH3SSCH3+, s + 

3 

i = isotope 
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Table XXIII 

Desorption Temperatures of Dimethyl Disulfide from Nickel 

m/e 90° to 150°c 375° to 525°C 830°C 

96 I 

94 I 

80 I I 

79 I I 

78 I I I 

76 I I I 

66 I I 

64 I I 

62 I 

61 I 

49 I I 

48 I I 

47 I I 

46 I I 

45 I I 
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Table XXIII (Cont'd) 

m/e go<? to 15o0 c 375° to 525°C 

44 

35 

34 

33 

32 

29 

27 

15 

2 

./ = desorption peak 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

830°c-

./ 
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Table XXIV 

Mass Spectrum of Dimethyl Disulfide at Constant Pressure 

m/e Relative Ion Abundance Ion 

12 5.79 c+ 

13 5.91 CH+ 

14 17. 7 CH + 2 
15 59.7 CH + 3 
26 l.06 + 

C2H2 
27 3.81 + 

C2H3 
28 6.50 C2H4 

+ 

29 l.92 C2H5 
+ 

32 24.8 s+ 

33 "9. 52 HS+ 

34 14~7 H S+ 2 
35 2.78 H S+ 

3 
36 l.06 . + 1-H2S 

44 38.6 cs+ 

45 95.6 CHS+ 
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Table XXIV (Cont'd) 

m/e Relative Ion Abundance Ion 

+ 46 47.6 CH2S 

47 48.6 + CH3S 
+ 48 26.5 CH3SH 
+ 49 6.49 i-CH3S 
+ 50 1.45 i-CH3SH 

+ 56 .84 c2s 
57 1.15 + c2HS 

+ 58 1.27 c2H2S 
+ 59 1.65 C2H3S 
+ 60 1.54 C2H4S 
+ 61 20.3 C2H5S 

62 3.51 + c2H6S 
+ 63 1.62 i-C2H5S 

+ 64 13.6 s2 
+ 65 .97 i-S2 
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Table XXIV (Cont'd) 

m/e Relative Ion Abundance Ion 

66 1.64 . s + 
1- 2 

76 52. l cs + 2 
77 2.75 CHSS+ 

78 10.3 + CH2SS , i-CS2+ 

79 65.3 CH3ss+ 

80 3.23 i-CH ss+ 3 
81 6.10 i-CH3ss+ 

94 100. + CH3SSCH3 
95 4.22 i-CH3SSCH3+ 

96 9 .14 i-CH3SSCH3+ 

i = isotope 
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Table XXV 

Desorption of Bis(trifluoromethyl) Disulfide from Nickel 

m/e Relative Ion Abundance Ion 

2 70.3 H + 
2 

20 38.2 HF+ 

31 30.4 CF+ 

32 36 .1 s+ -

34 3.64 . s+ ,_ 
50 10. 9 CF + 2 
51 2.68 SF+ 

60 12.9 sco+ 

63 41.9 CFS+ 

64 2.04 s + 
2 

65 1.62 i-CSF+ i-S + , 2 
66 1.63 + + s2H2 , i-52 
69 2 .10 CF + 3 
76 59. 1 cs + 2 
77 2.30 i-cs/ 
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Table XXV (Cont'd) 

m/e Relative Ion Abundance Ion 

78 3.68 i-CS2 + 

81 4.30 

82 100. CF S + 2 
84 6.83 i-CF2S+ 

90 .04 

96 .09 s + 
3 

97 .12 

99 .06 . s + 
1- 3 

100 .03 

116 .32 

i = isotope 33s, 34s, or 13c 
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disulfide with 90° to 150° C, 340° to 425°c, and 775° to 830°c being 

observed. The mass number and the temperature range at which 

desorption occurred are presented in Table XXVI. The mass spectrum 

of bis(trifluoromethyl) disulfide) at l x 10-5 torr is presented 

in Table XXVII. 

FC-43 on Gold 

The gold-plated nickel was a porous metal film and required 

repetitive temperature cycling in vacuum to desorb water and adsorbed 

gases. The initial heating cycle had to be carried out slowly 

so that the escaping water would not blister the gold surface. The 

temperature of the foil was not monitored due to inconclusive results 

from voltage drop measurements, however, the foil was not heated 

above the dull red temperature of nickel. If a higher temperature 

were initiated the gold would vaporize from the nickel surface. 

The TD study of the adsorption of FC-43 on gold-plated nickel 

was performed at 2s0 c with exposure of 32 L. The mass peaks that 

were observed to desorb from the FC-43-gold system are presented in 

Table XXVIII. The mass peak at 114 amu resulted in a second desorp-

tion peak at a higher temperature. All other peaks exhibited only 

one desorption temperature. The mass spectrum of FC-43 at 4 x lo-5 

torr is presented in Table XXIX. 
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Table XXVI 

Desorption Temperatures of Bis(trifluoromethyl) Disulfide from Nickel 

m/e 90° to 150°C 340° to 425°C 775° to 830°C 

2 ./ 

20 ./ 

31 ./ ./ 

32 ./ ./ 

34 ./ 

50 ./ ./ 

51 ./ 

60 ./ 

63 ./ ./ 

64 ./ ./ 

65 ./ ./ 

66 ./ 

69 ./ 

76 ./ ./ 

77 ./ ./ ./ 
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Table XXVI (Cont'd) 

m/e 90° to 150°C 340° to 425°C 

78 

81 

82 

84 

90 

96 

97 

99 

l 00 

116 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ = desorption peak 

./ 

./ 

775° to 830°C 

./ 

./ 
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Table XXVII 

Mass Spectrum of Bis(trifluoromethyl) Disulfide 
at Constant Pressure 

m/e Relative Ion Abundance Ion 

12 4.99 c+ 

20 3.25 HF+ 

31 28.7 CF+ 

32 34.0 s+ 

34 1.62 . s+ ,_ 
44 15. 9 cs+ 

50 14.5 CF + 2 
51 5 .15 SF+ 

60 1.61 cos+ 

63 21.5 CFS+ 

64 42.5 s + 
2 

65 2.26 i-CFS+ , . s + ,_ 2 

66 4. 71 . s + 
1- 2 

69 100. CF + 3 
76 13. l cs + 2 
78 1.29 i-CS2+ 



Table XXVII (Cont'd) 

m/e Relative Ion Abundance Ion 

82 11.0 CF S+ 2 
83 1.18 S F+ 2 
84 .65 i-CF2s+ 

85 .88 . S F+ 1- 2 

95 3.73 CFS+ 2 
97 .38 i-CFS2+ 

101 2.61 CF s+ 3 
l 03 . 13 i-CF 3s+ 

114 7.46 CF2s2 
+ 

116 .70 i-CF2s2+ 

133 3.63 CF3s2 
+ 

135 .32 i-CF3s2+ 

183 1.65 CF3SSCF2 
+ 

185 . 19 i-CF3SSCF2+ 

202 4. 31 CF 3SSCF3 
+ 

204 .43 i-CF3SSCF3+ 

i = isotope 33s, 34s, or 13c 
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Table XXVIII 

Desorption of FC-43 from Goldplated Nickel 

m/e Relative Ion Abundance Ion 

69 100. CF + 3 
114 2.84 Cl4N 

+ 

119 6.91 Cls 
+ 

131 11.2 els 
+ 

164 .74 Cl6N 
+ 

169 .90 Cl7 
+ 

226 .10 C5F8N + 

231 .15 C5F9 
+ 

264 2.20 c5F10N + 
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Table XXIX 

Mass Spectrum of FC-43 at Constant Pressure 

m/e Relative Ion Abundance Ion 

20 3.03 HF+ 

31 9.48 CF+ 

43 2.74 

44 2 .11 

50 3.89 CF + 2 
51 1.14 

69 100. CF+ 3 
100 7.09 C2F4 

+ 

114 3.39 c2F4N + 

119 3.83 C2F5 
+ 

131 1a.2 C/5 
+ 

145 .34 

150 .48 C/6 
+ 

164 .30 c3F6N + 

169 .75 C/7 
+ 
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Table XXIX (Cont'd) 

m/e Relative Ion Abundance Ion 

176 .36 c4F6N + 

181 .36 C4F7 
+ 

214 .50 c4F8N + 

219 7.26 C4F9 
+ 

226 . 14 c5F8N + 

231 .11 C5F9 
+ 

264 2.03 C5FlON + 



CHAPTER V 

DISCUSSION 

METHYL HALIDES 

The XPS study of the adsorption of methyl fluoride and methyl 

chloride resulted in two different halogen photopeaks. The fluorine 

ls1 12 binding energies-were 688.4 and 684.8 eV. The low binding 

energy value of 684.8 for fluorine is indicative of the f- species {56). 

The high binding energy value of 688.4 eV is indicative of a more 

positive fluorine species possibly a CH F {n = 0-3) or an adsorbed 
n 

atomic fluorine species. The binding energy values for the chlorine 

2µ 312 level provide additional information about assigning a chemical 

species to the high binding energy peak. The chlorine 2p312 binding 

energies were 200.9 and 198.9 eV. The chlorine 2p 112, 312 doub~et 

is split by 1.7 eV due to spin-orbit coupling and has a 1:2 intensity 

ratio. The Cl 2p spectrum shown in Figure 19 was observed after 104 L 

of methyl chloride was adsorbed on nickel at 2s0c. The two unresolved 

Cl 2p112 , 312 doublets were observed. Similar spectra were observed 

for chlorine by Kishi and Ikeda who reacted chlorine with nickel {31). 

The lower binding energy value {31), 198.3 eV corresponds to that for 

chloride {Cl-) ion in nickel chloride with binding energy equal to 

198.5 eV {31). The higher binding energy peak at 199.7 eV {31) was in 

100 
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agreement with a neutral chlorine species (molecular or atomic chlorine 

adsorbed on the surface). However, the high binding energy peak noted 

for methyl chloride adsorption could correspond to either atomic 

chlorine or adsorbed CHnCl (n = 0-3). To examine whether or not the 

atomic (chlorine) or fluorine halogen or the CHnX ( X = F, Cl) 

adsorbed species was predominately a surface species compared to the 

x- species, an angular dependence experiment was carried out. 

The theory of angular dependence for photoejected electrons for 

XPS has been discussed by Fadley (55,58-60). The assumptions for 

the theory of angular dependence were: a.) surface is atomically 

smooth,.. b.) amorphous -or· po lycrys ta l1 i ne di ffractfon channe 1 i ng effects 

are neglected, c.) x-ray flux is uniform, d.) refraction and reflec-

tion of plane-wave x-rays at the surface are described in terms of 

classical electromagnetic theory, e.) both x-rays and electrons are 

attenuated exponentially along path length within sample, f .) electron 

attenuatfon-·length (escape ·-depth) is a function of.kinetic energy and 

the electron attenuation length is independent of both depth of origin 

and angle of escape, g.) electron refraction and reflection effects 

in crossing the surface are neglected, h.) effects of elastic 

electron scattering on angular distribution are negligible, and i). 

acceptance of electrons by the spectrometer is described by a constant 

solid angle acting over an area of the specimen defined by the projection 

of the effective aperture (primary electron lens) active area. Fadley 

derived equation (14) to describe the number of photoejected electrons, 

Nt(e) from a thin film of thickness, t, reaching the detector at a 

take off angle of 0. 
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(14) 

The kinetic energy dependent electron attenuated path length, Ae(E) 

(escape depth of the electron), the film thickness, t, and the take 

off angle, 0, are shown in Figure 20 to depict more clearly the 

important parameters in an angular dependence study. The result 

of Fadley's theory was that for a thin (less than the electron escape 

depth of interest) film on a substrate the photo level intensities 

would increase at lower take off angles and that the photo level 

intensity of the substrate would decrease at low take off angles. 

This phenomena was demonstrated experimentally (61) by studying 

the cesium-molybdenum system. A monolayer of cesium was vapor 

deposited on a molybdenum surface. The cesium 3d512 photo level 

intensity was a function of 1 - exp(-. 187/sine) and increased as the 

take off angle was decreased. The molybdenum 3d512 photo level 

was described by exp(-.187/sine) and decreased in intensity as the take 

off angle was decreased. Since the angular dependence method can 

be used to determine which material is predominately a surface specie, 

the angular dependence study for methyl fluoride on nickel was 

carried out. 

The results of the study are shown in Figure 16. The fluorine 

ls peak higher binding energy, 688.4 eV, increases in intensity with 

decreasing take off angle while the lower binding energy peak at 

684.8 eV decreases. The lower binding energy peak corresponds to the 

reported binding energy for fluoride (F-) in nickel fluoride (56). 

The fluorine ls peak at higher binding energy was the predominant 

surface species and could be representative of CH F (n = 0-3) or n 
atomic F. 
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The bromine 3d level was not measured in this study due to inter-

ference from the nickel 3p level. The bromine 3p112 , 312 levels 

were not detected in the adsorption experiments, however, the lower 

cross section for the bromine 3p 112 , 312 levels and the fact that 

only monolayer coverage of brominated species were present on the 

surf ace could explain why bromine photo levels were not detected 

in the adsorption experiments. The iodine 4f712 level showed no 

doublet and the binding energy value, 619.7 eV, is indicative of iodide 

(I-) species (49). 

Two carbon photopeaks were always observed for the adsorption of 

methyl halides and the binding energy remained relatively constant at 

290.5 and 284.3 eV for all methyl halides, Figure 21. This result 

suggests that the carbon species formed by the different methyl 

halides were similar. The lower binding energy value of 284.3 eV 

suggests a methyl type of adsorbed specie. Gas phase binding energies 

for carbon ls level in CH 3F, CH 3Cl, and CH 3Br have been measured to 

be 293.6, 292.4, and 291.8 eV, respectively (62). If the methyl 

halides were associatively adsorbed on nickel, it is reasonable to 

expect that carbon ls level for CH3F and CH 3Br would differ by 1.8 

eV. The measured difference was only 0.2 eV which along with the 

measured halide binding energy supports a dissociative adsorption 

process for methyl halides on nickel. Similarly, the higher binding 

energy values for carbon could correspond to an adsorbed CH2 or CHnX 

(n = 0-3) species. The hydrogen extraction from chemisorbed hydrocar-

bon radicals CH3 to form CH2 type species has been reported (63) and 

would represent a carbon in a more electro-positive state compared 
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to a chemisorbed methyl radical. However, the trend in the high 

carbon ls binding energies was that the methyl fluoride value of 290.9 

eV was the maximum and the methyl iodide value of 290.3 eV was the 

minimum. If the halogen-carbon bond did not rupture upon adsorption, 

then the trend observed in the 290 eV carbon ls level might be 

described as CHnX (n = 0-3) species. Assignment of the higher binding 

energy values to CH2 or CHnX (n = 0-3) is not appropriate at this 

time. 

The XPS study of the ion implantation of methyl halides into 

nickel was carried out to determine if similar binding energies 

would be observed compared to the adsorption system. The results 

of the ion implantation studies (Table IV) were that only one carbon 

ls level was observed. The carbon ls binding energy of 283.5 eV 

corresponds closely with the carbon ls level at 283.8 eV in graphite 

(50). The halogen values corresponded to bulk nickel halides (31,49, 

56). From the mass spectra of methyl halides, it is known that the 

predominant ions are CH x+ (n = 0-3) (57). Thus, the ion implantation n 
results of. methyl halides into nickel reveals that a different 

process compared to adsorption has occurred. A possible process 

for the methyl halide ion implantation reaction is that hydrogen 

stripping occurs leaving elemental carbon in the nickel lattice. 

For the halogen it is reasoned that some halogen-containing species, 
+ e.g., CH X (n = 0-3) reacts with the nickel to form nickel halide •. n 

A summary of the reactions is presented below: 

CH x+ + Ni ~ NiX + c( h't ) + Ht n grap l e 
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The XPS results for the adsorption of methyl halides on nickel 

indicated a dissociative adsorption process with two types of co-

existing carbon surface species. The methyl fluoride and methyl chlor-

ide results showed two co-existing halogen surface species with one 

species being assigned to the halide in nickel halide. The TD 

objectives were then to determine the type of adsorption process 

and what, if any, were the reaction trends of the methyl halide series. 

The TD of the adsorption of methyl fluoride was determined to 

be dissociative. The relative ion abundance for the TD mass peaks 

were calculated from the peak height of the TD spectra, Figure 22. 

The assumption that peak height instead of peak area would be used in 

the calculation of relative ion abundances was made because the peak 

shapes were similar (Lorenzien shape} and each peak had approximately 

equal peak width at half maximum. The fragment ion to molecular ion 

(CH3F+ 34 amu) ratio was calculated for the relative ion abundances 

measured at constant pressure and for TD experiments, Table XXX. 

Since an increase in the TD ion ratio is indicative of the increase 

in fragment ion type species on the surface compared to the molecular 

ion specie, it is then possible to determine the predominant adsorption 

process (associative or dissociative). The TD ion ratios for F+/CH F+ 3 
+ + and CH 3 /CH3F were greater than the constant pressure ratio. The 

TD F+/CH3F+ ratio was two orders of magnitude greater than the constant 

pressure ratio. This result indicates that fluorine was present on 

the surface as a different specie other than as the associative specie of 
+ + CH 3F. The TD CH 3 /CH3F ratio was four times greater then the constant 
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Table XXX 

Fragment Ion to Molecular Ion Ratio for Methyl Fluoride 

Constant Pressure Thermal Desorption 

l.05 4.28 

.03 3.20 

l.00 l.00 

Ion 

CH + 
3 
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+ + 
pr~ssure ratio. The increase in the TD CH 3 /CH 3F ion ratio is 

evidence for the methyl ion, CH?+, probably existing as a methyl 
,J 

radical adsorbed on the nickel 9.Jrface. The fact that a parent 

molecular ion, CH 3F+, was observed can be interpreted either of two 

ways: 1.) the dissociative adsorption of methyl fluoride was the 

predominant process with some methyl fluoride being adsorbed associa-

tively or 2.) the dissociative adsorption was the only process 

occurring and the formation of CH 3F+ was due to the recombination of 

the methyl radical with fluorine on the surface during desorption. 

The second explanation·can·be discarded because the-results of the 

carbon-halogen isotope labeling experiments (17) showed that no 

isotopic mixing occurred when methyl halide was adsorbed on nickel. 

Further examination of the TD mass peaks (Table V) showed that 

nickel fluoride (detection of NiF+ and NiF2+ ions) was produced on 

the surface. This result correlates with the XPS study where fluoride 

ion (F-) was detected on the surface. The desorption of c2H5+ 29 amu 

indicates that recombination of the carbon residues (CH3-Ni and CH2=Ni) 
+ + on the surface had occurred (63). The HF and F2 mass peaks ~ere 

not detected in the TD experiments. 

Adsorption of methyl chloride on nickel yielded TD results similar 

to those of methyl fluoride. The adsorption of methyl chloride on 

nickel was determined to be predominantly dissociative with some minor 

associative process occurring. Table XXXI shows that a comparison 

of the fragment ion to molecular ion (CH3Cl+) ratio for methyl chloride 

at constant pressure and at TD supports the dissociative adsorption 
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Table XXXI 

Fragment Ion to Molecular Ion Ratio for Methyl Chloride 

m/e Constant Pressure Thermal Desorption Ion 

Nickel Surface 

15 2.62 65.5 CH + 
3 

35 . 14 2. 17 Cl+ 

50 l.00 l.00 CHll+ 

Nickel Chloride Surface 

15 244. CH + 
3 

50 l.00 CHll+ 
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process. The Cl+/CH3Cl+ ratio for TD was one order of magnitude greater 

than the constant pressure ratio indicating that chlorine was not 

present predominantly as an associatively adsorbed specie. The 
+ + CH 3 /CH 3Cl ratio for TD was more than one order of magnitude greater 

than the constant pressure ratio which implies that a dissociative 

process for methyl chloride was more complete than in the methyl 

fluoride case. 

The TD fragment ion to molecular ion ratio results for the 

adsorption of methyl chloride on nickel chloride are also presented in 
+ + Table XXXI. The CH 3 /CH3X ratio was two orders of magnitude 9reater 

than the constant pressure ratio. The nickel chloride surf ace appears 

to facilitate the rupture of the carbon-chlorine bond upon adsorption. 

Examination of Table VII shows that nickel chloride (128 amu) 

for the methyl chloride-nickel system was observed to desorb from 

the surface and supports XPS results which assigned the lower binding 

energy peak to chloride in nickel chloride. The detection of c2H5+ 

ion (29 amu) supports the methyl residue recombination supposition 

presented in the methyl fluoride discussion. In the TD measurement 
+ + no HCl or Cl 2 TD mass peaks were detected. 

The adsorption of methyl bromide on nickel was determined by TD 

measurements to be a dissociative process. The fragment ion to 

molecular ion, CH 3Br+ 94 amu, ratios for methyl bromide at constant 

pressure and for TD are presented in Table XXXII. 

ratio for TO was only three times greater than the constant pressure 

ratio indicating that the methyl radical surface concentration was 

smaller than that for methyl fluoride or methyl chloride. However, the 
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Table XXXII 

Fragment Ion to Molecular Ion Ratio for Methyl Bromide 

m/e Constant Pressure Thennal Desorption Ion 

Nickel Surface 

15 9.01 27.5 CH + 
3 

79 .30 12. 5 Br+ 

80 .09 . 38 HBr+ 

94 l.00 l.00 CH 3Br + 

Nickel Bromide Surf ace 

15 16.0 CH + 3 
94 1.00 CH 3Br + 
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Br+/CH3Br+ ratio for TD was two orders of magnitude greater than the 

constant pressure ratio indicating that bromine was not present pre-
+ + dominantly as an associatively adsorbed specie. The HBr /CH3Br 

ratio for TD was four times the ratio at constant pressure indicating 

that a hydrogen bromide adsorbed specie may be present in the methyl 

bominde-nickel system. The appearance of HBr+ ion in TD measurements 

may infer that hydrogen abstraction of the methyl adsorbed specie occurs 

resulting in lower CH3+/CH3Br+ ratio for TD. The abstracted hydrogen 

could recombine with the bromine on the surface to form an adsorbed 

hydrogen bromide specie. 
+ Further examination of Table XI shows that c2H5 (29 amu) was 

detected and supports the methyl residue recombination supposition pro-

posed in the methyl fluoride discussion. It was noted that neither 
+ 

nickel bromide ions nor molecular bromine, Br2 , ions were detected. 

The TD fragment ion to molecular ion ratios for methyl bromide 

desorbed from a nickel bromide surface as presented in Table XXXII. 
+ The nickel bromide surf ace reduces the amount of CH3 detected 

indicating that a different mechanism of dissociative adsorption may 
. 

occur with the adsorption of methyl bromide compared to adsorption of 

methyl chloride. The difference in the mechanism between methyl 

chloride and methyl bromide will be discussed later in the summary 

paragraph of TD measurements for methyl halides. 

The TO study of the adsorption of methyl iodide on nickel was 

determined to be a dissociative adsorption process. The fragment ion 

to molecular ion, CH 31+ 142 amu, ratios for TD and constant pressure 
+ + measurements are presented in Table XXXIII. The CH3 /CH3I ratio for 
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Table XXXII I 

Fragment Ion to Molecular Ion Ratio for Methyl Iodide 

m/e Constant Pressure Thermal Desorption Ion 

15 6.33 123. + CH3 .. 

127 .65 5. l 0 I+ 

128 .10 l.57 HI+ 

142 l.00 l.00 CH I+ 3 
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TD is almost two orders of magnitude greater than the constant pressure 

ratio indicating that the dominant adsorption process was of the 

dissociative type. The I+/CH3I+ ratio for TD measurements was one 

order of magnitude greater than the constant pressure ratio which 

also supports a dissociative adsorption for methyl iodide on nickel. 

The HI+/CH 3I+ ratio for TD measurements was one order of magnitude 

greater than the constant pressure ratio. The difference between 

fragment ion to molecular ion ratios for TD and constant pressure 
+ + + + + + measurements of CH 3 /CH 3I , I /CH31 , and HI /CH31 for methyl iodide 

were 120, 4.4, and 1.5. The increase of HI+ ion-(1.5) suggests that 

HI+ ion was an adsorbed specie. Thus, the appearance of the HI+ 

ion in TD measurements implies that the hydrogen recombination with 

iodine on the surf ace has occurred and that the methyl iodide and 

methyl bromide adsorption produces HX adsorbed species. Examination 

of Table XV shows that the c2H5+ ion (29 amu) was detected and supports 

the methyl residue recombination supposition. It was noted that 

neither nickel iodide, Nil+, NiI 2+, nor iodine, 12+, ions were detected 

by TO measurements which is similar to the methyl bromide-nickel 

system. 

The TO measurements for the methyl halides on nickel showed that 
+ + . H or H2 1ons were the most intense mass peaks observed indicating 

that hydrogen adstraction from the methyl adsorbed species happen 

quite readily. The mass peaks for water 18 amu and carbon monoxide 

28 amu were monitored for all the methyl halide TD measurements and 

were not observed to desorb from the surf ace, indicating that the 

nickel reaction surface remained relatively free from impurity gas 

adsorption. 
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The TD measurements for methyl halides on nickel revealed that 

the predominant adsorption process was the dissociative type and that 

methyl fluoride and methyl chloride adsorption processes did not 

desorb HX+ ions but did desorb NiX2+ ions. The methyl bromide and 

methyl iodide adsorption system did desorb HX+ ions but did not 

desorb NiXn+ ions suggesting that the reaction mechanisms for methyl 

fluoride or methyl chloride were slightly different from the methyl 

bromide and methyl iodide. After the rupture of the carbon-halogen 

bond upon adsorption for methyl fluoride and methyl chloride, the 

halogen specie reacts with the nickel to form nickel halide. In the 

case of methyl bromide and methyl iodide adsorption, rupture of the 

carbon-halogen bond occurs upon adsorption. However, the halogen 

species (Br, I) does not react with the nickel to form nickel halide 

but remains on the surface and reacts with adsorbed hydrogen to 

form adsorbed hydrogen halide. 

A possible mechanism for the adsorption of methyl halides on 

nickel is presented in Figure 23. The dissociative adsorption of 

methyl halide is the first step. This is suggested by the constant 

value of 284.3 eV for the carbon ls level and the CH3•tcH3x+ ratio 

comparisons between TD and constant pressure relative ion abundances 

of methyl halides. Next, the halogen that has been adsorbed may 

react with the nickel to form nickel halide. This step is supported 

by the halogen binding energies corresponding to bulk nickel halide 

values (31,49,56). The detection of nickel fluoride and nickel 

chloride ions in the TD measurements support this step also. However, 

for methyl bromide and methyl iodide an adsorbed HX species may form 
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since neither the nickel bromide nor nickel iodide (Nix2+) was 

detected by TD. The HX+ ions were detected in TD measurements and 

methyl iodide and the binding energy for iodine is indicative of 

an iodide species (49). The atomic and extra-atomic relaxation effects 

could lower the iodine binding energy and explain why the iodine 

binding energy is similar to iodide I-. However, there. are no 

reported binding energies of molecular or atomic iodine adsorbed 

on metals. Thus, it is postulated that bromine and iodine species are 

either adsorbed hydrogen halide species or adsorbed halide species 

x-. In the next step, the adsorbed methyl radical could undergo 

hydrogen abstraction to form a CH 2·type carbon. Alternately, methyl 

halide may adsorb with the rupture of a carbon-hydrogen bond to form 

a CH X (n = 0-2) species. The carbon species with a high binding n 

energy value of 290 eV could be either CHnX or CH2 species. The 

intense mass peaks observed for H+ and H2+ ions in the TD measurements 

could support either supposition. Further adsorption of methyl halide 

is the next step. The methyl halide adsorbs dissociatively on the 

nickel halide surface to form atomic halogen and the methyl radical. 

The atomic halogen species is supported by the h1gh binding energy 

values for fluorine (688.4 eV) and chlorine (200.9 eV} photo levels. 

It has already been proposed that neutral adsorbed chlorine can exist 

on a nickel chloride surface (31). The final step is the removal 

of methyl radical by reaction with adsorbed hydrogen (63). 

In conclusion, the adsorption of methyl halides on clean nickel 

at 2s0c is predominantly a dissociative process with rupture of the 

carbon-halogen bond upon adsorption to form various adsorbed species. 
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The XPS results show that two carbon and halogen species are formed. 

The possible structures for carbon are a CH2-type or CHnX {n = 0-2) 

and a CH3-type adsorbed specie. The halogen species appear to be 

neutral and ionic species. The TD results support the dissociative 

adsorption process for methyl halides on nickel. The adsorption 

of methyl fluoride and methyl chloride on nickel studied by TD 

resulted in the corresponding nickel halide being detected. The 

adsorption of methyl bromide and methyl iodide on nickel studied by TD 

resulted in the corresponding hydrogen halide, HX, being detected. 

The XPS results of the ion implantation of the methyl halides 

resulted in only one-type of carbon that is similar to graphite. 

Nickel halide was also formed upon ion implantation. 

Methyl Sulfides 

The XPS study of the adsorption of methyl sulfides was carried 

out at a take off angle of =15°. At this angle the spectrometer 

was measuring photoelectrons produced mainly in the first three 

monolayers of the specimen. This was approximated using equation {15) 

to calculate the average escape depth, A, of a photoelectron (55): 

(15) 

where Ae is the electron attenuation length and e is the take off 

angle. The Ae for gold 4f 512 , 712 photo level excited by aluminum 
G 

Ka radiation is =26 A (64). Therefore, at a take off angle of 10° 

to 200 the average escape depth for a gold 4f electron is only 4 to 9 
0 
A. The Ae for nickel 3d312 , 512 photo level excited by aluminum 
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K0 radiation is slightly greater than the gold 4f512 , 712 photo level 

due to the increase in kinetic energy of the nickel photo ejected 

electrons. The methyl sulfide binding energies were measured at 

e = 15° and represent the top most layers of the nickel foil and 

adsorbed materials. 

The XPS results of the adsorption of methyl sulfide and dimethyl 

sulfide on nickel are similar (Table XVII). Only one photopeak for 

carbon and sulfur was observed for methyl sulfide and dimethyl s~lfide 

on nickel. The carbon ls binding energies for methyl sulfide and 

dimethyl sulfide were 284.0 and 284.2 eV respectively. The peak 

width at half maximum was 1.8 eV for carbon. The sulfur 2p 112 , 312 
level binding energies for methyl sulfide and dimethyl sulfide were 

162.4 and 162. 1 eV respectively. The peak width at half maximum was 

2.3 eV for sulfur. The larger peak width at half maximum for sulfur 

was due to the unresolved sulfur 2p 112 , 312 doublet. The carbon ls 

binding energy, 284 eV, is indicative of a methyl radical adsorbed 

on the nickel surf ace or a methyl bound to the sulfur adsorbed to 

the nickel surf ace. The sulfur 2p binding energy for methyl sulfide 

and dimethyl sulfide, 162 eV, is near the range for sulfide (S-) 

binding energies of 162.6 to 163.4 eV (28.65). To examine 

whether or not the methyl sulfide and dimethyl sulfide were present 

as dissociative or associative species on nickel, the results of the 

TD measurements were examined. 

The TD study of the adsorption of methyl sulfide on nickel was 

predominantly an associative adsorption process. The TD results 

for methyl sulfide in Table XVIII and the XPS results fn Table XVII 
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are in conflict with Buckley (23). After the adsorption of methyl 
0 sulfide on iron at 25 C, Buckley reported that no carbon Auger peak 

was detected. A sulfur Auger peak was detected. Thus, Buckley 

ooncluded that the methyl sulfide was dissociatively adsorbed on iron 

with sulfur remaining on the surf ace. The fragment ion to molecular 

ion, CH 3SH+ 48 amu, ratios for methyl sulfide at constant pressure 

and TO conditions are presented in Table XXIV. The CH 3S+/CH3SH+ 

ratio for the constant pressure and the TD measurements agree within 

experimental error indicating that the methyl sulfide was associatively 

adsorbed to nickel. However, the CH3+/CH3SH+ ratio for the TD measure-

ment was three times higher than the constant pressure ratio 

indicating that methyl radicals were adsorbed on the surface. Further 

support for a minor dissociative adsorption process occurring with the 

associative adsorption process was the detection of the desorption 
+ . s + mass peaks at 64, 66, and 96 amu which were interpreted as s2 , 1- 2 

plus HzS2+, and s3+ ions. The final support for the occurrence of 

some dissociative adsorption of methyl sulfide was the detection of 

s+, 32 amu, cs+, 44 amu, and s2+ 64 amu. These ions were desorbed at 

a second temperature of 830°c compared to the lower temperature range 

of 90° to 1S0°C for all the other TD peaks. The nickel sulfide (NiS+ 

90 amu) was not detected by TD. 

The TD study of the adsorption of methyl sulfide at 1, 10, and 

60 L exposures at 2s0c on nickel was carried out. T~e following 
+ + + + masses were monitored: CH3 15 amu, H2S 34 amu, CH 3SH 48 amu, and s2 

64 amu. The results of the TD spectra showed the CH 3+ ion as the 

base peak. After 1 L of methyl sulfide, the H2s+ ion was not detected. 
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Table XXXIV 

Fragment Ion to Molecular Ion Ratio for Methyl Sulfide 

m/e Constant Pressure Thermal Desorption Ion 

15 1.02 3.67 CH + 
3 

32 .44 . 14 s+ 

33 .32 . 13 HS+ 

34 .37 . 12 + . s+ H2S , 1-

35 .02 .01 i-HS+, H S+ 
3 

44 .42 .26 cs+ 

47 1.69 1.18 CH S+ 3 
48 l.00 1.00 CH S+ 4 

i = isotope 
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After 10 or 60 l of methyl sulfide, the relative ion abundance for 

H2s+ ion was =3.5. The s2+ ion was not observed for the 1 and 10 L 

exposures. After 60 l of methyl sulfide, the relative ion abundance 

for s2+ was .88. The relative ion abundance for the CH3SH+ ion at 

l or 10 L exposures was =12. After 60 L of methyl sulfide the 

relative ion abundance for the CH 3sH+ ion was 27.2. Thus, the initial 

adsorption process for methyl sulfide was dissociative but at higher 

exposures of methyl sulfide the adsorption process became associative. 
+ Also, the higher exposures were needed to form s2 ion, which implies 

that sufficient surface concentrations must be attained before s2+ 

ion can be observed. 

Fror.1 the XPS and the TD results it is suggested that methyl 

sulfide was predominately associatively adsorbed to the nickel surface. 

The methyl sulfide is suggested to have a chemisorption bond between 

the sulfur and the nickel surface. A sulTl'llary of the probable 

adsorption process is shown below: 

CH3SH + Ni + CH 3 H 

. "/ s 
I 

-Ni-Ni-Ni 

~H3 
s 

+ H 

I 
Ni Ni 
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Ni + 1H3 + 1H3 ~ S - S + 2 CH3 

s s 
I I 
Ni Ni Ni Ni 

The TD study of the adsorption of dimethyl sulfide on nickel 

showed that both associative and dissociative adsorption occur. 

The fragment ion to molecular ion, CH3SCH3+ 62 amu, ratios for the 

constant pressure and the TD measurements are presented in Table XXXV. 

Clearly, the dissociative adsorption process occurred because the 
+ + + + + +. CH 3 /CH3SCH3 , C2H5 /CH3SCH3 , and CH 3SH /CH3SCH3 rat1os for the 

TD measurements were one or more orders nf magnitude greater than the 
. + + + + constant pressure rat1os. The CH3 /CH3SCH3 and C2H5 /CH3SCH 3 ratios 

indicate that methyl radical concentration on the surface was high. 

The c2H5+ ion is probably produced by the recombrtnation of methyl 

residues (CH3-Ni and CH2=Ni) on the surface (63). The CH 3sH+/cH3SCH 3+ 

indicates that rupture of the carbon-sulfur bond had occurred upon 
+ adsorption. However, the increase of the CH 3SH ion intensity in the 

TD measurements should increase the CH 3S+ ion intensity because of the 

fragmentation process of methyl sulfide at the 70 eV electron impact 

energy. If the dimethyl sulfide and methyl sulfide are both fonned in 

the TO process, then the TO mass spectra should be the sum of the 

dimethyl sulfide and methyl sulfide. The CH3s+ 47 amu peak should 

be the sum of both dimethyl sulfide and methyl sulfide components. 

The measured increase of the TD CH 3s+ ion was .21 and the calculated 

increase was 1.36. Thus, it may be that the methyl sulfide species 

formed by the TO process was not structurally the same as methyl 
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Table XXXV 

Fragment Ion to Molecular Ion Ratio for Dimethyl Sulfide 

m/e Constant Pressure Thermal Desorption Ion 

15 .71 29.9 CH3 
29 . 031 1.25 C2H5 

+ 

32 . 18 .53 s+ 

33 . l 0 .84 HS+ 

34 .21 .66 + . s+ H2S , 1-

35 . 77 . 16 + H3S , i-HS+ 

44 .30 1.00 cs+ 

47 1.01 1.22 CH S+ 3 
48 . 13 1.00 CH3SH+ 

62 1.00 1.00 CH 3SCH3 
+ 

64 .06 .06 i-CH3SCH3+ 

i = isotope 33s, 34s, or 13c 



128 

sulfide in the gas phase. Table XXXIV shows a CH3S+/CH3SH+ 

ratio at TD conditions of + + 1. 18 compared to 1.22 for the CH3S /CH 3SH 

ratio for the TD measurements of dimethyl sulfide. The CH3S surface 

species recombines with adsorbed hydrogen (H-Ni) for form a surface 

specie CH3SH similar to the methyl sulfide-nickel system. Since 

dimethyl sulfide was detected in the TD measurements, then the 

associative adsorption process for dimethyl sulfide does occur on 

nickel. The s3+ ion (96 amu) was produced at the nickel surface by 

TD measurements. A su111T1ary of the dimethyl sulfide adsorption process 

is suggested for both associative and disssociative adsorption processes: 

1H3 
Ni 

TH3 H 

s + ~ 

I 
Ni Ni 

CH 3 I 
s 
I 
Ni 

CH 2 I 
Ni 

CH 3SH 

Ni 

+ 

+ 

Ni 

H 
I 
Ni 
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+ 

The XPS study of the adsorption of dimethyl disulfide and bis(tri-

fluoromethyl) disulfide at 2s0c on nickel showed that substituents 

have a dramatic effect on the adsorption process. The carbon ls 

binding energy value for dimethyl disulfide adsorbed on nickel was 

284.1 eV and is in agreement with methyl sulfide and dimethyl sulfide 

carbon ls binding energies of 284.0 and 284.2 eV. The sulfur 2p 

binding energy value for adsorbed dimethyl disulfide was 163.0 eV 

which is in the range for sulfides s= (28,65). The sulfur 2p binding 

energy value for adsorbed bis(trifluoromethyl) disulfide was 161.8 eV. 

The sulfure 161.8 eV value is low and is indicative of a very negative 

sulfur species existing on the nickel surface. The carbon and 

fluorine photo levels were not observed for the bis(trifluoromethyl) 

disulfide adsorption indicating that a dissociative adsorption process 

had occurred. 

The TD study of the adsorption of dimethyl disulfide on nickel 

showed the dissociative adsorption process to be the dominant type 

of adsorption. The fragment ion to molecular ion, c2H6s2+ 94 amu, 

ratios for the constant pressure and the TD measurements are presented 

in Table XXVI. + + + + + + + + The CH3 /C2H6s2 , C2H3 /C2H6s2 , S /C2H6s2 , H2S /C2H6s2 
+ + CH3S /C2H6s2 , and CH2SH+/C2H6s2+ ratios for the TD measurement were 

two to four orders of magnitude greater than the constant pressure 

ratios. The rupture of the sulfur-sulfur bond upon adsorption of 

dimethyl disulfide appears to occur quite readily with the formation 
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Table XXXVI 

Fragment Ion to Molecular Ion Ratio for Dimethyl Disulfide 

m/e Constant Pressure Thennal Desorption Ion 

15 .60 200. CH + 3 
27 .04 104. C2H3 

+ 

29 .02 4.58 C2H5 
+ 

32 .25 100. s+ 

33 . 10 19 .0 HS+ 

34 . 15 22.0 + . s+ H2S , ,_ 
35 .03 152. H S+ 3 
44 .39 80.8 cs+ 

45 .96 345. HCS+ 

46 .48 129. CH S+ 2 
47 .49- 417. CH S+ 3 
48 .27 80.4 CH3SH+ 

49 .06 23.5 i-CH3S+!CH4SH6+ 

61 .20 81.2 C2H5S + 

62 .04 182. c2H6S + 

64 .14 13. 5 s + 
2 

66 .02 .38 HS + 2 
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Table XXXVI (Cont'd) 

m/e Constant Pressure ThermaLDesorption . Ion 

76 . 52 130 . cs + 2 
78 .10 9.79 + + i-CS2 , CHS2 

79 .65 1.54 CH3s2 
+ 

80 - .03 .29 + CH4s2 , 

94 1.00 1.00 (CH3S) 2 
+ 

96 .09 .29 i-(CH3S)2+, s + 
3 

i = isotope 335, 345, and 13c 



132 

of a variety of carbon and sulfur containing surf ace species. The 

large increase (=103) in the CH 3+tc 2H652+ ratio for the TD conditions 

indicates that a large concentration of methyl containing species is 

present on the surf ace. 
+ + The 5 /C2H652 ratio of 100 for the TD measurements compared to 

.25 for the constant pressure measurements suggest that a high con-

centration of various sulfur containing compounds were present on 

the nickel surface. The most intense ion in the TD measurements 

was the CH 35+ ion with a relative ion abundance of 100 (Table XXll). 

The large abundance of the CH 35+ ion suggests that one dominant sur-

f ace species is of the CH3-5-Ni type. 

The TD study of the adsorption of dimethyl disulfide at 1, 10, 

and 60 L exposures at 25°c on nickel was carried out. The following 
+ + + + masses were monitored: CH 3 15 amu, 5 32 amu, CH 35 47 amu, 52 

+ + + 64 amu, C5 2 76 amu, CH355 79 amu, and CH355CH3 94 amu. The 

resulting TD spectra showed the CH 35+ ion to be the base peak. After 
+ 1 L of dimethyl disulfide, the relative ion abundance for the CH 3 

ion was 96.6. After 10 or 60 L of dimethyl disulfide, the relative 
+ . ion abundance for the CH 3 1on was 256. The relative ion abundance 

for the 5+ ion stayed constant (=8.5) for all exposures. After 1 L 
+ of dimethyl disulfide, the relative ion abundance for the 52 ion was 

.57. After 10 or 60 L of dimethyl disulfide, the relative ion abundance 

for the 52+ ion remained constant at 2.30. Similar results were 

observed for the cs2+ relative ion abundance at 1, 10 and 60 L of 

dimethyl disulfide. After 1 L of dimethyl disulfide, the CH 3ss+ ion 

was not observed. After 10 or 60 L of dimethyl disulfide, the relative 
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ion abundance remained constant at =.2. The relative ion abundance for 
+ the CH 3SSCH3 ion at 1 L was .10. The relative ion abundance for the 

CH 3SSCH3+ ion increased at 10 and 60 L to =.40. Thus, the initial 

adsorption process for dimethyl disulfide was dissociative and 

remains predominantly dissociative at higher exposures of dimethyl 

disulfide. 

The final support for various co-existing surf ace species is 

in the examination of Table XXlll which shows the temperature range 
+ + + for desorbing mass peaks. The S 32 amu, cs2 76 amu, and i-CS2 78 

amu ions were observed to have three desorption.peaks per temperature 

scan. The temperature range was 90° to 150°c, 375° to 525°c, and 

830°C. Many other mass peaks (79, 80, 60, 64, 49-44 amu) were observed 

to have two peaks per temperature scan (90° to 15o0c and 375° to 525°C). 

The multiple TD peaks are indicative of the adsorbed species existing 

in various surface bonding modes (e.g., similar to the a1,2-CO, B1,2-CO, 

and virgin-CO on tungsten} (2). A summary of the possible reactions 

of dimethyl disulfide is presented below: 

CH 3SSCH3 + Ni + CH·s + SCH + S + CH 3 31 I 3 I I 
Ni Ni Ni Ni 

H + CH 
I I 2 
Ni Ni 
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fl e- + 
CH 3T + ~H 3 + CH3~cH 3 + CH 3SCH3 + c2H3 + H3s 

Ni Ni Ni 

CH3-S-S-CH3 + Ni + CH + SSCH + CS 
I 3 I 3 I 2 
Ni Ni Ni 

SSCH + H 
I 2 I 
Ni Ni 

The TD study of the adsorption of bis{trifluoromethyl) disulfide on 

nickel at 2s0c was determined to be a dissociative adsorption process. 

Since the molecular ion {C2F6s2+ 202 amu), the parent ion minus 

fluorine (C2F5s2+ 183 amu), and the parent minus trifluoromethyl group 
+ (CF3s2 133 amu) were not detected by the TD measurements (Table XXV), 

it is reasonable to suggest that associative adsorption has not 

occurred. The most intense desorption peaks were CF2s+ 82 amu and 
+ 0 0 CFS 63 amu and each desorbed two temperature ranges (90 to 150 C 

and 340° to 425°C). The conflicting results of the TD versus the 

XPS studies was noted. In the XPS study neither fluorine nor carbon 

was detected on the surface, only the sulfur. Because the XPS studies 

were carried out at a low take off angle and at exposures 104 L 

versus 60 L of bis(trifluoromethyl) disulfide, it is reasonable to 

postulate the occurrence of a thick film containing only sulfur or 

the displacement of carbon and fluorine on the surface. The S+ 32 amu 

s2+ 64 amu, cs2+ 76 amu, and i-cs2+ 78 amu were observed to have 
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two temperature ranges (90° to 150°c and 77~ 0 to 830°C). The mass 

peak at 90 a~u had only one temperature range of 775c to 830°c. 
+ The 90 amu desorption peak corresponds to the NiS ion. 

The substituent effect of fluorine on the carbons in dimethyl disul-

fide promoted the dissociative adsorption process over the associative 

adsorption and increased the chemical reactivity of the sulfur to react 

with the nickel. The S-S bond strength is weakened when fluorine 

replaces hydrogen on the methyl group. This would explain why 

the following ions were not detected by the TD measurements: 
+ + 202 amu, CF 3SSCF2 183 amu. and CF 3ss __ 133 amu. 

In conclusion, the methyl sulfide adsorption process was pre-

dominantly an associative type. The dimethyl sulfide adsorption 

process was a mixture of dissociative and associative adsorption. 

The dimethyl disulfide adsorption process was predominantly a disso-

ciative type. The bis(trifluoromethyl) disulfide was completely 

dissociative upon adsorption and reacted with nickel to form nickel 

sulfide. 

FC-43 

The FC-43 lubricant is used on gold-plated slip rings to reduce 

the coefficient of friction. The gold-plated slip rings are emersed 

in FC-43 liquid and allowed to air dry before use. The FC-43 is 

assumed to be either absorbed in the plastic support material of the 

gold slip ring or chemisorbed to the gold surface and if the adsorption 

process could be characterized as a dissociative or an associative type. 
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The gold-plated nickel foil was exposed to 32 L of FC-43 at 2s0c. 
The base pressure of the TD system was less than 1 x lo-8 torr. Upon 

heating the gold-plated nickel foil, fluorocarbon and nitrogen fluoro-

carbon desorption peaks were observed (Table XXVlll). Thus, the 

chemisorption of FC-43 on gold-plated nickel was demonstrated. 

Because the parent ion (671 amu) of FC-43 was beyond mass range 

of the quadrupole mass spectrometer (0-327 amu), it was proposed that 

the comparison of the thermal desorption and constant pressure 

measurements be made with respect to the CF3+ ion (69 amu). Since the 

CF 3+ ion was the most intense mass peak in both thermal-desorption 

and constant pressure measurements and the second most intense ion, 

c3F5+ (131 amu), was only approximately 10% of CF 3+ ion intensity, 

any fluctuation in fluorocarbon and nitrogen fluorocarbon ion intensities 
+ would not greatly affect the CF 3 ion intensity relative to other 

ion intensitied. The examination of Table XXXVll which compares thermal 

desorption and constant pressure relative ion abundances indicates 

that associative adsorption is the dominant adsorption process. 

The relative ion abundances of the TD and constant pressure measurements 

are very similar and agree to within experimental error. If a 

dissociative adsorption process were the dominant process it would be 

expected that changes in ion intensities of either the fluorocarbon 

or nitrogen fluorocarbon would be evident. The increase in c2F5+ ion 

intensity, 119 amu, indicates that some dissociative adsorption occurs. 

Further evidence for dissociative adsorption was a second desorption 

peak at a higher temperature for c2F4N+ ion indicating FC-43 was 

present in two possible surface species. The relative ion abundance 
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Table XXXVII 

Comparison of Constant Pressure - Thennal Desorption of FC-43 

Relative Ion Abundance 
m/e Constant Pressure Thermal Desorption Ion 

69 100. 100. CF + 3 
114 3.39 2.84 Cl4N 

+ 

119 3.83 6.91 C2F5 
+ 

131 l 0 .2 11. 2 C/5 
+ 

164 .30 .74 Cl6N 
+ 

169 .75 .90 C3F7 
+ 

226 . 14 .10 c5F8N + 

231 .11 . 15 C5F9 
+ 

264 2.03 2.20 C5F10N 
+ 
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of the c2F4N+ ion, 114 amu, at a higher temperature was 2.47 which is 

almost equal to the lower temperature relative ion abundance of 2.84. 

However, the c3F5+ ion intensity, 131 amu, stayed relatively constant 

as did the other higher molecular weight fluorocarbon and nitrogen-

f luorocarbon ions indicating that associative adsorption was the 

dominant process. Since FC-43 was predominantly associatively adsorbed 

to the gold surface, it is suggested that the FC-43 is chemisorbed 

through the lone pair of electrons from nitrogen to the gold surf ace. 

Cl9 

C/9 I C4F9 

----- N __,----
I 

-Au-Au-Au-Au-Au-

The research investigations of this work have shown that not only 

was basic research knowledge obtained by studying well defined 

systems (methyl halide-nickel and organic sulfides-nickel systems) 

but applied research problems could be addressed. 



CHAPTER VI 

SUMMARY 

This investigation was divided into three separate phases, the 

methyl halide-nickel adsorption study, the methyl sulfides-nickel 

adsorption study, and the FC-43 gold adsorption study. However, 

the basic theme was the characterization of surface species on met~l 

surfaces. The parameters-that govern an-adsorption process were 

the result of these studies. The various substituents and the 

molecular structure of the adsorbing molecules were found to be 

important parameters in determining the type of adsorption (dissociative 

versus associative) and the kind of surface species formed. Thus, 

the methyl halide-nickel study was concerned with the effect of 

substitutents on adsorption and the methyl sulfide-nickel study was 

concerned with both molecular structure and substituent effects on 

the adsorption process. The FC-43 gold study was the application of 

experimental techniques to an industrial problem. The work done 

on this problem supported the industrial claim that FC-43 was 

associatively chemisorbed to gold surfaces. 

The results of the methyl halides adsorption on nickel were as 

follows: 1.) the adsorption process was a mixture of associative and 

dissociative with dissociative being the dominant process; 2.) the 

nickel halides species, Nix+, were detected in the methyl fluoride 

139 
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and the methyl chloride adsorption; 3.) the hydrogen halide, HX+, 

species were detected in the methyl bromide and the methyl iodide 

adsorption cases. The adsorption mechanism presented in Figure 23 

is consistent with the experimental data. The explanation of the 

variation speciation is not clear. Further experimentation with 

deutro methyl halides might determine the source of the hydrogen in 

the HX+ species. The nickel bromide ion, NiBr+ and NiBr2+, were 

detected when bromine was adsorbed on nickel. Thus, the thennal 

stability of the nickel fluoride and chloride versus the nickel bromide 

and iodide does not explain the presence of NiX+ in TD-MS measurements. 

The results of the methyl sulfides adsorption on nickel were: 

1.) a trend towards complete dissociative adsorption as the molecular 

structure was changed (dimethyl disulfide greater than dimethyl 

sulfide greater than methyl sulfide), and 2.) electron withdrawing 

groups on the carbon resulted in a dissociative adsorption process. 

The possible surface mechanisms of adsorption were presented on pages 

125, 128, and 133. These adsorption mechanisms were consistent with 

the experimental data. 

The planning of future experiments has two possible goals. The 

first goal is to conduct detailed studies of the compounds used in 

this study, This would be centered on: 1.) the kinetics of adsorption 

and desorption, 2.) the sticking coefficients, 3.) the surface popu-

lation, 4.) the atomic relaxation effects. The second goal is to 

study a broad spectrum of compounds with the developed techniques. 

This stody wourd-deal with the following: l.} the type of adsorption 

process (dissociative versus associative), 2.) identification of the 
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dominant surface species, and 3.) the relative reactivity of a series 

of compounds to a particular surface. 

Detailed studies are important for the development of general 

theories (i.e., total effect of many on CO and H2 adsorption and de-

sorption on metals). However, the adsorption of polyatomic molecules 

on metals has not received the attention that the small diatomic 

molecules have. The development of the modern surface instrumentation 

(XPS, UPS, SIMS, AES, and ISS) allows the complex surface adsorption and 

reactions to be studied. Thus, the future experiments should be directed 

to the adsorption of various polyatomic molecules. 

The study of known extreme pressure additives (dibutyl sulfide and 

di-tertbutyl disulfide), anti-wear additives, and inferior additives 

(diphenyl disulfide) should be done. The correlation between the 

additive effectiveness and the type of adsorption process would be a 

goal. 

The metal surfaces of chief interest are: 1.) iron and iron 

alloys, 2.) nickel and nickel alloys, and 3.) aluminium and aluminium 

alloys. The large usage of these met~ls in the automotive and the 

industrial field is the basis for this selection. The corresponding 

metal oxides are of interest since the metal surfaces are oxidized 

by air in the real world. 

The experimental modification for future work are as follows: 

l.) use of deuterated and isotopic enriched absorbates, 2.) increased 

accuracy in temperature control and measurement, 3,) low base pressure 

10-lO to lo- 12 torr, 4.) precision rotatable probe for XPS, and 

5.) negative ion TD-MS. The adsorption of deuterated compound examines 
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the hydrogen abstraction and recombination processes on the surface. 

The adsorption of an isotopic enriched compound will determine the 

adsorption reversibility of the compounds. The isotopic scrambling of 

desorbed materials is evidence of a reversible adsorption process. 

An improved method of controlling and measuring temperature will 

improve the precision and the accuracy of the TD-MS spectra. The low 

base pressure of 10-lO torr or lower will help in two ways. ~irst, 

a clean metal surface once formed would remain clean and, second, low 

surface coverage experiments are important because the adsorption 

process can change as a function of surface coverage. The rotatable 

probe (~.5°) for the XPS measurements is used for determining thickness 

of adsorbed films and the intensification of adsorbed species 

photoelectron peaks. The negative ion spectra of desorbed molecules 

would complement the positive ion spectra. A better understanding 

of the desorbing molecules would be the result of measuring both the 

positive and negative ion spectra. 



REFERENCES 

l. Brundle, C.R.: J. Electron Spectrosc., !_, 484 (1975). 

2. Yates, J. T., Jr., Madey, T. E., and Erickson, N. E.: Surface 
Sci., 43, 257 (1974). 

3. Yates, J. T., Jr., and Erickson, N. E.: Surface Sci., 44, 489 
(1974). 

4. Madey, T. E. and Yates, J. T., Jr.: Chem. Phys. Lett., J2., 15 
( 1973). 

5. Barrie, A. and Brundle, C.R.: J. Electron Spectrosc., ~' 321 
(1974). 

6. Brundle, C.R.: Surface Sci., 48, 99 (1975). 

7. Norton, P. R.: Surface Sci., 44, 624 (1974). 

8. Madey, T. E., Yates, J. T., and E"rickson, N. E.: Surface Sci., 
43, 526 (1974). 

9. Brundle, C. R.: J. Vac. Sci. Technol., Jl, 301 (1976). 

10. Honda F. and Hirokawa,. K.: J. Electron Spectrosc., _!!, 199 (1976). 

11. Swartz, W. E., Jr. and Youssefi, M.: J. Electron Spectrosc., 
_!!, 61 (1976). 

12. Kishi, K. and Ikeda, S.: Bull. Chem. Soc., Japan, 46, 341 (1973). 

13. Schon, G. and Lundin, S. T.: J. Electron Spectrosc., l, 105 
( 1972/73). 

14. Joyner, R. W. and Roberts, M. W.: Chem. Phys. Lett., 28, 246 (1974). 

15. Schon, G. and Lundin, S. T.: J. Electron Spectrosc., l, 105 
(1972/73). 

16. Campbell, J. S., and Kemball, C.: Trans. Faraday, Soc., 57, 809 
(1961). 

143 



144 

17. Anderson, J. R. and Mcconkey, B. H.: J. Cata 1., .!.!, 54 (1968). 

18. Harrod, J. F. and Sunrners, w. R.: J. Am. Chem. Soc., 93, 5051 
(1971). 

19. Su!Tlners, W. R. and Harrod, J. F. : Can. J. Chem., 50, 2167 (1972). 

20. Harrod, J. F. and Surraners, w. R.: Oxidation of Metals, &, 117 
(1973). 

21. Buckley, D. H.: ASLE Trans., ..!2., 206 (1974). 

22. Clarke, T. A., Gay, I. D., and Mason, R.: "The Physical Basis 
for Heterogeneous Catalysis", Plenum Press, New York, NY, 
1976. 

23. Buckley, D. H.: ASLE Trans., ..!2., 206 (1974). 

24.· Blyholder 9 G. and Brown,-D.O.: J. Phys.· Chem., 66, 128811962). 

25. Neff, L. D. and Kitching, S. C.: J. Phys. Chem., 78, 1648 (1974). 

26. Coy, R. C. and Quinn, T. F. J.: ASLE Trans., .lJ!, 163 (1974). 

27. Carlson, T. A.: "Photoelectron and Auger Spectroscopy", Plenum 
Press, New York, NY, 1975. 

28. Siegbahn, K., Nordling, C., Fahlman, A., Nordberg, R., Hamrin, K., 
Hedman, J., Johnasson, G., Bergmark, T., Karlsson, S. E., 
Lindgren, I., and Lindberg, B.: "Electron Spectroscopy 
for Chemical Analysis-Atomic, Molecular, and Solid-State 
Sk ructure Studied by Means of Electron Spectroscopy", 
Almgvistand Wiksells, Uppsala, Sweden, 1967. 

29. King, D. A., Madey, T. E., and Yates, J. T.: J. Chem. Phys., 
~. 3236 (1971). 

30. King, D. A., Madey, T. E., and Yates, J. T.: J. Chem. Phys., 
~. 3247 (1971). 

31. Kishi, K. and Ikeda, S.: J. Phys. Chem., 78, 107 (1974). 

32. Shirley, D. A.: J. Vac. Sci. Technol, ~. 280 (1975). 

33. Shirley, D. A.: Chem. Phys. Lett., .!2_, 220 (1972). 

34. Conrad, H. Ertl, G., Kuppers, J., and Latta, E. E.: Surface 
Sci., 50, 296 (1975). 

35. Madey, T. E., Yates, J. T., and Erickson, N. E.: Surface Sci., 
43, 526 (1974). 



145 

36. Yu, K. Y., McMenamin, J.C., and Spicer, W. E.: Surface Sci., 
50, 149 ( 1974). 

37. Demuth, J. E. and Eastman, D. E.: Phys. Rev. Lett., 32, 1123 
(1974). 

38. Hendrickson, D. N., Hollander, J.M., and Jolly, W. L.: Inorg. 
Chem., 8, 2642 (1969). 

39. Finn, P. and Jolly, W. L.: Inorg. Chem.,.!!, 893 (1972). 

40. King, D. A.: Surface Sci., 47, 384 {1975). 

41. Schmidt, L. 0.: Catal. Rev.,~, 115 (1974). 

42. Redhead, P. ·A.: Vacuum,~' 203 {1962). 

43. Madix, R. J.: J. Vac. Sci, Technol., Jl, (l), 253 {1976). 

44. Peterman, L. A.: Progress in Surface Science, l• 2 (1973). 

45. Benninghoven, A. and Loebach, E.: Rev. Sci. Instr., 42, 49 
(1971). 

46. Burness, J. H.: Ph. D. Dissertation, Virginia Polytechnic 
Institute and State University, Blacksburg, VA (February 
1975). 

47. Dulaney, G. W.: "MADCAP IV", DECUS Program Library No. 8-237, 
Digital Equipment Corporation, Maynard, MA, 1969. 

48. Dillard, J. G., and Taylor, L. T.: J. Electron. Spectrosc., l, 
455 (1974). 

49. Seals, R. D., Alexander, R., Taylor, L. T., and Dillard, J. G.: 
lnorg. Chem.,~' 2485 (1973). 

50. Hagstrom, S. and Karlsson, S. E.: Ark. Fys., 26, 451 (1964). 

51. Blauth, E.W.: "Dynamic Mass Spectrometers", Elsevier Publishing 
Company, Amsterdam, NY, 1966. 

52. Mclachlan, N. W.: "Theory and Applications of Mathieu Functions", 
Dover, NY, 1964. 

53. Fadley, C. S. and Shirley, D. A.: J. Res. NBS, 74A, 543 {1970). 

54. American Institute of Physics Handbook, McGraw Hill Publishing 
Company, New York, NY (1957). 



146 

55. Fadley, C. S.: J. Electron Spectrosc., ~' 725 (1974). 

56. Tolman, C. A., Riggs, W. M., Linn, W. S., King, C. M., and Wendt, 
R. C.: Inorg. Chem., 12, 2770 (1973). 

57. Rossini, F. D., Pitzer, K. S., Arnett, R. L., Braun, R. M., and 
Pimentel, G. C.: "Selected Values of Physical and Thermo-
dynamic Properties of Hydrocarbons and Related Compounds", 
American Petroleum Institute Research Project 44, Pitts-
burgh (1953). 

58. Fadley, C. S., Baird, R. J., Siekhaus, W., Novakov, T., and 
Bergstrom, S. A. L.: J. Electron Spectrosc., ~' 93 (1974). 

59. Baird, R. J., Fadley, C. S., Kawamoto, S., and Mehta, M.: 
Chem., Phys. Lett., 34, 49 (1975). 

60. Fadley, C. S.: J. Chem. Soc. Faraday Diss., 60, 725 (1975). 

61. Fraser, W. A., Florio, J. V., Delgass,_W. N., and Robertson, 
W. D.: Surface Sci., 36, 661 (1973). 

62. Thomas, T. D.: J. Am. Chem. Soc., 92, 4184 (1970). 

63. Campbell, J. S. and Kemball, C.: Trans. Faraday Soc.,~' 899 
(1961). 

64. Henke, B.: Phys. Rev., A6, 94 (1972). 

65. Dillard, J. G., Seals, R. D., and Wightman, J. P.: NASA Langley 
Research Center Final Report, Contract No. NASl-13175-2, 
July 1975. 



The vita has been removed from 
the scanned document 



THE ADSORPTION OF SULFUR AND HALOGEN CONTAINING MATERIALS 
ON NICKEL STUDIED BY X-RAY PHOTOELECTRON SPECTROSCOPY 

AND THERMAL DESORPTION SPECTROSCOPY 

by 

C. Frederick Battrell 

(ABSTRACT) 

The chemical adsorption and reaction of methyl fluoride, methyl 

chloride, methyl bromide, methyl iodide, methyl sulfide, dimethyl sul-

fide, dimethyl disulfide, and bis(trifluoromethyl) disulfide on clean, 

polycrystalline nickel surface {at 2s0c) were investigated using an 

X-ray photoelectron spectrometer (XPS) and a thermal desorption system 

with mass spectrometric analysis (TD). The ion implantation of the 

methyl halide series on nickel was investigated by XPS. The nickel 

surface was cleaned by high temperature heating in vacuum or argon 

ion sputtering. An industrial lubricant, FC-43 (tri-hepta-fluorobutyl 

amine), was adsorbed on a gold-plated nickel surface at 2s0c. Tne 

FC-43 adsorption system was investigated by TD. 

The adsorption of the methyl halide series on nickel was predom-

inantly dissociative with several co-existing surface species being 

observed. The XPS results show that two carbon and two halogen species 

are formed. The possible structures for carbon are a CH 3-type and 

a CH2-type or CHnX (n = 0-3) adsorbed species. The halogen species 

appear to be neutral and ionic species. The TO results support the 

dissociative adsorption process for methyl halides on nickel. 

The adsorption of methyl fluoride and methyl chloride on nickel studied 

by TD resulted in the corresponding nickel halide being detected. 



The adsorption of methyl bromide and methyl iodide on nickel studied 

by TO resulted in the corresponding hydrogen halide, HX, being detected. 

The XPS results of the ion implantation of the methyl halides 

resulted in only one type of carbon that is similar to graphite. 

A halide type of halogen was also formed upon ion implantation. 

The XPS results for the adsorption of methyl sulfide, dimethyl 

sulfide, and dimethyl disulfide on nickel showed that only one 

carbon and one sulfur were observed. The possible structure for 

carbon is a CH 3-type of adsorbed specie. lhe sulfur species appears 

to be a sulfide s=-type adsorbed specie. The XPS results for the 

adsorption of bis(trifluoromethyl) disulfide on nickel showed that 

only sulfur was observed on the nickel surface. The TD results- for the 

methyl sulfide adsorption process was shown to be predominantly an 

associative type. The TO results for the dimethyl sulfide adsorption 

process were a mixture of dissociative and associative adsorption 

processes. The dimethyl disulfide adsorption process was determined 

by TD to be predominantly a dissociative type. The bis(trifluoro-

methyl} disulfide was determined by TD to be completely dissociative 

upon adsorption and reacted with nickel to form nickel sulfide. 

The TD results of FC-43 adsorption on gold-plated nickel showed 

that the predominant adsorption process was the associative type. 
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