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Supervisor: Dr. D A. Harrington

ABSTRACT

The adsorption o f iodine on a platinum(l 11) single-crystal surface has been 

investigated using LEED, Auger spectroscopy, and work function measurements. The phase 

transformations and work function changes have also been measured during desorption. Mass 

spectroscopy shows that above 300 K the main desorption product is atomic iodine with a 

small amount o f molecular iodine detected as well. The desorption kinetics at these 

temperatures were studied by different techniques to extract the kinetic parameters and the 

orders o f the desorption reactions. There are two main desorption features, one displaying 

zero-order desorption kinetics typical o f a phase transition and the other displaying first-order 

kinetics with a coverage-dependent activation energy. The work function changes during 

adsorption and desorption were shown to be a function o f coverage rather than having a site 

dependence. The adsorption of iodine at temperatures below 200 K was also studied. 

Multilayers o f molecular iodine are formed that desorb with essentially zeroth order kinetics. 

Two multilayer desorptions were observed with thermal desorption spectroscopy. One o f the 

multilayer desorptions had a significant work function change associated with it. The work 

function changes were modelled by calculating the hybridization dipole moment using 

extended-Hückel theory with Bloch wavefunctions. The calculations are sensitive to the 

atomic position o f the adsorbate and require further refinement. Due to the protective nature 

o f the iodine layer and its high polarizability, the iodine layers were used to study the ambient 

pressure adsorption o f fluorinated carbosilane dendrimers. These dendrimers are stable in 

vacuum but do not form an ordered structure at ambient temperature. Heating the adsorbed 

dendrimer in vacuum to 1100 K produced a new ordered structure on the platinum sur&ce.
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This structure was shown not to be an intact dendrimer molecule as two different dendrimers 

with similar structural moieties produced the same ( - /\9 x i  19)R23.4° LEED pattern. The 

ordered structure was studied by Auger spectroscopy to determine the carbon coverage. This 

structure is proposed to be islands of a coincidental lattice of graphite.
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Introduction

Electrochemical processes are fundamental parts o f our technological world, and 

there has been much scientific study into all aspects of electrochemical systems. As a result, 

electrochemistry is a well-developed science with direct applications in industry. Most studies 

concentrate on the exchange of electrons at interfaces, such as the solid-liquid interfaces of 

electrodes immersed in an electrolyte. The detailed study o f the surfiices o f electrodes, and 

of other materials, has produced a new field of study called electrochemical surface science. 

This new scientific branch is an amalgamation o f electrochemistry, solid-state physics, and 

materials engineering. Surface science attempts to probe surfaces on a microscopic and 

atomic level by using advanced instrumental techniques. These difficult experiments yield 

detailed information about the nature o f surfaces. Indeed, the scanning tunnelling microscope 

(STM) provides subnanometer resolution, allowing us to actually see individual atoms on 

surfaces.

The adsorption of iodine on the (111) sur&ce plane o f a single crystal o f platinum is 

the main focus o f the investigations described in this thesis. This system has been well- 

characterized by several electrochemical and UHV techniques, including STM. These studies 

are briefly reviewed in Chapter 2. The experiments described in Chapters 4 and 5 examine 

the behaviour o f the work function during the iodine adsorption and desorption. There are 

several structural phase transitions of the adsorbed iodine layer that occur on the surfiice. 

These phase transitions have been studied with LEED, Auger spectroscopy, and work 

function measurements. Chapter 4 focuses on the adsorption experiments and the structural
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transformations o f the adsorbate layer that occur on the sur&ce. Chapter 5 discusses the 

desorption experiments and the methods used to «ctract kinetic information. Desorption 

above 300 K occurs mostly as atomic iodine while at 200 K the main desorption is molecular 

iodine. The kinetics o f these desorptions have been studied using mass spectroscopy. The 

two main desorption features above 300 K both display first-order kinetics with one o f them 

also having a coverage-dependent activation energy. An attempt is made to simulate these 

desorption spectra fi’om the experimentally-determined kinetic parameters. At 200 K, the 

molecular iodine desorbs with essentially zeroth order kinetics.

The work fimction change during adsorption and desorption is studied to determine 

whether it is a fimction o f iodine coverage or a fimction o f the surface sites the iodine 

occupies. The sign of the change in woric fimction during iodine adsorption is opposite to 

that expected based on electronegativity arguments. As described in Chapter 6, the work 

function is the energy required to extract an electron fi’om the metal and remove it to the 

vacuum. It has both a surface and bulk component but only the surface component is 

modified by adsorbates. The change in work function is modelled using an extended-Hückel 

molecular orbital calculation that includes the translational symmetry o f the repeating 

structure on the sur&ce. A set o f FORTRAN computer programs was written to perform 

these types o f calculations.

In the final chapter we attempt to exploit the protective nature o f the iodine layer to 

do ambient-pressure adsorption experiments using fluorinated carbosilane dendrimers. These 

dendrimers are stable in vacuum when adsorbed on the iodine layer. Heating these 

dendrimers forms an ordered structure with a ( / I9x/19)R23.4® LEED pattern. This 

structure is likely to be islands o f graphite rotationally oriented to have a coincidental lattice
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match with the platinum substrate.

As this is the first set o f experimental results to be generated using this vacuum 

system, the experimental details fiar all o f the techniques are discussed extensively in Chapter 

3. The computer interfacing o f the equipment and the software used to process the 

experimental data are also described as these computer programs were also written by the 

author. Procedures are laid out for the attaining UHV pressures and the operation o f most 

o f the electrical components. Details for cleaning the platinum surface are also described.



Background To Iodine Adsorption 

On Platinum Electrodes

2.1 Iodine Structures on Platinum

Iodine and other halogens are known to adsorb strongly on the surfaces o f many 

transition metals [2.1-2.5], Studies o f halogen adsorption on metals are well known in the 

literature [2.6]. On platinum electrodes, iodine forms a stable layer that creates a barrier to 

further adsorption o f other potential adsorbates. The structure and electronic nature ofthese 

iodine layers have been investigated using several sur&ce-sensitive techniques. On single- 

crystal surfaces of platinum, the iodine atoms arrange themselves into ordered monolayers 

that are commensurate with the metal surface. These overiayers are the main focus o f this 

thesis.

Iodine will adsorb spontaneously if platinum is put into an aqueous solution 

containing iodide ions (KI, for example) [2.7]. Adsorption at open-circuit potential is 

accompanied by the transfer o f an electron and the evolution o f hydrogen gas:

r+ ir -u  + i4Hj (pH<7)
I +H 2O - U  + OH+V4H2 (pH>7)

O f the face-centered cubic (fee) low-index crystal faces, the (111) surAce is the most 

thermodynamically stable as it provides the highest coordination number for the surface 

atoms. The top three layers o f the ( I I I )  sur&ce are shown in iSgure 2.1. Three different



Figure 2.1-Top Three Layers o f Platinum Surface Showing fee and hep Threefold Sites

iodine structures are observed when single-crystal p latinum (lll) electrodes are emersed 

from solutions containing iodine. These structures have all been studied by Auger electron 

spectroscopy (AES), low-energy electron dif&action (LEED), and scanning tunneling 

microscopy (STM). The adsorbed iodine atoms were found to occupy specific sites on the 

platinum(l 11) smface. There are three common adsorption sites on fee (111) surfaces. The 

atop site is directly above a first layer platinum atom. The bridged site is a site that bridges 

two platinum atoms. The three-fold site is a site where the adsorbate binds to three platinum 

atoms. There are two types o f three-fold sites on fee (111) surfaces. Both are identical in 

the top layer but differ in the second layer o f atoms. As shown in figure 2.1, using semi

transparent atoms in the top layer, one three-fold site (hep site) has a second layer atom 

directly beneath i t  The other three-fold site (fee site) is above a hollow and has an atom in 

the third layer directly beneath i t  The radius o f the platinum atoms in this figure (and other
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figures in this chapter) represents the metallic radius o f 1.39 Â.

The lowest coverage structure, shown in figure 2.2, has a (V3xV*3)R30 ° unit cell and 

a coverage o f 1/3. All of the adsorbed iodine atoms occupy three-fold sites on the surface

[2.8]. These figures were created with the Persistence O f Vision (POV) raytracing program

[2.9] and are meant to represent three-dimensional models of the structures. At the centre 

o f figure 2.2 is a semi-transparent iodine atom to show the bonding site. The three-fold site 

is expected to be the most energetically favoured bonding site as the adsorbate coordinates 

to three platinum atoms. Although there is little difference in binding energy between the 

fee and hep three-fold sites, the iodine atoms are thought to occupy the fee three-fold sites 

[2.8]. At present, there is no experimental evidence to support this conclusion.

Another iodine structure formed has a {-f 7xV^7)R19.1° unit cell and is shown in 

figure 2.3. This structure has a coverage of 3/7 with two three-fold sites and one atop site

Figure 3xV3)R30° Iodine Structure on Pt(l 11)



Figure 23-(V7xV’7)R19.1 ° Iodine Structure on Pt(l 11)

being occupied. There are two rotational domains of this structure that coexist in equal 

amounts on the surface. STM showed that these domains do not coexist on the same atomic 

terrace and that the terraces are equally populated by one or the other o f the (V^7xV^7)R19.1 ° 

domains [2.10].

At a slightly higher coverage of 4/9, a (3x3) unit cell is observed. STM studies of this 

structure provided an unexpected result [2.11]. There are two structures that coexist on the 

surface, each of which has a (3x3) unit cell (shown in figinres 2.4 and 2.5). One is the 

expected structure when all the iodine atoms occupy symmetric sites (one atop site and three 

bridged sites). This is labelled the symmetrical (3x3) structure. In the other (3x3) structure, 

(labelled the asymmetrical (3x3) structure) one three-fold site is occupied and three 

asymmetrical atop sites are occupied. Unlike the rotational domains o f the (V7xV7)R19.1 ° 

structure, the two (3x3) structures do coexist on the same atomic terraces and boundaries



Figure 2.4-Symmetrical (3x3) Iodine Structure on P t(l 11)

Figure 2.5-Asymmetrical (3x3) Iodine Structure on Pt(l 11)



between them have been observed with STM.

At a higher coverage o f0.64 (52/81), another iodine phase has been observed [2.12]. 

This structure has a (3V3x9/3)R30° unit cell that forces the iodine atoms into a densely 

packed state. The apparent iodine interatomic distance (3.3Â) is considerably less than the 

van der Waals radius (4.3Â). This phase is less stable than the other phases and readily 

converts to the (3x3) structure.

2.2 Electrochenûcal Studies of Iodine on Platinum

Most studies concerning the adsorption o f iodine on platinum have been 

electrochemical in nature. The initial studies assumed that in solution, iodide ions adsorb on 

platinum electrodes similarly to chloride ions. It was soon realized that iodide ions adsorb as 

neutral iodine atoms with an electron being transferred, as shown in equation 2.1 [2.13,2.14]. 

The amount o f iodine adsorbed on the sur&ce can be measured coulometrically by oxidizing 

the adsorbed iodine to the iodate ion by;

+ 3HzO -  lO i + 6IT + 5e* (2.2)

Coverages estimated from the charge (assuming a five electron process) indicated an 

iodine sur&ce concentration o f 1.14x10*® mol/cm^ (6.87x10** atoms/cm^. If the 

polycrystalline platinum is mostly Pt ( l l l )  (with a surface packing density o f 1.5x10*  ̂

atoms/cm^, the iodine coverage is estimated to be 0.46. This result is very close to the 

coverages o f the (3x3) structure (0.44) and (V7 xi7)R19.1 “ structure (0.43).

The coverages o f the iodine structures on P t(l 11) were determined as a fimction of
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electrode potential by emersion o f the electrode and measurement o f the iodine's X-ray 

fluorescence intensity (at 28.6 keV) [2.15]. These results showed that in the potential region 

where the (V7xV*7)R19.1° is the stable phase (-0.3 V vs Ag/AgCl at pH 6.7), the coverage 

is 6.6x10*^ atoms/cm^ (0=0.44). This coverage is in very good agreement with the proposed 

structures. At potentials more positive than this, the iodine coverage decreases to zero with 

increasing potential. The results also show that a coverage o f 1/3 (the coverage o f the 

(V*3xV3)R30“ structure) occurs at a potential o f -0.5 V (vs Ag/AgCl) at pH 6.7.

The evidence for a neutral iodine adsorbate comes from coulometrically measuring 

the interfacial excess ofFe^^ when halogen-coated platinum electrodes are emersed from FeXj 

solutions [2.16]. If  halogen anions are adsorbed on the surfrce, and the platinum is left 

uncharged, the Fe^* ion would be needed at the surface to preserve electroneutrality after 

emersion. For B r , Cl’, and F adsorption, an excess o f Fe^  ̂ ions was observed. The amount 

o f Fê "* associated with the adsorbed layers was half the amount o f halogen present, as 

expected from the iron oxidation state. No Fe^  ̂was observed to be associated with the 

emersed iodine layer. This suggests that the Pt-I system is electrically neutral, though the Pt 

and I could be oppositely charged.

Cyclic voltanunetry studies o f iodine-coated platinum electrodes showed several 

interesting features. The under-potential deposition (UPD) o f hydrogen that occurs on bare 

platinum electrodes is completely blocked by the presence of adsorbed iodine [2.17]. Iodine 

desorption does occur at more negative potentials (-0.5V vs. Ag/AgCl at pH 7) and is 

accompanied by evolution of hydrogen gas. The potential where iodine desorption occurs 

is a function o f pH, changing from -0.3 V (vs. Ag/AgCl) at pH 4 to -0.6 V (vs Ag/AgCl) at 

pH 10.
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The structure o f the iodine on the platinum surfece is also dependent on the electrode 

potential [2.18]. At high pH and positive potentials, the iodine exists as the ( / 7x/7)R 19.1 “ 

structure. As the electrode potential is made more negative, the iodine coverage steadily 

drops and goes through an intermediate stage o f having a mixed (/7xV'7)R19.1‘’ 

(V3xV3)R30“ structure. As the iodine coverage decreases further, only the ( / 3)R30“ 

structure is observed on the sur&ce.

At low pH, the (3x3) and (V7 xi7)R19.1 " structures are prevalent over a wide range 

o f electrode potentials (+0.85 V to -0.3 V vs Ag/AgCl). At potentials more negative than 

-0.3 V, the (V*3x/3)R30“ structure is formed and the iodine coverage rapidly decreases. It 

is interesting to note that at high pH the (3x3) structure is not observed. It only forms at 

positive potentials (>0.5 V vs Ag/AgCl) at pH 7.

During these studies, where the platinum electrode was emersed from the iodide 

solution and transferred into vacuum for study, it was noticed that the (3x3) and 

(V^7xV^7)R19.1° structures are very hydrophobic, while the (/3xV^3)R30“ structure is 

hydrophilic [2.18]. This observation led to a series to experiments involving the competitive 

adsorption of solvents with iodine. It was found in all cases studied that the adsorbed iodine 

layers were completely stable to the solvents [2.19, 2.20]. The iodine could also displace 

preadsorbed solvent molecules, demonstrating the strength o f the interaction between the 

iodine and the platinum electrode.

The stability o f the iodine layers led to a procedure for preparing clean platinum 

single-crystal surfaces outside the UHV environment [2.21,2.22]. The procedure involves 

heating the platinum electrode in hydrogen and then cooling it in the presence of iodine vapor. 

Surfaces that have been purposely disordered by electrochemical cycling or by high-energy
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ion bombardment can be reordered by adsorbing iodine at 700 K, which is 500 K below the 

usual annealing temperature for platinum. The iodine layer protects the platinum surface from 

contamination and allows the platinum to be transferred at ambient pressure to an 

electrochemical cell. The adsorbed iodine can be replaced by CO by bubbling the gas through 

the electrolyte. The adsorbed CO is then easily oxidized off the surface at potentials where 

the sur&ce remains unreconstructed. This procedure yields a well-ordered platinum surfece 

that is free o f contaminants.

2.3 Vacuum Studies o f Iodine on Platinum

UHV studies also showed that it was possible to create the ( / 2 xi3)R30“ and the 

( / 7»/’7)R19.1 “ iodine structures by exposing a clean platinum (111) surface to iodine vapor 

or to HI [2.23]. The I; and HI molecules dissociate to form atomic iodine that arranges into 

structures identical to those formed from solution. When HI adsorbs onto the surface, no 

hydrogen can be detected once the adsorption is complete. The (3x3) structure was not 

formed by gas-phase dosing in UHV even though the (3x3) structure prepared 

electrochemically, or by cooling at atmospheric pressure with iodine vapor (see above), is 

completely stable in vacuum.

The (V*3x/3)R30“ and (■/7x/7)R19.1 “ structures have been studied by I.F.F.D and 

AES [2.14]. The structures formed are identical to those created electrochemically. Heating 

the iodine-covered platinum in vacuum causes the iodine to desorb. This can be measured 

with a mass spectrometer to identify the desorbing species. Only atomic iodine was observed 

desorbing from the surface over a wide temperature range (500-1000 K). Starting with the 

( / 7x/7)R19.1° structure, iodine begins to desorb at 565 K. At this point the T-F.F.n pattern
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changes from the (V’7x/7)R19.1® pattern to a difiuse pattern. A t 645 K, more iodine desorbs 

and the LEED pattern changes from a difiuse pattern to a ( 7 ^ 3)R30® pattern. At higher 

temperatures the LEED pattern becomes difiuse again. Above 1000 K, all o f the iodine has 

been removed and the LEED pattern shows only the (1x1) pattern from the platinum 

substrate. At each phase transition, a peak is observed in the desorption spectrum o f mass 

127. All four peaks match the desorption spectra obtained from the experiments described 

in this thesis. Auger analysis during the desorption process showed an essentially linear drop 

in iodine coverage over this temperature range.

During the thermally-induced transitions, no molecular iodine is observed desorbing 

from the surface. However, during the conversion o f the (SV3 x 9 /3)R30® structure to the 

(3x3) phase, both mass 127 and mass 254 are observed. The formation of molecular iodine 

is likely due to the high packing density where the iodine atoms are being forced together.

Although STM conclusively showed where the iodine atoms are sitting on the surface 

for the various structural phases, no information was provided about the actual distance 

between the iodine and the platinum. A Sur&ce-extended X-ray-absorption fine structure 

(SEXAFS) study o f iodine adsorbed on Pt(l 11) gave a bond length o f 2.64Â [2.24] for a 

surfrce with a coverage o f 0.43. This is approximately the sum o f the covalent radii for 

platinum and iodine (1.29Â and 1.33Â respectively).

Adsorption oFodine onto the 6( 111 )x( 111 ) stepped platinum sur&ce [2.25] produced 

several difierent LEED patterns, as expected. These could all be rationalized by considering 

that the surface consists o f small terraces o f P t(l 11) separated by atomic steps. The thermal 

desorption o f iodine showed that although there were several more binding sites (due to the 

steps), the iodine desorbs in essentially the same fashion as from the (111) surface.
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To probe the difference between the iodine adsorbed in atop sites and those adsorbed 

in three-fold sites on the Pt( 111 ) sur&ce, the core-electron (4dgQ) binding energy ofthe iodine 

was measured as a function o f coverage [2.26]. At coverages below 1/3, where only three

fold sites are occupied, the binding e n e r^  decreases slightly (0.2 eV) with increaâng 

coverage. This shift in binding energy is assumed to be due to repulsive interactions between 

the adsorbed iodine atoms. Once the (V3x/3)R30° is completed, increasing the coverage 

causes the atop sites to become occupied and the structure converts to the (V7 x /7)R19.1 ” 

phase. A new binding state is observed, shifted by 0.95 eV from the binding state associated 

with the three-fold sites. This binding state is due to iodine atoms populating the atop sites. 

These atop iodine atoms are not as strongly bound to the surface as those iodine atoms in the 

three-fold sites. The energy o f the three-fold iodine binding state continues to be shifted as 

the atop sites are filled, but the increase is the same as for coverages below 1/3. This suggests 

that the repulsive interaction between the iodine atoms is the same, regardless o f whether the 

iodine atoms sit in three-fold or atop sites.

There is one other UHV study o f iodine adsorption on platinum(l 11) where the iodine 

structures are prepared by thermally decomposing adsorbed methyl iodide rather than gas- 

phase iodine dosing [2.27]. Their XPS data shows that the adsorption o f iodine causes a 

decrease in the work function of the platinum. However, their thermal desorption data o f 

atomic iodine does not agree with the desorption behaviour described above (or the desorption 

data obtained in this thesis). The UHV system used to collect the XPS data was not equipped 

to perform LEED studies and so the structures o f the adsorbed iodine could not be confirmed.
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Experimental

3.1 Introduction

The experiments described in this thesis were performed using a stainless-steel ultra- 

high vacuum (UHV) chamber with an operating base pressure o f 2xl0‘‘“ mbar. The UHV 

system has facilities for Auger electron spectroscopy (AES), low-energy electron diffraction 

(LEED), electron-stimulated desorption ion-angular distribution (ESDIAD), thermal 

desorption mass spectroscopy (TDS), and measurement of work function changes (A0). It 

is also possible to transfer the sample from the main UHV chamber to a high-pressure (HP) 

chamber that can easily cycle between vacuum conditions (10** mbar) and atmospheric 

pressure. The HP chamber allows the sample to be brought into contact with liquid and be 

made the working electrode in a standard electrochemical cell. This allows a wide variety of 

non-vacuum experiments to be performed. There are facilities to rapidly pump out the HP 

chamber after such experiments so the sample can be quickly transferred back into vacuum 

for ex-situ analysis using the methods mentioned above.

Before describing the details o f the experiments, it seems appropriate to justify the 

need for such drastic experimental conditions. The UHV environment is difficult to achieve 

and the apparatus is prone to malfunction due its complexity. The reason for creating the 

UHV environment is that it allows one to prepare and study clean, atomically-flat sur&ces. 

Such surfaces are quite reactive and molecules contacting the surface may stick or 

decompose. Such contaminants, carbon monoxide in particular, block sites on the surface and
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can alter the outcome of any experiment. How long the surface remains clean is determined 

by the pressure inside the UHV system. At atmospheric pressure, the surface would remain 

clean for less than 10"® s. At lO"* mbar, the surface would remain clean for approximately one 

second. Pressures below 10*® mbar are required to perform eqieriments that take tens of 

minutes.

The experiments available in the UHV can provide detailed atomic-level information 

about the surface of the sample. AES provides an elemental analysis o f  the surface layers, 

while LEED provides information about the structure, symmetry, and order o f the surface 

layers. Work function measurements are very sensitive to  changes in the electronic density 

at the surface, and can detect changes in sur&ce coverages (6) below 0.001 monolayers (ML). 

The mass spectrometer is used to detect species desorbing from the surface o f the sample and 

can be used to determine kinetic information about the desorption process.

3.2 UHV System Overview

Attaining pressures in the UHV regime requires special pumping arrangements as 

shown in figure 3.1 and 3.2. The main chamber is pumped by a Balzers 510 1/s 

turbomolecular pump backed by a 2-stage Varian rotary-vane mechanical pump. There is also 

a Varian titanium-sublimation pump (TSF) in this chamber, located below the electron optics. 

This combination gives a base pressure inside the main chamber of 1.5x10*^“ mbar. Both the 

mass spectrometer and the high-pressure analysis chamber are pumped by Balzers 60 1/s 

turbomolecular pumps backed by 2-stage Edwards rotary-vane mechanical pumps (5 m%). 

The base pressure in the mass spectrometer is 6x10'“  mbar while the base pressure in the 

high-pressure analysis chamber is 6x10*® mbar.
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A doubly differentially-pumped rotary-moticn feedthrough (RNN-150 from 

Thermionics Northwest Inc.) is mounted at the end o f the sample manipulator to allow 

rotation o f the crystal around the instrument's main axis (z-axis). The three seals inside the 

feedthrough create a constant leak that is unavoidable but has been minimized by the use of 

appropriate pumping. The first stage o f differential pumping on the rotary seals is a low- 

vacuum (-10*^ mbar) connection to the roughing line of the mass spectrometer’s 

turbomolecular pump. The second stage on the seals is pumped by a Varian 8 1/s Vacion ion 

pump (<10"* mbar). Pressure bursts during rapid sample rotation are below lO"® mbar, and 

are barely detectable (<2x10 "  mbar) when the sample is rotated slowly.

Two molecular-sieve sorption pumps, cooled with liquid nitrogen, are used to quickly 

pump out the HP analysis chamber after it has been exposed to atmospheric pressure. There 

are also connections from the sorption pumps to a gas manifold used for the controlled 

introduction of gases into the vacuum.

During operation when liquid nitrogen is being used to cool the sample, the entire 

manipulator arm becomes cold and behaves like a cryopump. This lowers the ultimate base 

pressure from 1.5x10'" mbar to 6x10'“ mbar. This effect also keeps the operating base 

pressure during experiments at 2x 1 O'" mbar. Two liquid nitrogen 'cold fingers', located close 

to the ion gun, also act like small cryopumps. A third 'cold finger* is located on the HP 

analysis chamber to help pump away excess solvent vapours during transfer experiments.

The pressure in the UHV chamber is measured by a Bayard-Alpert type ion gauge. 

A second ion gauge is located in the HP analysis chamber. The pressures in the three backing 

lines of the turbomolecular pumps are measured by thermocouple gauges. All of these 

pressure gauges are connected to a Varian Multigauge control unit. A Faraday cup inside the
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mass spectrometer can measure the total pressure inside its chamber.

A custom-built system monitor was constructed at UVic to constantly monitor the 

pressures at various places in the UHV system. It has complete control over the power 

distribution, which is divided from a 3-phase 90 A electrical source. If  the pressure levels are 

above certain setpoints, the system monitor will turn off certain electrical components to 

prevent damage to sensitive components inside the vacuum. To prevent catastrophic failure, 

the system monitor will cut power to the pumps if  the pressure rise is large enough. If  such 

an event takes place, a failure analysis card in the system monitor provides information about 

what caused the system shutdown. Other events, such as a disruption of the cooling water 

for the turbomolecular pumps, can also cause a complete system shutdown. The system is 

equipped with an uninterruptable power supply (Alpha Technologies UPS 600) to supply 

temporary power to critical components during power outages. At the present time, the 

UHV system can withstand power outages of less than thirty seconds without losing vacuum 

integrity.

3.3 Establishing and Maintaining a UHV Environment

Creating a vacuum in the 10'^° mbar range proceeds in several stages. Starting from 

atmospheric pressure, with all pumps stationary, the system monitor takes care o f the initial 

startup. The roughing and turbomolecular pumps are powered, and the roughing pumps 

evacuate the chamber while the turbomolecular pumps accelerate up to operating speed. This 

part o f the startup procedure takes approximately IS minutes. The final operating speeds of 

the turbomolecular pumps are 60,000 RPM for the 5101/s pump and 90,000 RPM for the 60 

1/s pumps.
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The ion pump is not automatically started by the system monitor as it cannot be 

operated at atmospheric pressure. Once the roughing line on the first stage of the rotary 

feedthrough has reached —10'  ̂mbar, it is used to evacuate the main body o f  the ion pump. 

A liquid nitrogen cold trap in the roughing line helps to decrease the amount o f oil 

contamination in the ion pump. Once the roughing line is back below 10'  ̂ mbar, it is 

disconnected and the ion pump is switched on. The ion pump will usually start to actively 

pump within 20 seconds and quickly drop to the 10'  ̂mbar range.

After several hours of pumping, the pressure in the main chamber will usually be 

below 10*̂  mbar. At this point, the system is baked, using three 1000 W heaters and a large 

insulating shroud that covers the entire UHV system. Baking the system causes gas 

molecules on the walls o f the chamber, particularly water, to desorb so they can be pumped 

away. This step is essential to obtain UHV pressures. The heaters are regulated by a 

temperature programmer that reads the temperature o f  two thermocouples connected to the 

main body of the UHV chambers. The system is heated to 140 “C for a minimum of 12 hours 

as it takes 8 hours for the temperature o f the metal chamber to reach 140 °C. Higher 

bakeout temperatures cannot be used because of a set o f Teflon seals mounted in the system. 

The system monitor ensures that the pressure inside the chambers does not go above 10'  ̂

mbar during the bake out. Power to the heaters will be cut if the pressure does go too high 

and baking will only resume after the pressure has dropped back below 10'  ̂mbar.

It is possible to bake the turbomolecular pumps with band heaters that heat the main 

body o f the pumps. However, to avoid overheating the pumps, the baking temperature must 

then be decreased to 90°C. It is not recommended to bake the turbomolecular pumps on a 

routine basis as the heating degrades the oil lubricating the rotor bearings. The only time
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when it is necessary to bake the pumps is after they have been cleaned (using isopropanol) or 

in cases where there is a large amount o f  water contamination.

After letting the system cool for at least 12 hours, the pressure in the system is 

typically below 10*̂  mbar. All the filaments inside the vacuum chamber must then be 

degassed for several hours to desorb unwanted contaminants. After this, the system is baked 

again for another 12 hours. Upon cooling, the pressure is in the low 10 '° mbar range. After 

more filament degassing, the system should be ready for experiments to begin. After heavy 

use, where the system may become contaminated, it may be necessary to bake the UHV 

system again to regain a low operating base pressure. It should be noted that 12 hours is the 

minimum baking time and that baking the system longer (2-3 days) will, in general, improve 

the quality o f the vacuum.

The titanium sublimation pump also aids in reestablishing a good working base 

pressure and can be used intermittently to 'clean up' the main UHV chamber. Operating the 

TSP for approximately one minute at 43 A will cause the base pressure to temporarily 

increase into the 10"* mbar range. Once the power to the TSP is turned ofi  ̂the pressure will 

drop as the titanium filaments cool down. Although the system may take several hours to 

reach a new base pressure, the ultimate pressure will be lower than before the TSP was 

switched on. The nipple where the TSP is mounted is cooled with water flowing through a 

copper jacket to prevent the hot titanium fi'om warming the metal of the system.

3.4 Sample Mounting

The sample used for the experiments described in this thesis is a 1 cm diameter single

crystal of platinum. The surface was oriented to the (111) plane within 0.5“ by Laue
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back diffiaction. The sample is mounted at the end of a large manipulator arm, as shown in 

figures 3.3 and 3.4. In figure 3.4, the sample is located beneath the inlet to the mass 

spectrometer. The tip o f the Kelvin probe can be seen just above the crystal.

The feedthrough (firom ISI Insulated Seal Inc.) the end of the arm has a K-type 

thermocouple feedthrough and two copper electrical feedthroughs. These copper wires act 

as the main support for the crystal. Two 0.010" tantalum wires are spot welded across the 

back o f the crystal. The tantalum wires are then spot welded to nickel strips that are silver- 

brazed to the copper electrical feedthroughs. Thermocouple wires (0.003") are spot welded 

to the back of the crystal and are connected to the thermocouple feedthroughs.

The copper electrical feedthrough allows the sample to be heated resistively up to
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Figure 3.4-Photograph of Sample Supports

1300 K. An external power supply (model LK350-FMOV from Lambda Electronics Corp.), 

provided up to 35 A to heat the crystal. This regulated power supply is connected to a 

temperature control unit (built at UVic) that measures the sample temperature with the K- 

type thermocouple. The temperature controller allows the sample to be heated at a constant 

a rate, usually 1-10 K/s. The sample can also be cooled to 90 K as the copper electrical 

feedthroughs are cooled with a constant stream ofliquid nitrogen. The flow o f liquid nitrogen 

is shown in figure 3.5. When the sample is being heated, it is important to have sufhcient 

cooling (liquid nitrogen or cold nitrogen gas) as the feedthrough for the sample mounting will 

become stressed at elevated temperatures. Cooling with liquid nitrogen also reduces the 

desorption o f  contaminants from the copper supports during thermal desorption experiments. 

Outside the vacuum, the copper and thermocouple wires are protected with teflon sleeves that 

also provide electrical insulation.
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The sample arm is mounted on an XYZ manipulator and has a rotary motion 

feedthrough to allow the sample to be rotated around the Z axis. The rotary seals inside the 

feedthrough are adventitiously cooled by the flow ofliquid nitrogen and must be warmed with 

a heater fan to stay at room temperature. The micrometers on the manipulator allow precise 

and reproducible positioning o f the sample for the various experiments.

3.5 Sample Preparation and Cleaning

The main reason for performing experiments in a UHV environment is the ability to 

do experiments on atomically-clean surfaces. Although the low pressures used ensure that 

surface contamination is minimized, it is critical that the surface is clean at the start of the 

experiment. There are several methods for cleaning the sample to obtain a surface that is 

reproducible on the atomic scale. The exact method used depends on the severity of the 

contamination and the type o f  contaminant present on the sur&ce. The procedures described
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here are specifically for cleaning platinum crystals and will change for other materials.

The platinum crystal used was cut fi’om a single crystal stub grown by Metal Oxides 

and Crystals Ltd (99.999%). The crystal sample was cut with a diamond wafering saw. After 

cutting, the surface was polished with successive grades of Beuhler Ltd. diamond paste and 

then oriented by Laue back difi&action. After orienting the crystal to  within 0.5° o f  the (111) 

plane, the crystal was polished further, using a 0.05 pm aluminum oxide slurry as the final 

polishing stage.

The sample was then mounted at the end of the manipulator arm, as described in the 

previous section. After establishing UHV conditions inside the vacuum chamber, the sample 

was ready to be cleaned.

There are two main cleaning stages used in the production o f well-ordered, clean 

surfoces. The first stage is to bombard the surface with high energy (3 keV) argon ions using 

a Varian ion-bombardment gun (model 981-2043) at normal incidence. Using an argon 

pressure of 3x10'* mbar and a filament current of 20 mA, a current o f approximately 30 pA 

flows through the crystal to ground. The gun is rastered over the entire crystal surface and 

removes the contaminants by sputtering off several atomic layers fi'om the surface. This 

treatment leaves the surface highly disordered. Heating the surfoce to a high temperature 

(1200 K) allows the surface atoms to move to their thermodynamically favoured positions and 

a well-ordered surface is produced when the sample is cooled. Annealing usually follows ion 

bombardment and together they form the basis of all cleaning procedures.

One o f the problems encountered when annealing the crystal is the segregation of 

contaminants fi’om the bulk metal to the surface [3.1]. The most common contaminants inside 

platinum crystals are silicon, sulfur, phosphorus, aluminium, and carbon [3.2]. Repeated



26

annealing can cause large amounts o f  these impurities to difiiise to the sur&ce where t h ^  can 

significantly alter the chemistry o f the surface being studied. The detection and elimination 

o f these contaminants, particulariy silicon, was the subject of a series o f  studies [3.3]. It was 

shown that, prior to 1981, most studies using platinum contained significant silicon 

contamination [3.4].

Most contaminants, such as carbon and phosphorus, are easily detectable by Auger 

electron spectroscopy (AES), which provides an elemental analysis o f the surface layers of 

a sample. Characteristic Auger transitions (see section on AES) occur for each element at 

particular energies. Carbon, phosphorus, and aluminium have Auger transitions well 

separated fi'om the platinum transitions and are therefore easily detected. Auger transitions 

fi'om sulphur and silicon, however, overlap with platinum transitions and it is difGcult to 

distinguish a clean sample fi'om a sample contaminated with these elements.

The cleaning procedures developed are designed to eliminate these contaminants and 

ensure the cleanliness o f the platinum samples. All o f the common contaminants react with 

oxygen at high temperatures. Carbon and sulfur, for example, form gases that are easily 

pumped out of the UHV system. Other contaminants, such as aluminium and silicon, form 

stable oxides that do not difiuse back into the bulk metal. Platinum also reacts with oxygen 

to form platinum oxide but above 1000 K the oxygen desorbs leaving platinum metal.

The first step in the cleaning procedure is to heat the platinum sample to 1200 K in 

the presence of oxygen (5x10’’ mbar) for one hour. At this temperature the difiusion rate of 

contaminants through the metal is sufiSciently high that the impurities wUl quickly segregate 

to the surfiice. Once at the sur&ce, the contaminants will react with o^^gen to form either 

volatile gases, which desorb, or stable compounds that remain fixed at the surface. After
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heating, the sample can be ion-bombarded at 300 K to remove these oxides at the sur&ce. 

Repeating the procedure will eventually deplete the contaminants in the crystal to the point 

where annealing the crystal no longer contaminates the sur&ce.

One o f the methods used to test for a clean crystal is to heat the sample to 1200 K in 

5x10'^ mbar of oxygen for one hour and then to turn the oxygen off while the crystal is still 

hot. After all the residual oxygen has been pumped away, the sample is allowed to cool. 

Platinum oxide carmot form at 1200 K and so the presence of oxygen in the Auger spectrum 

(which is well separated from the platinum transitions) indicates surface contamination. If no 

other elements are present in the Auger spectrum, the contaminant is most likely to be silicon. 

The platinum sample must be able to pass this test before it can be considered clean.

The sample used in the studies here was put through the oxygen/ion bombardment 

cycle for two weeks before all of the silicon was depleted. No other contaminants were 

observed in the Auger spectrum, shown in figure 3.6. This spectrum compares well with 

published spectra of clean platinum surfaces.

The cleaning procedure currently used is to bombard the sample for 5 minutes using 

a 3 keV beam of argon ions (3x10'* mbar argon/20 pA emission current). During the 

bombardment it is important to raise a stainless-steel shield to cover the electron optics as the 

high-energy ions can damage the microcharmel plate inside the optics. After the 

bombardment, the crystal is turned to face the throat of the 510 1/s turbomolecular pump. 

The flux o f gas molecules (mostly hydrogen) coming from the pump is significantly less than 

the flux entering the pump. This reduces the amount of contaminants hitting the crystal while 

the pressure in the main chamber recovers from the argon bombardment. Once the pressure 

has reached 2x10*̂  mbar, the crystal is heated at 10 K/s to 1200 K and held at that
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Figure 3.6-Auger Spectrum of Clean Platinum

temperature for one minute. After this, the sample is allowed to cool and is ready for use. 

After cooling to ambient temperature, the pressure is usually 6x1 O '" mbar. At weekly 

intervals the crystal is heated in oxygen for one hour and then bombarded for ten minutes to 

ensure reproducible surAce conditions.

3.6 Low-Energy Electron Diffraction

Two o f the most common sur&ce analysis methods used today are Auger electron 

spectroscopy (AES) [3.5] and low-energy electron difB*action (LEED) [3.6]. Both of these 

techniques are performed using the same set of electron optics on our UHV system.
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Although using the same hardware, the types o f  infonnation obtained from the two methods 

are quite different, and yet complementaiy. AES provides an elemental analysis ofthe sur6ce 

layers, with no information about the organization o f  the elements present. LRFD provides 

structural information but contains no information about the chemical composition of the 

structures. Although there are many other sur&ce techniques, AES and LEED form the basis 

for most surface investigations.

The wavelength of electrons, from the de Broglie relationship, is related to their 

kinetic energy by X=(I50eVÂVE)^. This relationship shows that electrons below 500 eV 

have the correct wavelength to interfere with atomic structures that are a few angstroms in 

size. Electron diffraction can be carried out with electrons that have higher kinetic energies, 

but low-energy electrons (<500 eV) have the added advantage that their penetration depth 

is only a few angstroms. Therefore, LEED only provides structural information about the
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Electron Beam

Path Length 
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Figure 3.7-Diffraction From a One-Dimensional Lattice
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atoms in the surface region.

The dif&action ofelectrons can be understood by considering a one-dimensional array 

of atoms, as shown in figure 3.7. The incident electrons have a wavelength (k) that is 

comparable to the interatomic spacing (a). Only elastically scattered electrons that have the 

same kinetic energy as the incident electrons are detected in the LEED experiment. These 

electrons scatter in all directions but constructive interference only occurs when the difference 

in the path length of the scattered electrons is an integer multiple o f the incident wavelength. 

The angles at which these difB-action beams will occur are given by the well-known formula;

H=a(sin^^-sind^) ^=0,±1,±2,... (3.1)

A similar argument can be made for diffraction fi'om a two-dimensional lattice to 

produce diffraction beams. The angle o f incidence (8J is usually zero (normal incidence) so 

that ArX=a*sin6|̂  If a hemispherical, phosphorescent screen is placed a distance d  away fi'om 

the sample, the diffracted electron beams will appear as visible spots on the screen. The 

distance between diffraction spots will be (AinGk, which is equivalent to dkJa. This 

conveniently introduces the concept o f 'reciprocal space', so named because the distance 

between diffraction spots is proportional to 1/a with units o f Â '\

All real-space lattices have a corresponding reciprocal lattice. If the real-space lattice 

has unit cell vectors a and b, the reciprocal lattice will be defined by a and 6 'such that:

< «

Measurement of the reciprocal space unit cell vectors a* and b*, together with a
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knowledge of the distance between the sample and the screen, provides a convenient way of 

calculating the real space unit cell vectors a and b.

Besides determining the size and symmetry o f  the real-space unit cell, LEED also 

gives an indication o f the long range order of the surface structure. The distance over which 

the surface structure is regular must be larger than the coherence width of the incident 

electron beam. If  this condition is not met, the normally sharp difi&action spots will become 

difiuse spots. Therefore, the regularity of the surfiice can be gauged by observing the 

sharpness of the difB-action spots. If  a significant amount of non-coherent elastic scattering 

occurs, the pattern on the screen will have a difiuse background between the diffracted 

beams. This indicates an even lower degree of regularity on the sur&ce.

Once the diffraction pattern o f a particular surfece structure is known, it is possible 

to use this LEED pattern as a fingerprint for identification. Phase transformations between 

structures that have different diffraction patterns can be followed using LEED. The 

cleanliness of the surface can also be estimated using LEED, although this is always done in 

conjunction with AES.

The electron optics used for LEED and AES were supplied by Omicron 

Vakuumphysik, as shown in figure 3.8. This is a retarding-field analyzer using three energy 

selection grids with a microcharmel plate (MCP) replacing the fourth grid that is present in 

many other LEED optics. The optics are fitted with a fi*inge-field plate that corrects the path 

of electrons travelling between the third grid and the MCP. This is necessary as the MCP is 

flat while the grids are hemispherical in shape. The fiinge-field correction ensures that there 

is a linear relationship between the radial distance of the diffraction beams seen on the screen 

and the radial distance of the diffraction beams entering the optics.
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Figure 3.8-LEED and Auger Electron Optics

Unfortunately, the fringe field plate sometimes causes a bright ring to appear around 

the outside edge of the LEED patterns, as seen in figure 3.9. This ring is due to diffraction 

beams that have been folded back by the electric field of the fiinge-field plate. As the beam 

energy decreases, diffraction beams should move away from the centre of the diffraction 

pattern. When they first travel through the region where the bright ring occurs, the beams 

appear to behave as expected. As the beam energy is lowered further, the beams should move 

off the screen and disappear. Instead the beams will reappear, travelling inwards briefly (only 

in the region o f the bright ring) and then move back out again. In cases where there are a 

large number o f beams near the edge of the diffraction pattern, this causes a bright ring to 

appear around the outside edge o f the screen. This bright ring can complicate the LEED
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Figure 3.9-Removal o f Ring Due to Fringe-Field Plate (Photo Taken at 135 eV) 

pattern, and in some cases, such as those in Chapter 7, it has been artificially removed.

The electron gun is located in the centre of the electron optics and produces a beam 

of electrons by heating a lanthanum hexaboride single-crystal filament to -1700 K. It can 

produce beam currents firom below 0.01 pA to 30 pA at energies up to 3500 eV. This 

flexibility allows both LEED and AES to use the same electron gun.

Although the exact settings for each l.EED experiment vary, the following are a 

complete set of parameters used to obtain a di&action pattern o f the clean platinum surface. 

The sample is located 2.2 cm fi'om the optics, normal to the electron gun. The beam current 

is set to 0.01 pA (at 70 eV beam energy) by using a filament current of 0.93 A  The first grid 

(Gl), closest to the sample, is held at ground to prevent deflection o f the electrons fi'om any 

stray electric fields. The second and third grids (G2 and G3) are held at a negative bias of 10 

V fi'om the primary beam energy. This ensures that only elastically scattered electrons pass 

through these grids. The fi'ont of the MCP (M l) is held at 1 kV while the back o f the MCP 

(M2) is held at 1.8 kV (using a MCP bias o f  +800 V). This provides an electron gain of
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approximately 10* across the MCP. The screen is held at 7 kV to accelerate the electrons to 

a sufficient velocity to produce visible spots on the phosphorescent screen.

The electron gun is focussed using an ofiset on lens 1/3 (Ll/3) of 1 V (at 0 eV beam 

energy) while the lens 2 (L2) offset is set to 18 V (at 0 eV beam energy). At a beam energy 

of 70 eV, the gain on Ll/3 is adjusted to 187 V and the gain on L2 is set to 29 V. The 

Wehnelt voltage is set to 37 V. Changing the focussing using Ll/3 and L2 will change the 

beam current at a fixed beam energy. The focussing parameters will need to be changed 

slightly when the beam energy is changed, especially at energies below 60 eV.

The difB-action patterns formed on the phosphorescent screen are photographed using 

a Minolta SLR camera with a macro lens attached. Using an f-stop of f5.6, three photographs 

are taken o f the screen using 2 s, 8 s and 32 s exposure times using 3200 ASA black and 

white film. The camera is mounted on an adjustable aluminum support that bolts directly to 

the UHV apparatus to minimize vibrations.

3.7 Auger Electron Spectroscopy

Auger electron spectroscopy (AES) is perhaps the most common technique used for 

the analysis of surfaces. It provides an elemental analysis o f the surface and is essential for 

the detection of sur6ce contaminants. Quantitative analysis is possible, but is complicated 

by scattering effects. However, for submonolayer coverages, it has been generally found that 

Auger intensities do increase linearly with surface coverage.

Auger spectroscopy is named after Pierre Auger who first observed the Auger effect 

in a cloud chamber [3.7]. Auger electrons are produced when a sample is irradiated with a 

suitable excitation source. As shown in figure 3.10, an incident beam of electromagnetic
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Figure 3.10-Production Of Auger Electrons

radiation ionizes an atom by ejecting a core-level electron. This ionization can be 

accomplished with either electrons or photons, provided the incident radiation has an energy 

greater than the binding energy (BE) o f the electron to be ejected. Electrons are 

primarily used as the excitation source as they are produced more easily than photons of the 

appropriate wavelength. Any excess energy (E^-BE) is transferred to the ejected electron as 

kinetic energy.

The core level vacancy is filled by an electron fi-om a higher level (Ej= ~BE^ dropping 

in energy to E, (-BE,). There is an excess of energy (E,-E^ that must be liberated to 

conserve energy. Two mechanisms are possible; the energy can be emitted as a photon (X- 

ray) or the energy can be transferred to another electron, which will be ejected fi'om the atom.
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The second process is known as the Auger effect, producing an Auger electron and leaving 

the atom doubly ionized.

The kinetic energy of the Auger electron is dependent on the energies of the three 

electronic levels involved but is independent o f the energy of the incident radiation. The 

kinetic energy o f the Auger electron will be equal to Ej-Ej-Ej. It should be noted that the 

energy of levels 2 and 3 (Ej and Ej) will be different from the atomic energy levels as the 

initial ionization shifrs the positions o f the levels.

All elements, except hydrogen and helium, can produce Auger electrons. The energies 

of the Auger electrons from a particular element are characteristic for that element. Energy 

overlaps between elements do occur, but in general most elements have a unique set o f Auger 

transition energies that can be used for both qualitative and quantitative analysis. Table 3 .1 

lists the Auger energies of elements relevant to this thesis.

Element Auger Electron Energies/eV

Platinum 64, 92, 150, 158, 168, 238, 245

Aluminium 68

Silicon 93

Phosphorus 121

Sulfur 152

Carbon 275

Nitrogen 363, 383

Oxygen 510

Iodine 528

Fluorine 670
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Auger electrons constitute only a small fiaction of the electrons scattered by a sur&ce 

(<0.1%) [3.8]. The detection of Auger electrons is made difficult by the large number of 

secondary electrons produced by the incident electron beam. Although more sensitive 

detectors exist, such as the cylindrical mirror analyzer (CMA), the detection system used here 

is a retarding-field analyzer (RFA). This conveniently allows Auger ecperiments to be done 

using the same electron optics used for LEED. The electronics used to control the optics are 

slightly different, as discussed below.

The RFA repels electrons below a certain energy E  by biasing the grids (G2 and G3 

in figure 3.8) to a negative voltage V that is equal to -Ele. Only electrons that possess a 

higher kinetic energy than E  will pass through the grid system. The fi'ont o f the microchannel 

plate (Ml) is held at +300V and acts as the collector to count the electron current /(£). The 

back of the MCP (M2) and the screen are held at 0 V to ensure that all electrons are counted 

at M l. The first grid (G l) is held at 0 V, as in the LEED experiment, to make sure there are 

no electric fields present to deflect the electrons before entering the optics system.

Due to the low yield of Auger electrons, it is not possible to detect Auger electrons 

using the retarding-field analyzer in this configuration. However, if the bias voltage V on G2 

and G3 is modulated by a small voltage (1-10 V), the current 1(E) at the collector will also 

be modulated. As the current is proportional to the number N  o f  electrons passing through 

the grids, the first and second derivatives o f the current become:

1(E) o^fN(E)dE
E (3.3)

I \ E )  -^N(E)
I \ E )  ’̂ NXE)
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The first derivative o f the current is therefore proportional to the number o f electrons at a 

particular energy

The first and second derivatives o f the current can be easily measured using a lock-in 

amplifier (LIA) that uses the modulation firequency as a reference. The usual method for 

displaying Auger spectra is to use the second derivative of the current, /'(E) which is 

proportional to dN(E)/dE. There are many reasons why this is chosen, particulariy for 

retarding-field analyzers. Auger peaks in anN(E) curve have a low energr tail (due to energy 

losses) making the position of the peak easier to observe in a dN(E)/dE curve. Both the first 

{If) and second (2f) derivatives are easily measured using a LIA so measurement of the 2f 

signal does not require any extra electronics. The use of the 2f signal also eliminates any 

capacitive coupling that can occur between the modulating grids (G2 and G3) and the 

collector (Ml). The fi’ont of the microchannel plate was biased to +300 V and used as the 

collector. Attempting to use the microchannel plate as an electron multiplier (and using the 

screen as the collector) scrambles the modulated Auger currents and no Auger signals are 

seen with the LIA.

Unless otherwise stated, a modulation voltage of 10 V (peak to peak) at 4.7 kHz was 

used for all ofthe experiments in this thesis. The effect o f the modulation amplitude is shown 

in figure 3.11. The modulation amplitude was varied fi*om 8 V (p-p) to 30 V (p-p). As the 

modulation amplitude increases, both the Auger current and the background current increase. 

Unfortunately, the resolution decreases as the modulation amplitude increases and the small 

signals can be lost in the noise. 10 V is a standard modulation amplitude for retarding-field 

analyzers.

The modulation signal was supplied by a built-in oscillator in a Stanford Research
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System lock-in amplifier (model SR530). This LIA was also used to monitor the 2f signal 

fi*om the collector. The modulated Auger current reaching the collector is converted to an 

oscillating voltage using a current follower with a gain of 2.2x10^ V/A. All Auger intensities 

given in this thesis have been converted back to the magnitude o f the oscillating Auger 

current. A constant phase shift of 41.1 ° was used to maximize the Auger signal on the X 

channel of the LIA. A beam energy of 3 keV was used as the excitation source with a beam 

current of approximately 20 pA. The usual range o f beam currents used was between 17 and 

23 pA. All Auger spectra in this thesis have been normalized to a 20 pA beam current. All 

Auger intensities are peak-to-peak heights in the normalized second-derivative spectra. A 

constant scan rate of I eV/s was used throughout the experiments.
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Figure 3.11-Efiect of Modulation Amplitude on Auger Spectra
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3.8 Mass Spectroscopy

The UHV system is equipped with a HAL 321 series quadrupole mass spectrometer 

manu6ctured by Hiden Analytical Ltd. The spectrometer can detect masses up to 320 amu 

and is equipped with both a Faraday cup and a secondary-electron multiplier (SEM) detector. 

The spectrometer is inter&ced to a 66 MHz 80486 computer via a GPIB communications 

port. Several computer programs for data acquisition were written in QuickBasic to allow 

a number of different experiments to be performed using the mass spectrometer.

The mass spectrometer is located in a vertical position on the UHV chamber and is 

differentially pumped, as shown in figure 3.1, by a 60 1/s Balzers turbomolecular pump. A 

small 1 cm ID conical inlet (shown in figure 3.2) connects the spectrometer to the main 

chamber. Although the poor conduction through this inlet reduces the ability of the mass 

spectrometer to analyze the residual gases inside the main chamber, this inlet is essential for 

doing thermal desorption experiments.

When the platinum crystal is placed immediately below (~ 1 mm) this inlet, only 

species desorbing fi'om the crystal surface will enter the spectrometer. As the tantalum and 

copper support wires are not within line-of-sight of the inlet, any material desorbing fi'om 

them will not be able to directly enter the spectrometer. Material desorbing fi'om the back of 

the crystal and the manipulator arm will also be excluded.

The spectrometer has three main modes o f operation. In the first mode, the 

spectrometer scans over a range o f masses, producing a standard mass spectrum. This is 

generally used for residual gas analysis when checking the composition o f the background 

gases in the vacuum. For all o f the mq)eriments described in this thesis, one of the two 

operating modes described below was used.
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The mass spectrometer allows specific masses to be monitored as a fimction o f time, 

rather than scanning a range of masses. Up to 16 masses can be monitored in this multiple 

ion detection (MED) mode. It should be mentioned that when the spectrometer is operating 

in MED mode, the maximum data acquisition rate is determined by the dwell time o f the 

spectrometer. The dwell time is the time the spectrometer spends collecting data on each 

mass. After the dwell time, the spectrometer produces a single, averaged result for the 

specific mass. The length of the dwell time depends on the sensitivity range and which 

detector is being used. Using the SEM detector on a typical 10 '^ mbar range, data is 

collected approximately once every second for each mass. Collecting data for 16 masses 

takes approximately 20 seconds.

For several desired experiments, this sampling rate is too slow. Therefore, the mass 

spectrometer was modified to allow a much 6ster sampling rate using a modulation 

technique. The spectrometer still operates in MID mode (usually with a single mass channel) 

but the ions detected by the spectrometer are modulated at a fixed fi'equency (47 Hz), as 

described below. Most o f the thermal desorption experiments described in this thesis use this 

modulated operating mode.

Neutrals entering the spectrometer are ionized before entering the quadrupoles for 

mass selection. The electronic circuitry controlling the voltage on the ionization source was 

modified to allow the ion source to be modulated. The mass-selected ions hitting the detector 

will then be modulated at the same fi’equency as the ion source. The modulated ion current 

is converted to a modulated voltage using a current follower with a gain of 10*“ V/A. The 

amplitude of this modulated signal is measured by an SR530 lock-in amplifier (LIA) (Stanford 

Research Systems). The amplitude o f the modulated signal is proportional to the number of
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neutrals entering the spectrometer.

The ion source was modulated using the circuit shown in figure 3.12. The circuit uses 

a standard 555 timing chip to generate an astable modulating signal. Variable resistors allow 

the firequency of the modulation to be varied fi'om 15 Hz to 2 kHz. The modulated signal 

fi'om the timing chip is not symmetrical and is therefore sent into a D-type flip-flop. This 

produces a symmetrical square wave at half the firequency of the timing chip. The ion source 

is connected to the flip-flop output by a FET to allow for &st switching. The ion source can
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Figure 3.12-Modulation Circuit For Mass Spectrometer Ion Source
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Figure 3.13-Modulation of Ion Source In Mass Spectrometer

therefore be modulated at frequencies between 7.5 Hz and 1000 Hz.

A modulation frequency o f 47 Hz was chosen as the optimum frequency for a number 

of reasons. The modulated signal from the detector does not exactly follow the modulation 

of the ion source. There is a finite rise and fall time (t^  o f the detector signal o f 

approximately 3 ms, as shown in figure 3.13. At frequencies higher than 1/%̂  (>200 Hz), a 

significant proportion o f the signal is lost. At frequencies below 1/t̂  a larger portion of the 

signal is retained.

Signal loss due to the rise time o f the detector can be virtually eliminated by 

modulating the ion source at low frequencies. However, the output from the LIA has a sine 

wave superimposed on it that is twice the modulation frequency. This is unavoidable in analog
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lock-in amplifiers. This sine wave can be removed by Fourier transform filtering but this will 

produce a 'ringing’ effect on any real signals that occur at frequencies close to the sine wave 

fi^equency. The sine wave can also be removed by the built-in filters on the LIA, but for low 

frequencies (-10 Hz), the time constant required for such filtering (>100 ms) limits the 

response time o f the LIA.

The maximum time constant used in the «qieriment should be approximately the same 

as the maximum sampling rate. In the current configuration, data is collected at a sampling 

rate o f  SO points per second. Therefore, a time constant up to 30 ms can be safely used at 

these sampling rates. A 30 ms time constant can effectively remove a sine wave at three times 

this frequency (-100 Hz). A modulation frequency of 47 Hz was chosen as the sine wave 

from the LIA will be at 94 Hz and will be removed using a 30 ms time constant. The 47 Hz 

modulation frequency is also just outside the range o f the 60 Hz line notch filters used by the 

LIA to remove 60 Hz signals due to 120 VAC power connections.

This modulation technique offers two main advantages over the normal MED mode 

operation. The time resolution is much higher and the lock-in technique is very good at 

detecting small changes in large signals. The main disadvantage is that it is diffcult to sort 

the signal when several masses are being monitored. This is not a concern if only one or two 

masses are being monitored but the data becomes confusing if more mass channels were used. 

However, the mass spectrometer does perform an automatic amplifier offset adjustment at 

the end o f each cycle through a series of masses. This creates a small spike in the LIA output 

as the signal from the mass spectrometer temporarily becomes incoherent with the reference 

modulation signal. This spike is quite brief and can be used as a reference point for 

determining the starting positions for each cycle through a series o f masses. However, the
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spike is easily lost if the time constant of the LIA is set too high (>30 ms) and does not always 

appear even with low time constants.

3.9 Kelvin Probe

The woik function (0 ) is a fundamental property of solids simply defined as the 

minimum work required to mctract an electron fi'om a solid. It is central to the explanations 

of the photoelectric effect and thermionic emission and is discussed extensively in Chapter 6. 

The work function is intimately affected by changes in electron density at the surface o f the 

solid and measuring changes in work function provides a convenient way to study shifts in 

electron density that occur during adsorption and desorption. There is often a simple 

relationship between the change in work function and adsorbate coverage that can be easily 

utilized to measure coverage if the relationship is known.

There are several methods for measuring both the absolute value of the work function 

and changes in the work function [3.8]. The technique described here measures changes in 

work function and does not provide an absolute value of the work function. This is not a 

serious limitation as the method is nondestructive, can be done in-situ during adsorption and 

desorption, and has a precision below 5 meV.

The Kelvin probe, or vibrating capacitor method, uses the contact potential difference 

(CPD) between the sample and a reference to measure changes in work function. The 

reference, a tantalum loop mounted at the end of a vibrating stainless steel reed, has an 

unknown, but constant, work function. Assuming that both the sample and the reed are at 

the same potential, there will be a potential difference in the vacuum between the two that is 

equal to the difference in their work functions (P^=0Rcr^smpk) The distance between the
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sample and the reference is small (~1 mm) and there is a capacitance (C) between them. As 

the reed is vibrating, the capacitance is modulated at the frequency o f the reed. As the 

potential difference remains constant, the oscillating capacitance must arise from 

oscillating charges on the sample and reference as Q{ty=C{t)

This oscillating charge causes an oscillating current (A/) that is measured using the 

feedback loop shown in figure 3.14. This feedback loop converts the oscillating current to 

an oscillating voltage and uses a lock-in amplifier (LIA) to measure the amplitude o f the 

oscillation. The potential ofthe sample can then be adjusted to compensate for the difference 

in work fimction between the sample and the reference. If the potential o f the sample is 

adjusted by there will no longer be an electric field between the sample and the reference 

and consequently no current will flow through the reed.

This feedback loop continually adjusts the voltage on the sample to ensure that a field- 

free region exists between the sample and the reference. Any change in the work fimction of 

the sample results in an equal compensating voltage on the sample to maintain the field-free
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region. This compensating voltage is easily measured and corresponds exactly to the change 

in the sample's woiic function.

A schematic diagram of the Kelvin probe is shown in figure 3.15. The tantalum 

(0.05”) pickup loop (10 mm diameter) that vibrates next to the sample is mounted at the end 

o f  a stainless steel reed. This reed is constructed o f two segments of stainless steel tubing (47 

mm, 1.6 mm OD and 31 mm, 0.9 mm OD) spot welded together. The reed is spot welded 

to a stainless steel plate spring (4 mm x 11 mm x 0.5 mm) held in place with a  locating pin. 

A thin plate of conetic metal (0.5 mm x 11 mm) is spot welded to the bottom o f  the reed. An 

electromagnetic coil driven by an oscillating square wave (at a fi'equency f )  attracts the 

conetic plate regardless o f the magnet's polarity. Therefore, the reed vibrates at a fi'equency 

o f 2 /

The resonant fi'equency of the vibration is specific for each reed and changes with the 

temperature of the reed. For this reason, the Kelvin probe operates in a phase-locked mode 

rather than a fi'equency-locked mode. A ceramic piezoelectric crystal, mounted in the support
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Figure 3.15-Schematic Diagram o f Kelvin Probe
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that holds the reed assembly, measures the frequency of the reed vibration. A phase-locked 

loop ensures that the phase relationship between the piezoelectric signal and the coil drive 

frequency is constant. If  the reed frequency starts to drift, this is detected as a phase shift and 

the cofl frequency is adjusted to maintain the correct phase relationship. Operating in this 

mode, the resonant reed frequency can drift by up to 20 Hz from its initial value and the coil 

frequency will be adjusted to ensure that the reed continues to vibrate.

Part o f the reed assembly is surrounded by an aluminum shield, shown in figure 3.15. 

The potential o f this shield can be altered to try to compensate stray electric fields. When 

properly adjusted, small changes in the distance between the reed and sample (<1 mm) do not 

change the measured woric fimction. This ensures that small distance fluctuations, such as 

those due to sample heating or mechanical vibration, do not alter the measured work fimction 

of the sample.

3.10 Iodine Doser

The main focus o f the experiments described in this thesis is the adsorption of iodine 

on platinum surfrces. Conventionally, iodine dosing experiments involve leaking iodine 

vapour into the UHV chamber through a variable leak value. The partial pressure of iodine 

vapour in the chamber is typically increased to 5x 1 O'* mbar. However, iodine is a reactive gas 

that corrodes sensitive vacuum components, particularly after extended exposure.

The need for a new method of dosing iodine, and other halogens, led to the 

development o f solid-state dosers. These dosers produce halogens in vacuum by electrolyzing 

a solid material, usually a silver halide. A collimator is then used to direct the halogen beam 

at the target. As the flux o f halogens is localized, the contamination o f the UHV system is
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greatly reduced. However, silver halides are poor conductors at room temperature and must 

be heated above 550 K to increase the mobility of the silver ions. Only at elevated 

temperatures do the silver halides become conductive enough to allow a reasonable current 

to pass through them. Heating the solid electrolyte is known to cause some evaporation of 

the silver halide and outgassing from the hot components requires extensive degassing before 

use.

Ag^Rbl; was chosen as an alternative to Agi as it is an ambient-temperature frst-ion 

conductor. This material has a high conductivity (0.124 G 'cm'^ at 20 °C [3.9]) as the silver 

ions are very mobile, presumably moving along grain boundaries. With one of the highest 

ionic conductivities known for a solid, Ag*RbI$ has been used in superconductor studies as 

a solid electrolyte [3.10]. Ag^Rbl, is hygroscopic and light-sensitive and must be stored in 

a desiccator inside an opaque container. Unfortunately, other &st-ion conductor materials 

are not known for the other halogens and the doser design described here cannot be extended 

to other halogens.

As the Ag^Rblj solid electrolyte does not require heating, the construction and 

operation o f the doser is less complicated than other dosers [3.11]. Operation at ambient 

temperature also reduces the possibility of evaporation of unwanted contaminants onto the 

target.

The Ag*RbI; (supplied by AU-Chemie Ltd.) is powdered using a high-speed 

amalgamator (Wig-L-Bug) for one minute and then 0.5 g is placed into a hardened-steel die 

sandwiched between two stainless steel disks. As shown in figure 3.16, a section o f platinum 

mesh is placed between the A&Rbl; and the bottom stainless steel disk. The platinum mesh 

will act as part o f the anode once the pellet is placed in the doser. A hydraulic press of the
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Figure 3.16-Hardened Stainless-Steel Press For Making RbAg,!, Pellet

type used for making alkali-halide infrared windows is used to press the Ag*RbI; at a pressure 

o f600 MPa for five minutes. This produces a disk 7.5 mm in diameter and approximately 3 

mm thick.

Once the Ag^Rblj pellet is prepared, the doser is assembled as shown in figure 3.17. 

The pellet is sandwiched between two stainless-steel electrodes (1 cm diameter) that are 

electrically isolated from the supports with ceramic spacers. The anode has a 6 mm hole in 

its centre to allow the iodine to travel down the collimator (9.5 cm long, 6 mm ED). The 

platinum mesh embedded in the pellet is in direct contact with the stainless steel anode to 

ensure that the iodine is produced evenly from the surface o f the pellet.

A photograph of the doser is shown in figure 3.18. The dosefs cell is connected to 

a Hewlett-Packard variable-voltage power supply. The flux of iodine can be easily regulated
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Figure 3.17-Photogr^h of Iodine Doser

by changing the current flowing through the cell. The current passing through the cell is
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monitored by measuring the vohage drop across a SO k û  resistor connected in series with the 

cell. The cell typically has a resistance o f 2.5 IcQ and is operated with a current o f200 pA 

during most dosing experiments.

Although switching the cell off stops the production of iodine, there is always a 

residual flux firom the collimator. A stainless steel shutter is used to block the collimator exit 

once the cell current has been shut ofif. This completely stops the flux of iodine and allows for 

precise dosing o f the sample.

3.11 Dendrimer Transfer Experiments

One o f the unique features of the UHV system described here is its ability to transfer 

the mounted sample fi'om the vacuum environment to the ambient pressure environment. This 

type of transfer allows the sample to be treated or analyzed by more conventional chemical 

methods. The sample can be brought into contact with solutions or be used as the working 

electrode in an electrochemical cell. This feature greatly enhances the versatility of the UHV 

system. The sample can be transferred back into the vacuum environment for analysis by the 

UHV techniques previously described. In all o f the experiments described here, the platinum 

crystal is contacted with solutions but is not used as part o f an electrochemical cell.

The transfer is accomplished by moving the sample from the UHV chamber into a 

second chamber that is also under vacuum. This high pressure (HP) chamber is connected to 

the UHV chamber by a  tube containing a pair of spring-loaded teflon rings (Furon AR103- 

216AH fi'om Fluorocarbon Mechanical Seal Division) that are differentially pumped. These 

teflon rings press against the sample manipulator arm, as shown in figure 3.19. The tip o f  the 

manipulator arm is polished to help form a seal with the teflon rings. Once the sample is in the
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Figure 3.19-Transferring Sample To High-Pressure Analysis Chamber

HP chamber, the chamber is isolated from its turbomolecular pump and then filled with argon. 

The argon used for this is purified by a Centorr getter fiimace (model 2B-20-Q) that uses a 

hot titanium filament to remove contaminants from the argon. The pressure in the UHV 

chamber does not rise above 3x10 '° mbar while the HP chamber is at atmospheric pressure.

Once the HP chamber is at atmospheric pressure, a gate valve is opened to allow a 

teflon sleeve containing a glass cell to be brought into the transfer chamber. At this point, a 

variety of experiments can be performed to study or modify the sample surface. During such 

experiments, a constant flow o f argon maintains a positive pressure in the HP chamber to 

ensure that no air enters. After the completion o f the ambient pressure experiments, the cell 

is removed, the gate valve is closed, and the argon flow is stopped. Two zeolite-filled sorption
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pumps, cooled with liquid nitrogen, are used to evacuate the HP chamber to below 10'  ̂mbar. 

After this initial evacuation, the turbomolecular pump is used to lower the pressure in the HP 

chamber to below 10'  ̂mbar. A liquid nitrogen cold finger helps to reduce the partial pressure 

of water in the transfer chamber.

After 2-5 minutes, the sample is brought back into the UHV chamber. There is always 

a pressure burst in the UHV chamber when the sample is transferred back fi'om the HP 

chamber. This is unavoidable and the magnitude of the pressure burst depends on the solvent 

used in the ambient pressure experiments. Water produces pressure bursts in the 10'  ̂mbar 

range while volatile solvents, such as hexane, produce pressure bursts in the 10'" mbar range. 

The UHV chamber can be isolated fi'om the HP chamber by a gate value once the sample has 

been transferred back.

The time needed for the HP chamber to recover to its base pressure of 1x10** mbar also 

depends on the solvent used. In some cases, the entire system needs to be baked before the 

base pressure in the transfer chamber is reestablished.

The cleaning procedure for the platinum crystal is slightly different to that used for 

studies carried out only in vacuum. As the manipulator arm forms the seal between the UHV 

chamber and the HP chamber, it is not possible to transfer the sample if the arm has been 

cooled with liquid nitrogen. The thermal contraction o f  the metal arm would likely interfere 

with the seal formation. The teflon seals would also become cold and would likely harden 

around the arm during the time the sample is in the transfer chamber. Hardened seals could 

potentially scratch the manipulator arm during the transfer back to the UHV chamber, causing 

the seal to leak during future transfer experiments.

More significantly, the copper support wires and the thermocouple wires would
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condense large quantities o f ice if cold. Therefore, cleaning the crystal before transfer 

«q)eriments uses liquid nitrogen only during the annealing stage o f the cleaning. Starting the 

flow of liquid nitrogen immediately before the start of the temperature ramp and stopping it 

once the sample is no longer being heated ensures that the problems described above do not 

occur. At all other times during the cleaning and transfer, a flow of dry air is used in place of 

the liquid nitrogen.

All o f the transfer experiments described in this thesis involve the adsorption of 

dendrimers on the platinum surface. All o f the dendrimers used for the ecperiments described

were prepared by members o f the Stobart group at this University. The details of their 

synthesis will therefore not be discussed. After preparation, the dendrimers were purified by 

dissolving them in hexane and passing them down a silica gel column. The purified dendrimers 

were stored in glass vials covered with aluminum foil to prevent photodegradation.

The glassware used in the UHV experiments was first cleaned in warm chromic acid 

and then washed with 18 MQ cm water fi'om a Nfillipore Milli-Q purification system. The 

glassware was then rinsed with 95% ethanol, wrapped in aluminum foil, and placed in a 

110"C oven for at least 6-12 hours. The ethanol used is the same quality as that used for the 

cleaning o f all vacuum components on the UHV system and was found to have a very low 

residual content. After baking the glassware, it was removed fi'om the oven and allowed to 

cool to room temperature before use.

The teflon components were not cleaned in chromic acid as some discoloration was 

observed. Instead, they were washed with 18 Mil-cm water, rinsed with 95% ethanol, and 

given a final rinse with HPLC grade (99.9% purity) hexane (fi'om Baxter Healthcare Corp). 

The teflon components were then wrapped in aluminum foil and placed in a 110°C oven for
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one hour. After removal from the oven, the teflon components were allowed to cool to room 

temperature under a constant flow o f purified argon gas.

The experimental setup for contacting the dendrimer solutions with the platinum crystal 

is shown in figure 3.19. All components have a constant flow of purified argon passing 

through them at all times. The dendrimer solutions were degassed with purified argon for one 

hour before contact with the platinum crystal.

3.12 Data Acquisition and Processing

All o f experimental techniques described, excluding LEED, use a general purpose 

interface bus (GPIB) to transfer data to a digital computer (66 MHz 80486) for storage. A 

series of computer programs were created using QuickBASIC (written by Scott A. Furman) 

that would interAce with a Nicolet 310 oscilloscope, the Stanford Research Systems lock-in 

amplifier (LIA), and the Hidden Analytical Ltd. (HAL) mass spectrometer. These three 

devices are all equipped with a GPIB port and can be controlled remotely with a computer.

The Nicolet oscilloscope displays 4000 points on each o f two channels with variable 

time and voltage ranges. The computer program interfaced with the oscilloscope transfers 

both channels as well as information on the time and voltage ranges used. A simple ASCII 

data file is created that contains the time and the two voltage channels. Note that the 

oscilloscope must be in "hold" mode before data transfer can occur. Once the transfer is 

complete, the program will prompt the user for a file name and the oscilloscope can be put 

back into live' mode.

The HAL mass spectrometer has two modes of operation, as described previously in 

section 3.8. When operating in the modulated mode, all data acquisition is done through the
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lock-in amplifier (see below). When operating in MED mode, data is transferred directly fi’om 

the mass spectrometer. The spectrometer enters a  local' mode and remains locked out' during 

data collection and acquisition. During this time, the spectrometer's main k ^ o a r d  is not 

fimctional. The computer program selects the appropriate operating mode and reads a data 

stream coming fi'om the spectrometer that is sent after the completion o f each scan. This data 

stream is decoded immediately after the data has been received to convert it to a series of 

partial pressures for each of the masses being scanned. The time, sample temperature, and 

UHV pressure are recorded along with the partial pressures of the mass being monitored in 

a simple ASCII data file. At the termination o f the experiment, the mass spectrometer is 

returned to local' mode and the front keyboard becomes operational again.

The SRS lock-in amplifier has a built-in 4-channel analog to digital (A/D) converter 

and a 2-channel digital to analog (D/A) converter. These are fully accessible through the GPIB 

interface. The four A/D converters are currently configured to read the Auger electron 

energy (channel XI), the sample temperature (channel X2), the work fimction (channel X3), 

and the pressure in the main UHV chamber from the ion gauge (channel X4). One o f the D/A 

convertors (channel X5) is used to select the Auger modulation frequency. The output of X5 

is used as the frequency input o f an oscillator circuit that is also inside the LIA. This 

configuration allows data from all of the various «cperiments to be acquired easily as no cables 

need to be switched for the various experiments.

The X and Y chaimels o f the LIA can also be read through the GPIB interface. For 

both the AES and modulated mass spectrometer experiments, the phase on the LIA is adjusted 

to provide maximum signal on the X channel. The phase of the LIA, the LIA time constants, 

and the voltage ranges are all set to the appropriate values by the data acquisition software.
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Unlike the mass spectrometer, the LIA is not locked-out' during data acquisition and all o f  the 

keys on the front panel are fully operational.

Once the data has been stored on the computer, it may need to be processed before it 

can be analyzed. Four FORTRAN computer programs (written by Scott A  Furman) were 

developed to perform commonly used functions. All four programs will prompt the user fr>r 

the input (file names and parameters) but t h ^  also can be used with command line codes. This 

allows batch files to be used to process files. An addition program (written in QuickBasic) will 

execute a single command on a number o f different files. This allows the processing o f  large 

numbers of data files without any need for the user to be present. This program was 

developed because o f the long time (several hours) it takes to process the data from a single 

day o f experiments.

The four processing programs perform different types of functions on data files. They 

all automatically detect the type of data file (header lines, number o f columns, column 

separators) and can be used on almost any data file that is in an ASCII format. The first 

program (SMOOTH.EXE) smooths the data in selected columns by one o f three methods. 

Both boxcar and FFT smoothing routines are available as well as a spike removal routine. This 

routine was designed to remove the spikes in modulated mass spectral data files (see section 

3.8).

Many o f the data files generated are quite large (>5000 lines) and a program 

(FILTER.EXE) was written to reduce the size of these files. The file can be filtered by 

averaging a set number of data points into a single data point, or it can be filtered by selecting 

a interval range on a particular column.

Common math functions (add, subtract, multiply, divide, integrate) can be performed
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on data files using MATILEXE. The last program (BACKGRND.EXE) is used to subtract 

a background baseline fi'om a colunm o f data. The program subtracts a polynomial (up to 

forth order) fi'om the desired data and allows the user to  select a range where no background 

subtraction will occur. This is useful in thermal desorption spectra where the background only 

increases when the sample temperature goes above 600K.

All of the data files used to create the figures in this thesis were processed in some way 

before plotting. Care was taken to make sure that information was not lost fi'om the 

smoothing. Figure 3.20 demonstrates a typical smoothing o f some thermal desorption data. 

The smoothed data has been of&et for clarity.

Sam ple Thermal Desorption 
Of Iodine From R (1 11)

300 400 500 600 700 800

Temperature/K
900 1000 1100

Figure 3.20-Comparison O f Raw and Smoothed Thermal Desorption Data
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Iodine Adsorption On Piatinum(lll)

4.1 Introduction

Iodine gas readily adsorbs on platinum(l 11) at ambient temperature to form a stable 

layer that has been characterized by several electrochemical and UHV techniques. The 

sur&ce structures formed are known, and there is some UPS data suggesting that the work 

function decreases during adsorption. The details of the structures formed at 300 K and 150 

K will be investigated. The work function o f  the platinum as a function of iodine coverage 

will be determined and the sticking coefScient will also be studied as a function o f adsorption 

temperature.

4.2 Structure of Adsorbed Layers

There are four structural phases of iodine that have been previously observed. These 

are the (3V3 x 9 /3)R30“ structure (6=0.64), the (3x3) structure (0=4/9), the ( / 7x/7)R19.1 ° 

structure (0=3/7) and the (/3x /3)R 30“ structure (0=1/3). The three lower coverage 

structures have been prepared electrochemically [4.1] while the (3x3) structure has not been 

previously prepared in vacuum. Little is known about the (3 /3 x 9 /3)R30® structure as it has 

only been prepared using iodine vapour at atmospheric pressures [4.2].

The unit cells of the three low coverage iodine structures are given in figures 4.1-4.3. 

In the (3x3) structure, both unit cells (symmetrical and asymmetrical) are shown. Only one 

of the rotational domains o f the ( / 7x/7)R19.1 “ structure is shown.
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»

»

Figure 4.1-(i/’3x/3)R30“ Structure of Iodine on Pt(l 11)

«
»

Figure 4^-(V’TW7)R19. 1 “ Structure o f Iodine on Pt(l 11)
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Figure 4.3-(3x3) Structures o f  Iodine on P t(l 11)

4.3 Iodine Adsorption

Monitoring the LEED pattern o f the platinum sur&ce provides a detailed picture of 

the adsorption process. Starting with a clean platinum sur&ce, only the (1x1 ) pattern is 

observed with LEED (shown in figure 4.4). At no point during any o f  the experiments 

described here did the platinum (1x1) pattern change or disappear. This confirms the 

hypothesis that the positions of the sur6ce platinum atoms are unaffected by the adsorption 

o f iodine. When iodine first begins to adsorb onto the surfece, the LEED pattern changes 

very little. The ( / 3xV3)R30° pattern forms first, although the diffraction beams are broad 

and difiuse when the pattern first appears. As more iodine is adsorbed, the ( / 3x/3)R30°
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Figure 4.4-Pt(l 11) (1x1) LEED Pattern at 135 eV 

pattern becomes sharper. After this, the ( / 7x/7)R19.1 ° pattern begins to appear and both 

diffraction patterns are visible on the surftice. Eventually the ( / 7x/7)R19.1“ diffraction 

beams are always observed to be sharp when visible. The addition of more iodine causes the 

(V’3x/3)R30“ pattern to fede and only the (/7xy’7)R19.1“ pattern is visible. The 

3)R30“ and (V^7x/7)R19.1 ® LEED patterns are shown in figures 4.5 and 4.6. The 

(3x3) pattern is shown in figure 4.7.

Using LEED to following the adsorption of iodine is useful as it provides clear 

information about the structures on the surface. This is made easier when the coverages and 

bonding geometries o f the structures have previously determined (see Chapter 2). The 

coverage can be determined using AES but both techniques require the dosing procedure to 

be interrupted before the coverage and structure can be determined.
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f
Figure 4.5-(V3x/3)R30“-I LEED Pattern (100 eV)

Figure 4.6-(V 7x/7)R 19.r-I LEED Pattern (100 eV)
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Figure 4.7-(3x3) T>RRD Pattern (100 eV)

Another convenient way to monitor the adsorption process is to measure the change 

in work function. The geometry of the Kelvin probe and the iodine doser allow the work 

hmction to be continuously monitored during the iodine dosing. Once the relationship 

between the work function and coverage has been established, the coverage can be easily 

estimated using the change in work function.

As seen in figure 4.8, the work function initially decreases when iodine adsorbs on the 

surface. After a minimum value is reached, the woiic function increases. Once the surface 

is saturated, the work function levels off at a constant value. Extended dosing after 

saturation produces no further change in the work function.

The iodine doser used for these experiments allows the flux of iodine to be turned off 

at any point during the experiment. This was done at several different times to study the
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Figure 4.8-Work Function Change During Iodine Adsorption (A^th LEED Patterns)

surface with LEED and AES. The LEED transformations during adsorption are also shown 

in figure 4.8.

The peak-to-peak height of the iodine Auger signal at 530 eV (see figure 4.9) was 

used to calculate the coverage. This was done by assuming that the Auger signal obtained 

once the adsorption was complete corresponded to a coverage of 3/7. The variation o f the 

work function with coverage is shown in figure 4.10. Two data sets were combined to 

construct this graph, each using a different modulation amplitude for the energy analyzer. 

Using a 30 V modulation increases the Auger current detected but decreases the resolution 

(see examples in Chapter 3). Using the standard 10 V modulation provides good resolution 

but the Auger current decreases. The intensity of the iodine signal, particularly at low
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Figure 4.9-Auger Spectrum o f (•/I x f  7)R19.1 ° Iodine Structure (10 V Modulation)

coverages, becomes difficult to determine due to the noise in the spectra. The error bars were 

estimated from the amount o f noise present in the spectra compared to the intensity o f the 

iodine Auger signals.

From this data, the minimum in the work function corresponds to a coverage of 1/3. 

This is the expected coverage of the (V^3x/3)R30“ structure. Upon scanning the entire crystal 

fece with the electron beam, it was found that there were patches of a mixed (V^3x/3)R30“ 

and (t/^7x/7)R19.1“ LEED pattern. However, most of the surface only showed the 

(V3xV’3)R30“ pattern.

The fact that the work function increases during the formation o f  the (V^7x/7)R19.1“ 

structure at coverages greater than 0.33 is interesting. While adsorption in the threefold sites
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is accompanied by a decrease in work function, adsorption in the atop sites seems to increase 

the work function. This issue will be addressed in Chapter 5 to determine if the reversal of 

the work function is due to a coverage dependence or a site dependence.

Iodine adsorption at ISO K produces an almost identical change in work function, as 

shown in figure 4.11. The difference is that the adsorption of iodine does not stop once the 

coverage has approached 0.44. The work function continues to increase and actually 

becomes positive (relative to the bare surface value) before levelling off. At this 

point, it is believed that molecular iodine is simply condensing on the sur&ce.

Once again the flux of iodine was interrupted at different stages o f the dosing (at 150 

K) and the surface was studied with LEED and AES. At low coverages (<0.3), all three
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Figure 4.11-Comparison of Changes in Work Function at 300 K and 150 K 

structures are visible in the LEED pattern. Moving the sample to obtain a diÆaction pattern 

from different regions of the crystal produced various combinations o f the three difB-action 

patterns. As more iodine is added to the surface, the ( / 3x/3)R30“ pattern disappears and 

only the (3x3) (see figure 4.7) and 7xV7)R19.1 “ patterns are visible. Once the coverage 

increases beyond 0.44, the LEED pattern begins to develop a difiuse background. 

Eventually, all the dif&action beams from the surface fade completely as the background 

becomes dominant. The LEED pattern after actensive dosing at 150 K usually did not show 

any extra dif&action beams that could not be assigned to the three structures discussed above. 

However, the LEED pattern shown in figure 4.12 was photographed after the dosing shown 

in figure 4.11 (at 150 K). Although it is difficult to see the pattern clearly, this appears to 

match the diffiaction patten from the (3V3x9/3)R30 “ structure discussed in Chapter 2. Most
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Figure 4.12-(3V’3 x 9 /3)R30“ LEED Pattern (84 eV)

of the less intense di&action beams that are present in the reference pattern [4.2] are missing 

from this pattern but all spots present here match those previously seen. The background in 

this LEED pattern is very intense and is likely due to the (3 /3 x 9 /3)R30“ structure being 

covered in condensed molecular iodine.

Although the changes in work frmction at 300 K and 150 K are very similar, this does 

not mean the iodine coverage for a particular value of the work frmction is the same. The 

relationship between wodc frmction and coverage must be determined for adsorption at 150 

K. The sample was analyzed by AES but since the surface does not become saturated at a 

known coverage, it is not possible to calibrate the Auger intensities by the same method that 

was used at 300 K.

The ratio o f the iodine Auger intensity to the platinum Auger intensities changes as
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a function o f iodine coverage. For the (V*7x/7)R19.1 “ iodine structure (created at 300 K) 

the ratio o f the iodine (530 eV) to the platinum (150 eV) Auger intensities is 1:2.5. The 

Auger spectrum o f the sur6ce (at 150 K) when the work function had decreased by 850 mV 

had a similar ratio (1:2.38). This means the coverage at this point is approximately 

2.38/2.51=0.95 times the (V^7xV^7)R19.1“ saturation coverage (0.95x0.43=0.408). Using this 

a calibration point for the other Auger spectra taken at 150 K, figure 4.13 was constructed.

Comparing figures 4.13 and 4.10 shows that the coverage for a given value of the 

work function is higher at 150 K than it is at 300 K. This suggests that some o f the iodine 

adsorbed onto the surface at 150 K does not to contribute the change in work function. 

Given the similarity of the adsorption curves in figure 4.10, it seems that the observed change
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Figure 4.13-Coverage Dependence of Woric Function at 150 K
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in work function has very little dependence on the surface sites being occupied. At 300 K, 

only the (/3x/3)R 30° structure is observed at low coverages while at ISO K, the 

( / 7x/7)R19.1 “ and the (3x3) structures are also seen at low coverages. If  the different 

adsorption sites had different effects on the work function, the adsorption curve at 150 K 

would be expected to be different from the adsorption curve at 300 K.

The higher coverage observed in the adsorption curve at 150 K can be «(plained by 

assuming that some o f the iodine adsorbed at that temperature does not contribute to the 

woik function. Assuming that any iodine that comes in direct contact with the surface 

(forming patches o f the three known structures) makes a contribution to the work function, 

the difference in coverage between figures 4.13 and 4.10 should be the amount o f condensed 

molecular iodine on the surface. At the minimum in the work function, the coverage at 300 

K was 0.33 ML while at 150 K it was 0.75 ML. This means there was 0.21 ML o f molecular 

iodine on the surface at this point.

If we assume that at 150 K, the sticking coefBcient o f the iodine is unity (all iodine 

hitting the sur&ce sticks to the surface), the data from figures 4.13 and 4.10 should provide 

a reasonable estimate of the sticking coefBcient at 300 K. Taking into account the slightly 

different initial induction period, the time to reach the minimum in the work function was 94 

seconds at 300 K and 79 seconds at 150 K. This assumes that the iodine doser was producing 

an identical flux in both cases. As these experiments were performed successively (300 K 

dosing first), and given the error in the coverages, this assumption seems reasonable. The 

sticking coefBcient at 300 K is then estimated to be (0.33/94 ML/s)/(0.75/79 ML/s)=0.37.
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Thermal Desorption Of Iodine

5.1 Introduction

Thermal desorption spectroscopy (TDS) is a very useful tool for probing the nature 

o f adsorbates at the surface. The strength o f the chemical bond between the adsorbate and 

the sur&ce can be roughly calculated by measuring the temperature where the adsorbate 

desorbs. Since the adsorption o f gas onto a sur&ce is usually not activated, the energy o f 

desorption can be equated with the adsorption energy. The kinetics o f the desorption process 

provide information about the nature o f different binding sites and can probe the effects of 

interactions between adsorbates. The most common method for studying the desorption 

process is to use a mass spectrometer to identify the species as th ^  desorb from the surfrice. 

The UHV system described in this thesis allows the simultaneous measurement o f the changes 

in work hmction along with the mass analysis to provide extra information about the 

desorption process.

One o f the pitfrUs o f thermal desorption spectroscopy is that the desorption process 

reflects the nature o f the surface only at the desorption temperature. Heating the surface to 

cause desorption may also cause other reactions, decompositions, or structural 

rearrangements. Thus, the state o f the surface at the desorption temperature may not 

accurately represent the state of the surface at the temperature o f adsorption. However, it 

is still a powerful technique and, like LEED and AES, is an essential method for probing the 

nature of adsorbates.
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Overview of Iodine Desorption

Before describing the details o f the desorption kinetics and the changes in work 

function, the general features of the iodine desorption spectra should be reviewed. Iodine was 

adsorbed onto the platinum sur&ce at 300 K and 150 K (see Chapter 4) and studied at 

different coverages. Adsorption at 300 K results in saturation at the (V’7x/7)R19.1“-I 

structure while at 150 K, the growth o f multilayer iodine is observed. Previous studies at 300 

K [5.1] showed that when the surface is heated, four distinct phase transitions are seen. The 

thermal desorption spectrum shown in figure 5.1 shows these different transitions, as 

observed by LEED. The work function change during the desorption is also shown.
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Figure 5.1-Thermal Desorption of Iodine with LEED and Work Function Changes
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Figure 5.2-Difiuse (V3xV3)R30® LEED Pattern (lOOeV)

The first LEED transformation is fi'om the (V’7x/7)R19.1'’ pattern to a difiuse 

background at 530 K. When passing through this transition slowly (1 K/s), the difiuse 

background develops into a difiuse (V3x/3)R30“ structure (shown in figure 5.2) where the 

fiuctional beams fi'om the iodine layer are spread out. The difiuse pattern must come fi'om 

structural disorder (rather than disorder fi’om surfice difiusion) as continued heating causes 

the ( / 3 x /3)R30" pattern to become sharp (at 570 K). Above 670 K, LEED shows only a 

difiuse pattern, presumably due to thermally-induced surface difiusion where the iodine atoms 

no longer have fixed positions. Above 1000 K, LEED only shows the (1x1) pattern of the 

platinum substrate as all o f the iodine has desorbed.

The change in woric function during desorption is essentially the reverse o f the work 

function change during adsorption. The minimum value of the work function corresponds to
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the (V3xV"3)R30“ structure. The coverage at this point is expected to be 0.33, the same 

coverage where the minimum occurs during adsorption. In general, desorption from the atop 

sites (at 530 K) causes the work function to decrease while desorption from the threefold sites 

causes the wodc function to increase. This suggests that the two sites have a different 

contribution to the work function, as mentioned in Chapter 4. However, in section 5.4, it will 

be shown that the work fimction changes are related to coverage rather than specific sites.

Dosing at 150 K produces a variety o f mixed I .F-FT) patterns. Dosing until the work 

function has become positive (relative to the bare surface value) produces a difiuse pattern 

with other patterns (mostly (V7x/7)R19.1 “ and (3x3)) visible, but obscured by the difiuse
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Figure 5.4-Mixed (3x3) and ( / 7x/7)R19.1 " LEED Pattern 
(lOOeV)

background. Heating to  300 K produces a series o f phase transitions that were observed by 

LEED (shown in figure 5.3). There is no notable difference in the I RED pattern observed 

during the first phase transition at 215 K. At 230 K, the dififiise pattern changes to a (3x3) 

pattern that noticeably sharpens at 245 K. The (3x3) pattern is stable up to 375 K, where it 

transforms to a mixed (3x3)/(/7xV 7)R19.1 " pattern (shown in figure 5.4). This mixed 

pattern is stable up to 425 K where the (3x3) disappears completely. After this, the phase 

transitions are identical to the phase transitions described above. Note that there is no work 

function change associated with the transformation fi’om the (3x3) to the ( / 7x/7)R 19.1 “ 

phase (as seen in figure 5.3).
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The work functioa change during desorption shows that the multilayer structure 

(desorbing at 215 K) does not have a significant work fimction change associated with it. 

There is a small change during the desorption but this is small compared to  the change 

associated with the desorption peak at 235 K. The work fimction change at this temperature 

is quite large, suggesting that unlike the multilayer structure, the iodine associated with this 

desorption process is in much more intimate contact with the platinum surface.

These two low temperature peaks both appear to be molecular iodine desorbing fi'om 

the surface. A signal due to mass 127 (atomic iodine) is seen in the spectrometer due to the 

ionization-induced division o f the iodine molecule. The dissociation ratio (127:254) was
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Figure 5.5-Double-Mass Modulation Desorption Spectrum with Woik Function Changes
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Figure S.6-Expanded View of Double Mass Modulation Desorption

measured by operating the mass spectrometer in its modulated mode using both of these 

masses. The resulting desorption spectrum is shown in figure 5.5. The spectrum is 

complicated by the fact that the mass spectrometer is continually switching between the two 

masses. Careful examination ofthetwo peaks, shown in figure 5.6, cleariy indicates that both 

atomic and molecular iodine are being detected. If  we assume that all of the iodine desorbing 

at 215 K is molecular iodine, the dissociation ratio (127:254) is measured to be 0.8:1. At 235 

K, the measured ratio o f mass 127 to mass 254 is 1.0:1. This suggests that there is some 

atomic iodine desorbing fi'om the sur6ce, although most o f the desorbing material is 

molecular iodine.

It was previously thought that desorption above 300 K produced only atomic iodine.
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Heating the sample at IS K/s did show some evidence o f mass 254, although the amount 

observed is near the detection limit o f our instrument. The results from three separate 

experiments were averaged to produce the desorption spectrum shown in figure 5.7. Also 

shown is the mass 127 signal (15 K/s).

The desorption spectrum shows that molecular iodine is desorbing from the surfrce 

in a similar frshion to the atomic iodine. Currently, there is no way to calibrate the amount 

of iodine that this desorption represents. However, it is possible to determine how much o f 

the mass 127 signal is due to the dissociation o f molecular iodine. The maximum intensity 

of the mass 254 signal (at 540 K) K is 0.16 pA. At the same temperature, the mass 127 ion 

current is 4.6 pA. If we assume that the cracking ratio is the same as that determined above

Mass 127 
Mass 254 (xiO)
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300 400 500 600 700 800 900 1000 1100

Temperature/K

Figure S.7-Thermal Desorption Detection o f Mass 254 at 15 K/s
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(127:254=0.84:1) then approximately 3% o f the 127 mass signal (at 540 K) is due to the 

dissociation o f molecular iodine.

Although the general shape o f the desorption spectra o f mass 254 and mass 127 is 

similar, the intensity o f the broad mass 254 desorption peak at 840 K is lower. Comparison 

o f the intensities o f masses 127 and 254 at 840 K (4.2 pA and 0.6 pA respectively) shows that 

only 1% o f the mass 127 signal is due to the dissociation o f molecular iodine at this 

temperature.

5.3 Reversibility of Thermalty-Induced Phase Transitions

Some thermally-induced phase transitions described here have been found to be 

reversible, while others are essentially irreversible. This has been explored by heating the 

sample to various temperatures while monitoring the I .FED pattern. Once a phase transition 

has occurred, the sample is cooled and the LEED pattern is monitored for any changes.

The low temperature transitions (<250 K) are irreversible. Once an ordered structure 

has been formed on the surface, cooling to 150 K does not cause the LEED pattern to 

become diffiise. Cooling usually improves LEED patterns as the lower amount o f thermal 

energy reduces the atomic motions o f the adsorbate.

The transformation from the (3x3) phase to the (V7xV7)R19.1 “ phase proved to be 

almost irreversible. This is surprising given the small difference in coverage (0.016 ML) 

between the two structures. Once this phase transition begins (at 375 K), and a mixed LEED 

pattern is observed, the transition can be stopped by simply stopping the temperature ramp. 

Once the heating has stopped, no further LEED transformations occur. Cooling the mixed 

structure does not cause the (-/7x/7)R19.1 ° pattern to dis^pear. Heating the sample to 425
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K causes the entire surÊice to be converted to the (V7x/7)R19.1 “ structure. Cooling the 

sample to 300 K just after the (3x3) pattern has disappeared partially restores a blurry (3x3) 

pattern, with the sharp ( / 7xV7)R19.1 ® pattern being dominant. However, in most cases, the 

transformation to the (■/I x f  7)R19.1 “ structure is irreversible.

Figure 5.8-Mixed LEED Pattern o f Sharp ( / 7x/7)R19.1 “ 
and Difiuse (V3x/3)R30“

Heating the sample to 530 K causes the ( / 7x/7)R19.1 ” LEED pattern to disappear 

leaving only a difiuse pattern with a difiuse (V3xV3)R30® sometimes visible. Once this phase 

transition begins, it does not stop until all o f the (V7x/7)R19.1® structure is gone (even at 

constant temperature). If the sample is cooled, both the (VI x f 7)R19.1 “ and (V3x/3)R30“ 

patterns become visible, although the (V3x/3)R30“ is poorly defined (shown in figure 5.8). 

Interestingly, if the sample is heated back to 480 K, the ( / 3x/3)R30“ pattern disappears, 

leaving only the (V7x/7)R19.1 “ pattern visible.
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Heating the sample to  600 K forms a sharp ( / 3xV3)R30° LEED pattern. Cooling 

the sample from this temperature causes a mixed (V7»/'7)R19.1° and (V’3x/3)R30° pattern 

to develop. Once again, the (V3x7*3)R30° pattern is slightly difruse.

Heating the sample (from saturation coverage) to 700 K caused the ( / 3x/3)R30“ 

pattern to disappear as the TEED pattern became difruse. Cooling from this temperature 

restores the ( / 3x/3)R30° pattern. Heating to  750 K and cooling does not restore the 

(V3xi3)R30° pattern. At this point, it seems that too much iodine has desorbed from the 

surfrce to reform an ordered structure. Based on the results o f integrated desorption spectra 

(see section 5.5), this corresponds to a coverage o f 0.2.

5.4 W ork Function Changes During Desorption

The work function changes during desorption provide another means o f following the 

desorption process. As previously mentioned, the threefold sites and atop sites appear to 

have different contributions to the work fimction. However, no change in work function is 

observed when the iodine changes from the (3x3) structure to the (V7x/7)R19.1° structure. 

It is difQcult to assess what would be expected during this transition if the work function 

changes are site dependent. The (3x3) structure is a mixture o f two surface structures (the 

symmetric and asymmetric forms) with atop, threefold, bridged and asymmetric sites being 

populated. We will therefore concentrate on the work function changes associated with the 

(tA3x/3)R30° and (/7x/7)R 19.1° structures. The changes in work function at low 

temperature will also be investigated as one of the desorption peaks at low temperature has 

a significant work function change associated with it.

Starting from ambient temperature, thermally desorbing the iodine at low coverages
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(<0.2S) produces a change in work function that is essentially the reverse o f the change 

observed during adsorption. The work function changes for some low coverage desorptions 

and a desorption from saturation coverage is shown in figure 5.9. As previously mentioned, 

desorption from a saturated surface produces a decrease in the work function at 530 K (where 

the (V*7xV’7)R19.1“ structure transforms to the (V’3x/3)R 30‘’ structure). At higher 

temperatures, the work function increases and returns to its bare surfrce value after all the 

iodine has desorbed.

Also shown is a desorption from the point where the work function reached its 

minimum during dosing. At 540 K, where the atop iodine atoms are expected to desorb, the 

work fimction increases. It seems that the atop sites can have both a positive and negative 

effect on the work function. LEED analysis after adsorption showed that at the work
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Figure 5.9-Work Function Changes During Desorptions With Different Initial Coverages
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function minimum, there is some (V7xV’7)R19.1 “ structure present. The desorption o f mass 

127 (shown in figure 5.10) shows that there is no significant desorption at 530 K where this 

unusual increase in woiic function occurs. Instead, there is continual increase in the 

desorption rate up to 800 K. This result shows that the change in work function is not due 

to the occupation o f specific sites but is dependent on the coverage.

As mention before, heating the sample fi'om saturation coverage causes the work 

function to decrease at 530 K. After this desorption, the coverage is approximately 1/3 as 

LEED analysis shows only the presence o f a well defined (V3x/3)R30“ structure. The woric 

function at this point has almost gone back to the minimum value (-1000 mV) again showing
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Figure 5.10-Thermal Desorption Showing Increase in Work Function For Both Sites
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that the woiic function depends more on the coverage than it does on the specific she. It may 

be that dififerent shes make a slightly dififerent contribution per occupied she but clearly the 

sign o f the contribution for each she is determined by the coverage.

A coverage-dependent work function, as opposed to a site-dependent work function, 

can be «cplained by the mutual depolarization o f adjacent dipoles. Many systems exhibit this 

behaviour [5.2] and this has been the subject o f several studies [5.3]. Bringing the dipoles 

closer together is expected to increase the amount of depolarization. This aspect o f the work 

function studies will be addressed in Chapter 6.

The coverage-dependent work function helps to explain why no work function change 

is observed during the (3x3)-»(V^7xV^7)R19.1 “ transformation. As the difference incoverage
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Figure 5.11-Work Function Changes During Low-Temperature Desorptions
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is very small (0.016 ML), no change in work function is expected.

Dosing the sample at ISO K leads to the formation o f molecular multilayers. 

Desorption o f these multilayers showed two distinct binding states. The state associated with 

the desorption at 215 K does not produce a significant change in the work function. The state 

at 235 K , however, has a large woik function change associated with it. As shown in figures 

5.11 and 5.12 the work function associated with this desorption can be positive or negative, 

depending on the initial coverage. However, increasing the coverage by extended dosing at 

150 K has an unusual effect on the high temperature desorptions (see figure 5.12). The 

amount of iodine on the surface in these cases is quite large and the work function changes at 

higher temperatures are not consistent. At present, we have no explanation for this behaviour.
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Figure 5.12-Work Function Changes During Low-Temperature Desorptions Starting With 
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5.5 H igh-Tem perature Desorption Kinetics

The desorption o f atomic iodine at temperatures above 300 K has been studied 

extensively to obtain a clear picture o f how iodine interacts with platinum. The kinetics of 

the desorptions also provide an insight into the interactions between adsorbates on the 

surface. The structural transformations during adsorption and desorption provide a solid 

foundation to construct a kinetic model.

The experimentally measurable quantity is the increase in partial pressure o f the 

desorbing species. In situations where the mass spectrometer has continuous pumping (such 

as the system used here), the increase in partial pressure is equal to the rate of material 

desorbing from the surface times a proportionality constant ( ^ .  The following equation 

describes the change in surfrce concentration (T) with time for a reaction o f order n.

K(P-P,) = = v„(0)6”exp(-£^0)«r) (5.1)

In this equation, Ej is the activation energy for desorption that may or may not be coverage 

dependent, v, is the frequency factor (or pre-exponential factor) that may also have a 

coverage dependence. F and 0 are simply related as 0=1 correpsonds to 1.5x10" atoms/cm^ 

fiar F. There are several ways to determine these parameters and their coverage dependence. 

Most o f the conunonly used methods [5.4] rely on assumptions and simplifications o f this 

equation. Those methods will not be used here. Three separate experimental approaches will 

be described to determine these parameters with no unjustified assumptions being made.

The most direct method is to heat the sample to a specific temperature where 

desorption occurs. Once at that temperature, the heating is adjusted to maintain that
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temperature. During this isothermal desorption, the rate will steadily decrease until all of the 

adsorbate has desorbed. The rate constant (k) can be extracted directly from such a decay 

curve using the logarithmic form o f equation 5.1. Measuring this rate constant at different 

temperatures allows one to construct an Arrhenius plot according to the equation:

ln(fc,)= ln (v„(0))-F /0)/i?r  (5,2)

A graph o f In(rate) vs. l/T  should give a straight line with a slope of and an intercept 

o f ln(v). If  the frequency factor or the desorption energy is coverage dependent, the analysis 

becomes more complex as the activation energy will change during the isothermal desorption.

There are two other experimental procedures that are better suited for extracting 

coverage-dependent rate parameters and can be used if a coverage dependence is observed. 

These procedures rely on extracting temperature and rate information at a specific coverage. 

The rate o f desorption at a particular coverage will depend on how the system came to be at 

that coverage. For example, heating the sample at different heating rates will often change 

the position and size of the peaks in thermal desorption spectra. Changing the initial coverage 

will also cause the desorption rates to vary.

Extracting the rate and temperature where the system passes through a particular 

coverage allows one to obtain the desorption energy by using the following logarithmic form 

o f equation 5.1:

In jr  + l n ( f - f , )  = I n ( - ^ )  = ln(v.(0)) t  n lii(0 ) -  EJfi)IRT  (S J)

Therefore, a graph of In {P~P^ vs. \IT  will have a slope o f -EJ^yR. The y-intercept will be
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equal to (ln(Vg(9))+/iln(6)-ln^. K'this analysis is done at a series o f coverages, the coverage 

dependence of the desorption ener^r can be measured directly. Furthermore, if a graph of the 

y-intercepts (from plotting equation 5.3) vs. ln(6) is linear, the frequency factor must be 

cover%e independent and the slope of such a graph is equal to n (the order of the reaction).

5.5.1 Coverage-Dependent Desorption

The coverage dependence o f the desorption spectrum allows one to easily make some 

preliminary statements about the desorption kinetics and what type o f analysis should be done. 

The desorption spectra for a series of different initial coverages are shown in figure 5.13. The 

peak at 530 K appears to be zeroth order as all the desorptions at different coverages have a 

common leading edge [5.5]. This is typical of a phase transition [5.6]. In addition, the 

position o f the peak increases with coverage, although only slightly. The broad peak centred 

around 800 K appears to be second order as the peak position moves to lower temperature 

with increasing coverage [5.7, 5.8]. However, the common trailing edge is not a feature o f 

second order kinetics. Also, it is difGcult to construct a valid second order mechanism for the 

desorption o f atomic iodine. If the desorption produced molecular iodine, one could easily 

imagine a rate law that would be second order. As shown in section 5.2, less than three 

percent o f the atomic iodine detected comes from the dissociation o f molecular iodine. The 

other possibility is that the broad desorption at 800 K is actually first order but has a coverage- 

dependent activation energy for desorption.
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Figure S.13-Iodine Desorption From Différent Initial Coverage (6 K/s). Coverages equal 
0.06, 0.11, 0.15, 0.18, 0.28, 0.36, 0.38, 0.39, 0.43 ML.

If the thermal desorption spectra in figure 5.13 are integrated and we assume that the 

highest coverage is 0.43, we can construct a graph o f coverage as a function o f temperature. 

This is shown in figure 5.14. Some desorption lines for different coverages appear to overlap 

at some points. Analysis o f the desorption rates at constant coverage was unsuccessful 

because o f these overlaps. However, measuring the coverage dependence o f the desorption 

spectra did provide a qualitative picture o f the desorption kinetics.
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5.5.2 Kinetic Analysis a t Different Heating Rates

Measuring the desorption spectra at different heating rates, starting with the same 

initial coverage, is another way o f extracting kinetic data. Starting from the saturation 

coverage, the heating rate was varied from 3 K/s to 15 K/s, as shown in figure 5.15. These 

spectra were integrated and converted to coverage profiles. At 0.01 increments in coverage 

from 0.01 to 0.43, the rate and temperature corresponding to those coverages were determined 

at each heating rate. This allowed a series o f graphs to be constructed for the determination 

o f the desorption energy (using equation 5.3). A sample o f those graphs is shown in figure 

5.16. The different slopes indicate a different desorption energy.
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Figure 5.15-Variation of Desorption Spectrum With Heating Rate (3, 5, 7, 10, 15 K/s)

The change in the activation energy as a function of coverage is shown in figure 5.17. 

The y-intercepts are also shown. The error bars are taken fi'om the calculated standard 

deviation o f the linear graphs in figure 5.16. The activation energy steadily decreases fi’om 253 

kJ/mole (±4 kj/mole) at zero coverage to 200 kJ/mole at a coverage o f 0.3 ML. The change 

in activation energy with coverage is therefore -180 kJ-mor‘ML*‘ (±20 kJ mol'^ML '). At a 

coverage o f 0.33 ML, the activation energy would be expected to be 194 kJ/mole, having 

decreased by 59 kJ/moIe. Each iodine on the surface will have three nearest neighbours per 

unit cell and so the interaction energy between iodine atoms can be estimated to be 20 kJ/mole. 

This interaction is repulsive, as the activation energy decreases with increasing coverage.
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Figure 5.16-Detennination o f Activation Energy Using Equation 5 .3

At higher coverage, the results begin to fluctuate. This is because different sweep rates 

are probing different desorption processes and the plots o f equation 5.3 are not linear in this 

coverage range. However, at a coverage o f 0.37, the desorption energy becomes stable again. 

The value for the activation energy at this point is 146 kJ/mole (±10 kJ/mole). This 

corresponds to the desorption of iodine fi'om the atop sites. The desorption spectra at 

different coverages (figure 5.13) suggested that this desorption process is zeroth order and that 

the activation energy is not coverage dependent.

The firequency factors can be extracted fi'om the y-intercept data in figure 5.17. If  we 

assume that the firequency fitctor is independent o f coverage, the y-intercept fi'om plotting
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equation 5.3 is equal to In(v)+/iin(0)-in(A[). The proportionality constant K  converts the 

measured ion current from the mass spectrometer to a desorption rate o f iodine from the 

surface.

The value o f the constant AT is determined by integrating a thermal desorption spectrum 

and converting to surface concentration (with units o f atoms/cm^. Differentiating the 

coverage with respect to time gives the desorption rate from the surface (see figure 5.18). 

This can be compared with the ion current in figure 5.15 (5 K/s) to calculate K. Using the 

maximum desorption rate at 80 s, the value ofKis calculated to be (1.4x10^’ atoms cm'̂  s'Vl .9 

pA) =7.4x10*^ atoms cm'̂  s*‘ pA*‘.

For the desorption o f the atop sites, the y-intercept from figure 5.17 is 31 (±2). I f  the
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Figure 5.18-Deterniination of Proportionality Constant K

desorption process is assumed to be zeroth order, the y-intercept equals ln(v)-ln(A^ and v is 

equal to 2.1x10“  atoms cm'̂  s’*.

The frequency factor for the desorption from the threefold sites can be determined by 

plotting the y-intercept against ln(0) as shown in figure 5.19. The slope of this line is the 

reaction order /i, and the y-intercept is ln(v)-ln(K). The y-intercept o f 2.4 gives a value of the 

frequency fiictor to be 8.2x10" s’* and the slope yields a reaction order o f 1.0 (±0.4). Given 

the large error in the slope, the order o f the reaction may not be exactly unity.
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5.5.3 Isothermal Desorptions

Isothermal desorptions also allow the calculation o f the desorption activation energy 

and the frequency factor. This was done by starting from saturation coverage at 300 K and 

heating at 5 K/s. Attempts were made to probe all four o f the desorption processes observed 

by TDS but only the results concerning the desorption at 530 K are meaningful. Probing the 

two small TDS features between 560 K and 700 K was made difhcuk by the low intensity of 

the desorption peaks and overlap with the larger desorption peaks.

The desorption of iodine from the threefold sites is coverage dependent. During the
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isothermal desorption, the coverage is changing  and therefore the activation energy is 

changing. Calculation o f the coverage is diflScult due to the high background present in the 

desorption spectra that makes integration o f the desorptions inaccurate.

Efforts were concentrated on determining the rate constants for the atop desorption 

process. The isothermal data on the large desorption peak at 530 K is shown in figine 5.20. 

The temperature stability during the desorption is ±0.5 K. There is a constant increase in the 

background o f the mass spectrometer signal that must be accounted for in the fitting 

procedure. All isothermal desorptions were fit to the following nonlinear equation;

y=yO+bt +Aexç{-(t-tO)k) (5.4)

The mass intensity is>̂  and the time (in seconds) is /. yO and tO are offsets values for the data. 

The value o f b determines the slope of the linear background subtracted fi'om the data while 

A is a constant. The rate constant k  was determined by using a nonlinear least-squares curve 

fitting routine. The only parameter held constant during the curve fitting procedure was tO. 

The data was not processed in any way before the fitting procedure was used. After the fitting 

was complete, the quality of the fit was checked by subtracting equation 5.5 firom the data and 

plotting the resulting residual data (lower traces in figure 5.20). This was always a straight line 

with a slope o f zero and an average value of zero. Extracting the activation energy and 

fi-equency factor is done by plotting In(A) vs. l/T, as shown in figiue 5.21. The activation 

energy is 146 kJ/mole (±6 kJ/mole) and, assuming zero-order kinetics, the fi-equency factor 

is 4x10“  atoms cm'̂  s*‘ (±2x10“  atoms cm'̂  s‘‘ ).

The activation energy is in complete agreement with that obtained by varying the 

heating rate. The fi-equency fiictor calculated here is higher than that calculated fi'om different
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heating rates but is within the measured error.
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The desorption of molecular and atomic iodine at low temperatures was also studied 

isothermally. The results of these experiments, shown in figure 5.22 and 5.23, indicate that 

both of the low temperature desorptions are approximately zeroth order. Zeroth order 

reactions proceed at the the same rate at a given temperature regardless of the adsorbate 

coverage. In isothermal desorptions, once the reaction begins, the rate does not change until 

the reaction is complete. Both o f the isothermal desorptions display this basic behaviour, 

although neither remains truly constant during the entire desorption process. Both exhibit the 

same gradual decrease in rate. It is interesting that the second desorption peak displays zeroth 

order kinetics as the work function results indicate that this phase is associated in some way 

with the platinum surface.
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5.6 Kinetic Simulations

To detennine if the rate parameters determined in the previous section are reasonable, 

the thermal desorption curves were simulated using those parameters. The two main 

desorption features, the desorption of the atop and threefold iodine atoms, were simulated 

using two different procedures as t h ^  follow two different types o f mechanism. The 

desorption o f the atop iodine atoms appeared to be zero order with no measurable coverage 

dependence. Thermal desorption spectra for this transition were simulated using a stochastic 

kinetic modelling program that is freely available from IBM Research [5.9]. This software, 

however, cannot simulate desorption spectra where the rate parameters are coverage 

dependent. For the simulation o f the desorption of the threefold iodine atoms, the software 

package MAPLE was used. This program can provide numerical solutions o f differential 

equations.

The desorption from the threefold sites was simulated using the following equation:

-■ ^ = v e e x p ( - ( £ '^ -w e ) / / î r )  (s.s)

where w is a parameter that represents the coverage-dependent interaction between iodine 

atoms on the surface. The value of the activation energy was determined (in section 5.5.2) to 

be 253 kJ/mole at zero coverage and decreased by 60 kj/mole at an iodine coverage of 5x10*  ̂

atoms/cm^ This makes w= 1 .2 x 1 O'" kJ mol'Vatoms cm'^. The frequency factor used in the 

calculation was 8 x 1 0 “ s'*, the experimentally determined value. The desorption spectra were 

simulated at a variety of inital coverages to compare with the experimental spectra.
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The overall shape o f the simulated spectra (see figure 5.25) are similar to the 

experimental spectra (figure 5.24) but there are several significant differences between the two 

sets o f spectra. The positions o f the maxima in the desorption spectra are not the same, being 

slightly higher in the simulated spectra. The temperature where these maxima occur is quite 

sensitive to the kinetic parameters used and a small change of the firequency factor or 

activation energy could provide better agreement fiar the desorption maxima.

The most significant difference between these two sets o f spectra is the shape o f the 

desorption spectra, particularly at high coverages. In the experimental spectra, the peaks are 

symmetrical, except at high coverages where a small shoulder appears at 650 K. In the 

simulated spectra, the desorption peaks become asymmetrical at higher coverages. Clearly, 

the simple kinetic model used is not sophisticated enough to truly represent the actual 

desorption process.

The simulations do show that the parameter for interaction energy (w) is the correct 

order o f magnitude, at least at low coverages, as the shift in peak position is approximately 

correct. It may be that the interaction energy is not constant with coverage, even though there 

is a constant shift in the binding energy o f the iodine 4d;^ electrons with increasing coverage 

[5.10]. The error bars in figure 5.17 leave room for different coverage dependencies to be 

explored.

The desorption o f iodine fi'om the atop sites was modelled with the experimental rate 

parameters using the IBM kinetic simulator. The activation energy was set to 146 kJ/mole and 

the fi-equency fector was 4x10^ atoms cm'^ s'*. The iodine coverage was varied fi’om 1.5x10*  ̂

atoms/cm^ to 0.4x10** atoms/cm^
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Once again the ecact positions o f  the desorption maxima in the simulated spectra 

(shown in figure 5.27) do not exactly match the peak maxima in the experimental spectra 

(shown in figure 5.26). Slight modification o f the rate parameters could increase the 

correlation between the two sets of spectra.

The main difference between these two sets of spectra is that the leading edges of the 

experimental desorption peaks do not follow as expected for a zero-order reaction. However, 

their behaviour is close to the simulated spectra and the sharpness of the peaks also tends to 

indicate a zero-order phase transition.

5.7 Summary of Results

The results o f the thermal desorption experiments showed that above 300 K, most of 

the material desorbing fi'om the surAce is atomic iodine. Some molecular iodine is also seen. 

The main desorption product at low temperatures is molecular iodine. Atomic iodine is also 

seen but most of this can be attributed to the dissociation o f molecular iodine inside the mass 

spectrometer. Measurement o f the dissociation ratio indicated that above 300 K, less than 3% 

of the atomic iodine observed is due to the dissociation of molecular iodine.

The work function behaviour during desorption was essentially the reverse of the 

change during adsorption. Dosing to the point where the work function is at a minimum value 

demonstrated several interesting points. The calculated iodine coverage is 0.33 but r.F.F.D 

analysis shows the presence o f some ( / 7x /7)R I9 .1 “ structure. Heating the sample causes the 

iodine in the atop sites to desorb, although the amount observed is small. This desorption 

causes an increase in the work function. Desorption fi'om the atop sites when the sample is 

saturated causes a decrease in the work function. This demonstrates that the work function
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is dependent on the coverage, not the she occupied.

After removal o f all the atop iodine atoms from a saturated surface, the work fiinction 

is close to the value at the minimum (-1000 mV) as the coverage is approximately 0.33. A 

coverage dependent work function also explains the lack of work function change during the 

(3x3)-*(V^7x/7)R19.1 “ structural transition. It also helps to explain why the work function

changes during dosing at 300 K and ISO K are so similar.

The desorption kinetics above 300 K were studied by isothermal desorptions and by 

varying the heating rate. The broad desorption peak at 800 K was found to be a first order 

desorption with a coverage-dependent activation energy. At zero coverage, the activation 

energy is 253 kJ/mole while at a coverage of 0.33 ML (corresponding to the ( / 3x/3)R30“ 

structure) the activation energy has dropped to 196 kJ/mole. The frequency factor was 

determined to be 8 .2 x 1 0 "  s'*.

The activation energy of the desorption from the atop sites was determined to 146 

kJ/mole (assuming zero order kinetics). Analysis ofboth heating-rate and isothermal data gave 

identical activation energies. The frequency Actor was calculated to be 4x10“  atoms cm'^ s'*.

The attempts to simulate the desorption spectra were mostly unsuccessful. The general 

temperature range for the desorptions was correct but the calculated peak shapes for both the 

atop and threefold site desorptions were different than the experimental shapes.
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Theoretical Model Of The Work Function

6 . 1  Introduction

The work function (O) is a fundamental property o f solids, and is simply defined as 

the minimum work needed to extract an electron fi'om the Fermi level of the solid. It is a 

measure of the energy barrier that prevents electrons fi’om physically leaving the solid. As a 

fundamental property, the work function has been the subject of many theoretical and 

experimental studies. It is central to the explanation of several physical phenomena, including 

thermionic emission, contact potentials, and the photoelectric effect.

The concept o f the work function was first introduced in 1905 [6.1] when Einstein 

explained the photoelectric effect using Planck's newly developed quantum theory. Although 

many scientists at the time (including Planck and Einstein) did not believe that quantum theory 

could be correct, several experimental results could be explained using the ideas of 

quantization and the work function. As far back as 1839, A.C. Becquerel noticed that light 

could change the electrical properties of some materials [6 .1]. In 1888, Hertz also noted an 

effect of light on his experiments into the propagation of electromagnetic waves [6.1]. That 

same year, Hallwachs showed that ultraviolet light could discharge a negatively charged 

electroscope but not a positively charged one [6 .1]. Investigating the photoelectric effect, 

Lenard showed in 1900 [6.1] that the speed of the emitted photoelectrons was independent 

of the intensity of the light used. This result contradicted the accepted Newtonian model.
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However, changing the intensity o f the light did change the number o f  electrons being 

emitted. It was also found that the speed of the photoelectrons was dependent on the 

frequency o f the light and there was a minimum energy required to cause electron emission. 

Later, in 1921[6.1], it was found that the woiic function barrier could be overcome by 

thermally exciting the electrons. Thermionic emission [6.2] is the basis on which the cathode 

ray tube (CRT) produces a beam o f electrons. Many of the experimental techniques 

described in this thesis rely on electrons produced through this process.

As a fimdamental property o f metals, there have been many theoretical investigations 

into the work function. There have also been several attempts to correlate the work function 

with other physical properties such as electronegativity [6.3], potential of zero charge (pzc) 

[6.4], and hydrogen reduction rates [6.5]. One important outcome from these lines of 

investigations was that the worlds o f solid-state physics and electrochemistry could finally 

communicate. The work function o f the standard hydrogen electrode, which is the zero 

reference point on the electrochemical reduction scale, has been determined to be 

approximately 4.8 eV [6 .6 ]. This allows electrochemical reduction potentials to be converted 

to absolute potentials, where zero energy is defined as an electron at rest at infinity. Absolute 

potentials are more often used in solid-state physics and quantum chemistry.

The work fimction can be theoretically considered as consisting of two parts, a bulk 

contribution, and a surface contribution. The bulk contribution is the chemical potential p, 

and can be thought of as the energy holding an electron to its nucleus. The surface 

component is due to the ability of electrons to climb the potential barrier at the surface and 

escape the solid. As shown in figure 6.1, some electron density escapes b^ond  the confines 

o f the solid leaving a partial positive charge in the metal. This separation o f charge
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Figure 6.1-Creation of Sur&ce Dipole by Electron Spillover Into Vacuum

constitutes a dipole, named the sur&ce dipole, and makes a significant contribution to the 

work fimction in transition metals. The chemical potential is unaffected by adsorption at the 

metal surAce and can be considered as a constant for a particular metal. The surAce dipole, 

and the surface potential (%) associated with the dipole, are intimately affected by adsorption. 

Therefore, any theoretical model used to predict changes in work Anction by adsorbates must 

deal with how the surface dipole is affected by adsorption.

The simplest models for how the work fimction is changed by adsorption are based 

on differences in electron%ativity. Any difference in electronegativity causes some distortion
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of the electron density at the surface, creating a new dipole moment. This dipole moment is 

added to the dipole moment already present at the surface of the metal, causing the work 

function to change. If the adsorbate is more electronegative than the metal, the adsorbate 

should withdraw electron density from the metal and increase the magnitude of the surface 

dipole. This should increase the work function. If  the adsorbate is more electropositive than 

the metal, then the adsorbate will donate electrons to the metal. This should decrease the 

surfrce dipole and decrease the woric fimction. This general model works well for many 

cases, such as alkali metal adsorption where the work fimction of transition metals decreases 

by several electron volts. Most electronegative adsorbates, such as oxygen and the halogens, 

cause an increase in the work function o f transition metals. However, for several systems, 

electronegative adsorbates are found to decrease the work fimction [6.7]. Most o f  these 

anomalous work function changes are only of the order of a few hundred meV and do not 

represent a serious breakdown o f the model outlined above.

Other behaviour is also observed where the work function will initially decrease and 

then later increase. Several adsorbate systems pass through a minimum work function value 

at a particular adsorbate coverage [6 .8 ]. This type o f behaviour is usually explained as a 

mutual depolarization of the dipoles that only occurs at higher coverages [6.9].

In the case of iodine adsorption on platinum(l 11), the work function was found to 

decrease by 1100 meV before increasing again. At a saturation coverage of 0.43, the work 

fimction is still negative by 600 meV. Iodine is considered to be more electronegative than 

platinum and should increase the work function. Both bromine and chlorine exhibit similar 

behaviour in that they both cause an initial decrease in the work function (less than 300 meV) 

[6.10, 611]. However, both o f  these halogens cause the work function to increase at higher
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coverages and at saturation, the woric function is higher than the bare surface value.

Iodine therefore represents a unique case where the model for adsorbate-induced 

work fimction changes does not predict the correct behaviour. Any extension o f this model 

would need to be able to explain this anomalous case. It is clear that we must probe the 

characteristics of the sur&ce in more detail than just considering differences in 

electronegativities. The nature of the electrons at the surface must be considered as these 

electrons are not only responsible for creating the surface dipole (by tunnelling into the 

vacuum) but they are also the electrons directly involved in bonding with adsorbates.

6.2 Electrons in Solids

There are several ways in which one can try to envisage the electrons in solid. There 

are electrons bound to the cores of the individual atoms that shield the valence electrons from 

the positive charge of the nucleus. These can be grouped in with the nuclear core to make 

a centre with an effective nuclear charge. The outer electrons present more o f a problem in 

that the chemical bonding o f the solid must be considered. As there are a variety o f types of 

solids, there are a variety of theoretical models used to describe the electrons in the solid. 

Only the theories relevant to the discussion o f transition metals will be presented here.

In metals with high electrical conductivity, the valence electrons are usually considered 

to be free electrons. These conduction electrons can travel freely throughout the solid and 

can be thought of as travelling electron waves. These electron waves travel in a periodic 

potential arising from the atomic cores and must adopt the same translational symmetry as the 

lattice. This fact was first formalized by Bloch in 1928 and is known as Bloch's theorem 

[6 .12]. The resulting energy bands are well-known in solid-state physics and are very useful
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for studying semiconductors [6.13].

But it is also known that the free electron model is not sufBcient for describing the d 

bands. These d electrons are partially bound to the nuclws and are considered less free than 

electrons in the s and p orbitals. This is best demonstrated by looking at the general band 

structure o f metals, such as platinum, which have s, p, and d orbitals involved in the 

conduction band. The band structure can be represented by the density o f states (DOS) that 

shows the number o f energy levels in a given energy range. A schematic o f the DOS of a 

transition metal is shown in figure 6.2. The s and p bands are seen to be broad distributions 

while the d orbitals form a narrow band that is more well defined. In transition metals, the 

d bands are partially occupied while most of the s and p bands remain unfilled. In the case
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Figure 6.2-Density O f States For Platinum
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of platinum, the d band is almost completely filled, as indicated by the position o f the Fermi 

level in figure 6 .2 .

There are several methods that have been used to model the electrons in solids. The 

first type o f calculations involve using density functional theory to model the profile o f the 

electron tail that spills into the vacuum [6.14]. Once the functional form o f the electron 

density profile has been determined, an adsorbate can added to the surAce and this profile will 

be altered. Density functional calculations often do not contain any specific information about 

the arrangement o f the atoms at the surface and appear to lack chemical information. More 

recent calculations do include site-specific information [6 .IS, 6.16].

The other common approach to modelling adsorption at sur&ces is to construct 

molecular wavefunctions. These wavefunctions have various levels o f sophistication ranging 

fi'om simple Hûckel theory to the Hartree-Fock method [6.17]. Calculations have been done 

using both clusters [6.18, 6.19, 6.20] and semi-infinite systems [6.21].

If good wavefunctions can be calculated, the electron distribution can also be 

calculated. It was proposed [6.22] that the changes in dipole moments calculated firom the 

wavefunctions could be used to model work function changes. Using an extended-HQckel 

Hamiltonian, this approach was shown to be able to qualitatively describe some o f the 

anomalous woric function changes that occur during adsorption [6.23,6.24]. Attempts have 

also been made to improve the extended-HQckel Hamiltonian by adding a repulsive energy 

term [6.25].

Other methods have been used to perform quantum calculations on surfaces. Using 

augmented plane waves in the basis set, the modification o f the sur&ce electronic structure 

by electronegative adsorbates has calculated [6.26]. The polarization o f adsorbates at metal
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sur&ces has also been the topic o f several theoretical studies [6.27, 6.28]. The adsorption 

o f alkali metals demonstrates this polarization effect and has been studied ectensively [6.29, 

6.30,6.31]

The method chosen here for studying the d bands is the tight-binding method using 

the extended-Hückel method for calculating matrix elements. This method assumes that the 

valence electrons are tightly bound to the nucleus and can be treated using chemical bonding 

arguments. This approach is different from the free-electron theory used for treating sp 

metals where the electrons are free to travel through the solid without interacting with the 

nuclear centres. Both methods explicitly use the translational symmetry of the crystal to 

predict electronic distributions but the tight-binding method produces results that are more 

chemical in nature.

6.3 Changes in the Surface Dipole Due to Adsorption

The electron density near the surface of metals can be strongly affected by adsorbates. 

There are several mechanisms by which the adsorbate can alter the surfece electron 

distribution, depending on the type o f interaction and the type o f adsorbate. Some adsorbates 

will alter the atomic positions of the metal atoms by causing surface reconstructions or by the 

formation of surfece compounds. Such drastic alterations in the surface will not be examined 

here and it will be assumed that the metal remains essentially unaltered by adsorption. Any 

changes in work function due to adsorption will be assumed to involve shifts in electron 

density rather than shifts in atomic positions.

One fector that complicates the study of adsorbate-induced work function changes is 

the dipole moment o f the adsorbate. Many adsorbates, like water and ammonia, have
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permanent molecular dipole moments. This dipole can change during adsorption and can also 

interact with the surface dipole. The orientation of the adsorbate's dipole with respect to the 

sur&ce plays a large role in determining the overall effect an adsorbate will have on the 

metal's work function.

Fortunately, iodine adsorbs in an atomic state («ccept for multilayer adsorption) and 

has no molecular dipole. However, there is a dipole moment associated with the iodine atoms 

due to the polarization o f the iodine atom by the electric field at the surface. This effect is 

very important for the adsorption o f polarizable atoms (such as xenon) and will be analyzed 

in section 6.5.

The only other mechanism by which adsorbates can change the metal's work function 

is to alter the surfoce dipole directly. This is likely to occur in chemisorption when the 

electron density responsible for the creation of the surfiice dipole is directly involved in 

formation of the chemical bond. The alteration of the surfoce dipole by chemical bonding is 

the focus of the next section.

6.4 Molecular Orbital Calculations

Molecular-orbital (MO) theory is the most widely used approach for solving quantum- 

mechanical problems in chemistry and has been used to calculate many chemical and 

electronic properties o f atoms and molecules. It is based on the variational theorem, 

minimizing the energies o f a set o f trial wavefunctions using some form of the Hamiltonian. 

This discussion will be restricted to the extended-HQckel, or Mulliken-Wolfsberg-Helmholz 

(MWH) type ofMO calculations and how they apply to surfiice structures. Using a formalism 

first introduced by Bloch, the two-dimensional translational symmetry o f the surface unit cell
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can be explicitly used in the construction o f the trial wavefunctions. The results o f such 

calculations are used to estimate atomic-charge densities, dipole moments, and chemical bond 

strengths. We will then study the effect o f adsorbates on the surface and compare this 

information with the experimental results.

6.4.1 MO Theory O f Molecules

Standard MWH-MO theory, as it relates to molecules, is based on using N  linear 

combinations o f N  atomic orbitals (LCAO) to construct trial wavefunctions. The procedure 

for generating these trial wavefunctions (molecular orbitals), is well known in chemistry. 

Only brief details will be given here as a background to the more complex problem of 

generating trial wavefunctions for sur&ce systems.

The energy (£) of a trial wavefhnction ÇV) is given by the Schodinger equation:

IP ¥ = E ^  (6 . 1 )

where H  is the energy operator (the Hamiltonian) and:

(6-2)
7 = 1

and % is an atomic orbital. The coefBcients (ĉ ) in the linear combination describe the relative 

contributions o f each of the atomic orbitals to a particular molecular orbital. Expanding each 

of the molecular-orbital wavefunctions and rearranging the equation gives:
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{H -E ) 'Y ,  CjJÿ = E  C'{H-Ey]^ = 0 (6.3)
y=i y=i

Following the variation method, we first multiply this equation by the complet conjugate of 

one o f the atomic orbitals (%%" for example);

E  C jX liH -E )X f= Y  E xix^  = 0 (6.4)
y=i y=i

Proceeding similarly with each of the complex atomic orbitals (x,*) and then integrating yields 

a set o f  equations:

N
E  9 '(  f x j H x^àz-E I  TCXjdi) = 0 /=l,2,3,..iS^ (6.5)

This set o f  linear equations can be rewritten as:

N

E  £  S  ) = 0  1 = l,2,3..Ar (6 .6 )
y i

where (introducing the bra-ket notation):

H,j= fx lH x ^ c k  = <x,| JT| Xf 

S,j= f x , \ ^  = <X4\ïf>

(6.7)
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Nfininiizmg the energy with respect to the coefficients is done by solving the standard secular 

determinant:

d e t |^ - £ ’5 | = 0  (6 .8 )

where H  is the NxN  matrix o f Hg integrals and S  is the matrix of integrals from 

equation 6.7

The determinant o f the matrix (H-ES) is a polynomial of degree N. Solving this

polynomial expression yields energy values and ^  sets o f #  coefficients (c ^  that describe 

#  linear combinations o f the type in equation 6.2. This means there are actually N  unique 

(linearly independent) molecular-orbital wavefunctions. The coefficients can be used to 

calculate other physical quantities, such as atomic charges and dipole moments.

6.4.2 Bloch Wavefunctions

The quantum-mechanical calculations used in this thesis combine the LC AO approach 

(described above) with Bloch's theorem, first proposed by Bloch in 1928. Bloch's theorem 

originates from the use o f projection operators in group theory and allows one to construct 

symmetry-adapted wavefunctions. Any symmetry that edsts in the system being studied can 

be projected onto the trial wavefunctions so they possess the same symmetry. In the case 

being studied here, the symmetry is the two-dimensional translational symmetry of the lattice.

As previously described, surfaces o f single crystals are very well-ordered. The unit 

cell describes a subsection o f the surface that is repeated continuously over the entire surface. 

This, of course, neglects the properties o f real surfaces such as defects, dislocations, and 

atomic contaminations. However, STM studies have shown that on numerous angle crystal
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surËices, including platinum, there are large terraces where the atomic structure is extremely 

regular.

Bloch's theorem states that the wavefunctions used to describe periodic structures 

(such as 2 -D lattices) must possess the same symmetry as the periodic structure. A unit cell 

can be translated by any unit-cell vector, or combination of unit cell vectors, and the local 

chemical environment inside the unit cell remains unchanged. This translational symmetry 

must also apply to any wavefunction describing the unit cell. Bloch's theorem ensures that 

the wave&mction possesses the desired symmetry.

Again we start with a set o f  ̂ atom ic orbitals but these atomic orbitals are part of a 

unit cell rather than a molecule. As there are M  unit cells, there will be a total ofM>iN atomic 

orbitals used as a basis set for the calculation. Rather than set up molecular orbitals that are 

linear combinations o f all of the atomic orbitals from each o f the unit cells (which could lead 

to a very large secular determinant) we construct the molecular orbitals from a set of A^Bloch 

orbitals (9 ^ ,  defined as;

%k= — 2^ 2 ,  exp(/^*Oaj+ qa^  (6.9)

where ifjipaj+qa^ is an atomic orbital (jg) that has been translated by integer multiples of the 

real-space unit-cell vectors a, and a,. ^  is a normalization constant that is approximately 

equal to one and k  refers to a reciprocal lattice vector that is within the first Brillouin zone. 

The reciprocal lattice is defined by the unit cell vectors 6 ,  and bj which are related to the real- 

space unit-cell vectors by:
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a^b^=2% tL£b^=lK
aj*6 j = 0  a^'by = 0 (6.10)

Note that there is a slight difference (a 6 ctor o f 2m) between the reciprocal-Iattice unit-cell 

vectors described here and those described in the section on LEED. Allowed values o f k  are 

given by:

k= — b. + — b
y/M ‘ y/M

2  2 2 2

(6 .11)

providing that k  is actually inside the first Brillouin zone.

The first Brillouin zone is a  special region in reciprocal space that is a Wigner-Seitz 

unit cell of the reciprocal lattice. As shown in figure 6.3, the first Brillouin zone contains a

Figure 63-Wigner-Seitz Unit Cell Defining First Brillouin Zone
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set of points in ^-space that are closer to the central lattice point than to any o f  the other 

lattice points. The molecular orbitals Ç¥) can now be constructed from Bloch orbitals, rather 

than atomic orbitals. There are Bloch orbitals used in the linear combination:

7 =  1 *=1

that leads to a very large secular determinant. Fortunately, Bloch orbitals with different 

values o f k  are guaranteed to be orthogonal and so:

fo r  k * k '  (6.13)

This block-diagonalizes the secular matrix into M  blocks of matrices. These NyiN 

matrices can be solved individually, and the results o f the M  calculations can be combined 

after the energies and coefBcients have been found.

The first step is to set up the NxN blocks o f t-dependent matrix elements:

(6-14)

We begin with the overlap matrices as the energy matrices are slightly more complicated and 

(as we shall see later) are related to the overlap matrices. Using Dirac's bra-ket notation, the 

overlap of two Bloch orbitals is given by:
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vÆ? -Æ Jü Jm
E  exp(/^-(/7qr)xX/?^)| £  £  exp(/^-(rj)3^(r5)> (6.15)

M. p  = \ q= \  r = l 5 = l

where (pq) represents the real-space \ecXoxpa,+qa2  and (rs) represents the real-space vector 

raj+saj. Expansion of this expression yields M  ternis:

= —  £  <exp(/^-(/7^»x,(/7ç) I exp(/^-(rs»Y.(rs)>
A ï  ail values o f / c  i

AB
A ï  ail values of

If we explicitly expand the exponential terms, the overlap expression becomes:

zZ exp(-/A:*(/?aj+^a2)exp(/Ar-(mj+5a2)<x,(/? )̂|Y.(r5
A ï  all values o f /£. ^'r\

AB  W '
=  —  2^  ^ ^ { - ik ' { { p - r ) a ^  + {q -s)a ^ )< X t(j> q )\T L irsy>

•Aï all values of

To simplify this expression, we can place limits on the values of r  and s  in terms of p and q:

» ■ " >

This means that atomic orbitals in one particular unit cell can only interact with atomic 

orbitals in the same unit cell, or in unit cells immediately surrounding it.

As shown in figure 6.4, the central unit cell is surrounded by eight other unit cells. 

In standard molecular orbital theory, interactions beyond these distances are usually neglected 

as the overlap integrals are essentially zero. Even if the central unit cell only contains one 

atomic orbital, this assumption is usually valid as overlap integrals are not usually calculated
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Figure 6.4-Limit On Interactions Between Different Unit Cells

beyond nearest neighbours. If one does wish to include longer-range interactions, one can 

simply choose a larger unit cell that makes the assumptions in equation 6.18 valid.

These restrictions on the range o f  interactions make many of the terms in equation 

6.17 equal to zero. Replacing r and s with the values from equation 6.18, the overlap 

expression becomes:
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Mp=\q = \\.
e x p (- /^ '( (p - 0 ? -  l) )a j+ (^ - (^ - l) )o 2  ) < x ^ i +^Oj) I -  l)a ^ + ( 9  -  l> i2 )>
exp( -ik-{ip -{p+\)')a^ +(^ -{q H))a^) <x^(pa^ +qa  ̂) 13^((p+ I K  +(^ + I K  )> 
exp( -ik '{{p -{p -\ )X i+ (g  ~{q+ 1  ) ) « 2  ) (p«i *q^ 2

e x p (-/A f((p -(p + l)> ij+ (^ -(^ -l)> ij)< X ,(^ j+ ^ a j) l 5̂ .((p + l)a j+ (^ -l)a j)>  ( 6  19) 
exp( -/Af((/7 -p)a^ +(q -(q  - l))^ ^ )  +qa^ ) 1 + ( ^  - 1 ) ^  )>
exp(-/Ar*((p-/?)aj + (g-(9+l))^)<% f(P«i I )^(P<'i+(9+l)^)> 
exp( -/^*((p - ( p - l ) X i  +(g - ^ ) « 2  ) <X<(P«i + ^ « 2  ) 1 X,((P- l>*i +^«2 )>

e x p (-/^ * ((p -(p + l» a j +{q-q)a^)<X4 (pa^ +qa^)\ ]^ ((p + l)a i+ % )>

There will be M  terms in equation 6.19 that have the same differences involving p  and q. 

There will be nine groups o f these Af terms, one for each of the restrictions in equation 6.18. 

Simplifying the exponential terms and gathering the A/terms together into nine groups gives;

^ i k  I = ^ < X /( 0 « i+0 ^ 2 ) 1 0«2)>
+ exp(-/* (& !+  «2 )<Xr(0 « i + 0 «2 ) l 3^ ( - « i - « 2 )>
+ exp(-/A*( - a j  -a^)<Xi{Oa^^Oa^)\x.{a^^a^)>
+ e x p (- /^ - (a j-a^)<Xi{Qa^^Oa^)\Xf{
+ exp(-/A-( - a j+ a j)< x ,( 0 a j+ 0 a j ) | 3̂ (a j -a^)>  (6 .2 0 )
+ exp( -  ik'{a^) +Oa^)\j^i-a^y>
+ e x p ( - /A -( -a 2 )< x ,(0 a j+ 0 a 2 ) |3 ^ .(O j)>
+ exp( -  ik-{a^ ) <% (̂0 a^+Oa^)\‘Xj(-a^y>

+ e x p ( - /A - ( - a j ) < x , ( O f l i+ O a 2 ) l3 ^ ( a i ) > ]

This expression gives the complete form o f the overlap integral for Bloch-type 

wavefunctions. The exponential terms represent a A-dependent phase term and the overiap 

terms represent a A-independent overlap integral between orbitals in the central (0 ,0 ) unit cell 

and orbitals in surrounding unit cells (as shown in figure 6.2). I f  atomic orbital / does not 

interact with atomic orbital 7  in a particular unit cell, the term in equation 6 . 2 0  fi’om that



126

interaction will be zero. If atomic orbital / does not interact with atomic orbital J  in any other 

unit cells besides the (0 ,0 ) unit cell, equation 6 . 2 0  simplifies to a simple A-independent overlap 

integral as all terms except the first will be zero.

The energy matrix elements can be derived in a similar fashion to give:

<Py*> = ^ < X ^(0 « i+ O aj) l£r|3^(0aj+0Oj)>
+ exp( - /A*(ai + Oj ) <x^( Oaj+Oo  ̂) I -  a j  -  Oj )>
+ e x p ( - /^ - ( -a i-a 2 )< x ^ (0 a i+ 0 a 2 ) |i5 r |3 ^ (a i+ a 2 )>
+ e x p (- /^ -(a j - a 2 ) < x ,( 0 a j + 0 a j ) | / r |^ ( - f l j + a j ) >

+ e x p (- /^ * (-a j+ a 2 )< x ,(0 a i+ 0 a 2 )l^ l^ (« i (6.21)
+ exp(-/Ar-(a2)<X<(0«i+0a2)l^l3^("®2)>
+ exp( -  /^ '( -&%)<%( +Ogg ) I I ;^.(o2  )>
+ exp(-/A -(a j)< x ,(0 a j+ 0 a2 ) |iy |;^ .( -a j)>

+ exp( -  ik'{ -  a j  ) <x^( Oaj+Ooj ) I /T| 3̂ .(aj )>]

Next the normalization constant (A) must be evaluated. For the case off=i, where 

equation 6 . 2 0  can be rearranged to give:

A  =[<x,(0aj+0a2)|3^.(0aj+0a2)>
+ exp(-/^*(ai+  fl2 )<X,(0 a j+ 0 a 2 ) |;^ .( - a j- i i 2 )>

+ exp(-/A*(aj - « 2 )<X^(0 a j+ 0 a 2 ) |x ^ (-a j+ a 2 )>
+ ex p (-/A * (-a j+ a j)< x ,(0 a j+ 0 a 2 ) |;^ (a j -O j)>  , ^ 2 2 )

+ exp(-/^ -(a 2 )< x ,(0 a j+ 0 <i2 ) | ; ^ ( - « 2 )>
+ exp{-ik'{-a^)<x,{Oa^*Oa^)\'x^.ia^y>
+ exp(- /A'(a^ ) <%(Ogi+ )  | ;^( -  )>

e x p (-/^ '(  -a i)< X ,( 0 a j+ 0 a 2 )|;^ (a j)> ]

This shows that the complete form o f the normalization constant for the Bloch wavefunctions 

is ^-dependent. It can also be seen that if atomic orbital / in the central unit cell does not
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interact with any other i atomic orbitals from the surrounding unit cells, the normalization 

constant is equal to one. Although it is customary to start with wavefunctions that are 

completely normalized, in the calculations performed here the Bloch wavefunctions used in 

the basis set will only be'approximately' normalized (neglecting the constant y4). The reasons 

for this will be discussed below when deriving the eq)ressions used in the population analysis. 

However, the normalization constants A and B will be used appropriately to ensure that the 

wavefunctions behave as if they were completely normalized.

6.43 Calculating Matrix Elements

Up to this point in the discussion there have been no assumptions about how to 

calculate the matrix elements o f H  and S. There are many calculation methods currently in 

use and the selection criteria must be reviewed before continuing.

The overlap integral between two atomic orbitals is difBcult to calculate using the one- 

electron hydrogen orbitals that are commonly used in chemistry. These wavefunction consist 

of a radial factor (R(r)) and an angular factor (T((p,0)):

X(r,9,e)=r(q>,0)i?(r) (6.23)

The angular frctors are the well-known spherical harmonics that are used in a variety 

of quantum problems. This part o f the wavefunction is retained for the calculation o f overiap 

integrals. The rachal part o f the wavefunction makes solving the overlap integrals difficult. 

Although numerical methods can be used to attempt such calculations, another approach has 

been adopted.

In 1930 Slater proposed that the radial term be replaced with another expression that
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would allow the overlap integrals to be more easily calculated. His solution was to construct 

Slater-type orbitals (STOs) that are a product o f the spherical harmonics and a new radial 

function (R(r)). This new radial function makes the Slater functions match the hydrogen- 

orbital functions in the region where overlap usually occurs (large values o f r). In r%ions of 

r  where the overlap does not usually occur (such as very small r), the Slater functions do not 

match the hydrogen functions very well. But for the purpose of calculating overlap integrals, 

this approach is very useful.

The Slater orbitals have the form of:

R \r)=  ( 2 0 " ( 6 . 2 4 )

where n is the effective principal quantum number and (  is the Slater exponent. STOs are 

used extensively in quantum chemistry and are used for all the calculations described here.

There is another approach to finding a replacement function for R(r) that will be 

mentioned for the sake of completeness although it is not used in this thesis. Gaussian 

functions can replace the radial part of the atomic orbital (%) as this leads to overlap integrals 

that are very easy to solve. However, the Gaussian orbitals do not match the hydrogen 

functions very well and so linear combinations of Gaussian orbitals are used rather than a 

single Gaussian function. Using approximately ten Gaussian orbitals matches the quality of 

one Slater orbital and the computational savings become less significant. But Gaussian 

orbitals are also extensively used for quantum calculations and are &voured when three and 

four-centre integrals need to be calculated.

A significant improvement can be made by using double-^ STOs. These are linear 

combinations of two single-^ Slater orbitals and are available for most transition metals. The
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orbitals used for platinum in the calculations described here are of this type.

The atomic orbitals (%, on the same atom are assumed to be orthogonal so that;

+ W I  = ^ij (6.25)

Atomic orbitals on different atoms (Xp jC/) are assumed to be non-orthogonal as are atomic 

orbitals on the same atoms that are in different unit cells:

<Xi(pa^+qa^\x!J(ra^+sa^ = S ĵ

where S'^ S ,̂ and S ’̂  are overlap integrals calculated using Slater orbitals.

Once the atomic orbital overiaps have been evaluated, the Bloch overlap integrals can 

be readily calculated (using the 'approximately' normalized wavefunction):

+ exp(-/A*(aj+ a^)<Xf(Oa^+Oa^)\'Xj.(-ai~a^)>
+ expi-iki-a^-a^)<XiiOa^+Oa^)\XJ.(a^+a^y>
+ ex p (-/^ * (flj -a^)<X^iOa^+O a^)\X f{-a^+a^y>

+ exp(-ik'(-ai+a^)<Xt(Oa^+Oa^)\'Xj.(a^ -a^)> (6.27)
+ exp( -  (g^ ) <%(0 a^+Ogg ) I ] ^ ( -a^y>
+ expi-iki-a^)<X t(O a^+O a^)\'X ^(a^y>
+ exp(-/A -(a ,)<x ,(0 a i+ 0 a2 > |x ^ (-a j)>
+ e x p ( - /^ ( -a i )< x ^ ( 0 a j+ 0 a 2 >|;^(fli)>

The calculation ofthe^m atrix  elements is simplified by using empirical relationships 

to estimate them fi'om the overlap integrals. The energy matrix elements for Bloch orbitals 

('approximately' normalized) is ^ e n  by:
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<Py*> =<Xf(0 « i+ 0 Oj)|£r|;^.(Gaj+ 0 Oj)>
+ exp(-/A-(aj+ a^)<x^{0a^+0a^)\H\T^{-ax~a^)>
+ e x p (-/A -(-a j -a^)<XtiOa^+Qa^)\H\‘)i^{a^+fLj>
+ exp(-fA (g^ -a^)<x^{0a^+0a^)\H\T[^{
+ exp(-/A -(-aj+a2)<x,(O aj+O a2)|fi^ |5^ .(aj -a2 )>  (6.28)
+ e x p ( - /A - (a j)< x ,(0 a j+ 0 < ij) lÆ ^ |3 ^ ( - f l j)>

+ e x p ( - /A - (a j )< x ,(O a j+ O a 2 ) |/f |3 ^ ( -a i)>
+ expC - /A-( - aj ) <x̂ ( Oâ +OOj ) I ^.( )>

Hamiltonian terms involving one atomic orbital on the same atom in the same unit cell 

(Coulomb integrals) are calculated from spectroscopic data. All other Hamiltonian terms 

(resonance integrals) are calculated semi-empirically. We will use the following notation for 

discussing these Hamiltonian terms;

Ĉ  ̂= <Xi(j>ax^qa2 )\H \x^(j)a^+ qa^ sameorhitaUsameunitcell
= < % (pg^+ga^)|fr|;^(;7a^+ga^)> differentorbitaUsameunitcell ( 6  29)

r!j = + qOj. )  I ̂ 1 3^( +^6% )^ differentorbitaU differentunitcell

where Q  are Coulomb integrals and and are resonance integrals.

The Coulomb integrals are assigned to the negative value of the valence orbital 

ionization energy (VOIE^. This energy depends on the electronic configuration ofthe valence 

electrons which in turn depends on the charge (whole or partial) that resides on the atom. 

The VOIE is therefore assumed to be a function of charge according to:

VOIEiq) =Aq^ + Bq + C (6.30)

where q is the atomic charge, and A^B, and C are constants.

A number o f methods have been developed for calculating the resonance integrals and
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although the Wol&berg-Helmhoiz formula has become the most popular method used, several 

are available. All of these semi-empirical methods relate the Hamiltonian terms to the overlap 

integral. A larger overlap integral should lead to more mixing of orbitals and this intuitive 

«(pectation is reflected in the formulae given below.

The Wolfsberg-Helmholz formula is based on an equal contribution fi'om both atomic 

orbitals;

(6.31)

where k is a parameter with a value between 1.5 and 2.0 (usually 1.75). Other variations for 

the calculation o f the resonance integrals are:

k= i .5

k=1.5 ■’

A weighted variation of the Wolfsberg-Helmholz formula can also be used when dealing with 

difluse orbitals (with high principal quantum numbers):

R,j-(1/2)(k-(k-1)A ^)S,/(1  * A)C„+ (1 -  A)C^) 
^= (C „-C ^V (C «C „) K=1.75  ̂ ^

The energy matrix elements for the Bloch orbitals can be easily constructed once the Coulomb 

and resonance integrals have been calculated.

Once all of the integrals have been calculated, the secular determinant (equation 6 .8 ) 

can be solved. The procedure for solving this equation will be discussed below. As both the



132

energy matrix H  and the overiap matrix S  are block diagonalized, a set o f eigenvalues 

(energies) and eigenvectors (MO coefBcients) can be found separately for each block. These 

groups of solutions must be combined to yield average molecular properties such as atomic 

charge and dipole moments. Before this can done, the procedure for calculating the desired 

physical quantities from the eigenvectors must be described.

6.4.4 Population Analysis

The eigenvectors from solving the secular determinant are the coefBcients for 

constructing the molecular orbitals from the atomic (or Bloch) orbitals in equations 6.2 and 

6 .1 2 . The two quantities we wish to extract from these coefBcients are the electronic 

distribution and the dipole moment associated with that distribution. The electronic 

distribution will be mapped by calculating total electronic populations (using a Mulliken 

population analysis) associated with each atom and the overlap population associated with 

the chemical bond between the atoms. The dipole moment of each atom will be calculated 

using the method of hybridization dipole moments discussed in the next section. Both these 

calculations will be discussed for molecular systems and then extended using Bloch 

wavefunctions.

The molecular orbitals produced by solving the secular equation are normalized;

^ Z  (6-34)
/ =1 7  = 1

Each molecular orbital can contain two electrons, although the population of the molecular 

orbital depends on its energy relative to the highest-occupied molecular orbital (HOMO) and
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the lowest-unoccupied molecular orbital (LUMO). If/i^ represents the molecular orbital's 

occupation, the total electron population will be given by:

POP^ = n < Y , c^aSL E If-  («  35)
i = \ 7 = 1  /=l _/=!

This molecular orbital population can be divided into contributions from each atomic 

orbital by dividing the total population into two fractions:

Ôfg = ";E E o’,C^<X,\r>) (6.36)
/=I 7 = lC/»0

The first term ip" r e p r e s e n t s  the population contribution purely from the f* atomic orbital. 

The second term represents the overlap population that resides in the chemical bond between 

two atomic centres. The overlap population between two atomic orbitals in a molecular 

orbital is given by:

OV POP̂ IJ = Xi> * Xt>) (6 .37)

Mulliken proposed that this overlap population be equally divided between the two atomic 

centres. Therefore, the overlap population associated with the atomic orbital in the gf' 

molecular orbital is:

The charge on the atom (g,) is the difference between the total electronic population
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and the number of electrons (n j on the isolated atom:

( on Atom v N  , . \

E  T A w o v æ p ^ ) )
i-AOs g=  1 /

(6.39)

(

on Atom v N  f  1 ^  / \ \  \

The extension o f population analysis using Bloch wavefunctions simply involves the 

use of more molecular orbitals. At each of the M  points in t-space there are N  normalized 

molecular orbitals of the form in equation 6.9. Molecular orbitals with energies below the 

Fermi level will usually contain two electrons. MO's with energies that are close to the Fermi 

level may be only partially occupied (following a Boltzmann distribution), depending on the 

temperature.

Once the molecular-orbital occupations are known, the overlap populations between 

the various Bloch orbitals in the unit cell can be calculated at each point in A-space by:

i= l

The overlap between the same Bloch orbitals may not be equal to one if the atomic orbital 

associated with the Bloch orbital interacts with the same atomic orbital in a different unit cell.

The overlap population between two Bloch orbitals is given by:

O f' POPg^ = r,^ («41)

This quantity is called the crystal-orbital overlap population (COOP) and will be discussed
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below in more detail. Unlike the molecular case, there may exist an overlap population 

between a Bloch orbital and itself. To calculate this, we use;

Ol' POP̂  ̂= 2 n^ <P«> -o) (6.4 2)

In cases where the atomic orbital associated with the Bloch orbital does not interact vnth itself 

in other unit cells, the overlap (<(p/A|(p/it>) will be one (as they are normalized). I f  the 

overlap integral is not equal to one, any difference is due to the overlap with the same atomic 

orbital in a different unit cell. Any such contribution must be associated with the overlap 

population as it represents electron density associated with a chemical bond.

The COOP is equally divided between the two Bloch orbitals and an expression for 

the population of a particular Bloch orbital is just a sum o f all the COOP terms with all other 

Bloch orbitals:

POPgut = 7 "** s  <P»>) (6 .4 3)

Note that this expression contains both the overlap populations and the population associated 

with an orbital localized on an atomic centre.

The charge on each atom can be calculated at each point in Ar-space:

on Atom v N

= E "̂ E POP̂ ac (« 4 4)
i=AOs g=l

The charge on each atom is then an average o f all the charges calculated at different points 

in A-space. In calculating the atomic charges, two other useful quantities are calculated.
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These are the density o f states (DOS) and the ciystal-orbitai overiap population (COOP). 

These are the band theory equivalents o f  the molecular energy levels and the molecular bond 

order.

6.4.5 Calculating The Dipole Moment

A dipole moment is created by the separation o f charges and is proportional to the 

magnitude o f the charges and the distance o f separation. In systems that contain distributions 

of charges, it is the distance between the barycentres o f the positive and negative charge 

distributions that determine the magnitude of the dipole. For molecular systems (containing 

K atoms), the barycentre o f the positive charge distribution is:

^HueUar 5 2  Qk j  5 2  Qk (6.45)
K  '  K

where is the atomic position and is the charge on the nucleus. The electronic 

barycentre o f an electronic distribution described by a wavefunction (ly) is given by:

(6.46)

If the barycentres of the positive and negative charges do not coincide, a dipole moment 

exists.

The evaluation o f the nuclear barycentre is trivial, while the evaluation o f the 

electronic barycentre can be very tedious. Within the LCAO-MO approximation, each 

wavefunction (ty) is a linear combination of N  atomic orbitals. The electronic barycentre 

becomes:



137

ff

/=l
N M AT

i= l J = l  *=1

(6.47)

This expression yields numerous terms that have the form;

IXi>= '*Xt>= c,^<3Ç.| % > (6.48)

where the last term is actually an overlap integral between an atomic orbital (from the basis 

set) and a modified atomic orbital This modified atomic orbital is a linear combination 

of atomic orbitals that have higher n quantum numbers (and possibly different / values as 

well). The number of overlap integrals needed to perform a dipole calculation on even a small 

molecule can be quite large. For this reason, approximation methods have been developed 

to simplify the calculation.

Some o f the terms in equation 6.47 have a special meaning as t h ^  are terms that 

contain atomic orbitals on the same atomic centre. When one of the atomic orbitals is a p 

orbital and the other is either an s or a d orbital, a significant dipole moment can be produced. 

This is the hybridization dipole moment and is due to the occupation of hybridized orbitals 

whose barycentre does not coincide with the atomic centre. The mixing that occurs to form 

the various hybridization dipoles is shown in figure 6 .S.

If one analyses all o f the terms (from equation 6.48) in the complete dipole analysis, 

it becomes clear that the dipole contributions can be divided into three separate categories. 

The main contribution to the dipole moment is the electron density associated with each atomic 

centre. Between the atomic centres are chemical bonds that also contribute to the dipole
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Figure 6 .S-Formation o f Hybridization Dipoles

moment. The last contribution is the hybridization dipole that is usually associated with an 

occupied lone pair* of electrons.

This is most clearly demonstrated with the water molecule as it has two occupied lone 

pairs of electrons (formed from the hybridization o f  the 2s and 2p orbitals). These lone pairs 

make a significant contribute to the dipole moment of the water molecule. The hybridization 

dipole is also used to explain why the dipole moment of CO places the positive end of the 

dipole on the more electronegative oxygen atom [6.32].

Using a Mulliken population analysis allows one to calculate the electron density on 

the atomic centres. The bond's electron density is simply divided up between the two atomic 

centres sharing the bond. This simplification is poor for the description of polarized bonds but
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works well in cases where the difference in electronegativity between the two bonding atomic 

centres is small.

This division of the complete dipole moment into smaller components helps to reduce 

the complexity o f the problem o f calculating a dipole moment from electronic wavefunctions. 

The total dipole then becomes a sum of the hybridization dipole and the dipole arising from 

the atomic charge distribution. Unfortunately, the extended-Hückel procedure is known to 

overestimate atomic charges. We will therefore concentrate on calculating changes in the 

hybridization dipole and qualitatively look at the atomic charge distribution.

For the late transition metals (like platinum) that have an almost filled d band, the 

surfiice can be considered as being electron rich. The surface can be envisaged as having 

dangling bonds' that are actually occupied hybrid orbitals. These hybridized orbitals make a 

large contribution to the work fimction of these metals, which have some of the largest work 

functions of the transition metals. Chemical bonding between the adsorbate and the surface 

metal atoms is likely to involve these hybrid orbitals and will likely change the degree of 

hybridization. Changes in hybridization should result in a change in the work function, 

although there are other effects to consider. The adsorbate can form its own hybridization 

dipole upon adsorption and if it is polarizable (like iodine), it can form a polarization dipole 

that will tend to oppose the surface dipole. This is the reason why xenon adsorption on 

platinum decreases the work function by 1 V [6.33].

6.5 Molecular Orbital Computer Programs

A series o f computer programs were written (by Scott A. Furman) to perform the 

molecular orbital calculations described above. The programs take the atomic coordinates of
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a sur&ce (or molecule) and use the unit cell's translational symmetry to construct the Bloch 

wavefunctions. The computer programs uses single and/or double Ç Slater orbitals to calculate 

the overiap integrals between the atoms. Calculation o f the energy matrix (H) elements can 

be done by several methods, as described in section 6.4.3. Once the essential matrix elements 

have been computed, the ener^r calculation is done at a series o f points within the first 

Brillouin zone. At each ^-vector, a set o f molecular wavefunctions is generated. Once the 

energy calculation is complete, a population analysis is done using the eigenvalues and 

eigenvectors from all the points sampled in the first Brillouin zone. After all o f  the eigenvalues 

(MO energies) have been sorted, all o f the electrons are 'dumped' into the molecular orbitals 

(filling lowest energy states first) to determine the Fermi level. Once the orbital occupations 

are known, the charge at each point sampled in &-space can be calculated from the 

eigenvectors using a Mulliken population analysis. The atomic charge calculated by the 

program is an average of the charges from each ^-vector. The density o f  states (DOS) and 

crystal-orbital overlap populations (COOP) are generated as intermediate steps during the 

population analysis and can be analyzed once the calculation is complete.

The hybridization dipole is then calculated from the coefBcients o f  the molecular 

orbitals. The computer program that does this calculation contains a series o f routines to 

calculate the individual single-centre hybridization terms that have the form:

<PMj\s,di> (6.49)

for all combinations o f i,j, and /. This provides the hybridization dipole for the x, y, and z 

directions. The expressions for the single-centre overlaps were determined using the software 

package MAPLE for all possible orbital combinations. Obviously, only single-centre overlap
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integrals that involve p orbitals need to be calculated.

All o f the information calculated by these programs (atomic charges, atomic 

hybridization dipoles, DOS, and COOP) is stored in simple ASCII data files. Charges are 

calculated as the partial electronic charges while dipole moments are calculated in atomic units 

of length (1 a.u. = 2.541 D). Dipole moments will be reported here will be converted to 

Debye.

There are several extra programs to process the information firom the calculations and 

to help generate the data file that contains the initial parameters (atomic coordinate, orbital 

exponents) for the calculation. A typical calculation using 500 orbitals in the basis set and 

sampling 81 ^-vectors in the first Brillouin zone requires 12 hours o f  computational time (on 

a 200 MHz pentium computer), 350 Mbytes of disk space, and approximately 8  Mbytes of 

memory. There is no current limit to the size of the basis set or the number of ̂ -vectors that 

can be used for the calculation.

6.6 Calculation of Changes in Work Function

T o investigate the effect of iodine adsorption on the woric function ofPt( 111), a simple 

model o f the sur&ce region was used. Seven layers o f platinum atoms arranged in the fee 

structure represent the surface region. 81 k-vectors within the first Brillouin zone were 

sampled for the calculations, which is typical for such surfiice calculations [6.34].

The orbital parameters for the calculations are given in Table 6 .1. The parameters for 

iodine are taken fi'om the valence orbital ionization energy (VOIE) and the charge parameters 

are taken fi'om a linear extrapolation of the VOIE of the first ionized state. The double-^ 

parameters fi'om platinum are taken fi'om the literature where they have been used to calculate
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energy di£ferences in hydrocarbon bonding sites [6.35]. 

Table 6.1-Atomic Orbital Parameters For Calculations

Element Orbital Slater Exponent Orbital Energy Charge Iteration Parameters 
E/eV=-(A*q^ + B*q-i-C)

A B C

Platinum 5d 0.6334*6.013 + 
0.5513*2.696

2.331 8.522 1 2 . 0 0 2

Platinum 6 s 2.554 1.05 5.112 8.728

Platinum 6 p 2.554 0.95 3.892 5.209

Iodine 5s 2.681 0 0 23.3

Iodine 5p 2.332 0 7.94 14.0

As shown in figure 6 . 6  for a series of bare platinum calculations, the hybridization 

dipole o f the surface atoms does not change significantly with increasing the number of layers 

included in the calculation. The charge on the surface atoms converges reasonably well by the 

seventh layer. An attempt was made to determine the charges on the platinum atoms self- 

consistently. All attempts to do this were unsuccessful. For this reason, the charge 

distribution within the metal can only give a qualitative picture of shifts in electron density.

The density of states provides information about changes in the energy levels that 

occurs after adsorption. The density o f states of the platinum surface before and after iodine 

adsorption in the threefold sites is given in figure 6.7. The change iteration for the iodine 

yielded a charge o f -0.1 [e\. The charge iteration parameters indicate that the iodine level 

would be at approximately -14 eV and this is seen in the DOS curves.
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In such a model there are actually two surfaces created and iodine atoms are only 

allowed to adsorb onto one of thenL Preliminary calculations showed that for systems with 

more than five layers, adsorption at one surface did not affect the charge distribution at the 

other surface.

There are two fundamental questions to be addressed here. The first is whether or not 

this calculation can predict the correct sign and magnitude o f the work function change 

observed during iodine adsorption. The other question to be answered is whether there is a 

difference in the predicted sign and magnitude of the work function change for the two 

different adsorption sites (atop vs. threefold). This is evaluated by doing the MO calculations 

on two (V3x/3)R30“ structures where the iodine atom sits in either the threefold or atop site. 

In both cases the charge on the iodine atom was determined self-consistently by using charge 

dependent orbital energies. The charge calculated in both cases is the same as the charge used 

in the initial calculation parameters.

Dipoles calculated from the atomic charge distribution within the metal (using 

equation 6.45 for positive and negative atomic charges) were one to two orders of magnitude 

too large (~40 Debye within the metal). This is likely related to the fact that the metal charges 

were not determined self-consistently.

The hybridization dipole moment per bare-surface platinum atom was calculated to be

1.4 D. The sur&ce contribution to the work function is equal to the negative of the potential 

drop (A<p) across a two dimensional array o f these dipoles. If  the area per dipole (p)\sA, the 

potential drop across the array of dipoles is:
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For platinum, the area occupied per atom is 5.465 Â .̂ This gives a potential drop across the 

inter&ce of 2.4 V. This result is not meant to be an estimate o f the actual work function of 

the platinum (which also contains a contribution from the chemical potential) but provides a 

reference point for the calculations.

As a comparison, the dipole moment can be calculated from the work function changes 

observed during iodine adsorption. The dipole moment at zero coverage (po) should not 

contain any effects due to depolarization and is easily calculated from the adsorption data. 

Using the adsorption data in Chapter 4 (figure 4.10) at a coverage of 0.07 ML (1x10** 

atoms/cm^ the woiic function has changed by 0.380 V. As each adsorbate atom occupies an 

effective area o f 78 at this coverage, the dipole moment per adsorbate (from equation 6.50)

is 3.1 D.

Placing an iodine in the threefold site and using a Pt-I bond distance o f 2.64 Â, the 

hybridization dipole on the surfoce platinum atoms drops to 0.23 D. This would correspond 

to a decrease in the work function o f  2 V. The feet that the iodine has such a large effect is 

encouraging but the magnitude o f the woik function change is actually too large. However, 

the iodine atom also develops a hybridization dipole equal to -5.2 D. This dipole tends to 

increase the work function. Given that in the (V3x/3)R30“ structure the area per dipole is 

three times larger than in platinum, this makes a contribution to the work function (using 

equation 6.50) o f +3 V. The sum o f these two contributions is +1 V, indicating that the work 

fimction should increase.
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When the iodine is moved from the threefold site to the atop site, the hybridization 

dipole of iodine drops to -3.7 D and the charge increases to -0.3 \e\ from -0.1 |e|. As the dipole 

per unit area has not changed, the potential drop across this layer is 2.1 V. Again, this would 

tend to increase the woric function, though not by as much as the threefold iodine. The 

platinum atom bonding with the atop iodine reduces its hybridization dipole by 1.1 D. This 

would lower the work fimction by only 0.7 V. This is lower than might be expected because 

the hybridization dipoles of the other two surfoce atoms in the (V3 x /3)R30° unit cell do not 

change when the iodine is in the atop position. The overall work function would be ecpected 

to increase (by 1.4 V).

The charge on the platinum atoms after iodine adsorption is calculated to be positive 

(0.17 |e|). Before adsorption it is calculated to be negative (see figure 6 .6 ). This suggests that 

iodine adsorption tends to push the electrons back into the metal. This is what is qualitatively 

expected for a decrease in the work function. However, the poor refinement of the charges 

on the metal centres makes it difficult to estimate how much this would alter the work 

function.

The distance between the iodine and metal surfiice is one o f the parameters that has a 

large effect on the magnitude of the hybridization dipole changes. The distance used in the 

above calculations was obtained from a SEXAFS experiment and may actually represent an 

atomic height above the metal plane rather than an actual bond distance. If the iodine atom 

is placed 2 . 6  Â above the threefold she, the hybridization dipole of the metal only decreases 

by 0.5 D, which would lower the woric fimction by 1.7 V. The hybridization dipole on the 

iodine is -2.84 D. This corresponds to a work function increase of 1. 6  V. The overall result 

would be a lowering o f the work fimction by 0.1 V.
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From these results, two conclusions can be drawn. Firstly, the distance between the 

platinum and the iodine atoms must be determined accurately. This is currently being done in 

a joint project with the K. AÆtchell group at the University of British Columbia using tensor 

LEED. This technique provides the three dimensional coordinates of the surface atoms and 

would allow a better model to be used for these calculations. The second conclusion is that 

there is a relationship between the strength o f the platinum-iodine bond and the degree of 

hybridization. As the iodine moves closer to the surface, the bond becomes stronger. As the 

bond gets stronger, the hybridization dipole o f the platinum decreases and that of the iodine 

becomes larger. Both hybridization dipoles point away jS*om the surface so these two effects 

oppose each other and tend to cancel one another.

These calculations are not able to reproduce the observed change in the woric function 

that occurs during iodine adsorption. The electron density of the sur6 ce metal atoms is 

pushed back into the bulk o f the metal but the formation o f a hybridization dipole on the iodine 

cancels these effects. It is tempting to simply remove the 5s iodine orbital from the basis set 

(eliminating the hybridization dipole on the iodine) but the calculated changes in the work 

function only based on the hybridization dipole o f the metal are too large.

The formation o f a polarization dipole can be used to qualitatively explain the decrease 

in the work fimction. The adsorbate becomes polarized by the surface electric field, which is 

quite high for platinum, and this dipole tends to oppose the surface dipole o f the metal. Iodine 

is known to be quite polarizable but it is difScult to estimate the polarizability of a strongly 

chemisorbed adsorbate. Such polarization arguments are usually applied to adsorbates that 

are physisorbed where the adsorbate's electron cloud is not involved with chemical bonding. 

Xenon, which decreases the woric function of platinum by 1V [6.33], is considered to be more
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polarizable than iodine. This suggests that the polarization effect alone cannot account for the 

decrease in work function caused by iodine adsorption.
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Adsorption Of Dendrimers On Platinum

7.1 Introduction

Dendrimers are a unique class of molecules with a branched, tree-like structure and 

large, monocUsperse molecular weights (500-10,000 g/mol). The synthesis and properties of 

such compounds have been the subjects o f many recent studies [7.1-7.3]. One aspect of 

particular interest is the physical size of these molecules. The dendrimers studied here are not 

large enough to be measured by standard light-scattering 0 q)eriments and do not readily form 

crystals, eliminating the possiblhy of x-ray analysis.

As these dendrimers are essentially spherical in shape, it is possible that they could 

form close-packed monolayers on a well-ordered surface. If  the dendrimer monolayer formed 

an ordered structure, and this structure were stable in vacuum, the dendrimer's size could then 

be investigated by LEED. The size of the unit cell determined by LEED could be used to 

estimate the size of the dendrimer molecules.

7.2 Chemical Structure of Dendrimers

The chemical structure of the three dendrimers under investigation is shown in figure 

7.1. All o f these dendrimers are expected to have low vapor pressures and should be stable 

in vacuum. Dendrimers 2 and 3 are intended to be spherical, being symmetrical around the 

central silicon atom. These two dendrimers were specifically synthesized to contain silicon- 

fiuorine bonds at the end o f each branch. The reasons fiar this are explained in the next
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section.

The chemical structures ofthe dendrimers were verified by, ‘H, "C, and ‘®FNMR(for 

dendrimers 2 and 3), infinred spectroscopy, and refiactive index (fi*or dendrimers 1 and 2). 

Although difBcult to interpret due to the complexity o f the molecules, all o f these analytical 

techniques confirmed the structures given.

F—Si —Si S i -

Si—FF—Si
F - S i

F -S i

S i -FSi— Si—F- S i

Figure 7.1-Chemical Structure Of Dendrimers

7.3 Use of Iodine AdLayer as Adsorption Substrate

The (t/’7xV’7)R19.1"-I adlayer was chosen as the substrate for the dendrimer 

adsorption experiments for a number of reasons. Perhaps the most important feature o f this 

iodine adlayer is its chemical stability. Iodine has been shown to form a number of well- 

ordered and chemically-inert structures on P t ( l l l ) .  The (V’7x/7)R19.1“ structure is
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unaffected by most solvents and interacts only weakly with common contaminants. A blank 

transfer experiment, where the (V^7x/7)R19.1 " I structure was placed in direct contact with 

liquid hexane for 30 seconds, showed very little contamination, as measured by the carbon 

intensity in the Auger spectra in figure 7.2.

Platinum
- 120 -

Clean Platinum

After Iodine Adsorption

After Contact With Hexane

Carbon Iodine

200
“ T—
300 400 500

Energy/eV
600

Figure 7,2-Iodine-Covered Platinum Before and After 30 Second Contact With Hexane

The (V7x/7)R19.1 “ -I structure also provides a useful reference for measuring the 

size o f the dendrimer molecules. Monolayers o f the dendrimers would be expected to have 

large real-space unit cells with correspondingly small unit cells in reciprocal space. The size 

ofthe reciprocal-space unit cell would be determined fi'om the LEED pattern o f the surface, 

which would be expected to consist o f a superposition o f  the dendrimer pattern, the 

(V’7x/7)R19.1“ iodine pattern, and the platinum (1x 1) pattern. At energies where the
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platinum integral beams are visible (above 70 eV), the spots from the dendrimer pattern 

would be close together, making measurements o f the unit cell size difhcult. The 

( / 7xV7)R19.1° reciprocal- space unit cell, approximately 2.5 times smaller than the platinum 

( 1x 1) unit cell, could be used as a calibration point for the dendrimer unit cells as it is visible 

at energies as low as 18 eV. At these lower energies, the dendrimer difraction spots would 

be less-tightly spaced and easier to measure.

The final reason for the use o f iodine is its high polarizabilty. Dendrimers 2  and 3 are 

both spherically symmetrical and would be expected to have no permanent dipole moment. 

Therefore, any attractive forces felt by the dendrimers would be expected to be governed by 

induced-dipole interactions. The strength o f these interactions is proportional to the product 

o f the polarizability o f the two interacting species, as shown by the London formula:

In this equation, a  is the polarizability, I  is the ionization energy, and r is the dipole 

separation.

There are two significant induced-dipole interactions to consider. The interaction 

between dendrimer molecules is proportional to ag \ where Od is the polarizabiltiy ofthe 

dendrimer molcule. The interaction between the dendrimer and the surfrce is proportional 

to OdOs, where Og is the polarizabilty o f the surfiice. If  Oq can be lowered below Og, the 

dendrimer should interact with the surface more than it does with other dendrimer molecules. 

This would favor the formation o f a monolayer o f dendrimer to the formation of dendrimer 

multilayers.
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This situation can be achieved by lowering a,, and/or increasing Og. Iodine is highly 

polarizable and is expected to increase Og from the bare platinum value. The dendrimer's 

polarizability can be lowered by fluorinating the endgroups of the dendrimers, an effect well 

known in teflon sur&ce chemistry.

The decrease in polarizability can be measured by comparing the refractive indexes 

(n )̂ o f the fluorinated and non-fluorinated dendrimers. Although no non-fluorinated analogue 

o f dendrimer 2  was available, the refractive indexes of a number of non-fluorinated 

compounds have been measured [7.2]. All o f these compounds had a refractive ind«c of 

approximately 1.5 (±0.02). For example, has a refractive index o f  1.49.

The refractive index of a non-fluorinated analogue of dendrimer 2 would be expected to be 

in this range as well. The polarizability can then be calculated using the Clausius-Mossotti 

equation:

” r ~  ̂ _ N a
« 5 + 2  3 Eg

(7.2)

where N  is the number density.

The refractive index o f  dendrimer 2 was measured to be 1.42. Using the measured 

density of Ig/mL, the polarizability is 4.0x10'“  C^V J. As there is no density or refractive 

index data for the non-fluorinated equivalent of dendrimer 2 , it is difficult to estimate how 

much, if any, the polarizability has decreased. However, for similar compounds, if the 

refrctive index decreases, the polarizability generally decreases.

In the above arguments, it is assumed that the dominating force affecting the 

dendrimer molecules is due to induced dipoles. But there are polar Si-F bonds around the
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outside edge o f the dendrimer molecule that can interact with the surAce through a 

dipole/induced-dipole attraction. The interaction energy (V) is given by:

" - A

where ^  is the dipole moment of the polar Si-F bond. When the dendrimers are in 

intimate contact with a flat surAce, the surAce does not 'see' a simple ball with an overall 

dipole moment o f fi. The overall interaction energy is a summation of the interactions 

between the iodine layer and several different Si-F bonds. The sur6 ce interacts more with 

one side o f the dendrimer ball', and the dipole/induced dipole interactions are stronger 

for these Si-F bonds because of the l/f^ dependence of the interaction energy. As the 

iodine layer is highly polarizable, even a small effect of this type would be expected to 

strengthen the interaction between the dendrimer and the surface and help in the formation 

of a monolayer.

It should be mentioned that in some preliminary experiments, dendrimer 1 

(n,= 1.50), which is not fluorinated, was adsorbed onto the (V7xV7)R19.1 °-I surface from 

the pure liquid. This produced a macroscc^ic drop on the surAce that was stable at room 

temperature and a pressure o f IxIO^ mbar. The unusually low vzqmur pressure of 

dendrimer 1  is a clear indication of the strength of the interactions between dendrimer 

molecules that must be overcome for the formation of a monolayer.
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7.4 Auger and LEED Analysis o f the Adsorbed Fluorinated Dendrimers

Adsorption of dendrimers 2 and 3 onto the clean and iodine-covered platinum 

surface was carried out using the ambient-pressure transfer chamber o f the UHV system, 

as described in the experimental section. The platinum surface was prepared in the usual 

manner for transfer experiments. After annealing, the clean platinum crystal was allowed 

to cool to ambient temperature and, in most cases, was dosed with iodine to form the 

(V*Tx/7)R19.1 “-I structure. As usual, the iodine coverage was followed using the change 

in work function and the ( / 7xV7)R19.1“ structure was confirmed by LEED.

Adsorbing dendrimer 2 onto the (/7xV’7)R19.1“-I surface by contacting the 

surface with a 250 /tM solution for thirty seconds produced a multilayer structure. The 

Auger spectrum o f this multilayer, shown in figure 7.3, indicates a significant amount of 

silicon and carbon.

It is clear that the dendrimer multilayer attenuates the platinum Auger signals 

between 150 eV and 270 eV. The iodine signal at 530 eV is also attenuated by the 

dendrimer multilayer. The fluorine Auger signal at 675 eV has an inherently low intensity 

and is not visible in spectra of the dendrimer multilayers. Averaging a series o f ten scans 

in the fluorine region did show evidence of a fluorine Auger transition. The fluorine 

signal is a doublet, as expected [7.4].
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Figure 7.3-30 Second Contact With Dendrimer 2 (Including Fluorine Region)

Contacting the iodine-overed surface with the same 250 /iM solution of dendrimer 

2 for only one second also adsorbed a signiricant amount o f  dendrimer, as judged from 

silicon and carbon intensities in the Auger spectrum shown in figure 7.4. There appears 

to be little difference in the intensity of the carbon and silicon Auger intensities between 

the one second and thirty second contact-time experiments. However, while both the 

platinum and iodine Auger signals are completely attenuated in the 30 second experiment, 

both are visible in the one second experiment. These signal attenuations can be used to 

estimate the thickness of the dendrimer multilayer, as discussed in the next section.
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Figure 7.4-One Second Contact With Dendrimer 2

The multilayers formed by these procedures were then studied by LEED. In the 

case of the thirty second contact, only a diffuse pattern was observed, indicating a 

disordered structure. The (1x1) diffraction beams from the platinum could not be seen, 

even at energies up to 400 eV. After contacting for only one second, the LEED was still 

diffuse but the platinum (1x1) and the iodine (V’7xV’7)R19.1® diffraction beams were 

observed at energies above 70 eV. The focussing of the electron gun had to be 

significantly altered before any diffraction beams were observed. In addition, as the 

crystal was moved so the electron beam would hit new regions of the surface, the 

focussing needed constant readjustment. This effect had not been observed in any previous
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LEED studies using this set o f electron optics and could be due to surface charging. The 

various iodine adlayers formed on platinum are known to be quite stable and are not 

susceptible to electron-beam damage. With the dendrimer overlayers present, beam 

damage was observed as the ( / 7xV7)R19.1 “ structure transformed to the ( / 3xV3)R30“ 

structure during the LEED investigations. Exposing one area o f the dendrimer-covered 

surface to the electron beam for more than five seconds caused the iodine to rearrange 

producing a mixed LEED pattern. Leaving the beam in one spot for several minutes 

caused the ( / 7xV’7)R19.1 “ pattern to disappear and the ( / 3x/3)R30“ pattern to become 

dominant.

Adsorbing dendrimer 2 onto bare platinum (with no iodine adlayer) by contacting 

with a 250 /xM solution for 30 seconds also produced a structure with a diffuse LEED 

pattern. However, the Auger spectrum of this structure (figure 7.5) shows considerably 

less carbon and silicon than is found in figure 7.3. The notable absence o f the silicon 

Auger peak will be discussed in the section 7.6. The platinum peaks between 120 and 250 

eV are not attenuated, also indicating that there is considerably less adsorbed dendrimer 

on the sur&ce. This clearly demonstrates that the dendrimer is more strongly attracted to 

the surface when the iodine layer is present and that the arguments made in the previous 

section about the influence of using a polarizable surface for the adsorption studies are 

atleast qualitatively correct.
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Figure 7.5-30 Second Contact of Dendrimer 2 With Bare Platinum

Contacting the iodine-covered surface with a 220 fiM solution of the larger 

dendrimer 3 for thirty seconds again produced a diffuse LEED pattern. The Auger 

spectrum, shown in fîgure 7.6, is similar to that obtained from dendrimer 2. The silicon 

and carbon Auger intensities are very strong while the platinum and iodine have only weak 

Auger intensities. The ratio of silicon to carbon atoms in dendrimer 3 is 1:3.53, while the 

ratio is 1:3.20 in dendrimer 2. This means that in dendrimer 3, there are more carbon 

atoms per silicon atom when compared to dendrimer 2. Although simple ratios cannot 

be used to quantify Auger spectra, when the spectra o f the two dendrimers are compared, 

the intensity of the carbon Auger transition (relative to the silicon signal) for dendrimer
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Figure 7.6-30 Second Contact With Dendrimer 3

Adsorbing dendrimer 3 onto only one section of the surface by tilting the crystal 

(see figure 7.7) before contacting with a 220 #tM solution (for 30 seconds) produced a 

gradient in the thickness of the dendrimer overlayer. LEED analysis showed a very clear 

(tTTx/ 7)R19. 1 “ pattern at the end of the crystal that did not come into contact with the 

dendrimer solution. As the crystal was moved from the region with no dendrimer to the 

contact region, a diffuse background in the (V7xV’7)R19.1“ diffiraction pattern steadily 

increased. The focussing of the electron gun had to be continually adjusted as the crystal
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Figure 7,7-Contacting Solution With Tilted Sample

was moved. The direction of the focussing adjustment was constant as the crystal was 

moved, indicating the dendrimer was thicker closer to the contact region. As with 

dendrimer 2, the (tT7xV’7)R19.1“ pattern transformed to a mixed (V*3xV’3)R30“ pattern 

under the influence of the electron beam. Eventually the electron gun could no longer be 

adjusted to yield a clear (V7xV^7)R19.1° pattern. The (1x1) and (V’7x/7)R19.1° 

difhaction beams lost their sharpness and finally disappeared as the diffuse background 

became dominant.
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This experiment clearly indicates a gradient in the dendrimer thickness across the 

crystal and there was likely a region where the coverage was appropriate for the formation 

of a dendrimer monolayer. However, no ordered pattern, aside from the platinum and 

iodine difrraction beams, was observed. It seems likely from these experiments that 

simply adsorbing the dendrimer onto the surface cannot produce an ordered monolayer.

7.5 Quantification O f Auger Intensities

It is well known that for submonolayer coverages, the intensity of an Auger 

transition due to an adsorbate will increase linearly with coverage. Unfortunately, when 

the adsorbed layer becomes thicker than a monolayer, the Auger intensity does not increase 

linearly and quantification becomes more difficult. There are two main factors that must 

be addressed to properly analyze Auger intensity data from thick layers of adsorbates. 

These are the mean-free path of the electron (both incident and scattered) and the 

sensitivity frctors for the Auger transitions of interest.

The Auger current reaching the detector can be thought o f as being a sum of Auger 

currents that originate in different adsorbate layers. The adsorbate layers near the outer 

surfrce of the sample contribute the most to the measured Auger current. Deeper layers 

contribute less, the contribution falling to zero after a certain distance. Where the 

contribution becomes zero and how fast the Auger contribution drops off is dependent on 

the mean-free path of the electrons.

Electrons travelling through solids interact strongly with the atomic centres and can 

only travel a  limited distance before an inelastic collision occurs. After each collision, the
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electrons loose energy and eventually comes to rest within the solid. Some inelastically- 

scattered electrons do manage to escape the sample but all Auger information is lost in the 

scattering process. The probability that an electron will travel a distance d  through a 

sample without having an inelastic collision is:

P=exp(-<i/X) (7.4)

where A. is the mean-free path o f the electron. The mean-free path depends on the energy 

of the electron, the densi^ o f atomic scattering centres in the sample, and the magnitude 

of the energy-loss that will deplete the electron's initial kinetic energy (JÊ . From 

simple scattering theory, the mean-free path is given by [7.5]:

2.11674 E  

'£ , l n ( £ / £ , )

The energy loss is usually assumed to be due to plasmons, which fall in a narrow 

energy range (5-15 eV) for most solids. To account for the difference in the energy-loss 

mechanisms for organic layers, an alternative formula has been developed [7.6]:

X/mg-m -2 = A % E p !eV ) -  ̂+ 0.1 \ { E J e V f ' ^  (7.6)

Once an estimate of the mean-free path for electrons travelling through the 

adsorbate layer has been made, it is then possible to make an estimate of the thickness of 

the adsorbate by measuring the attenuation of the substrate's Auger signals (platinum and 

iodine). The attenuation is given by the ratio of the Auger intensity from the surface with
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the adsorbate (4) to the Auger intensity from the clean surface {Q. The number of 

adsorbate layers (/i) can be found from:

— = exp(-in  -  ly ifk ) (7.7)

where ^  is the thickness of one adsorbate layer.

The mean-A-ee paths for electrons with different kinetic energies are given in Table 

7.1. The Aj values were calculated (with equation 7.5) using the experimentally measured 

density of 1 g/cm^ for dendrimer 2. Mean-free paths calculated using equation 7.4 (1%-Ag) 

used different values for the energy loss {E  ̂that span the normal range of plasmon losses.

Element Electron
Energy/eV

Mean-Free Path Length/Â

^  . . . K A. A.

Eqn.7.
5

E}=2eV E,=5éV £’,=  10e 
V

E,= 15e 
V

E,=20e
V

Si 93 10.7 25.6 13.5 8.8 7.2 6.4

Pt 150 13.5 36.8 18.7 11.7 9.2 7.9

Pt 175 14.6 41.4 20.8 12.9 10.1 8.5

C 278 18.3 59.6 29.3 17.7 13.4 11.2

I 535 I 2 5 . 4 101.3 48.5 28.5 21.1 17.2

The Auger intensities of the main elements present (except fluorine) from the 

experiments described above is given in Table 7.2. The attenuation of different Auger 

signals by adsorbed dendrimer layers is given in Table 7.3.
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The estimated thickness o f a single layer o f adsorbate is approximately 15Â for 

dendrimer 2 and 25Â for dendrimer 3. These estimates are based on simple models using 

C-C and C-Si distances of 1.4Â. Different values o f the mean-free path from Table 7.1 

were used to calculate the number of adsorbate layers, as given in Table 7.4.

Table 7.2-Auger Intensities For Adsorbate Systems

Surfrtce Description 1 Auger Intensities/pA

1 Si(93eV) Pt(I50eV) Pt(175eV) C(278eV) I(535eV)

Clean Platinum 1.3 29 22 0 0

Iodine/Platinum 0 26 17 0 11

30 s Contact of 
Dendrimer 2 With 
Pt/I

76 2.6 4.4 44 3.2

I s Contact of 
Dendrimer 2 With 
Pt/I

71 1.6 1.6 27 4.6

30 s Contact of 
Dendrimer 3 With 
Pt/I

56 0 0 45 3.3

30 s Contact of 
Dendrimer 2 With Pt

0 19 16 25 0

From these results it can be seen that the calculated number of adsorbed dendrimer layers 

is relatively insensitive to the value of the mean-free path used in equation 7.6. There is 

also very little difference in the number of dendrimer layers that are adsorbed between the 

one second and 30 second contact times. As the two platinum Auger transitions below 200 

eV are near the detection limit of the spectrometer (see figure 7.4), the usefulness of 

information extracted from the platinum attenuation data is limited. In fact, the number
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of layers derived from the platinum attenuation data indicates that more dendrimer is 

present for the shorter contact time.

Table 7.3-Attenuation Of Auger Intensities

Surface Description 1 Auger Attenuation (I./L) 1

Pt(lSOeV) Pt(175eV) I(535eV)

30 s Contact o f 

Dendrimer 2 With 

Pt/I

O.IO 0.26 0.31

I s Contact of 

Dendrimer 2 With 

Pt/I

0.06 0.09 0.44

30 s Contact of 

Dendrimer 3 With 

Pt/I

0 0 0.31

30 s Contact of 

Dendrimer 2 With Pt

0.67 0.73 -

The film thicknesses derived from the iodine attenuation data appear to be more consistent 

in that the longer contact times do appear to produce thicker layers. However, the noise 

in the Auger spectra limits the reliability of the estimates of dendrimer thicknesses. 

Fortunately, the calculated dendrimer thickness is also relatively insensitive to the Auger 

attenuation. In figure 7.8 the number of dendrimer layers is calculated over a wide range 

of attenuations and mean-free path lengths (assuming a thickness of ISA per layer).
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Surface Description I Auger
1 Energy

Number Of Dent rimer Layers (from equation 7.6)

h ^4 ^4 K

30 s Contact of 
Dendrimer 2 With 
Pt/I

1150 eV
-------- '—
3.1 6.7 3.9 2.8 2.4 2.2

1175 eV 2.3 4.7 2.9 2.2 1.9 1.8

|535eV 3.0 9.0 4.8 3.3 2.7 2.4

1 s Contact o f 
Dendrimer 2 With 
Pt/I

1150 eV 3.5 7.9 4.5 3.2 2.7 2.5

175 eV 3.3 7.5 4.3 3.0 2.6 2.3

|535eV 2.4 6.6 3.7 2.6 2.1 1.9

30 s Contact o f 
Dendrimer 3 With 
Pt/I

150 eV - - - - - -

1175 eV - - - - - -

|535eV 2.2 5.7 3.2 2.3 2.0 1.8

30 s Contact o f 
Dendrimer 2 With Pt

150 eV 1.4 2.0 1.5 1.3 1.2 1.2

175 eV 1.3 1.9 1.4 1.3 1.2 1.2

535 eV - - - - - -

The above calculations yield a dendrimer film thickness of only a few layers and 

demonstrate the insensitivity of applying this technique to relatively thin films. An 

alternative approach is to assume that the intensities of the Auger signals from the 

dendrimer layers do increase linearly with coverage. This is a  much simpler calculation 

and should provide a lower limit of the actual coverage.

To make such an estimate, the Auger current from a standard sample with a known 

coverage must be available. The standard should be as chemically similar to the unknown 

as possible and the Auger spectrum should be acquired under similar experimental
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conditions using the same energy analyzer and electron collector. Unfortunately, no such 

sample was available for our electron optics. However, there are several spectra published 

in the literature that are suitable for such a  comparison.

It is usually not possible to directly compare Auger currents between two different 

spectrometers as the electron collection efficiency is usually different. A comparison can 

be made if the same, or similar, sample is run on both spectrometers and the ratio of two 

peaks within each of the spectra are measured. For the samples studied here, the ratio of 

the intensities of the platinum (ISO eV) and the carbon (278 eV) Auger transitions are used 

for the comparison.
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Fortunately, a  reference Auger spectrum of a monolayer o f ethylene adsorbed on 

Pt(IOO) is available [7.7]. The spectrum was collected using a retarding-field analyzer and 

the coverage of ethylene was accurately determined by coulometric oxidation to be 

8.4x10*^ atoms/cm^. The ratio of the platinum to carbon Auger transitions is 1:0.939. If 

an Auger spectrum is acquired using any other retarding-field analyzer and the same 

carbon to platinum ratio is found, the carbon coverage will approximately be 8.4x10'^ 

atoms/cm*.

To make the comparison, an Auger spectrum o f an unknown compound (taken 

hrom section 7.7) is used to make the comparison. The Act that the structure of the 

adsorbed layer is unknown does not affect the calculation. The spectrum, shown in figure 

7.17, contains mostly platinum and carbon, with only a small amount o f silicon present. 

The ratio of the platinum to carbon Auger intensities was found to be 1:0.849, with a 

carbon Auger intensity of 19 pA. This means there is 0.91 (0.850/0.939) times as much 

carbon in the sample from figure 7.17 as there is in the reference spectrum (ethylene on 

Pt(lOO)). The carbon coverage is therefore estimated to be 7.6x10'* atoms/cm*. 

Assuming a linear calibration is apprt^riate, this procedure indicates that there are 

4.0x10*^ carbons atoms/cm^ per pA of detected Auger current for the electron optics used 

in this thesis.

In the case of the 30 second contact with dendrimer 2, which had a carbon Auger 

intensity o f 44 pA, the carbon coverage is estimated to be 1.8x10'^ atoms/cm^. Assuming 

the dendrimer (containing 16 carbon atoms/molecule) is a  15Â sphere that forms a close- 

packed layer, each dendrimer layer contains ^proximately 8 .2 x 1 0 '* carbon atoms/cm^.
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This coverage corresponds to approximately 2 dendrimer layers. This is in good 

agreement with the values calculated in Table 7.4, considering that the linear calibration 

method is expected to yield lower coverages.

7.6 Desorption of Fluormated Dendrimers

Heating the surface will often induce a monolayer to become ordered as the 

molecules on the surface gain enough energy to diffuse across the surAce. This allows the 

molecules to reach their favoured thermodynamic positions, usually placing them in 

specific surAce sites or in specific orientations. As no ordered structures were observed 

at ambient temperature, thermally producing a monolayer became the main focus of these 

studies.

One of the main problems with trying to thermally order adsorbates is the 

possibility of thermal decomposition. Mass spectral analysis of the thermal desorption 

products can be quite informative for monitoring the changes that occur at the surface. 

However, both dendrimers 2 and 3 have molecular weights that are out of range of the 

mass spectrometer ( >  320 amu). These dendrimers do fragment in the mass spectrometer 

when ionized, and these fragments can then be used instead o f the parent ion to track the 

dendrimer desorptions.

A list of common fragments found for both dendrimers 2 and 3 is shown in Table 

7.5. All of these fragments were detected when the dendrimer-covered surface was 

heated. The strongest signals were found for dendrimer fragments 81 and 84. All other 

fragments were much less intense and were not always detected during desorption of the
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dendrimers. However, it was always observed that mass fragments 38, 40, 6 6 , 109 and 

123 tracked with mass 81. These fragments are considered to be due to fragmentation in 

the mass spectrometer. As seen in Table 7.1, these are all valid dendrimer fragments that 

could be formed by ionizing dendrimers 2 and 3.

Table 7,5-Common Mass Fragments Seen During Dendrimer Desorption

Mass/amu Fragment Identity

38 Fz

40

6 6 SiFj

81 SiFjCHj

84 CHjCHjSiCHjCHj

8 6 CjHjSiF

8 6 CH3CH2CH2CH2CH2CH3 (Hexane)

109 CHjCHjSiF^CHj

123 CH2CH2CH2SiFjCH3

127 I

141 C H J

Mass 8 6  and mass 84 track each other, although mass 8 6  is much less intense than 

mass 84. These masses do not track with mass 81 and the other masses associated with 

the fragmentation of the dendrimer inside the mass spectrometer. The significance of these 

masses will be discussed below.
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Mass 127 is due to the desorption of atomic iodine from the platinum surface. 

Mass 141 indicates that the iodine has picked up a  methyl group from the dendrimer. This 

methyl transfer could happen either in the mass spectrometer or on the surface as the 

desorbing atomic iodine passes through the dendrimer layers. From the large number o f 

iodine desorption experiments, described in Chapter 5, there is a constant residual amount 

of iodine present in the mass spectrometer. In one experiment where the dendrimer was 

adsorbed onto a clean platinum surfrtce (with no adsorbed iodine), mass 141 was still 

observed during dendrimer desorption. This indicates that mass 141 is formed in the 

spectrometer. However, as with some of the other mass fragments, mass 141 was not 

consistently observed during the dendrimer desorption and the intensity of the 141 mass
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Figure 7.9-Desorption of Dendrimer 2 From Iodine-Covered Platinum After 30 Second
Contact
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fragment never exceeded the value obtained during the bare platinum experiment by more 

than a  factor of three.

The iodine-covered surAce that was contacted for 30 seconds with the solution of 

dendrimer 2 was heated at I KJs to 1100 K. The thermal desorption spectra for several 

masses are shown in figure 7.9. The desorption o f iodine occurs at 500 K and is 

accompanied the desorption of some dendrimer, as indicated by mass 81. Presumably 

when the iodine desorbs it disrupts the dendrimer layer and causes some dendrimer to 

desorb as well.

The desorption o f masses 81 and 84 after a one second contact with a dendrimer 

2 solution is shown in figure 7.10. In contrast to figine 7.9, there is no desorption of mass

7.0x10 

S  6 .0 x1 0

I
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:
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2 .0 x1 0
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Temperature/K

Figure 7.10-Desorption o f Dendrimer 2 From Iodine-Covered Platinum After One
Second Contact
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81. Mass 84 appears to be approximately the same intensity and desorbs over the same 

temperature range.

The desorption of atomic iodine is also shown as it appears that mass 81 does not 

appear until the (V7xV7)R19.1°-I structure has been disrupted. One explanation is that 

mass 81 is associated with the decomposition of the dendrimer that occurs once the 

protective iodine layer is removed. This would allow the dendrimer to come in direct 

contact with the platinum, which is well-known to catalyze hydrocarbon decomposition. 

Masses 84 and 8 6  could also be associated with the fragmentation of an iodine complex 

formed when iodine atoms pass through the dendrimer layer after desorbing from the 

platinum substrate.
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Figure 7.11-Desorption of Dendrimer 2 From Bare Platinum After 30 Second Contact
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Desorbing the dendrimer after contacting the bare platinum for 30 seconds with a 

solution of dendrimer 2 produced the desorption spectrum in figure 7.11. It is known 

from the Auger analysis in the previous section that the amount of dendrimer adsorbed 

onto bare platinum is less than when the iodine layer is present. Mass 81 is reduced and 

mass 84 once again reaches a  maximum desorption rate by 625 K. But mass 84 begins to 

appear at 300 K and steadily increases as the sample is heated. This is consistent with the 

hypothesis that mass 84 is due to the reaction of the dendrimer with the platinum as mass 

84 did not appear in previous experiments until the iodine layer was disrupted.

Desorption experiments using dendrimer 3 produced similar results to those using 

dendrimer 2. The desorption of masses 81 and 84 are shown in figure 7.12. Mass 81
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Figure 7.12-Desorption O f Dendrimer 3 From Iodine-Covered Platinum After 30
Second Contact
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shows a disruption near the iodine desorption at 500 K that is similar to what is observed 

when using dendrimer 2 (see figure 7.12). Mass 84 begins to increase after the iodine 

desorption and has approximately the same intensif as in experiments using dendrimer 2 . 

However, at 800 K there is a significant desorption of mass 81. Mass 81 is associated 

with the terminating groups (SiFjCH,) on the dendrimers and dendrimer 3 has three times 

as many terminal groups as dendrimer 2. The desorption of mass 81 is also seen near this 

temperature when using dendrimer 2, but the desorption in figure 7.12 is much more 

intense and the peak has been shifted to higher temperatures.

After contacting the iodine-covered platinum with a solution of dendrimer 3 for 

30 seconds, some of the adsorbed dendrimer was removed with a mild flow o f hexane.
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Figure 7.13-Desorption of Dendrimer 3 From Iodine-Covered Platinum After 30
Second Contact Followed by 30 Second Contact With Flowing Hexane
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In figure 7.13, the desorption o f the dendrimer shows that the peak in mass 81 near 825 

K has been reduced while ail other features appear unchanged. This would indicate that 

this desorption peak is from the multilayer dendrimer structure.

7.7 Therm al Production of an  Ordered Structure

Several experiments were performed where the thermal desorption of dendrimer

135eV
Figure 7.14-LEED Pattern After Heating Dendrimer 2 Above 1000 K
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2 was interrupted at different temperatures and the crystal was cooled back down to 300 

K. No extra diffraction patterns were observed using LEED. If the crystal was heated 

above 500 K, the (V7x/7)R19.1 “ diffraction pattern was no longer observed and only the 

(1x1) and ( / S x / 3)R30° patterns were seen. When the crystal was heated above 650 K, 

the (V^3xV3)R30° pattern was no longer visible and only the (1x1) pattern remained.

Heating the platinum crystal above 1000 K and cooling back to 300 K did produce

Figure 7.1S-(V 19xV 19)R23.4“ LEED Pattern (45 eV) Showing Unit (Zells of 
Domains
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a new LEED pattern, shown in Egure 7.14. This pattern has been assigned as two 

rotational domains of a (V 19xV 19)R23.4° pattern. The unit cells o f  the two domains are 

shown in figure 7.15. The platinum integral beams are still present in the LEED pattern 

indicating that the platinum surface has not reconstructed and that the ( /  19xV 19)R23.4° 

pattern is due an adsorbed layer on the surface.

The real-space unit cell that corresponds to this LEED pattern is shown in figure 

7.16. The size of this unit cell is close to the expected size of a  unit cell that would 

contain one molecule of dendrimer 2. Although it seemed unlikely that any organic 

molecule could remain intact while in direct contact with a platinum surface at 1 0 0 0  K,

«
«

Figure 7.16-Real-Space (V 19xV 19)R23.4“ Unit Cell On P t( lll)
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it is difficult to prove that the ordered structure is not a layer o f ordered dendrimer 

molecules using the surface techniques available.

The Auger spectrum of this new surface structure, shown in figure 7.17, indicates 

the presence of carbon with some evidence of silicon. The platinum signals are clearly 

visible and are only slightly attenuated (23/29=0.79) compared to the intensity from the 

bare surAce. The carbon coverage was estimated in section 7.5 by comparing the 

platinum and carbon Auger intensities with a reference spectrum. The calculated carbon 

coverage was 7.6x10*'* atoms/cm^. As there are 1.5x10“  platinum atoms/cm^ on the (111) 

face of platinum, this means there are approximately 2  platinum atoms per carbon atom

0-

-50 -

-60-

-70-

-80-

-90
100 150 200 300250

Energy/eV

Figure 7.17-Auger Spectnun of (V 19x/ 19)R23.4“ Structure Prepared From 
Dendrimer 2
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on the sur&ce.

The quantification o f the silicon signal at 93 eV is difficult due to the overlap of 

a platinum Auger transition at 93eV and the fact that the Auger peak lies in a  region of the 

spectrum where there is a  large contribution from secondary electrons. The platinum 

transition at 92 eV is very weak, as can be seen in figure 7.3, and will be neglected to 

make an estimate of the silicon coverage. This is a poor approximation but the silicon 

coverage is quite low (see below) and the platinum Auger transition will be only slightly 

attenuated by the presence of the ordered structure.

The silicon coverage can be calculated by comparing the intensity of the silicon 

transition to the intensity o f the carbon transition. The Auger yield for each element must 

be known before such a comparison can be made. The Auger yield determines how many 

Auger electrons reach the detector per ionization event and represents an overall cross 

section.

Calculation of the Auger yield (<7) requires two parameters; the ionization cross 

section (Q) and the backscattering factor (5). The ionization cross section is a measure of 

how easily the core ionization that creates the Auger electron can occur. The 

backscattering Actor determines how many extra ionization events will occur (aside from 

the ionization events from the primary electron beam) due to secondary electrons.

The Auger yield is given by:

G=QsecQ^ + S (7.8)

where 8 ; is the angle of incidence measure from the surface normal (0 ° for all experiments
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described here).

The ionization cross section is given by the following empirical formula [7.7]:

Qlcm}- 6.56x70
3/2

1 + (7.9)

where n is the number of electrons in the ionized shell with binding energy (eV). 

(eV) is the energy of the primary electron beam (3 keV for all experiments here).

The backscattering factor for a number of elements has been calculated [7.7] and 

a simple relationship was found between Sin and the binding energy E ^  This relation is 

shown in figure 7.18. The backscattering Actor for carbon has been determined [7.7] and 

the backscattering factor for silicon has been taken from figure 7.18. A summary of the 

results of these calculations is given in Table 7.6.

Element EJtW n O /1 0 -" cm: S/IO-" cm: G / ia "  cm:

C 284 2 2.45 6 . 6 8 9.13

Si 1 0 0 6 28.1 6.48 34.6

I 685 1 0 3.01 3.66 6.67

The measured intensity of the silicon peak in figure 7.17 is 2 pA. Comparing this 

to the carbon signal and taking the diAerent in Auger yields into account gives a silicon 

coverage o f 2 x 1 0 "  atoms/cm^ ( " 1  silicon atom per 1 0 0  platinum atoms on the surface).

At the temperatures used to create the (V 19xV" 19)R23.4“ structure (>1000 K), 

silicon readily dissolves in platinum while carbon does not [7.8]. Upon cooling to 3(X) K,
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Figure 7 .18-Determination O f Silicon Backscattering Factor

where the LEED and Auger measurements were made, the some silicon might segregate 

to the surface and be present as a surface impurity rather than an integral part of the 

ordered structure. At present, there is no way to determine whether the silicon is 

necessary to form the (V 19xtT 19)R23.4*’ structure.

As a check of the calculations used to estimate carbon and silicon coverages, it is 

possible to compare the iodine and carbon Auger intensities and use the Auger yields in 

Table 7.6 to calculate the carbon coverage. The iodine Auger current from the 

(t/’7x-/’7)R19.1“ structure is 12 pA with a coverage of 6.4x10'* atoms/cm^. The carbon 

intensity o f 19 pA would therefore give a coverage o f 6.4x10'*
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(19/12)(9.13/6.67)=1.4xl0‘̂  atoms/cm^. This is approximately twice the coverage 

estimated by comparison with a reference spectrum. Although the coverages are the 

correct order o f magnitude, these calculations demonstrate the difficulties in gaining 

quantitative information from Auger spectra.

Heating the crystal with an adsorbed layer of dendrimer 3 to 1100 K and cooling 

to 300 K also produced the same ( /  19xV 19)R23.4“ LEED pattern. This clearly indicates 

that both dendrimers are at least partially decomposing to yield the identical product on 

the surface. The Auger spectrum of the (V 1 9 x / 19)R23.4“ structure obtained by heating 

dendrimer 3 to 1100 K is shown in figure 7.19. The quali^  o f the 19xV 19)R23.4° 

LEED pattern obtained from dendrimer 3 was not as good as that obtained from dendrimer 

2. Also shown in rigure 7.19 is the Auger spectrum o f a (V 19xVl9)R23.4“ structure 

produced by adsorbing dendrimer 2 onto bare platinum and heating to 1100 K. Clearly 

the iodine is not required for the production o f the (V 19xy’l9)R 23.4“ structure. The 

silicon Auger currents in these two spectra (7 pA and 18 pA) are larger than the silicon 

signal in figure 7.17 (2 pA). It seems that the amount o f silicon on the surface does not 

affect the formation of the (V 19xV 19)R23.4“ structure. The carbon signals from all the 

Auger spectra o f the ( /  19xV’l9)R23.4“ structure also vary, ranging between 19 and 27 

pA. This variation could be due to the fact that there was no attempt to optimize the 

formation o f the ( /  19x / 19)R23.4“ structure in different experiments. The 

(V 19xV 19)R23.4“ structure was found to be stable over a range of ̂ proxim ately 200 K, 

disappearing if the sample was heated above 1200 K.

The position of the atoms within the unit cell of the (V* 19xV 19)R23.4“ structure is
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Figure 7.19-Auger Spectra o f ( /  19xVI9)R23.4“ Structure Produced by Two Different 
Methods W ith Two Different Dendrimers

very difficult to determine. One possibility is that the dendrimers decompose to form 

graphite on the surfiace. The graphite structure does have a coincidental lattice match with 

the P t( lll)  surface [7.9] corresponding to the ( /  19xV 19)R23.4“ structure, as shown in 

figure 7.20. The registry o f the carbons atoms with respect to the metal is not known. 

Most simple organic compounds form graphite at elevated temperature on platinum 

surfaces [7.10]. In most cases, ring-like structures are observed [7.11] as the graphite 

sheets have a random rotational orientation. In some cases, diffraction spots have been 

observed but these have mostly been on stq>ped surface where the terraces help to orient 

the graphite layers [7.12]. In one case [7 .9], there was a report of spots from a
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( /  19x / 19)R23.4“ structure combined with rings. Unfortunately, the LEED pattern was 

not published and no comparison can be made. However, at no time during the course of 

these experiments were graphite rings ever observed and the sharpness of the difhaction 

beams (observed at energies as low as 32 eV) suggests a structure that is much more 

ordered than any previously observed graphite structure.

The carbon coverage of the graphite structure (75 a to m s/(/I9 x / 19)R23.4“ unit 

cell) would be expected to be 5.9x10'^ atoms/cm^. Although this is higher than the 

calculated carbon coverage (7.6x10'* atoms/cm^, different forms of adsorbed carbon are 

known to have different sensitivity factors [7.13]. Any difference between the carbon

Figure 7,20-(V’ 1 9 x / 19)R23.4“ Structure o f Graphite on P t( lll)
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sensitivi^ factors o f adsorbed hydrocarbons and graphite would lead to errors in the 

calculation of the carbon coverage.

The form of the adsorbed carbon can be determined by analyzing the lineshape of 

the carbon (278 eV) Auger transition. This has been done for several forms of carbon 

including SiC, diamond, graphite, and metal carbides [7.14]. If the ( /  19xV’l9)R23.4“ 

structure is not graphite, it is most likely to be platinum carbide and should be easily 

distinguishable from graphite.

To determine the carbon lineshape, the spectrum of the clean platinum surface was 

subtracted from the spectrum of the ( /  19x/ 19)R23.4“ structure. The clean-surface

CO
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Figure 7J11-Auger Spectrum of ( /  19xV 19)R23.4“ Structure After Subtracting 
Spectrum of Clean Platinum
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spectrum was multiplied by a  6c to r o f 0.8 to match the intensities o f the platinum signals 

at 150 and 175 eV. This spectrum, shown in figure 7,21, is very close to the reference 

spectrum o f graphite [7.14] and does not have features associated with metal carbides 

between 220 and 270 eV. However, the noise introduced into the spectrum (100-200 eV 

range) by the background subtraction is of the same order o f magnitude as the feature at 

230 eV that appears to be the same lineshape as graphite. Therefore, this spectrum cannot 

be used as proof that the ( /  19xV 19)R23.4° structure is an ordered layer o f graphite.

If the structure is graphite, then the Auger intensities must be reexamined. If we 

assume that the carbon Auger intensity corresponds to the coverage expected for graphite, 

the silicon coverage, originally estimated from the carbon coverage, would be diAerent. 

As the carbon coverage is too low by a factor of 7.8, the silicon coverage would be 

estimated to 1.5x10'* atoms/cm^. This corresponds to approximately 2 Si atoms per 

(V 19xV’l9)R 23.4‘’ unit cell. If this structures is indeed a form of g r^ h ite , the small 

amount of silicon incorporated into the unit cell could help to 'p in ' the graphite layer to 

a specific rotational orientation on the surAce.

The only other choice would be the formation of silicon carbide, but the silicon 

content is too low for this to be considered. At present, there is no way to determine the 

structure o f this ordered carbon layer. The formation of the (V 19xV’ 19)R23.4“ structure 

has proven to be very reproducible, being readily produced by two types o f dendrimers 

on clean and iodine-covered platinum. The purity o f the dendrimer sample also seems to 

affect the production of the ( /  19xV 19)R23.4° structure. On two occasions where 

dendrimers more than a few months old were used, no ordered structures were observed.
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Two separate batches of freshly prepared dendrimer 2 easily produced the ordered 

structure. This suggests that the chemistry taking place is specific and not just a  thermal 

decomposition.

There may be some interest in its catalytic activity as working' platinum catalysts 

are known to have a signifîcant amount of carbon present at the sur&ce [7.15]. As no 

carbon structures with this degree of order have been observed, it may be possible to 

provide information about the bonding of carbon to platinum through further study of this 

unusual structure.

7.8 Summary O f Results

The initial goal of these dendrimer investigations was to produce an ordered 

monolayer o f dendrimer molecules on a platinum surface and to use LEED to estimate 

their size. This aspect of the project was unsuccessful as no ordered structiue was ever 

observed that could be attributed to an intact dendrimer monolayer. However, several 

useful results were produced that may be o f some use in future investigations.

The dendrimer layers adsorbed onto the surface were stable at UHV pressures when 

adsorbed onto an iodine-covered surAce. The iodine layer appeared to be undisturbed by 

the dendrimer layer as the diffraction pattern from the iodine layer was visible through the 

dendrimer overlayer. There was evidence o f beam damage as the iodine layer converted 

from the (V7x/7)R19.1“ structure to the (V’3xV’3)R30“ structure during LEED 

observations after dendrimer adsorption. It is not known at this time whether this was 

facilitated by the electron beam or if this transformation occurs spontaneously. This is the
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only time the iodine layer has been reported to be susc^tible to beam damage effects.

It does seem clear that using a highly polarizable substrate (the iodine adlayer) and 

a fluorinated dendrimer has increased the strength of the interaction between the dendrimer 

and the substrate. The fact that beam damage to the iodine layer is observed indicates that 

there is a significant interaction, although it is not known if the interaction has a chemical 

component or whether it is purely electrostatic. The other evidence for an increased 

dendrimer-substrate interaction comes from the variation of the thickness of the adsorbed 

dendrimer layer with solution contact time. Increasing the contact time from one second 

to thirty seconds did not cause an appreciable difference in the amount of dendrimer 

adsorbed. If the dendrimer molecules were more attracted to each other than to the 

surface, increasing the contact time should increase amount of dendrimer adsorbed.

The results hrom the thermal desorption experiments show that the iodine layer is 

essential as it protects the dendrimer from intimate contact with the platinum surface. 

Direct contact with the platinum seems to cause the dendrimer to decompose, a result not 

entirely unexpected. Contacting the dendrimer solution directly with the platinum surface 

with no iodine layer present causes this decomposition to occur immediately, indicating 

this decomposition is not thermally induced.

(Quantification of the amount of dendrimer adsorbed on the surface is difïïcult as 

there are no standards to use for comparison. Using the attenuation o f the iodine Auger 

current is the only method that can be used to estimate the thickness of the dendrimer 

layer. Fortunately, the calculated thickness is relatively insensitive to the mean-free path 

o f the iodine Auger electrons.
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The production of an ordered structure at elevated temperatures was unexpected. 

Most hydrocarbons decompose at temperatures well below the temperature where this 

ordered structure is produced. The fact that both dendrimers 2 and 3 produce the same 

ordered structure clearly shows that this structure is not due to intact dendrimer molecules 

that have been thermally ordered on the surface. The iodine is not essential for the 

production of the ordered structure as it was produced by adsorbing dendrimer 2 onto the 

bare platinum. The purity of the dendrimers used did seem to have an effect on the 

production of the ordered as no structures were observed using dendrimers that were more 

than a few months old. This implies that there is a specific mechanism for the production 

of the ordered layer.

The chemical similarity between the two dendrimer molecules suggests that the 

ordered structure is produced by a molecular moiety common to both dendrimers. The 

central core fragment seem most likely as the pendant arms are the main fragment seen in 

the mass spectrometer. However, this evidence does not provide direct proof and 

experiments involving other arms and cores would be needed to make such a conclusion.

The ordered (V 19x/ 19)R23.4“ structure could be graphite as graphite has a 

coincidental lattice match with the platinum substrate in this orientation. The Auger results 

do not directly support this structure as the carbon coverage is too low. However, the 

Auger results can be explained by assuming that the structure exists in islands with patches 

of bare platinum between the islands. This would reduce the calculated carbon coverage.

The presence o f silicon is difficult to interpret as silicon dissolves readily in 

platinum at the temperatures where the structure is formed. Any silicon present in the
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Auger spectrum could simply be due to silicon that has dissolved into the platinum at high 

temperatures and segregated to the surface during cooling to ambient temperature.

The possibility exists that the silicon is actually an integral part o f the 

(V̂  1 9 x / 19)R23.4° structure and is required for its formation. G r^ h ite  layers do not 

usually have a preferred rotational orientation, and the silicon atoms could help to pin the 

graphite to the surface in a specific orientation.
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8

Conclusions

It is known that iodine forms several well-ordered sur&ce structures when adsorbed 

on platinum (111). At temperatures above 300 K, the iodine is adsorbed in an atomic form 

that desorbs with first order kinetics. Lateral interactions between the adsorbed atoms cause 

a coverage-dependent activation energy for desorption fi'om the threefold she. The 

activation energy changes fi-om 253 kJ/mole at zero coverage to 196 kJ/mole at an iodine 

coverage o f 1/3 ML. The fi’equency factor for the desorption fi'om the threefold shes was 

determined to be 8.2x10^^ s '\  Desorption fi’om the atop sites had an activation energy o f 146 

kJ/mole. The frequency foctor for atop desorption was determined to be 4x10“  atoms cm'̂  

s '' (assuming zero-order desorption kinetics). Simulation o f thermal desorption spectra using 

the experimental rate parameters was only partially successful. The desorption temperatures 

and line shapes were in qualitative agreement with the experimental spectra. However, 

several features indicate the desorption to be more complicated than the models used in the 

simulation.

The desorptions at higher temperatures have interesting work function changes 

associated with them. The change in work function is coverage dependent and does not 

depend on the adsorption sites occupied. During the desorption fi'om the atop sites, the 

work function change has been observed to be both positive and negative, depending on the 

coverage. The work function has always been observed to increase during desorption fi’om 

the threefold sites.
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The sign of the work function change due to iodine adsorption is opposite that 

expected based on the greater electronegativity o f iodine. Iodine would be expected to 

withdraw electrons from the metal and increase the sur&ce dipole. A decrease in woric 

function means that electron density is being shifted back into the metal. A theoretical 

treatment o f the work function was developed using translationally-symmetric Bloch 

wavefunctions to construct molecular orbitals. The coefficients of those molecular orbitals 

are used to calculate the hybridization dipole o f both the metal and the iodine atoms. It was 

found that as the platinum-iodine bond became stronger (by moving the iodine atom closer 

to the surface) the hybridization dipole on the surface metal atoms decreased. This would be 

expected to decrease the work function. However, the iodine atoms develop an hybridization 

dipole during adsorption and this dipole becomes larger as the platinum-iodine interaction 

becomes stronger. Both dipoles have their negative end pointing away from the surfrce. The 

overall effect on the work function is a summation of the two dipoles. They tend to balance 

each other as an increase in one o f the dipoles is accompanied by a decrease in the other. The 

work functions calculated using this procedure do not agree with the experimentally measured 

changes but this effect could be due to a poor choice o f atomic positions.

Once the atomic positions have been determined (using tensor LEED), the calculation 

can be refined. Unfortunately the tensor LEED analysis was not complete at the time this 

thesis was prepared. The atomic charge on the metal atoms should be determined self- 

consistently, as was done for the iodine atoms.

Desorption of iodine at 200 K occurs in the molecular form with essentially zeroth 

order kinetics. Two desorption states are observed at low temperature. One of these 

desorption states (at 230 K) has a large woric function change associated with it. This layer
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is likely a loosely associated layer that is close enough to the surËice to be polarized by the 

sur&ce electric field. This woik function change was also found to be coverage dependent 

as both positive and negative woik (unction changes were observed fisr this transition.

The results firom the dendrimer adsorption experiments show that the dendrimer 

begins to decompose when it contacts the bare platinum. The protective iodine layer is 

therefore essential for the dendrimer to remain intact on the surface. Increasing the dendrimer 

contact time with the surface fi-om one second to 30 seconds did not significantly increase the 

amount o f dendrimer adsorbed on the surAce. Quantification ofthe Auger spectra was done 

by comparison with spectra o f compounds with known sur&ce coverages and by measuring 

the attenuation o f other Auger signals (platinum and iodine). Estimating the mean-free path 

of these other Auger electrons allows the calculation o f the thickness o f the dendrimer layer. 

It was found that 3-4 layers o f dendrimers were adsorbed on the iodine-covered surface. 

Contacting the dendrimer solution with bare platinum shows the presence o f only 1-2 layers.

Thermal desorption experiments showed that a variety o f mass fi-agments were 

produced when the sample was heated. All o f the fi-agments observed were valid fi-agments 

of the dendrimers studied. There were two main masses observed that did not track each 

other. Mass 81 is associated with the fragmentation o f the intact dendrimer molecule while 

mass 84 is associated with the decomposition of the dendrimer on the bare platinum surface.

Heating the dendrimers above 1000 K produce an ordered structure with a 

( /  19x/ 19)R23.4“ LEED pattern. Auger analysis showed the presence o f carbon with trace 

amounts o f silicon. Graphite has a coincidental lattice match with the platinum(l 11) plane 

that would have a (V 19 x / 19)R23.4“ structure. The measured carbon coverage is almost an 

order o f magnitude too low for graphite structure. However, this can be explained by
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assuming that the (V 19xV 19)R23.4*’ structure exists as islands on the surface.
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