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ABSTRACT

The interaction of perfluorodiethoxymethane with a nickel

single crystal, Ni(100); a nickel crystal with chemisorbed

oxygen, Ni(100)-c(2x2)O; and a nickel crystal with nickel

oxide crystallites, NiO(100) is investigated in an ultra high

vacuum environment using thermal desorption spectroscopy and

high resolution electron energy loss spectroscopy.

Nickel, a component of hard disk drives and stainless

steel, is used to represent metal surfaces in these "real"

systems. Perfluorodiethoxymethane is used in this study as a

model compound of industrial perfluoropolyether lubricants.

These lubricants are known for their exceptional stability,

except in the presence of metals. Perfluorodiethoxymethane

contains the acetal group (-OCF20-), believed to be

particularly vulnerable to attack in the presence of Lewis

acids. Since the surfaces studied show increasing Lewis

acidity at the nickel atom sites, one might expect to see

increasing decomposition of perfluorodiethoxymethane due to

acidic attack of the acetal group. No decomposition of

perfluorodiethoxymethane is observed on the clean Ni(100)

surface, while more research is needed to determine whether a

small decomposition pathway is observed on the oxygenated

surfaces, or whether sample impurities are interfering with

results. The strength of the bonding of

perfluorodiethoxymethane to the surface is found to increase
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as the nickel atoms sites become more acidic in moving from

Ni(100) to Ni(100)-c(2x2)O to Ni0(100).
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I. INTRODUCTION

Perfluoropolyethers (PFPEs) are of importance to many

industries because of their lubricating abilities [I-I0]. In

the aerospace industry, for example, perfluoropolyethers are

used in the lubrication systems of aerospace equipment and

spacecraft [4,5,10]. In the computer industry, they are used

as hard disk drive lubricants to protect them from damage that

may occur when the rotating disk comes into contact with the

head and to ensure smooth operation [2,8,9].

Some representative examples of commercially available

perfluoropolyethers are shown in Figure i. The Fomblin Z

series (Montedison) comprises random copolymers of methoxy-

and ethoxy- groups in a OC2F4/OCF 2 ratio of 0.7. Fomblin Y

(Montedison) is also a random copolymer of methoxy and ethoxy

groups but differs in that one fluorine atom in the ethoxy

group is substituted with a perfluoromethyl group and the

OC2F4/OCF2 ratio is 30. Demnum (Daikin) contains only propoxy

monomer groups. Krytox (DuPont) is a homopolymer of

perfluoropropylene oxide, -OCF2CF(CF_)-. These compounds are

available with a variety of endgroups including alcohol,

carboxylic acid, and isocyanide [11-13].

In many respects perfluoropolyethers make excellent

lubricants [I.,14-16]. They are thermally and oxidatively

stable. At room temperature, they are typically liquids with

very low vapor pressures, on the order of 10 11Torr. They
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also have a small viscosity-temperature variation and exhibit

excellent thermal stability in an inert environment,

decomposing only at temperatures in excess of 600 K. Some

PFPEs can be made to chemically adhere to various metallic and

non-metallic surfaces such as gold, silica, and carbon using

UV light, electron irradiation, or thermal treatment, making

it difficult for the lubricants to slide away and adding to

their protective abilities [17-21]. The one property that

PFPEs lack is stability at elevated temperatures in the

presence of metals; PFPEs tend to degrade at temperatures

above 450 K in the presence of metals [1,22]. Determination

of the mechanism for degradation and the required conditions

for degradation are current research topics for many in the

industrial and academic research communities [5,13,23-32].

Literature Review

The types of experiments reviewed here fall into three

categories: I) tribological studies using a

perfluoropolyether lubricant between two sliding surfaces in

which the gaseous reaction products are analyzed or the

residue on the wear track is analyzed; 2) studies in which a

perfluoropolyether is allowed to react with a metal oxide

powder or other high-surface-area, metallic compound; and 3)

studies involving the use of low-molecular-weight chemical

analogs of perfluoropolyethers, which include both fully



4

fluorinated and partially fluorinated compounds, on single

crystalline surfaces in ultrahigh vacuum.

In the first category, a tribology experiment by Mori and

Morales showed that perfluoropolyethers (PFPEs) react with

mechanically formed fresh stainless steel surfaces [23].

Experiments are performed in such a way as to minimize thermal

effects by only allowing contact between the sliding surfaces

for a short period of time. Mori and Morales make three

conclusions based upon their data. First, x-ray photoelectron

spectroscopy (XPS) data indicate that once the oxide layer is

removed from the stainless steel, the PFPEs react readily with

the fresh stainless steel surface. Secondly, from analysis of

the residue on the wear track they conclude that the PFPE

reacts with the fresh surface to form two layers: a layer of

metal fluoride on top of the surface, and a layer of adsorbed i
i

polymer on top of this metal fluoride layer. The two layers,

the metal fluoride layer and the adsorbed polymer layer, act

together to form a protective boundary layer for lubrication.

Finally, they find that these protective PFPE layers are

destroyed by a catalytic reaction since mass spectroscopy

experiments show that the formation of COF 2 gas (a

decomposition product) occurs and continues even after sliding

is terminated. The authors state that it is possible that the

catalytic reaction is between the metal flu3rides and the

perfluoropolyether oil, since metal fluorides are Lewis acids.
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It is also interesting and important to note that out of the

three perfluoropolyethers studied only one shows gaseous

products: the one with acetal (-OCF20-) linkages. However,

all PFPE oils regct in some way with stainless steel during

sliding in that e ridence for the formation of metal fluorides

is shown by XPS ii_ all cases.

The potential of metal fluorides to catalyze the

degradation of perfluoropolyethers is again indicated in a

study by Carre [24]. Carre's tribology experiments involve a

branched perfluoropolyether oil on stainless steel surfaces.

XPS results show FeF 3 formation on the wear surface. Here, it

is hypothesized that the mechanism of PFPE oil degradation

follows two steps. First, degradation is initiated by a high

temperature reaction between the PFPE and the freshly formed

metal surface. This reaction generates FeF 3, a strong Lewis

acid. The FeF3, in the second step, acts as a catalyst

causing the scission of PFPE carbon-oxygen bonds at

temperatures below that required for normal, thermally-

activated decomposition. The degradation products, in turn,

react with the iron surface to form more FeF3. Even though no

attempt is made to control or measure the temperature, Carre

estimates that temperatures in excess of 773 K are required

for dehalogenation of PFPE by the iron.

In the second category, a PFPE reacts with a high-

surface-area powder. Following this approach, a study by Zehe
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and Faut yields another mechanism for decomposition of linear

PFPE lubricants [25]. The system studied is a linear PFPE

fluid in contact with powdered Fe203. The gaseous reaction

products are analyzed using a mass spectrometer. Results

support a mechanism in which the first step is conversion of

the Fe203 surface to FeF 3. Weakly acidic sites on Fe20_

initiate reaction with the PFPE to form gaseous COF2 and other

products, including FeF_. FeF 3 is strongly acidic and

catalyzes further PFPE breakdown. The electron-rich fluorine

atoms, in particular the fluorine atoms of an acetal linkage

(-OCF20-), are attacked by the acidic surface and extracted.

Extraction of a fluorine atom from the acetal linkage is

favorable since this results in the formation of a carbenium

ion. The carbenium ion is particularly stable since it is

resonance stabilized by the lone pair electrons on the two

adjacent oxygen atoms. Figure 2 shows a schematic of the

mechanism suggested by Zehe and Faut.

Kasai performed a similar study using a variety of PFPEs

on powdered AI203 and on powdered AICI_ using 19F NMR [13].

Kasai's results support a mechanism for PFPE degradation in

which the first step also entails conversion of the AI203

surface to the more acidic AIF3 surface, but in the second

step the lone-pair electrons in the oxygen atoms on the PFPE

undergo acidic attack with the acidic sites on the surface.

This attack creates a partial positive charge on the acetal
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Figure 2: Mechanism proposed by Zehe and Faut [26] for the
decomposition at Lewis acid sites of perfluoropolyethers that

contain acetal groups. The carbenium ion is resonanced
stabilized by two oxygen atoms, making it a stable species.
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carbon and induces a fluorine transfer from an adjacent CF 2.

The result is chain scission. The acetal unit, -OCF20-, is

converted into a methoxy- end group, -OCF_ and a -CFO end

group. Figure 3 shows a diagram of the mechanism suggested by

Kasai.

Finally, the third class of experiments to be reviewed

here are those involving low-molecular-weight analogs of PFPEs

at single crystalline surfaces. In the first experiment, a

model perfluoropolyether, CF3OCF2CF=OCF2CF3, on iron and oxygen-

covered iron surfaces is studied by Napier and Stair [26].

Even though the dominant pathway is molecular desorption,

their results show a minor temperature decomposition reaction

pathway of the model compound on clean iron. Decomposition is

only seen when the surface is held at 165 K while being

exposed to a continuous flux of the perfluoroalkylether

compound. Metal fluoride formation is shown to occur using

secondary ion mass spectrometry (SIMS). They hypothesize that

decomposition follows defluorination of the carbon backbone

followed by dissociation of the molecule. No decomposition of

the molecule is seen on oxygen-covered iron surfaces.

Previous work on perfluorinated analogs of

perfluoropolyethers has been carried out in the Thiel group.

Walczak et al. compare perfluorinated mono- and di- ethers to

hydrogenated mono- and di- ethers on Ru(001) and (i00)

surfaces under ultra high vacuum (UHV) conditions [27-31].
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Specifically, diethoxyethane (CH_-CH2-O-CH2-CH2-O-CH2-CH 3) ,

diethyl ether (CH3-CH2-O-CH2-CH_), and diethoxymethane (CH_-CH 2-

O-CH2-O-CH2-CH 3) are studied, in addition to the perfluorinated

analogs of diethoxyethane and diethyl ether. However, the

perfluorinated analog of diethoxymethane is not studied on

ruthenium surfaces since perfluorodiethoxymethane is difficult

to obtain. While the hydrogenated ethers show some

dissociation on the surface, the perfluorinated ethers show no

appreciable dissociation except for a small amount of

decomposition of hexafluoroacetone, (CF_)20, on Ru(001). The

studies also show that the strength of the bond between the

fluorinated ethers and the surface is weaker than that of the

hydrogenated ethers. No significant difference is seen

between experiments done on the atomically- rough Ru(100) and

the atomically-smooth Ru(001). The lack of reactivity seen in

this set of experiments could be due to the absence of the

acetal group (-OCF20-) in the compounds studied [13,25,32].

Other authors, such as Mori and Morales [23], might say that a

mechanically-formed, fresh metal surface (with its high defect

density) is intrinsically more reactive than a single

crystalline surface and thus these results are expected.

Another possibility is that iron is uniquely reactive toward

PFPEs, at least more so than ruthenium. For instance, the

heat of formation of FeF_ is significantly higher than it is

for the stable ruthenium fluoride, RuFs (-1046 kcal/mol vs.
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-893 kcal/mol) [33]. Thus, Ru may simply have a lower

tendency to form the catalytic fluoride.

So far all the proposed mechanisms for the decomposition

of perfluoropolyether compounds and their analogs at metal

surfaces involve the formation of Lewis acid sites followed by

dissociation of the molecule. But a study by Basu et al.

suggests that another mechanism may be necessary to explain

decomposition of perfluorinated compounds at metal surfaces

[34]. Basu et al. studied a partially fluorinated ether,

(CF2H)20, on high surface area AI20 _ under UHV conditions.

Techniques used include infrared spectroscopy and mass

spectrometry. Their results make several interesting points.

First, evidence is seen for the formation of a surface formate

species (HCO0). (CF2H)20 adsorbs molecularly at 150 K on

surface hydroxy groups and desorbs molecularly at temperatures

greater than 150 K. A majority of the molecules are desorbed

by 250 K. At temperatures greater than 250 K a fraction of

the (CF2H)20 molecules decompose to give the surface formate

species. Secondly, when the Lewis acid sites are

preferentially blocked using pyridine the formation of the

surface formate is not hindered. Therefore the formate

species is not formed at the Lewis acid sites. Basu et al.

suggest that a possible reaction mechanism is nucleophilic

attack of the carbon atom by surface oxygen to form a formate

species. The strongly electronegative fluorine atoms aid in
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the formation of formate by drawing electrons away from the

carbon atom resulting in the carbon having a partial positive

charge and making it susceptible to nucleophilic attack.

Results from the studies of diethyl ethers with BF 3 from Ball

and Zehe support the nucleophilic attack mechanism [35].

Purpose of the Present Work

Our approach to the study of perfluoropolyethers is to

study a simple chemical analog of a perfluoropolyether on a

single-crystalline surface under ultra-high vacuum (UHV)

conditions. The compound chosen, perfluorodiethoxymethane

(CF_CF2OCF2OCF2CF3), contains an acetal group (O-CF2-O). Even

though the acetal group is thought to be particularly reactive

[13,25,32], perfluoropolyether analogs containing an acetal

unit have not been studied previous to this, presumably

because they are quite difficult to obtain. The high vapor

pressure (>400 Torr-sec at 300 K) [36] of perfluorodiethoxy-

methane makes it suitable for introduction into a UHV system.

The surfaces on which studies are performed include Ni(100),

Ni(100) c(2x2)0, and NiO(100). Figure 4 shows a schematic

model of the arrangement of the atoms on each of these

surfaces. Nickel, a component of hard disk drives and

stainless steels, serves as a baseline for other studies. It

is also more acidic in nature than the ruthenium surfaces

studied by Walczak based upon the electronegativites of the
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Figure 4: Ball diagrams of the different surfaces
investigated. (X = oxygen atom, O = nickel atom)



14

atoms [37]. Nickel oxide is used to represent surfaces more

commonly found in "real" systems and may be more reactive than

clean nickel due to the increased acidity of the nickel sites.

Techniques used include thermal desorption spectroscopy (TDS)

and high resolution electron energy loss spectroscopy

(HREELS).

Experiments performed under ultra-high vacuum (UHV)

conditions are ideal for the determination of reaction

mechanisms and for pinpointing the conditions required for

reaction since UHV offers excellent control of the reaction

environment. Ultra-high vacuum not only offers excellent

control of the environmental conditions, but is also necessary

to characterize the surface. The chemical composition of a

reactive surface is best controlled under UHV conditions. For

example, at a pressure of 1 x i0 "s Torr (approximately 0.008

atm.) the surface would be covered with a complete layer of

adsorbed particles in as little as 0.I second, assuming that

every particle which strikes the surface also sticks to the

surface. If the pressure is lowered to 1 x 10 -I° Torr, the

time required for adsorption of a complete layer improves to

almost 3 hours. In addition to improved control of the

surface composition, UHV is needed since many surface-

sensitive techniques utilize the impingement of electrons onto

the surface and detection of electrons from the surface. In

UHV, these electrons face less risk of colliding with ambient
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atmospheric particles and adversely affecting results.

The following chapters explain a series of UHV

experiments in which perfluorodiethoxymethane (PFDEM) is

exposed to Ni(100), Ni(100)-c(2x2)O, and NiO(100) surfaces in

an attempt to elucidate the cause of perfluoropolyether

decomposition at metallic sites.

These surfaces represent a series that show increasing

Lewis acidity (electron deficiency) of the metal atom sites.

This effect can be explained by considering Lewis acid-base

properties. Chemisorbed oxygen atoms have an electron-

withdrawing effect on nickel surfaces because of the

electronegativity difference between oxygen and nickel. One

would expect oxygen atoms in Ni(100)-c(2x2)O and in nickel

oxides to have a partial negative charge and the nickel sites

to have a partial positive charge due to this charge transfer.

Therefore, nickel atoms in Ni(100)-c(2x2)O and NiO(100)

surfaces will be more acidic in nature than in a clean nickel

surface. In the case of an oxygen overlayer, as in Ni(100)

c(2x2)0, the adsorbed oxygen has not broken any metal-metal

bonds, so the surface metal atoms are strongly coupled to the

bulk metal electronic structure. Therefore, the "hole"

produced by electron withdrawal from a metal atom is

delocalized over the entire metallic structure. When surface

oxides, such as the thin films of nickel oxide used in this

study, are made, the oxygen penetrates into the surface and

• :°
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becomes incorporated with the surface. An "incorporation

layer" is formed. This incorporation of oxygen atoms into the

surface involves breaking metal-metal bonds or displacing

metal atoms from their original, clean surface position.

Because of these structural rearrangements and because of the

electron deficiency in the metal atoms at the surface, the

incorporation layer will not have strong coupling to the bulk.

The "holes" produced by electron transfer to oxygen atoms will

be localized to the metal atoms in the incorporation layer,

rather than the bulk of the metal. Because of this localized

character, the metal sites on metal oxide thin films are much

more acidic in nature than metal atoms in Ni(100)-c(2x2)O with

only a chemisorbed oxygen overlayer [38].
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II. EXPERIMENTAL DESCRIPTION

Experimental Chamber

The experimental chamber is discussed in detail elsewhere

[39-42]. Only its most relevant aspects are discussed here.

The base pressure of the stainless steel chamber is 4 x 10 11

Torr. The chamber is equipped with a single-pass cylindrical

mirror analyzer (PHI Model 10-155) for Auger electron

spectroscopy (AES), a quadrupole mass spectrometer (UTI Model

100C) for thermal desorption spectroscopy, a high resolution

electron energy loss spectrometer (McAllister Technical), and

a low energy electron diffraction (LEED) optics system

developed in our lab [43]. A differentially-pumped ion gun

(PHI 04-303A) for sample cleaning is also included in the

experimental chamber. Auger electron spectroscopy identifies

impurities on the surface and is used to test for sample

cleanliness [44]. High-resolution electron-energy-loss

spectroscopy (EELS) measures the vibrational structure of

species adsorbed on the surface [44,45]. Low energy electron

diffraction (LEED) is used to determine the structure of the

crystal surface [44].

Perfluorodiethoxymethane is introduced into the UHV chamber

via a directional doser containing a conductance-limiting

aperture. Exposure is expressed using the backpressure in the

gas handling line and is reported in units of Torr-sec. Other

chemicals are introduced into the chamber by a variable leak
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valve and are reported in units of Langmuir (i L = 1 x 10 .6

Torr- sec).

Nickel Cleaning

The nickel crystal is initially cleaned using cycles of

sputtering and annealing. The major intrinsic contaminants in

the sample are carbon and sulfur. Each cycle is started by

argon ion sputtering at room temperature for 30 minutes

followed by annealing at 500 K for 15 minutes in vacuum. In

each following cycle, the annealing temperature is increased

by i00 K, until a final annealing temperature of 1150 K is

reached. On a daily basis, the crystal is cleaned by

sputtering at room temperature for 30 minutes followed by

annealing at 1150 K for 15 minutes. Any remaining carbon is

removed by heating the crystal to 800 K and exposing it to

oxygen (typically 2 x 10 .9 Torr) for 2 minutes. The oxygen is

then pumped away, and the crystal is flashe_to i000 K to
\

remove any adsorbed oxygen. This oxygen treatment is repeated

until no impurities are detected by AES. The sample is

considered clean after an additional oxygen treatment. In the

case of the electron energy loss spectroscopy (EELS)

experiments, an additional criterion is applied: the sample is

considered clean when no loss features due to contaminants are

seen. In nickel single crystals, vigorous oxidation/annealing

cycles can result in structural changes due to the formation

" 'If
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of subsurface oxygen [45,46]. For this reason, we keep the

oxygen pressure low (2.0 x 10 .9 Tort - 5.0 x 10 .9 Torr) and

oxygen exposures low (< 0.6 L) during the treatments.

Figure 5 shows typical Auger spectra. Figure 5a is a spectrum

taken at 95 K where diffraction peaks are readily seen at 74,

118, 144, 186, and 217 eV. The diffraction peaks, a symbol of

crystalline quality, decrease in intensity as a function of

increasing temperature and disappear by 900 K (Figure 5b)

[48]. The other peaks in the spectra are nickel Auger

transitions [49].

Initially, the following cleaning procedure is employed

to clean the crystal between each exposure to the ether. At a

temperature of 800 K, the crystal is exposed to 2.0 x 10 "I°

Torr oxygen for 2 minutes, then it is then flashed to I000 K,

followed by cooling to i00 K. Inadequate reproducibility of

the experiments due to oxygen contamination at the surface

caused us to later abandon this cleaning procedure. Instead,

the crystal is flashed to i000 K in vacuum and allowed to cool

before exposing once again to the ether.

Chemicals

The nickel crystal is cut from a boule grown at the Ames

Laboratory Materials Preparation Center and polished to within

0.5 degrees of the (i00) face. Two tungsten rods are

spotwelded to the back of the crystal. The rods, which are
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Figure 5: Auger electron spectra of Ni(100): (a) at 95 K with

diffraction peaks; (b) at 900 K without diffraction peaks.
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attached to a cold-finger cooled with liquid nitrogen, are

used to resistively heat the sample. The crystal temperature

is measured with a W-5% Re vs. W-26% Re thermocouple

spotwelded to the back of the crystal.

Since perfluorodiethoxymethane is not commercially

available, Dr. W.R. Jones, Jr. from NASA-Lewis kindly supplies

us with a small amount of perfluorodiethoxymethane originally

synthesized at Exfluor. Mass spectral and gas chromatographic

analysis performed at ISU Instrumentation Service Center

reveal trace amounts of impurities identified as small-chain

chlorinated fluorocarbons. The purity of the

perfluorodiethoxymethane is greater than 98.5%. Several

freeze-pump-thaw cycles with liquid nitrogen are performed

before experimental use.

Argon (99.99%) and oxygen (99.6%) are obtained from

Matheson Gas Products, Inc. and are used as received.

Thermal Desorption Spectra

During the thermal desorption experiments, the crystal is

heated at a rate of 3 K/s to I000 K. Data are collected using

a computer program developed in our lab that is capable of

collecting data for up to 8 masses in a single experiment

[40]. The quadrupole mass spectrometer is tuned such that an

in situ spectrum of CF3I agrees with published cracking

patterns for CF3I [50]. A shield with a 6 mm aperture is
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placed in front of the mass spectrometer ionizer to prevent

desorption products from the sample manipulator from easily

entering the ionizer. Before these experiments, the ionizer

on the mass spectrometer was disassembled and some parts

cleaned by sandblasting with AI203 then with glass beads

followed by successive sonications in water, acetone, and

methanol.

Electron Energy Loss Spectra

Data for EELS experiments are collected by computer using

a multi-channel scalar board (EG&G Ortec). EELS data are

acquired after heating the crystal to a specified temperature

and cooling the crystal to T < I00 K. The same heating rate

used in the TDS experiments is also used in the EELS

experiments. Vibrational peaks are assigned based on

comparison of the EELS data to published infrared (IR)

assignments of other perfluorinated compounds, published

theoretical IR assignments of similar compounds, and published

EELS results of oxygenated Ni(100) surfaces. An IR spectrum

of perfluorodiethoxymethane is given by Hohorst and Shreeve

[36], but the bands are not given assignments.
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III. RESULTS AND DISCUSSION

This chapter starts with experimental results and

discussion on each of the three surfaces studied: Ni(100),

Ni(100)-c(2x2)O, and Ni0(100) . These results are then re-

examined in light of results from current research. The

chapter ends with discussion on the results of a set of EELS

experiments concerning nickel oxide crystallites on Ni(100)

surfaces.

An in situ mass spectrum of perfluorodiethoxymethane

(PFDEM), introduced through the doser at a chamber pressure of

1.4 x 10 .9 Torr, is shown in Figure 6. The spectrum is in

excellent agreement with a published mass spectrum by Hohorst

and Shreeve [36]. Note that the relative abundance of m/e 69

(CF_.) is approximately half that of m/e 119 (CF_CF2.), while

the relative abundances of m/e 47 (CFO .) and m/e 50 (CF2.) are

almost equal except m/e 50 is a little larger than m/e 47.

Three major features dominate the thermal desorption

spectra of PFDEM on Ni(100) at 148 K, 169 K and 180 K. In the

following material the peak at 169 K is discussed first,

followed by the 148 K peak and the shoulder peak at 180 K.

Figure 7 shows thermal desorption traces of m/e 69 for

increasing exposures of PFDEM on Ni(100). At low exposures

only one peak is seen, and it appears at 155 K. As exposure

increases, however, this peak grows in intensity and its peak

temperature increases. At an exposure of 350 Torr-sec, the
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26

area of the peak saturates and the peak temperature, now at

169 K, no longer increases. Since this behavior is seen and

since the area of the peak no longer increases as a function

of increasing coverage, the perfluorodiethoxymethane

represented by the 169 K peak is attributed to PFDEM bound

directly to the surface. At exposures above 350 Torr-sec,

anot°her peak appears in the spectra at 148 K. The new peak

grows in intensity, without saturating, as exposure is

increased. It is also seen at the same temperatures for the

oxygen-covered nickel and the nickel oxide surfaces. The peak

at 148 K is thus attributed to desorption from multilayers.

The peak that appears as a shoulder to the 169 K peak is due

to oxygen contamination at the surface. If oxygen treatments

are used after each thermal desorption spectroscopy (TDS)

experiment to clean the surface, this shoulder peak slowly

grows in size while the 169 K peak slowly decreases in size

over the course of the day. The oxygen treatments, described

in Chapter II, used to clean carbon off the surface between

experiments apparently leave oxygen on the surface even though

AES cannot detect any residual oxygen contamination. EELS

studies in which PFDEM is exposed at 169 K and then cooled to

90 K show no energy losses associated with this shoulder peak

implying that a well-cleaned surface will not have a shoulder

peak on the 169 K peak.

A typical thermal desorption spectrum of I000 Torr-sec
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PFDEM exposed to Ni(100) at a crystal temperature of 95 K is

shown in Figure 8. From Figure 8, note that the area of m/e

69 (CF3.) is approximately half that of m/e 119 (CF3CF2 .) and

m/e 50 is slightly larger than m/e 47 for the 148 K and 169 K

peaks. These features, and others not shown in the figure,

are consistent with the in situ mass spectrum of molecular

PFDEM shown in Figure 6. We conclude, therefore, that PFDEM

desorbs from the clean nickel crystal intact without reaction

or dissociation.

Figure 9 shows EEL spectra of i000 Torr-sec of PFDEM

exposed to clean nickel held at a temperature of 95 K. The

nickel crystal is cleaned such that no loss features due to

contamination at the surface are present. Figure 9a shows the

EEL spectra taken after exposure. Major loss features are

seen at 705 cm -I, 1135 cm -I, 1285 cm "I, and 2550 cm "I.

Preliminary assignments, shown in Table i, include: the

bending mode of CF3 for the loss at 705 cm_; the CF 2 stretching

frequency at 1135 cm _, which appears as a shoulder peak to the

1285 cm "_ peak; the CF_ stretch for the loss at 1285 cm_; and

the second overtone of the CF_ stretch plus losses due to

multiple impact scattering at 2550 cm -I. These assignments are

based on general correlations that exist in the infrared (IR)

absorption patterns of _crfluorinated compounds. The IR

spectra of fluorocarbon groups routinely show strong C-F

absorptions in the 1400-1100 cm °I region. A compound
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Ni(100) at 95 K.
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Table i, Observed vibrational frequencies (in cm"_) of
perf luorodi •thoxyme thane.

P_EMm Ni(100) Ni(100) Ni(lO0) Ni(100) Assign'ments '
(gas phase) c(2x2)-O 160 K c(2x2)-O c(2_)-O

,,,,,mu!t!la_,ers 155 K 195K

not present 2550 I - 2575 " " ' '""' '"' '" " ' "2*v(CF3)+MISa

not"'"present .... 1960 _ ' i920" 1935 v(C=O)

not present .... 1610 1650 '" viC=C) .....

not present .......... 1290"(sh) ......,, v(CFx)
i242'vs 'i275 --- 1285 1290 i245 "' v(CF3)

, ,,,,,,,f , __ ,, _ ,, , , ,,,,,L,, f , ,, - , ,,,,,,,

1200 s v(CF3)
, ,,,,,, , ,,, , ,, _ ,,,,,, , ,, ,,,,, ....

1175 s v(CF3),,, ,,, ............ ,,,,

1116 vs 1135 1135 v(CF2)
t ,,,, ,, 4 , ,,

.... 1099 vs v(CF2) '
,, ,, ,, ,

not present 1000 v(=CF2)
, ,, ,, , ..... L - 1 .....

901m " v(C-O)
849"m ...... v(C_ ) .........

.... 746 s 705 "70S 705 8(CF3)

_5 m _ ' ......... unassigned
not present 535 .......unassigned
not present 325 325 320 v(Ni-O)

aMIS = multiple impact scattering
sh = shoulder
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containing an isolated C-F bond, for example, will show a

strong stretching vibration in the i000-iii0 cm "I region. A

CF 2 group will show stretching vibrations in the 1050-1250 cm "I

region, while the highest frequencies in the C-F absorption

region are due to the CF 3 stretch [51-53]. The CF 3 deformation

mode is assigned to absorption frequency range 500-700 cm "I

[51,53]. When assigning C-F stretching modes, caution must be

exercised since these frequencies have been observed to lower

by as much as I00 cm "_ upon bonding to a metal [54].

When the crystal is flashed to 130 K and allowed to cool,

a spectrum like that in Figure 9b is seen in which intensities

of all spectral features are slightly decreased. Flashing the

crystal to 160 K (i.e. desorption of the multilayer state)

results in a large decrease in all spectral features as shown

in Figure 9c. By the time the crystal temperature reaches 195

K, as in Figure 9d, all the PFDEM has desorbed and the surface

is clean. No peaks due to the stretching of Ni-F bonds are

seen [55].

The EELS results shown in Figure 9 support the results of

the TDS data of Figure 8. In the EELS experiments, molecular

desorption from a clean nickel surface is evident from the

decrease in intensity as a function of increasing temperature

without much of a frequency shift.

The second surface studied is Ni(100)-c(2x2)O. This
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surface is prepared by exposing the clean Ni(100) crystal to

39 L of oxygen at a crystal temperature of 300 K [47]. The

c(2x2) structure is verified using low energy electron

diffraction (LEED). Figure I0 shows the TDS results for a

I000 Torr-sec dose of PFDEM on Ni(100)-c(2x2)O at 95 K. At

185 K, the layer of PFDEM closest to the surface desorbs. As

in the clean Ni(100) experiments, the multilayers of PFDEM

desorb at 148 K. Each of these first two peaks represent

PFDEM that has desorbed molecularly from the surface without

dissociation or reaction. This is evident since the area of

m/e 69 (CF_.) is about half of m/e 119 (CF3CF2.), while m/e 50

(CF2.) is only slightly larger than m/e 47 (CFO.); these

relative areas match qualitatively with PFDEM in the gas phase

(Figure 6). Interestingly, the other high temperature peaks

in Figure i0 do not represent molecular desorption. In the

desorption state at 194 K, m/e 69 (CF3.) is larger than m/e 119

(CF_CF2.) and m/e 47 (CFO .) is larger than m/e 50 (CF2.). Since

these ratios are different than that of PFDEM in the gas

phase, this state cannot be due to molecular desorption of

PFDEM from the crystalline surface. All attempts to more

accurately identify this state have not given any additional

clues as to its exact identity. Other masses probed, but not

found, include m/e = 138 (C2F_.), 154 (C2F60+), 166 (C3F60.), and

204 (C3F,O.). Trace amounts of masses 116 (C2F40.) and 97

(C2F_O.) were found in the area of decomposition. A second
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Figure 10- Thermal desorption experiments for i000 Torr-sec
perfluorodiethoxymethane adsorbed on Ni(100)-c(2x2)O.
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interesting characteristic of the TDS data for Ni(100)-c(2x2)O

is that m/e 119 (CF3.) shows another desorption feature at 194

K. This suggests that more than one product is formed at the

surface.

EELS experiments of perfluorodiethoxymethane on Ni(100)-

c(2x2)O are shown in Figure ii. In Figure lla, i000 Torr-sec

PFDEM is exposed at a crystal temperature of 95 K. Recall

that at this exposure the multilayer peak is seen by TDS.

Major loss features and preliminary assignments are given in

Table i. Briefly, the vibrational frequency at 1275 cm -I is

assigned to the CF 3 stretch. The 1135 cm -I peak, which appears

as a shoulder on the 1275 cm -_ peak, is assigned to the CF 2

stretch. The loss at 2550 cm _ is due to the second overtone

of the CF 3 stretch plus multiple impact scattering. The loss

characteristic of the Ni-O stretch on a c(2x2) overlayer is

seen at 325 cm -_ [56-58]. Finally, at 705 cm -_ a small loss due

to the deformation mode of CF 3 is seen. The feature at 1960

cm "I is assigned to the C=O stretching frequency of carbon

monoxide [59-61], and is likely to be from contamination by

carbon monoxide, rather than a reaction product.

Some minor changes in the spectrum are seen when the

surface is heated to 175 K (Figure llb). By flashing the

crystal to 175 K the PFDEM multilayer is removed. The peak

formerly at 1275 cm -I shifts up to 1290 cm -I and increases in

intensity while its shoulder peak disappears when heated to
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Figure Ii: High resolution electron energy loss spectra of
perfluorodiethoxymethane adsorbed on Ni(100)-c(2x2)O at 95 K

followed by heating to the indicated temperatures.
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175 K. The Ni-O stretch at 325 cm I becomes more intense, and

a small peak at i000 cm -I, assigned to the =CF 2 stretch appears

[62]. If this tentative assignment is correct, it suggests

decomposition of the PFDEM. Other peaks decrease in intensity

upon flashing to 175 K. By heating the crystal to 195 K, all

the molecularly bonded PFDEM desorbs, leaving only the

unidentified decomposition product. From Figure llc it is

evident that very little product is left on the surface.

Peaks just above the noise level are seen at 1245 cm _, 1650

cm -_, and 1935 cm -I. Their preliminary assignments, as given in

Table I, are the CF 3 stretch, the C=C stretch, and the C=O

stretch from adsorbed carbon monoxide, respectively. Again,

the Ni-O stretch is seen at 320 cm _. As shown in Figure lld,

a crystal temperature of 300 K results in an EEL spectrum in

which only the phonon losses at 320 cm -_ are seen.

The changes seen in the EELS experiments of PFDEM on

Ni(100)-c(2x2)O support the evidence given in the TDS

experiments that some sort of decomposition of the PFDEM is

occurring on the surface. Unlike the clean Ni(100) system in

which the peaks only decrease in intensity as a function of

increasing temperature, the Ni(100)-c(2x2)O system shows peaks

that shift in frequency as the temperature increases and other

peaks that grow in intensity as the temperature increases.

The final surface on which perfluorodiethoxymethane is
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studied is NiO(100). The surface was prepared by dosing with

175 Langmuir of oxygen at a crystal temperature of 225 K

followed by flashing the crystal to 605 K. This process is

described in an article by Wang et al. [47]. It should be

noted that when prepared in this way, the surface consists of

areas of metallic Ni(100) and areas of the chemisorbed c(2x2)-

oxygen structure in addition to NiO(100) crystallites. So

when we refer to "NiO(100)", we are actually referring to

areas of NiO(100) surrounded by areas of the other two

surfaces studied. Successive TDS experiments on NiO(100) are

performed by keeping the temperature of the crystal low enough

so as not to harm the oxide surface, and are thus

reproducible.

Figure 12 shows a TDS experiment for a 400 Torr-sec

exposure of PFDEM on NiO(100) at 95 K. Molecular desorption

of multilayers is seen once again at 148 K. At 197 K the peak

due to molecular desorption of the strongly-bound PFDEM

surface layer comes off. At 219 K, desorption is seen for

molecules that are not characteristic of molecular desorption

of PFDEM. This assignment is based upon the fact that for

this peak the ratio of m/e 69 (CF3 .) to m/e 119 (CF3CF2 .) is not

consistent with the corresponding ratio for molecular PFDEM.

By comparing the TDS experiments performed on NiO(100) to

those on Ni(100)-c(2x2)O and Ni(100), it is evident that the

PFDEM in the surface molecular layer is more strongly bound to
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the NiO(100) surface than it is to the Ni(100)-c(2x2)O

surface, and it is even more weakly bound on the clean Ni(100)

surface than to either of the oxygen-modified surfaces. This

is evident since the peak that corresponds to PFDEM bound

directly to the surface comes off at ever-increasing

temperatures. For Ni(100) that temperature is 169 K, while

for Ni(100)-c(2x2)O it was 185 K, and for NiO(100) 197 K. The

desorption energies, calculated by the method of Redhead

assuming a pre-exponential factor of 1013 s"I, for the PFDEM

state nearest the surface on Ni(103), Ni(100)-c(2x2)O, and

NiO(100) are 43, 47, and 49 kJ/mol, respectively [63].

Also it is seen from the TDS experiments performed that

the Ni(100) surface with a chemisorbed oxygen layer is

sufficient to catalyze decomposition of the PFDEM, even though

this surface is theoretically less acidic than the NiO(100)

surface. We conclude that a highly acidic surface is not

essential for the thermal decomposition of PFDEM.

Decomposition of PFDEM follows an increase in the Lewis

acidity (electron deficiency) in the metal atoms as the metal

is changed from the clean surface to the oxide surface. The

fact that the PFDEM is more strongly bound to the surface as

the acidity of the surface increases provides some insight in

understanding its decomposition. Our results are consistent

with the idea that charge transfer from PFDEM to the surface

is occurring, and that this causes a small decomposition
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pathway to open. However, the experiments performed here are

not sufficient to distinguish between the different mechanisms

presented in the introduction of this paper.

Ongoing research of PFDEM on nickel surfaces shows an

increasing problem with impurities present in the PFDEM

sample. The impurities are not fully identified at the

present time. Based on the new data, it is entirely possible

that the "decomposition products" spoken of in this paper

were, in fact, impurities that are introduced onto the crystal

along with the PFDEM. One of the impurities currently seen

desorbs from the surface at temperatures lower than the PFDEM

in the layer closest to the surface at low exposures. The

mass identifying this particular impurity, m/e 135 (C2FsO), was

never probed during this set of experiments and was not

readily apparent by GC/MS. At higher exposures, the impurity

identified by m/e 135 prefers the multilayer state, and its

population in the state next to the surface decreases as the

multilayer state grows in. If this impurity is present when

the data for this paper were taken, it would explain the set

of doublet peaks seen in Figure 7d for the i000 Torr-sec PFDEM

exposure on Ni(100) and the asymmetry of the multilayer peak

in Figure 8. It would also explain why the multilayer state

never shows the characteristic shift to higher temperatures as

it grows in; our experiments always show the multilayer state
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desorbing at 148 K. The behavior of this impurity also

explains the slight decrease in the area of the peak

corresponding to the layer of PFDEM bonded directly to the

surface as exposure is increased after the multilayer state

appears (Figures 7d-7e). More recent results do not even show

peaks corresponding to the "decomposition products" of PFDEM

on nickel surfaces shown in this study. Future research of

PFDEM on nickel surfaces should further identify and explore

the effects of impurities.

Electron Energy Loss Spectra of Nickel Oxides

EE:JS of nickel oxides are characterized by the lattice

vibrations of surface atoms called Fuchs-Kliewer phonons

[64,65]. The phonons appear in the EEL spectrum as a strong

series of multiple phonon losses which obstruct much of the

weaker adsorbate vibrational features (for example [66]).

Multiple phonon losses differ from overtones in two ways

[67,68]. First, multiple phonon losses occur when incident

electrons undergo several excitation events, while overtones

involve only one excitation event. Secondly, the peak

intensities of both multiple phonon losses and overtones are

coverage dependent, but the intensity of multiple phonon

losses vary quadratically with surface coverage, while the

intensity of overtones scales linearly with coverage.

Experimentally, a spectrum can have contributions from both
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multiple losses and overtones: the presence of overtones in a

spectrum can cause the high frequency multiple phonon losses

to fail to appear at precisely multiple values of the

fundamental phonon mode since overtones are usually observed

at lower frequencies than a multiple phonon loss [67].

EELS studies of bulk nickel oxide single crystals have

been performed using a deconvolution procedure to remove much

of the phonon structure in data analysis [69,70]. Still

current literature does not contain many EELS studies of thin

films of nickel oxide on nickel metal substrates. The results

of a set of experiments aimed at collecting the phonon spectra

for several different nickel oxides formed on a Ni(100)

substrate are presented here. The assignments given are

tentative. It should once again be noted that the nickel

oxide structures have not been confirmed by LEED. All the

surfaces were made according to the procedure given in

reference 47.

The NiO(100) surface was made by exposure of the clean

Ni(100) surface to 370 L of 02 (P = 8 x I0" Torr) at a crystal

temperature of 350 K followed by heating the crystal to 605 K.

An EEL spectrum of the resulting oxide surface is given in

Figure 13. Peak losses in the spectra are at 71 cm "I, 216 cm I,

and 580 cm -_. The 71 cm -I peak is attributed to the fundamental

phonon mode, while the loss peak at 216 cm "I in Figure 13 is

attributed to the third multiple phonon loss. The second
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multiple phonon loss is unresolved in Figure 13. The spectrum

also shows an energy gain feature to the left of the elastic

peak at -142 cm "I due to electrons that have gained energy from

pre-existing phonons [65].

A (7x7)-covered surface was made by oxidation of the

clean Ni(100) surface at 350 K to 370 L 02 (P = 8 x I0" Torr).

Figure 14 shows an EEL spectrum of the (7x7) surface. The

loss at 88 cm "I is due to the fundamental phonon mode, while

the loss at 245 cm I is due to multiple phonon losses. The 469

cm -_ peak is due to the stretching of Ni-O bond [67,72].

Again, the second multiple loss is unresolved in Figure 14.

NiO(lll) was prepared from Ni(100) by oxidation at 225 K

with 200 L 02 and with P = 8 x i0" Torr. Figure 15 is an EEL

spectrum of the NiO(lll) surface which possesses a fundamental

phonon mode at 76 cm "I with the third multiple phonon loss

visible at 226 cm I. As in the NiO(100) and the NiO(7x7)

surfaces the second multiple phonon loss is unresolved.

The nickel oxide phonon spectra shown in Figures 13-15

are marked by substantially decreased phonon energies when

compared to EEL spectra of bulk NiO(100) surfaces [66,70,72]

and when compared to EEL spectra of thin films of NiO on Ni

[67,71] where the fundamental phonon frequency for NiO

surfaces appears at frequencies above 500 cm "_. A partial

explanation for this phenomena may be that the frequency of

the phonon mode shifts to lower frequency as the domain size

' nl
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Ni (100).
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of the NiO sites becomes smaller than the wavelength of the

Fuchs-Kliewer phonon [72]. In studies of bulk NiO(100), the

phonon mode has been observed to shift to lower frequencies

when the NiO crystal is reduced to Ni metal by exposure to

hydrogen [72]. In this study, Wulser and Langell observed a

shift of the phonon mode to lower frequency after the surface

had been reduced to a certain extent. The authors estimate

that the lower phonon loss energies are obtained once the NiO

crystallite domain sizes get less than about i00 Angstroms.

If it is true in our case that the NiO crystallites are small,

then the classical analyses by Fuchs and Kliewer will not

apply. The theory of these modes applies only when: I) the

domain size of the crystallites is much larger than the

vibrational wavelength; and 2) the material behaves as a semi-

infinite ionic crystal slab. Although this explanation is not

enough to explain such a large shift in the phonon mode, it

does serve as a partial explanation as to why the phonon mode

shifts downward.
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IV. CONCLUSIONS

The reason for degradation of perfluoropolyether lubricants

in the presence of metals remains elusive. Our study of a model

perfluoropolyether containing an acetal group (-0CF20-), which

is believed to be detrimental to the use of perfluoropolyethers

as lubricants, showed no decomposition on the clean Ni(100)

surface. It is not clear at the present time whether the oxygen

modified surfaces, Ni(100)-c(2x2)O and NiO(100), show
!

decomposition of PFDEM or whether impurities present in PFDEM

are affecting results and giving a false appearance of

decomposition. More research is needed to identify and study

the effects of PFDEM impurities.

TDS results show that the bond strength of PFDEM to the

surface increases in the presence of an oxygen modified surface

since the desorption temperature of PFDEM in the state nearest

the surface increases in going from Ni(100) to Ni(100)-c(2x2)O

to NiO(100). This increase in binding energy follows an

increase in the Lewis acidity of the nickel atom sites.

Electron energy loss spectra of PFDEM on Ni(100) and

Ni(100)-c(2x2)O surfaces are performed. Results from the

Ni(100) surface indicate that molecular desorption of PFDEM

occurs on the clean Ni(100) surface. The results from the

Ni(100)-c(2x2)O surface are suspect due to recent TDS

experiments showing that impurities in the sample are having an

adverse effect on results.
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Electron energy loss spectra are collected for NiO(100),

NiO(7x7), and NiO(lll) surfaces, however, the spectra show large

shifts to lower frequencies when compared to published EEL

spectra of NiO(100) single crystal surfaces and to published EEL

spectra of NiO(100) thin films on Ni(100) single crystals. One

possible reason for this is that the small size of the nickel

oxide crystallites causes a shift to lower frequencies. Still

this reason is not enough to explain such a large shift in

frequencies.
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