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ABSTRACT 

The structures of molecular crystal surfaces have been investigated 

for the first tine using Low-Energy Electron Diffraction (LEED). The 

experimental results from a variety of molecular crystals have been 

examined and conpared as a first step towards understanding the 

properties of these surfaces an a microscopic level. The method of 

sample preparation employed, vapor deposition onto metal single crystal 

substrates at low temperatures in ultra-high vacuum, allowed concurrent 

study of the structures of adsorbed monolayers an metal surfaces and of 

the growth processes of molecular films en metal substrate!!. The 

systems investigated were ice, ammonia, naphthalene, benzene, the 

n-paraffins (Cj-Cg), cyclohexane, trioxane, acetic acid, propionic 
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acid, Methanol and methylamine adsorbed and condensed on both Pt(lll) 

and Ag(lll) surfaces. 

The ice (0001), ammonia (HI), naphthalene (001), cyclohexane 

(001), n-octane (10l) and (001), and n-heptane (001) surfaces have been 

observed on the growing molecular crystals. These surfaces are all 

closely packed planes and are apparently unreconstructed, that is the 

arrangement of molecules at the surface is the sane as the arrangement 

in the bulk of the crystal. A benzene surface structure was observed 

that can be identified as either the (111) plane or as a reconstructed 

surface. Pseudomorphic structures of n-heptane, n-hexane, and n-pentane 

were observed. 

Electron beam induced damage of the molecular surfaces was 
-4 -2 

observed after electron exposures of 10 A sec an at 20 eV. Aromatic 

molecular crystal samples were more resistant to damage than samples 

of saturated molecules. Charging of the molecular surfaces was 
2 observed at film thicknesses dependent upon the sample, 10 A 

thickness for saturated hydrocarbons, and 10 A for aromatic molecules 

and ice and ammonia. 

The quality and orientation of the grown molecular crystal films 

were influenced by substrate preparation and growth conditions. Either 

randomly oriented or azimuthally disordered films were deposited on 

disordered or contaminated substrates. 

Forty ordered monolayer structures were observed. At low 

temperatures, the n-paraffins C -̂Cg adsorb on clean Pt(lll) with their 

chain axes parallel to the substrate surface and the Pt <1T0>. 
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n-Octane, n-heptane, and n-fcexane adsorb similarly on Ag(l".l). 

Cyclohexar.s adsorbs on either substrate in a close-packed hexagonal 

array with the molecular plane parallel to the substrate. Benzene 

adsorbs in this way on Ag(lll), but can also form other structures. 

Acetic and propionic acids form monolayer surface nets consistent with 

a close packed arrangement of acid diners adsorbed parallel to the 

Ag(lll) substrate. Ihe acids formed no ordered monolayer structures 

on clean P t ( l l l ) . An ordered monolayer of molecules is concluded to be 

most favorable at lav temperatures if the molecules are mobile. Ihe 

molecules studied adsorb more strongly and in better registry with 

the substrate lattice on Pt( l l l ) than on Ag(lll) surfaces. 

Measurements of the intensity of ice LEED beams were made as a 

function of electron wavelength. The measurements indicate that a 

kinematical description may be suitable for LEED of ice, and that the 

ice interlayer spacing at the surface is near the bulk value. 

Thermal desorption of monolayers of the n-paraffins and cyclohexane 

from Pt( l l l ) indicated that the activation energies for desorpticn are 

twice the heat of vaporization of the hydrocarbon. 

Measurements of the change in work function of Pt( l l l ) and Pt(100) 

surfaces upon adsorption of the n-paraffins showed that the magnitude 

of the decrease in work function of each surface was proportional to the 

molecular size. 
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I. INTRODUCTION 

Surfaces play an important role in determining the physical and 

chemical properties of solids. Any perturbation of a solid whether 

mechanical, chemical, or electromagnetic must act through the surface, 

and the surface properties may determine the response of the solid. 

This generalization has long been appreciated, but only in the past 

two decades have there existed experijnental techniques allowing the 

simultaneous preparation and study of reproducible clean surfaces. 

Kith the help of these techniques, many advances in the level of 

understanding of surfaces have been made. The surfaces of a wide 

variety of materials, metals, semiconductors, 2nd insulator.'., have 

been studied. Few solids composed of molecules have been investigated 

using surface sensitive techniques, and there have been no studies of 

the structures of the surfaces of molecular solids. This thesis reports 

the results of the first studies of the surface structures of a variety 

of molecular solids using Low-Energy Electron Diffraction (LEED). 

1. The Surfaces of Molecular Solids 

Molecular solids are unique in that there are two types of forces 

acting in the solid. There are strong chemical bonds between atoms of 

the molecules, and much weaker electrostatic or dispersion forces between 

the molecules that nake up the solid. The molecular structure i s 

perturbed but l i t t l e by condensation into the solid, and nolecular 

solids are best understood in terms of the properties of the constituent 

molecules. There are an infinite numbeT of combinations of atoms that 
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form molecules, and thus there are an infinite tier of molecular 

solids, all with unique ambulations of properties. This* is the great 

potential of molecular materials, that through the understanding of 

the correlation of molecular structure with solid state properties, 

a molecular solid can be designed to f i l l any need. 

Molecular solids are important in many applications. Perhaps the 

most important molecular solids are those that form living matter. 

The versatility and subtlety of molecular aggregates are nowhere more 

apparent. Plastics and polymers are technologically important molecular 

solids, composed of large molecules, that have wide ranges of properties. 

There are many individual applications for molecular solids, such as 

photoconductors for photocopying, and high energy particle counters. 

Materials have been developed, such as TTF-TCNQ, that have nearly 

metallic conductivity besides the properties of organic crystals. 

Surfaces can play an important role in determining the properties 

of Molecular crystals. In any real environment, solids must endure 

mechanical or chemical abuse which must act through the surface. 

Adhesion is surface dependent. Vaporization and condensation occur at 

the surface. The most fundamental knowledge necessary to understand 

these processes is the molecular arrangement at the surface of the 

solid. 

The conductivity of molecular crystals is known to depend on the 

composition of the gas phase over the molecular crystal. The 

•echariism of the effect is not known, but i t must involve adsorption 

of a gas molecule on the molecular crystal surface. The adsorbed 

molecule may donate a charge carrier to the solid, or contribute to 
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the surface conductivity or several other possibilities, 7b distinguish 

between the possibilities i t would be helpful to know the structure of 

the surface complex. 

Several studies of the reactions of molecular crystals with 

gsses nave been reported. The modes of attack have been related to the 

crystal structures of the solids, but i t is the structure of the surface 

that determines the reactivity of the solid. These studies are of 

interest not only for their implications about the chemical attack of 

molecular crystals, but also for the potential that the unique environ

ment of the surface may promote the formation of asymmetric or chiral 

products that may be unattainable in other ways, the structures of 

the surfaces must be determined to evaluate the potential of this 

type of synthesis. 

The surface environment nay have associated with i t dynamic 

properties that are different from those of the bulk molecular crystal. 

In atomic solids, the amplitude of vibrations are significantly higher 

at the surface than in the bulk. I t should be of interest to see 

whether this is true in molecular solids. In particular, there exists 

a class of molecular solids, called plastic crystals, lliat form a state 

in which the molecules are tumbling isotropically about their latt ice 

s i tes . Ihe transition to this state occurs below the melting point. 

The nature of this state and of the transition in the surface region 

would be of g.-eat interest. 
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The presence of a surface should have an effect on the electronic 

properties of molecular crystals. For example, x-ray photoemission 

studies of the charge transfer corrplex TTF-TCNQ suggest that the first 

1 -5 layers of the (001) surface are composed of neutral molecules, 

not ion pair i . Features in the reflection spectrum of tetracene have 

been attributed to surface exciton transitions. There have been 

theoretical calculations of the electronic states of molecular crystals. 

The interpretation of the experimental results and the theoretical 

calculations depend on the arrangement of the molecules at the surface. 

A further reason for the study of the surfaces of molecular 

solids i s very fundamental. The nature of the interactions between 

molecules is basic to chemistry, but has been very difficult to study. 

Crystallography shows the result of the interactions summed over many 

neighbors in three dimensions. Recent developments in molecular beam 

techniques have showed promise in insolating weakly bound molecular 

diners for study. Determinations of the structure of molecules at 

surfaces could serve as more data for the evaluation of intermolecular 

potentials. 

2. Experimental Study of Molecular Crystal Surfaces 

It can be seen from these examples that experimental determinations 

of the arrangement of molecules at the surface of a molecular solid 

would be of great value. I t is just such determinations that were 

the goal of this research, and are reported in this thesis. 
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The experimental technique used in this thesis is LEED. 

LEED is the most useful probe of the structure of surfaces at an atomic 

level, and i t has greatly contributed to the modem understanding of 
o 

surfaces of metals, semiconductors, and some insulators. LEED has 
o been used to study the surfaces of rare gas solids, but until this 

work, LEED has not been applied to molecular crystals. 
There are formidable reasons why molecular crystal surfaces have 

not jeen studied with LEED. LEED relies on the strong interaction of 
low energy electrons with matter for its surface specificity. The 
electron energies are high enough to cause considerable damage to 
the molecular surface. Molecular crystals are almost all poor 
electrical conductors, and thus under electron bombardment, they may 
develop a potential that will interfere with the diffraction experiment. 
The simpler molecular crystals often have high vapor pressures, and 
they must be cooled to exist in the vacuum environment necessary for 
the collisionless propagation of electrons needed for LEED. There is 
no precedent in cleaning the surface of a molecular solid to the 
extent necessary for LEED studies. The standard techniques of ion 
sputtering and high temperature heat treatment are obviously not 
satisfactory. It is clear that stringent experimental conditions must 
be used if LEED is to be employed for studies of molecular crystal 
surfaces. A second goal of this research has been to define a useful 
set of experimental conditions for the study of surfaces of moleculaT 
solids using LEED. 
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An experimental procedure has been found that allows LEED study 
of molecular crystals. The technique borrows from the previous work on 

g 
rare gas crystals. The technique consists of growing thin molecular 
crystals by vapor deposition onto a cold metal single crystal in the 

2 3 LEED vacuum chamber. Crystals of 10 -10 A thickness do not develop 
a significant potential under electron bombardment. Low te. ,>eratures 
allow growth under vacuum conditions. Preparation of the samples 
in sifi insures clean surfaces. The metal single crystal substrate 
serves as a ready calibration standard for the instrument, and in most 
cases the single crystal substrate serves to orient the deposited 
molecular film so that a finite number of film orientations are 
observed. As may be seen from the results of this thesis, the 
technique works quite well. 

The major disadvantage of this procedure is tiiat the surface 
plane exhibited by the deposited molecular film cannot be chosen by the 
experimenter. There has been some success in finding growth conditions 
that favor a certain surface plane, but in most cases there was no 
experimental control. This experimental limitation prevents systematic 
study of the crystal face specificity of surface properties. 

This technique has two extra advantages. It allows the study of 
the structures of monolayers adsorbed on the metal surfaces, and it 
allows the observation of the process of crystal growth from the 
vantage point of the growing surface. 
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The importance of studies of adsorbed molecular monolayers cannot 

be overestimated. The adsorption of molecules plays a large role in 

adhesion, lubrication, corrosion, and catalysis. Fairly frequently, 

adsorbed molecules form ordered structures. The study of these 

structures by I£ED is in i ts infancy, and i t holds much promise for 

clarifying the role of the various forces that determine monolayer 

structure. A third goal of this research was to observe the structures 

of adsorbed monolayers and draw possible conclusions about the forces 

within the monolayers. 

The growth of crystals is of some importance also, and the growth 

of molecular crystals on metal single crystal substrates is a good model 

system. In particular, the weak forces between molecules compared with 

the strong forces between the molecules and the metal surface encourage 

Jie formation of film structures determined or perturbed by the substrate. 

Uhusual overlayer crystal structures that are determined by the influence 

of the substrate crystal structure are termed pseudomorphic, and few 

examples are known. A final goal of this research was to observe 

the growth of molecular crystals on different metal single crystal 

substrates and try to relate the growth behavior to the known properties 

of the molecules and metal substrates. 

3. The Structure of tblecular Surfaces 

Very l i t t l e is known about the arrangement of molecules at the 

surface of a molecular crystal. The only review of the surfaces of 

molecular solids known to the author is written in thermodynamic and 
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mscroscopic terms, and does not speculate on the arrangement of 

molecules at the surface. 

Burton and Jura have performed model calculations for an argon 

(100) surface, and have shown that i t is thermodynamically possible 

for the surface atoms to assume a geometry unlike the bulk (100) 

geometry, that is to reconstruct. The (100) faces of I r , Pt, and Au 
o 

are known to reconstruct, as do many semiconductor surfaces. The 

non-spherical shapes of molecules and the complex potentials between 

molecules may make surface reconstruction possible. Whether surfaces 

of molecular crystals reconstruct or not is a major question to be 

answered. 

Another possibility is that the molecules at the surface of a 

crystal are disordered. A liquid-like layer has been postulated and 

observed on the surface of ice near 273K. Some photoemission data 

has been interpreted to mean that the liquid-like surface layer is stable 

to 110K, and that similar layers may exist on other hydrogen bonded 
14 solids. While the results of this thesis demonstrate that the first 

of these interpretations is incorrect, the possibility exists that a 

noncrystalline state may be the normal state of molecular crystal 

surfaces in some temperature regime. 

The crystal structures of molecular solids have been theoretically 

analyzed in several ways, and the extension of these calculational 

schemes to the surface structural problem may prove fruitful. 
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The simplest way to explain molecular crystal structures is to 

model the intermolecular potential as being attractive at al l distances 

greater than atomic diameters centered on the atoms of the molecules, 

and infinitely repulsive at distances less than the atomic diameters. 

This model treats molecules as collections of hard sphere atoms, and 

predicts the crystal structure will be the structure of highest molecular 

density. Many molecular crystal structures can be interpreted in 
15 these terms. 

An extension of the packing of hard spheres model, is to allow 

the spheres to become "soft" by the device of atom-atom potentials, that 

is each pair of atoms of the molecules is given a V(r) expression, and 

the structure that gives the minimum potential energy when V(r) is 

summed over all atoms on separate molecules is the stable crystal 

structure. Besides predicting static properties of molecular 

crystals, this model allows prediction of dynamic properties, 
17 such as rotational barriers in the crystal. 

A third approach is to consider electrostatic interactions of the 

molecules, and to add these to the dispersion energy. The validity 

of separating the potential into electrostatic multipole interaction 

terms is questionable at low separation distances, and the charge 

distributions in the molecules are not known with sufficient precision 

to apply this approach. 
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To these general methods specific additional forces due to hydrogen 

bonding or charge transfer must be added. I t should be useful to 

apply these types of calculations to the problem of surface structures. 

No such calculations have appeared. The qualitative aspects of the 

form of intermolecular potentials should be useful in considering the 

results of this thesis. 

4. Adsorbed Monolayers 

There have also been few experimental studies of the structures 

of adsorbed large molecules. The most exhaustive examination of 
18 molecular monolayers is that of Lander and Morrison. They used 

LEED to study the adsorption of inorganic and organic molecules on 

graphite (0001). They found ordered monolayers of 1,3,5-tribromobenzene, 

Gel,, Gel,, Xe, As,0,, Br,» I2> and Cs. In addition, they found 

azimuthally disordered growth of monolayer structures of FeCl, and 

2nl». They did not see good LEED patterns from monolayers of benzene, 

naphthalene, anthracene, hydroquinone, glycerine, P 4 , All , , GO,,, CHCl̂ , 

CBr., and CHBr,, only high background intensity and diffuse rings. 

Chly the As,0, monolayer structure was found to correspond to a crystal 

plane of the bulk structure [the (111)]. Reversible transitions between 

several ordered phases were observed from monolayers of Cs and Br. 

Lander and Morrison also studied the surfaces of condensed 

multilayers of these molecules, but observed no ordered structures. 
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Gland and Somorjai observed the adsorption of many organic 
1 0 

molecules with I£ED at room temperature on P t ( l l l ) and (100). Only 

cyclohexene, benzene, and naphthalene on P t ( l l l ) produced well ordered 

surfaces. The molecules were generally better ordered on the Clll) 

than on the (100) face. Saturated hydrocarbons were observed to 

adsorb, but giving disordered surfaces. These molecules were thought 

to undergo dissociative chemisorption. 

Benzene and cyclohexane adsorption on NI ( l l l ) were studied by 
20 Dalmai-Imelik and Bertolini. Benzene formed an ordered monolayer 

and cyclohexane did not. Both were observed to adsorb irreversibly. 
21 diesters and Somorjai investigated the adsorption of n-heptane, 

beniene, naphthalene, and ethylene on gold surfaces. They found no 

detectable adsorption on Au(l l l ) at room temperature, except for 

naphthalene which dissociated upon adsorption. They also found no 

evidence for the room temperature adsorption of water of Au(l l l ) or 

P t ( U l ) . 

The adsorption of CJO, o n pt(110)was investigated by Reed and 
22 Lambert, but no ordered monolayer phases were observed. The molecules 

dissociated upon heating. 

The adsorption of molecules on metal surfaces has been studied 

with photoelectron spectroscopy. Both Demuth and Eastman and Yu, 
24 McMenamin, and Spicer found that the spectTa of a number of organic 

and inorganic molecules adsorbed or condensed at low temperatures were 

shifted in energy but otherwise identical to the gas-phase spectra. This 

was interpreted as showing that no chemical changes in the molecules had 
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occurred, such as formation of a chemisorptive bond. When warmed, 

however, benzene, ethylene, and acetylene formed bonds to the Ni(lll) 

substrate, as evidenced by changes in the photoemission spectra. 

These studies show that low temperatures are necessary to adsorb 

molecules on inert substrates Cgraphite, Au) and to prevent dissociation 

of molecules an active substrates (Ni, Pt) . At low temperatures, 

saturated molecules must interact with surfaces through physical forces 

(dispersion or electrostatic), thus there should be parallels between 

the behavior of these molecules and that of the Tare gases. A 

considerable amount of effort has been made in studying physically 

adsorbed monolayers of rare gases, because they are also amenable to 

theoretical treatment. A review of physical adsorption was recently 

made by Landman and Kleiman. 

5. Preview of Thesis 
19 The work of Gland showed that monolayers ordered fairly well on 

P t (Hl ) , so i t was chosen as one of the substrates upon which molecular 

crystals were grown. This substrate is also fairly reactive towards 

organic molecules. Another face-centered cubic metal, silver, was 

chosen as the other substrate. Silver i s very much inert to the 

adsorption of gases, so i t contrasts with the platinum substrate in 

tills respect. The CHI) face of silver was chosen also. The lattice 

parameter of silver is 4% larger than that of platinum. These two sub

strates are easily cleaned, geometrically similar, but chemically 

different, and the contrast between results obtained on these substrates 

should aid in interpreting the experiments. 
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Ihe experiments performed for this study were done with the goals 

of 1) determining surface structures of molecular solids, 2) evaluating 

the ut i l i ty of low energy electron scattering techniques in the study of 

molecular surfaces, 3) studying adsorbed monolayers of molecules, and 

4) observing the epitaxy of molecular crystals on metal single crystal 

substrates. Because al l of the phenomena studied were not well 

understood experimentally or theoretically, fifteen different molecules 

were used so that a range of results could be observed, and empirically 

correlated with molecular structure. The molecules studied were H,0, 

NHj, naphthalene, benzene, cyclohexane, trioxane, acetic acid, propionic 

acid, methanol, methy 1 amine, and the normal paraffins, n-octane through 

n-butane. These molecules were chosen because they have a wide variety 

of physical properties, yet they show a progression of chemical 

structures, from small to large size (n-paraffins, acetic and propionic 

acid, benzene and naphthalene), from saturated hydrocarbons to various 

substituted hydrocarbons, saturated to aromatic (cyclohexane and benzene), 

hydrogen bonded to not hydrogen bonded (H,0, methanol, paraffins; 

m , , methylamine, paraffins). Also, the crystal structures of thes^ 

molecular solids are known, and they have experimentally convenient 

vapor pressures. All of these molecules were deposited as molecular 

crystals and monolayers on Pt( l l l ) and Ag(lll) and the resulting surface 

structures were observed during growth and as pressure and temperature 

were varied. Because of the difficulty of 1EED surface structure 

analysis and the goal of surveying the surface properties of a wide 

variety of materials, the UEED beam patterns were used as data to obtain 

the translational symmetry of the surface. No attempt at determination 
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of surface unit mush structure directly with LEKD was made. The 

results of tiie experiments were correlated with crystal structures, 

molecular geometry, polarity and other known properties of the molecules. 

In addition, several more detailed studies were performed to investigate 

specific problems. These are a I£ED intensity measurement of ice, 

thermal desorption experiments of the n-paraffins on P t f l l l ) , and 

measurements of the work function change of Pt(l l l) and Pt(100) upon 

adsorption of the n-paraffins. 

Chapter two of this thesis summarizes the relevant theory of I£ED 

and documents the experimental procedures employed. Chapter three is 

the longest and most important chapter. In i t al l experimental results 

are given, and discussion of individual results is made. The experi

mental results for pairs of related molecules are presented together, 

and the results from pairs of molecules are compared. Chapter four 

draws overall conclusions from the individual results about the structures 

of molecular crystals and monolayers. Chapter five is the final 

chapter, and i t summarizes the important conclusions made, and proposes 

further experiments. 
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I I . THE EXPERIMENT 

1. LEED 

Low-Energy Electron Diffraction (LEED) is an experimental technique 

sensitive to the structure of the surface of a condensed phase. In the 

LEED experiment, a monoenergetic beam of electrons is directed at a sample 

surface. The scattered electron waves constructively or destructively 

interfere, and the angular distribution of the scattered electrons is 

recorded. The electron distribution can be used to extract th<* srrange-

ment of scatterers in the sample surface. ' 

A convenient analogy is that LEED bears the same relation to surface 

structure that x-ray diffraction bears to crystal structure. Tn x-ray 

diffraction, the positions of the Bragg reflections determine the three 

dimensional translation symmetry of the crystal lat t ice, and the 

intensities of the Bragg reflections are used to determine the structure 

in each unit cell. In LEED, the positions of the reflected beams 

determine the two dimensional periodicity of the surface net, and the 

intensities of the reflections carry information determining the 

structure in each surface unit raesh. Much of the analysis developed 

for interpretation of x-ray diffraction applies to LEED, however there 

are significant differences that make LEED uniquely surface sensitive 

and theoretically more difficult. 
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for ine las t ic scattering, but 10 A for electrons with just the 

threshold energy. This behavior i s l ikely to also describe the behavior 

of electrons in molecular crystals . If the electron energy i s above an 

electronic excitation threshold, i t s mean free path i s l ikely to be short. 

The surface sens i t iv i ty of IEED arises from the strong 

interaction of low energy electrons with matter. The strength of the 

interaction considerably complicates the analysis of the experimental 

data. X-ray structure analysis depends on the weak interaction of x-rays 

with matter. All collected x-rays are l ikely to have been scattered 

once in the crystal , and the incident x-ray intensity i s the same for 

each scattering unit of the sample. 

In I£ED, multiple scattering events are probable. The short free 

paths of the electrons result in a decreasing incident beam intensity 

as depth in the ciystal increases. Both of these effects must be 

considered. Further, the potential energy of an electron in a sol id i s 

not well known, and this determines the nature of the individual 

scattering events. 

Theories have been developed that account for these effects and 
32 reproduce LEED data we l l . They require much effort in computation 

and have been applied to systems relatively sijiple from a chemist's 

point of view. These theories do not directly transform LEED data into 

surface structural parameters, but instead provide results based on 

assumed parameters that must be compared to.data. Good agreement of 

theory and experiment i s taken as support for a proposed structure, but 

there i s no assurance that another uncompared structure would agree 
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less well . The only surface structure of an adsorbed molecule solved 

to date i s acetylene on P t ( l l l ) . Application of rea l i s t i c LEED 

theories to systems as complex as molecular crystal surfaces w i l l be 

d i f f i cu l t . 

Another approach to LfcED surface crystallography involves 

separation of the multiply scattered contribution to the LEED data from 

the singly scattered component, the singly scattered or kinematic 

intensity can then be directly transformed into the surface structure 

as in x-ray diffraction. The separation of the multiply scattered data 

i s accomplished by suitably averaging large amounts of data so that the 

kinematic intensity i s enhanced and the multiply diffracted intensity 

i s averaged out. Such a data reduction scheme exchanges the effort 

in data analysis of the multiple diffraction calculations for a similar 

amount of effort in data acquisition. The data reduction or averaging 
34-36 method shows much promise. The amount of time necessary to col lect 

the data makes this method impractical i f the sample i s sensit ive to 

electron beam induced changes. 

In this work, the goal was to survey the surface properties of a ' 

large number of molecular crystal surfaces and adsorbed molecular mono

layers. Time was not available for a detailed LEED structure calcula

t ion, or for extensive intensity data col lect ion for each sample. 

Rather, the easi ly obtainable information about the geometry of the 

two dimensional surface unit mesh was used in conjunction with 

consideration of the experimental conditions as the experimental data. 

This data was combined with well known information about the structure 
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and chemical properties of the substrates and molecules to support 

models for the surface structure. Finally, the data obtained for the 

large number of samples was compared and used as empirical support for 

the conclusions of this thesis. 

2. Kinematic 1£ED Theory 

In this section a summary of useful results of the kinematic 

IEED theory will be given. As stated above, kinematic theory is not 

an exact description of the experiments, but in many cases the results 

of kinematic theory fit the data extremely well, and in other cases 

there is no more exact framework for interpretation of experimental data. 

The relation of LEED beam positions, intensities, and appearances 

to the two-dimensional surface net, the interatomic spacing in the 3rd 

dimension, the amplitude of surface vibrations, the structure in the 

u i i t cell , and the degree of order in the surface will be shown. The 

summary is largely taken from the review by Webb and Lagally, and 
37 

the book by Guinier. 

When an electron is incident upon an isolated spherical potential 

such as an atom, a scattered spherical wave is produced. The amplitude 

of the elastically scattered wave (A) is related to that of the incident 

wave (AjJ b / a factor f(6,E), the atomic scattering factor. 

A,, - exp i kj • r (2) 
exp (i k • r) 

A - «e,E) ^ = (3) 

Ik,,! - |k| - 2ir/X W 
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The atomic scattering factor gives the phase and amplitude of the 

electron wave of energy E scattered into the angle 6. A calculation 

of atomic scattering factors for LEED has been made by Fink, Martin, 
38 

and Somorjai. 
The amplitude of the wave scattered by an object consisting of an 

assemblage of scatterersis the sum of the amplitudes from each scatterer. 
object 

A® ' £ f^e.EJexp i(S • r ^ (5) 
i 

£ - £ - £o (°) 
The exponential factor is the phase difference over the path to and from 

the ith icatterer at position r . . 

Considering a continuous distribution of matter, this sun can be 

transformed into an integral. 

/
object 

f(r,6,E) e*p i(S • r)dr (7) 

I t will be convenient to further transform the integral to separate the 

effects of the atomic structure from the effect of the finite size of 

any scattering object. 
ID 

• / o(r) f̂  (£,6,E) exp i(S • r_)dr A(S) - I o(r) f„ (r,6,E) exp i(S • r)dr (8) 

o(r) , the form factor of the object is equal to 1 inside the object, 

and to 0 from outside the object. The amplitude scattered by an object 

is thus the fourier transform of the product of the form factor oCr) and 

f^Cr.e.E), the distribution of scattering power in a hypothetical 
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infinite scatterer with the sane atomic arrangement as the object. 

Invoking a well known property of fourier transforms, 

A@ - l(S) * 2 ® (9) 

I © ' /°Cr) exp i(S • r)dr (10) 
z © - /f„(r,6,EJ exp i(S • r)dr (11) 

The operation denoted by * is the convolution, or faltung operation 
defined as: 

f(x) • g(x) s /f(u) g(x-ii)du 
First the case of an infinite object will be considered. In this case 

c(r) « 1 for all r. 

l(S) - J I exp i(S • r)dr « <5(S) (12) 

S(S) is the Dirac delta function. 
A(S) - «(S) * Z(S) - Z(S) (13) 

/ f(r,6,E) exp i(S • r)dr (14) 

Diffraction from a crystal 

A crystal i s defined by a matter distribution that repeats i tself 

along every translation ,£_-_• 

2pqr " P2. + qb + r£ (15) 

and a., b_, and £ are the real space lattice vectors of the crystal. 

The structure of the repeating unit (the unit cell) is defined by a set 

of N atoms of atomic scattering factor f at position £i where 



-23-

jEi, - x„ a + y n b • 2 R c (165 

x, y, 2 are fractions. 

7he amplitude scattered by an infinite crystal is (Eq. 5} 

atoms 
A © • I *i exp i(S • r )̂ 

lattice unit cell 
- X X f exp i[S 

pqr n 
• (r 

-pq-
>Vi 

The two sums can be separated. 

unit cell lattice 
A(S) •= I !„ exp i(S • o ) X exP * ( s ' 

n ^ pqr 
lattice 

« F(S) X exp i(S • r ) 
pqr " W 

• r ) 
-pqr 

(18) 

unit cell 
FCS) 5 X f exp i(S • o ) 

n 
(19) 

The amplitude scattered by a crystal can be factored into a contribution 

dependent on the structure of the unit cel l , FCS) and a contribution 

arising from the translational properties of the lattice. The properties 

of FCS) will be considered later. 

Inserting the definition of the lattice vectors TL_ (Eq. 15) 

ACS) - F(S) I exp i[S • (pa. • qb + l£>] (20) 
Ptq.T 

This can be broken down into the product of three distinct sums 

involving a_, b_, and £. Each sun becomes a row of 6 functions with 

spacing determined by the requirement that 
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S • £ - Znh 

S • b - 2nk (21) 

S • c - 2*£ 

h, k, and * are integers. 

The amplitude has a value (an infinite value) only when these 

conditions are met, and these conditions can be stated in terms of a 

lattice in a space measured in (length) , the reciprocal lattice: 

S « ha + kb * + l c * $ * * 
2*(b«c) 
8'bxc 

c * , Mgxb) - (22) 

A(S) - F(S) 7 «(S - ^ j ) (23) 

Thus for an infinite crystal, the scattered amplitude has value 

only at points of the reciprocal lattice, and at £ » GKVI> the intensity 

is: , 
I(hkl) - |F(hkl)|Z (24) 

The implication of Eq. 22 can be understood in this Banner. 

For a given wave of wave vector K, incident upon a crystal, diffracted 

intensity will be found in the direction of k_ only i f 

k - k„ + G (25) 

The crystal lattice in real space and the reciprocal lattice have a 

symmetrical relationship. One performs a diffraction experiment to find 
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a - — - — , etc. (26) 
a*.(b*xc*) 

the reciprocal lattice vectors, and transforms them according to Eq. 26 
to determine the real space lattice vectors. The determination of the 
crystal unit cell is straightforward if the k_'s are known. 
The Inner Potential 

|kj depends on the wavelength of the radiation, and in LEED upon 
the er^rgy of the incident electron. The energy of an electron in 
vacuum is in general not equal to the energy of the electron in a 
crystal. For example, it requires an amount of energy equal to the work 
function in order to remove an electron from a solid. Thus electrons 
are accelerated into a solid as they approach the surface, that is, 
the electrons are refracted, and the wavelength changes. The opposite 
process occurs as the electron leaves the solid. The wavelength of an 
electron in the solid must be used to evaluate |kj. The inner potential 
VQ is defined as the average potential of an electron in a solid. 
It depends on the electron energy in general, however it is usuilly 
treated as a constant. 

E(vacuum) — • E + V n (solid) 

|k| (vacuum) •= (2mE) 1 / 2A « 2n L ^ j 

|k| (solid) - [2m(E+Vn)]1 / 2A - ZTT ( f ^ f ) (27) 

The value of the inner potential must be known to measure the crystal 

lattice in the direction perpendicular to the surface. 
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Vp e n be considered to be a complex energy. 

V0 * V 0r * * V oi W 

The imaginary part of the inner potential, V . adds an imaginary part 

to the electron wave vector which results in decay of the electron 

intensity as i t propagates through the crystal. This is a description 

of the short mean free paths of electron described earlier. (Section II-l) 

If the electron amplitude is attenuated by a fraction o for each 

length |gj into the crystal, the sum of Eq. 20 involving c. becomes 
« 
I a exp i (S • r c) 

r»0 

which is a geometric series equal to 

(1 + a 2 - 2a cos S • c ) _ 1 (29) 

This function '-<as a value at all values of S, and maxima at 

S • £ - 2irfi. (e. - integer) 

The maxima are in the positions determined in tie case of no 

attenuation. This factor is one cause for the variation of LEED beam 

intensity as E (and thus S) is changed. The decay of electron intensity 

into the crystal makes the third diffraction condition invalid. For 

LEED, Eq. 25 becomes:: 

1 "' ' (30) 
G, - h a* • k b* - G^ 

where the subscript • denotes the component of the vector parallel to 
the surface which contains the lattice vectors a and b. In the LEED 
experiment, each diffraction beam corresponds to a G. and is indexed 
by (h,k). 
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If other causes of structure in the plots of l(h,k) vs E 
(such as multiple scattering) are absent, the energy positions of 
maximum intensity can be used to measure the spacing of the planes 
parallel to the surface. The maxima are given by 

S • c - 2nl 

If £ is perpendicular to the surface and k^ makes an angle to the surface 
normal of 4u, 

Sx c x 2nl 

Because the electron is back scattered, 

S, - Ik, I + Ik^ | 

- ft* - tfV* • |kg - ^,1/2 
from Eq. (30) , 2 1/2 2 1/2 

where k 2 

v \150.4/ 
Since VQ accelerates the electron only perpendicular to the surface, 

the parallel component of £ is conserved. 
\l/2 /eV \ 1 / 2 

In the particular case of the specular beam (G. - 0) 

S i - 2 ( * 2 " ^ m 

and the intensity maxima are given by 

2[k2 - k 2 ] 1 / 2 c - 2rl 
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Inserting the appropriate expressions, 

e v . 1 S D- 4 I 2. . V 0 ,,,., 
VMAX ~~i 2 3 2 — * 3 2) 
"" * c^cos^g cos^ f l 

Thus a plot of E vs. an integer squared will give a line with slope 
-2 2 

proportional to c and intercept -V„/cos $„. In appropriate cases 
this allows the determination of the layer spacing at the surface. 
The Widths of Diffracted Beams 

The effect of the finite size of the crystal will be considered 
now. Eq. (9) showed that the scattered amplitude was the convolution 
of the Fourier transform of the object form factor and the scattered 
amplitude of a hypothetical infinite scatterer. For an infinite crystal, 
the scattered amplitude was shown to be appreciable only at a set of 
points in space. 

ACS) -y-l 6(S - G^) (23) 
hkl 

The amplitude scattered by a finite crystal is 

A © •*• * © *hL 6<£ - Sua) CSS) 
This is the sum of individual convolutions 

>v ' 7. 
hk 

I 

A © * l Z(S) * «(S - G,^) (34) 
hkl - -3*1 

E & " Sfld) (35) 
hkl ^ a 

The scattered amplitude is limited to a reciprocal space con

sisting of the function I(S) repeated at al l points (h,k,l) of the 

reciprocal lattice of the infinite crystal. 
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In two dimensions, as in LEED, this corresponds to the intro

duction of width in the plane parallel to the surface of the reciprocal 

lattice rods (h,k). Instead of beams of infinitesimal width corresponding 
1 0 ^1 " ' ^ 1 " *W • there is a range of S| near each reciprocal 

latt ice rod for which intensity is allowed. The range is given by the 

breadth of 1(8.), which is the Fourier transform of the shape of the 

object, or in ISO, of the planar shape of the diffracting region on 

the surface. 

If the diffracting region i s given by a parallelogram of sides 

L a and 1^ 

o(r) - 1 i f -L^.. L r a L L a / 2 (36) 

•B d 'hnL r b L Hn 
« 0 otherwise 

- exp i CS„ • r) dr (37) 

' L a / 2 ' ~h>/2 

^ ^ ^ (38) 

-a • • " A 
This function has a half width of 1/L. Using an Ewald construction 

(Fig. 2), one can calculate the relation of diffracted half-width A 

to crystal size L at normal incidence. 

U - «/|k| 

a-Jf i 
cos* 

A - r - ^ -
Ecos? (39) 
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This is the Scherrer equation. As seen from Fig. 2 the l£ED 

optics partially corrects for the cos* factor. 

Thus the larger the diffracting area, the smaller the LEED bear, 

width. The Scherrer equation is of l i t t le use i f the domain size is so 

small that the diffracted beams are not detectable, or so large that the 

equation.predicts a beam width smaller than that attainable by the 

instrument. The I£ED instrument is limited to producing a beam coherent 

over a range of 10 -105 A, and domain sizes larger than che instrumental 

coherence width produce beam widths characteristic of the coherence 
39 

width of the instrument. Measurements of beam widths from the instru
ment in this study gave an instrumental coherence width of ~ 30 A. 

It is possible for a surface structure to be well ordered in one 

dimension and poorly ordered, with small domain widths, in the orthogonal 

direction. In this case the diffracted beams are narrow in one direction, 

but elongated in the other. That i s , the beams appear as streaks. 

The Structure Factor 

In the two-dimensional 1EED case, the structure factor 

Eq. OS) becomes 

F(S () • J f n e x p i (Sj, • ô ) t«0) 

Sir.Ce 

SJ! « Cjj - ha * • 1** (30) 

F(hk) - I fn exp i [(ha* • kb*) • (^a • yvy 

Performing the dot product, 

FO*) • I f„ exp 21*0*,, • *yn) C«) 
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LEED 
Scr««n 

(-1,0) (0,0) 

THE SCHERRER EQUATION cot + 

Lew* 

XBL 771-4902 

Fig. 2. Ewald construction showing how the vddth ox the 
reciprocal lattice rods caused by finite domain size results 
in the Scherrer equation. The curvature of the LEED 
screen partially condensates for the cos $ term in the 
Scherrer equation. 

; 
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Since the intensity of a IEED beam depends on |F(hk)| , the beam 
intensities can be used to leam about the structure of the unit cell. 
There are other factors entering into the intensity expression such as 
that given by Eq. (29) and multiple scattering. A clear relation 
between intensities that is independent of E or 8 nay be due to the 
structure factor. 

Three particular cases are derived here, both for examples and 
because of their relevance to observations to be presented later, 
i) Centered Cell 
In this case there are two unlike scatterers per unit cell and one is 
in the center of the cell 

(XJ.YJ) - (0,0) 

(x 2,y 2) - (1/2,1/2) 

F(hk) - f x + f 2 exp i * (h + k) (42) 

if (h+k) is even F » f^ + f 2 

odd F - fj - f 2 

If the scattering powers of the scatterers are similar, beams with 
(h+k) even will be much brighter than beans with (h+k) odd. 
ii) Cell with glide line parallel to a 

For each scatterer at (x,y), "-here will be an equivalent scatterer at 
(x • 1/2, -y) because of the glide line. F(hk) will be a sum of 
terms like: 

fn {exp 2wi(hx+ky) • exp 2ni[h(x+l/2) - ky]) 

- [fn exp 2iri hx] [exp 2iti ky • exp 2ni(l/2h-ky)] 
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when k • 0, these terms become: 

fn exp 2 inhx [1 + exp inh] (43) 

[1 + exp iith] • 2 if h is even 

« 0 if h is odd 

Thus a glide line parallel to £ extinguishes all beams (h,0) if h is 
odd and similarly if the glide line is parallel to b_, all beams (0,k) 
where k is odd are extinguished. If the glide symmetry is present in 
the whole structure, substrate and surface, this result is true even in 

40 the case of multiple scattering. 
iii) TWo superimposed periodicities 
In this case, there is a large overall period, but the contents of the 
unit cell are also periodic, with a smaller period. Ihis can occur in 
I£ED when an overlayer comes into coincidence with the substrate after 
several overlayer periods, or in the case of regular arrays of steps 
on high Miller index surfaces. 

The result is that the overlayer beams characteristic of the large 
overall period are present, but modulated by the structure factor. 
If the period within one unit cell is characterized by vectors a_' and 
b_', there will be scatterers at positions a,«i 

pa' • qb ' a_* • a,a + a,b 
b' » bjia • bjb 

-N < p < K 
-N < q < N 
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There are (2N-1) scatterers per unit cell 

F(h,k) - I exp 2iri [hCpa^bJ + k(pa,+qb2)] (44) 
p.q 

This is similar to the equation for the amplitude scattered by a 

small crystal. As was seen in that case, the value of the function 

[in this case of F(hk)] is maximum when the quantities in parentheses 

are integers but the function has a breadth 1/N about these maxima. 

The result is that only the overlayer beams near the maxima of Ffh.Jc) 

have any intensity. For example, i f in one dimension the periodicity 

in the unit cell was 2/9 of the overall periodicity, only those over-

layer beams of index h where hC2/9) was near an integer would have 

appreciable intensity. These would be h « 0,4,5,9, etc. 

Diffraction from Imperfect Crystals 

To this point, equations have been given for the case of perfect 

crystals, that is crystals with each atom exactly at the positions 

defined in equations IS and 16. In real crystals there are two types 

of deviations from perfection. 

The first type of disorder is characterized by the existence of 

the ideal lattice of eq. 15, but with random deviations in the struc

ture of the unit cel l . Thes* deviations take the form of positional 

disorder, such as that caused by thermal motion, or the form of 

substitutional disorder such as the incorporation of an ixpurity atom 

into the lat t ice. In this first type 0 I " disorder, there i s no 

correlation of the deviation from eq. 16 in one unit cell with the 

deviation in any other unit ce l l , and long range order is disturbed 

no more than short range order. 



-35-

In a structure with disorder of the second type, there is a 

distribution of possible distances between any two neighbors. The 

magnitude of the deviations from the ideal spacing increases as the 

number of intermediate atoms increases. If the width of the distribu

tion of nearest neighbor spacings is large, the structure is amorphous; 

i f the width of the distribution of nearest neighbor spacings is zero, 

the crystal is perfect. Disorder of the second type destroys long 

range order. The two types of disorder have distinctly different 

effects on the diffraction patterns. 

Disorder can take other forms on surfaces also. One form of 

disorder results from registry degeneracy, the number of substrate 

lattice translations possible between monolayer structural domains, 

causing various phase relationships between waves scattered from 

different domains. Another form results from a random distribution 

of sizes of domains, causing the diffraction beams to spli t about the 

position expected from an infinite domain by a-i amount proportional 
43 to the inverse of the average domain sizs. 

The Temperature Dependence of 1EED Intensity 

A relevant example of the f irs t type of disorder i s that 

introduced by vibrations of the crystal surface. As the number of 

phonons excited uicreases with temperature, the extent of the disorder 

and thus the diffraction pattern shows a temperature dependence. 

To a first approximation, the vibrational motion can be described as 

isotropic deviations from the ideal lattice positions. The deviations 
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can be described by adding an instantaneous displacement JJ_ to the 

positicn of each atom as defined in eq. 16. The structure factor 

(eq. 19) becomes 
F @ - I f„ exp i S - ^ n ^ ) (45) 

n 
Again assuming al l atoms are similar, 

|H(S)| 2 * If I 2 I I e*P i S - C P ^ U ^ - U J (46) 

n m 

Because the motion of the atoms is rapid on the time scale of the 

measurer, i t , the thermal average is required 
F(S) 2= |F Q (S) | 2 I (exp[iS • (u-u_)]> (47) 

n,m 
2 

|F 0(S)| is the square of the structure factor of a crystal with 

motionless atoms as described by Eq. (19). Using the assumption that 

the vibrational amplitudes are small and isotropic 

F(S)2 - |F 0 (S) | 2 exp - 2M (4S) 

2M is the Debye-Waller factor. 

2M-<(S-u) 2> (49) 

In the high temperature limit of the Debye model, 

_ , . 12h2T /eVsin 2A , „ , 

The result of thermal disorder is to decrease the intensity of the 

diff/acted beams by a factor exponentially dependent on the magnitude 

of the scattering vector |£ | , and the temperature of the solid. 

In the I£ED experiments, for a given diffracted beam (h,k), the 
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in tens i ty w i l l f a l l vdth increasing beam energy as |Sj i s proportional 

t o E 1 ' 2 . 

The Dsbye-Waller factor i s a number and has no effect on the 

angular d i s t r ibu t ion of in t ens i ty . Thus the temperature does not 

change the width of diffract ion beams. The in tens i ty los t to the 

diffracted beams shows up in the background of the pat tern and i n 
44 thermal diffuse sca t te r ing around the beams. 

The Debye-Waller factor has been used to measure the average 

vibrat ional displacements of surface atoms, and effect ive Debye 

temperatures a t surfaces. Surface Dsbye temperatures have been found 
45 to be 1.4-2.0 times the bulk Debye temperature. 

For any ĝ  leral disorder of the f i r s t type a s imilar dependence 
2 

on exp - <(£ • u) ) w i l l be found and diffracted beam in tens i ty 

wi l l decrease with | S | . 

Itefects in Long Range Order 

Disorder of the second type can be thought to a r i s e from 

imperfectly building a c rys ta l by placing neighbors only approximately 

a l a t t i c e spacing apar t . This type of disorder has been found in 

molecular c rys ta l s in x-ray di f f ract ion s tud ies and a l so t h i s type 

of disorder i s apparent in LEED s tudies of molecular c r y s t a l s . 

The effect of disorder of the second type on a diffract ion 

pat tern can be seen by considering a one dimensional model in which 

the average l a t t i c e spacing i s a, with a Gaussian d i s t r ibu t ion of 

nearest neighbor distances of width A. I f h(x) i s the neares t 

neighbor distance d is t r ibu t ion function, then the nth neighbor 

distance d is t r ibut ion i s 
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hnCx) * h(x) * . . . * h(x) (n times) (51) 

The crystal is now made of an overall distribution of matter with 

respect to a given atom at x. For the case of a roonatomic imperfect 

crystal with atomic scattering factor f, the distribution of 

scattering power is 

f(x) = ff(*fx) + I h M + I h n(-x)] (52) 
n n 

The diffracted amplitude is given by Eq. (9) 

A(S) = z(& * 2(S) (9) 
For the assumed Gaussian distribution, Eq. (11) gives: 

f O P 2 ) 
Z(s) = —2 

1+p -2pcos27isa 
p = exp(-2ir2s2A2) (53) 

At small values of p, the result of large values of s and A, 

Z(s) approaches unity, and diffraction is uniform with s. For crystals 

with this type of disorder then, diffraction features observed at 

large |£| become broadened and dim. The specular beam, S.. = 0, 

remains relative sharp, broadened only by £(S), the result of the finite 

size of the diffraction area. Beams in the diffraction pattern 

become progressively broader and weaker farther from the specular 

beam. 

|Sj depends on the energy, aid disorder of the second type 

results in a decrease of intensity with energy. The 1EED pattern from 

a crystal with this type of imperfection fades into a background at 
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high voltages, with the only variation of intensity due to angular 

structure in F(e,EJ , the square of the structure factor of the 

average unit cel l . 

3. LEED Practice 

The LEED experiments were performed with a Varian 4-grid post-

acceleration display LEED optics (Model # 981-0127). Typically the 
-7 2 

incident beam current was 5*10 A focused in a 1 urn beam. 

The operation of the LEED optics is as follows (Fig. 3). 

The electron beam is accelerated onto the sample through a potential 

E. A fraction of the electrons is elastically scattered back towards 

the grids of the LEED optics. The crystal and first grid are grounded 

to allow the electrons to propagate through field fciee space. The 

second and third grids are at the same potential, slightly positive of 

the cathode potential, E, to efficiently repel inelastically scattered 

electrons. The fourth grid is again grounded to shield the suppressor 

grids from the ~ S kV positive potential of the phosphorescent display 

screen. The angular distribution of the elastically scattered 

electrons is viewed and photographed through the window. 

The patterns were viewed during experiments and the observations 

recorded. I t was found that direct observation was nore sensitive tc 

weak features or subtle changes in the patterns than photography. 

Direct observation is also more prone to subjective bias than 

photography. 
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Electrical Feed-Thru Crystal Manipulator 

View Port 

Fig. 3. Schematic diagram of a LEED apparatus. 
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Photography of the pat terns was necessary for measurements of 

the reciprocal net dimensions. Because of the s ens i t i v i t y of 

molecules to e lectron iTTadiation, photographic exposure times were 

made as short as possible through the use of a large lens and fast 

film. The camera used was a Canon model 7 with a 50 mm f0.95 lens . 

Eastman Kodak TRI-X film was used and developed in Acufine photographic 

developer for a speed of ASA 1600. Typical exposures were 5 sec . at 

fD.9S. Shorter exposures were used for monolayer pat terns of good 

qual i ty and longer exposures were necessar/ to record some mult i layer 

LEED p a t t e r - s . A close up lens (Tiffen + 2) was used to allow 

posit ioning the camera near the chamber. 

The determination of the surface reciprocal net and real space 

net was made by f i r s t determining the shape and or ien ta t ion of the 

reciprocal unit mesh, measuring the length of the net vec tors , and 

f ina l ly transforming the reciprocal mesh to a real space mesh. 

The shape and or ienta t ion of the reciprocal net was found by 

inspection of the I£ED photographs. The process i s much eas i e r to 

describe than perform, because of the presence of diffract ion features 

from domains oriented in several equivalent azimuthal d i rec t ions . 

Tne most general approach to solving a 13ED pa t te rn i s to f i r s t find 

an evenly spaced row of beams that includes the specular beam, then 

search for a row of the same spacing p a r a l l e l t o the f i r s t . The 

t rans la t ion between beams of the rows i s the f i r s t net vector and 
46 the t rans la t ion to the p a r a l l e l row i s the second net vector . 

A pat tern may then be constructed from t h i s ne t present in a l l 

equivalent domains and compared to the experimental IEED pa t t e rn . 
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structure of the metal. The curvature of the LEED optics causes a 
distortion of the pattern if it is viewed from a finite distance. 
This distortion takes the form of an apparent amplification of the 
distance of a point from the LEED screen center. The amplification 
increases with distance from the LEED screen center. This distortion has 
been corrected according to the Varian LEED Instruction Manual. The 
effect of the beam voltage on the size of the pattem is corrected by the 
miltiplication of the measured length by a factor proportional to 

The diffraction condition is 

*ii " k a i + Ghk 
(30) 

If • and $Q are the angles of Jĉ  and kg from the surface normal, 
\ * T c o s * 

Gtf. ' ^ [cos*-cos*0) (54) 

(eVJ^tcos^-cos*,.] 
2ii(150.4) T7T- " 1̂ *1 

(5S) 

The measured distance between diffracted beams i s proportional 

to [cos$-cos$Q]. The distance must be multiplied by to find |Cjj.|. 

Prom 5-30 measurements of each |Gj.| were made, corrected as 

above, and averaged to evaluate the magnitude of the reciprocal net 

vectors. These were then inverted along with the substrate reciprocal 

net vectors to find the real space unit mesh according to Eq. (26). 

Cartesian coordinates were used to define the net vectors, as confusion 

ray be encountered i f non-normal coordinate axes are used. 
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Agreement of spot pos i t ions i s taken as proof tha t the reciprocal net 

has been found. I t i s not necessary that a l l beams in the constructed 

pa t te rn be observed in the experiment, as the number of observed 

beains great ly exceeds the number of parameters necessary to describe 

the pa t t e rn . However i f a re la ted se t of beams i s not observed, or i f 

a large number of beams are predicted but not observed, then the 

pa t te rn must be re-evaluated. 

This process generally r e su l t s in a unique determination of the 

reciprocal ne t . This statement i s based on experience, as there i s 

no theorem tha t guarantees uniqueness of a determination. The exception 

to the rule that a unique surface net can be found from a 1EED pat tern 

i s in the case of a hexagonal overlayer net on a subst ra te of hexagonal 

s>iimetry. TWo reciprocal nets present in a l l equivalent or ientat ions 

can explain th i s pa t t e rn . One has a hexagonal reciprocal unit mesh, 

the other i s rectangular with one side equal to the length of the 
47 f i r s t hexagonal mesh vector and the other s ide S5 times t h i s length. 

This case has been encountered several times in t h i s work, and should 

be kept in mind during subsequent discussion of experimental r e s u l t s . 

After the shape and or ien ta t ions of the net have been determined, 

the length of the reciprocal net i s measured from the IEED photographs. 

A measurement of the distance between LEED beams must be corrected 

for the magnification of the photograph, the d i s to r t ion from the 

curved screen, and the electron wavelengths. The overal l magnification 

i s determined from the measurements of the subs t ra te beams, whose 

posi t ion i s assumed to be exactly that determined by the crys ta l 
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Errors 

As an estimate of the uncertainty in the surface mesh dimensions 

determined in this work, the standard deviations of the measurements 

were evaluated. These were usually on the order of 24 for monolayers 

and 5% for multilayers. These correspond to the same percentage 

uncertainties in the sizes of real space surface unit meshes. 

In certain cases, the errors were much smaller than those estimated 

from the usual : ndard deviations of the measurements. When a mono

layer structure was in good registry with the substrate la t t ice , the 

overlayer net vectors were simply and directly related to the substrate 

net vectors, so there was no additional uncertainty in the vectors 

beyond the uncertainty in the substrate vectors. In other cases an 

overlayer diffraction beam was near a substrate beam, si-rh as in 

Figs. 7, 8 and 64, and the overlayer net vector could be determined 

fairly precisely. 

Notation 

Adsorbate surface unit meshes can be defined with respect to the 
49 substrate unit mesh using a matrix notation. If a^ and a 2 are 

substrate mesh vectors, the adsorbate mesh vectors can be described as 

bj - bjjBj + b ^ , bj - b 2 1 aj • b^aj . 

and the adsorbate structure by 

b l l b12 

b 21 b22 
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a, and a , are chosen to be separated by 120° on the fee (111) surfaces. 

I f the overlayer unit mesh vectors are separated by the same angle as 

the subst ra te unit mesh vectors , another notation may be used.. I f 

I b . l " m | a . | and j b 2 | « .1 \&2.\> * e s t ruc tu re i s ca l led (m x n ) . 

I f the overlayer vectors are ro ta ted by some angle 6 from the subst ra te 

vectors , the notation i s amended to be (m x n) R B". Final ly , a 
50 centered overlayer net i s indicated by a " c " preceding the no r i t i on . 

Both types of notation are used iji t h i s t h e s i s . 

4. Auger Spectroscopy 

Auger Electron Spectroscopy (AES) was used to evaluate the 

composition 01 the surface region of the samples. The theory and 

p rac t i ce of AES i s well described in several reviews, and wi l l be 

discussed here but b r i e f l y . 

Auger electrons are emitted with a c h a r a c t e r i s t i c energy from 

excited atoms. The process of t h e i r emission i s : 1) a vacancy i s 

created in a core level of energy E , , 2) an e lect ron from a higher 

leve l of energy E, f a l l s in to the core ho l e , 3) to conserve energy, 

another electron from energy level E , i s emitted i n to vacuum with 

k ine t i c energy K.E • (E.-E,) - CE3**) i f energies are measured from 

the Fermi level and * i s the work function. The k ine t i c energy of the 

Auger electron i s cha rac te r i s t i c of the sample, and usually of a 

pa r t i cu l a r atom, as the core levels of atoms are l i t t l e perturbed by 

the atomic environment. 
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Fig. 4. Schematic diagram of the experimental chamber used in this work. 
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AES is surface sensitive for the same reason as LEED, the low 

inelastic mean free path of electrons in matter. In the present use, 

and customarily, the core holes are created by bombardment with 1-2 

keV electrons, which have attenuation lengths of 50 A (see Fig. 1). 

The Auger electrons are of lower energy and have shorter attenuation 

lengths. 

The LEED optics were used as an electron energy analyzer in the 
52 manner described by Weber and Peria. The glancing incidence exciting 

electron gun was operated typically at 2 kV with 5x10" A in a 0.1 an 

beam. 

Attempts were made to perform AES from the surfaces of molecular 

crystals, but these were largely unsuccessful. The oxygen K1L peak 

of an ice sample was found to change position by ~ lOeV during measure

ment, probably as the result of sample charging. The peak intensity 

also decreased rapidly as water was removed from the sample. Organic 

samples decomposed rapidly under the exciting beam. 

5. The Apparatus 

Surface studies must be performed under ultra-high vacuum 

conditions in order to prevent contamination of the experimental 

surface by adsorption of background gases. The experiments of this 

thesis were performed in a Varian Model 240 LEED system, a stainless 

steel , ion pumped chamber. The commercial chamber was modified by 

addition of a Titanium sublimation pump, a 240 1/sec Varian Vac-Ion 
53 pump and a rotatable gas inlet needle, as described by Gland. The 
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chamber was fitted with a low temperature sample manipulator for the 
present study. The chaiber is illustrated schematically in figure 4. 
The background pressure of the system was typically 1 x 10 torr. 

Evaporated titanium serves as an efficient getter for certain 
vacuum chamber background gases, notably 00 and 0,. A fresh surface 
of Ti was always prepared prior to an experiment. The large ion pump 
was connected to the chamber through a 5 inch elbow of approximately 16 
inch length to somewhat limit the conductance between the chamber and 
the pump. In this way, any reactive molecular fragments produced in 
the ion pump would necessarily suffer several collisions with the 
chamber walls before entering the sample area and be either adsorbed 

or transformed to a less reactive specie. Backstreaming of hydrocarbon 
54 fragments and hydrogen is a problem in ion pumped vacuum systems. 

The molecular samples were introduced into the chamber through 
a 22 gauge needle located l.S cm from the substrate crystal surface, 
rotatable in a plane perpendicular to the substrate surface. The 
molecules would first collide with the substrate, and the partial 
pressure of the molecules at the substrate was a factor of -10 higher 
than the background pressure measured with the ion gauge. This estimate 
of the pressure at the substrate surface is based on the rate of increase 
of the thickness of deposited films of molecules. This method of sample 
introduction decreased the contamination of the sample by background gases. 
The distribution of molecular flux at the substrate surface was not 
uniform, however. The highest flux was directly in front of the needle, 
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and the width of the distribution at half-maximum was S * 1 mm. The 

flux of molecules was made more uniform by directing the needle at 

the substrate at a low angle of incidence. 

The sample was mounted on a manipulator that allowed rotation 

of the sample, translation along the axis of rotation, t i l t ing of the 

axis, cooling of the sample to 90K and heating to 1300K. The 

manipulator was constructed of a commercial rotary motion feed 

through mounted on a flexible metal bellows. Kbunted on the shaft of 

the manipulator was a hollow copper block 3 c m x 2 c m x l . 5 c m . Two 

1/8 inch o.d. stainless steel tubes were brazed to the block for 

passing liquid nitrogen through the hollow block. The tubes were coiled 

about the shaft of the manipulator to allow 200° of rotation of the block 

and about 0.8 inches of translation. 

Two 1 inch metal bars were bolted through holes drilled in a 

projection of the copper block. Che of the bars was electrically 

insulated from the block by use of alumina spacers. The platinum and 

silver crystals were attached to the bars. In the case of platimn, 

the bars were of high purity platinun and the crystal was spot-welded 

directly to the bars. Silver does not spot-weld easily. The silver 

crystal was mechanically held on a tantalum foil sheet with tantalum 

strips spot-welded over the edges of the crystal face. The 

tantalum foil was spot-welded to the tantalum bars. 
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The samples were heated with half-wave rectified alternating 
current passed directly through the platinum crystal or the sheet 
upon which the silver crystal was mounted. During the half cycle 
in which current was flowing, the suppressor grids of the LEED optics 
were biased more negative than the cathode to repel all scattered 
electrons. Distortions of the l.FFD pattern by fields resulting fras 
heating current were not observed in this way. The LEED pattern was 
viewed during the half cycle in which no current was flowing. 

Liquid nitrogen was forced through the tubing of the manipulator 
from a dewar under a pressure of 25 psi. This pressure was necessary 
to insure adequate flow of liquid nitrogen. A large heat leak to the 
sample was the copper braid heating leads which were bolted to the 
sample support bars. This heat leak was minimized by cooling the 3/8 
inch copper bars of the heating current feed-throughs with liquid 
nitrogen outside of the chamber. No damage to the metal-ceramic 
seals of the feed-throughs was observed after repeated coolings of 
the feed-throughs. 

7he temperature of the substrate was measured with a Chromel-Alumel 
thermocouple spot-welded directly to the back of the platinum cr/stal or 
the tantalum foil supporting the silver crystal. The temperature could 
be measured precisely to within a degree, but the teuperature fluctuated 
on a time scale of tens of seconds over a range of about 5 degrees. The 
tenperatures reported in this thesis are estimated to be accurate to 
±5 degrees. 
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6. The Samples 

Metal Single Crystals 
The platinum and silver (111) single crystal substrates were 

prepared outside of the chamber and cleaned inside the chamber by 
standard means. 
Platinum (111) 

Two separate Pt(lll) single crystal surfaces were prepared by 
the same methods, and identical results were obtained on each. The 
crystals (Materials Research Corp.) were oriented by back reflection 
Laue x-i^y diffraction to il° and spark cut. The surfaces were polished 
with successively finer emery paper ending with 4/0 grade. The crystals 
were then polished on a rotating disc impregnated with 1 micron 
diamond paste. The final polish was with .05 micron alumina on 
a SyntTOn. The alignment was checked after polishing and the crystals 
were reoriented and repolished if necessary. The crystals were etched 
for five minutes in boiling aqua regia (50* H,0, 37t HC1, 134 HNO,). 

Calcium and carbon were found to be the major ijipurities on the 
surface of platinum. The calcium was removed by a combination of 
argon ion sputtering and heating in 10" torr of oxygen to 1700K for 
48 hours followed by heating to 1800K in vacuum briefly. Carbon was 
removed initially by 24 hours of heating to 1300K in 10 torr of 
oxygen and a subsequent heating in vacuum. Carbon returned to the 
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crystal surface from the cracking of carbon containing molecules on 
the surface during experiments, upon heatjig, surface carbon formed 
a graphitic structure with a characteristic ring-like LEED pattern 
(fig. 102). This superficial carbon was removed by heating for 30 
minutes in oxygen followed by briefly heating in vacuum. The Auger 
spectrum of the crystal after this treatment showed the presence of 
no elements other than platinum and occasionally carbon in an amount 
less than S% of a monolayer. This small amount of carbon had no 
noticeable effect on the adsorption experiments. 
Silver (111) 

The Ag(lll) single crystal surface was prepared from a single 
crystal rod purchased from Materials Research Corp. The preparation 
outside of the chamber was similar to that described for the platinum 
sample except that the final polishing was with the 1 micron diamond 
paste. 

The crystal was etched first in dilute HNCL, then in NH.CH/rL0_. 
The surface was cleaned inside the vacuum chamber by heating and 

argon i-n sputtering. The possible contaminants observed were sulfur 
and carbon. The presence of these elements on the silver surface was 
not definitely observed as sulfur was only observed when the exciting 
electron beam was partially incident upon the tantalum supports, and 
the carbon KLL Auger peak is nearly coincident with a silver auger peak 
at 260eV, preventing resolution of the carbon peak. Whether the sulfur 
was on the Ta or Ag surface, it was removed by argon ion sputtering. 

http://NH.CH/rL0_
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Heating of the crystal to 960K caused the crystal to return to a 
reproducible state of cleanliness. The Auger spectrum of this state 

57 compared favorably with published spectra of clean silver. 
Selected properties of the platinum and silver substrates are 

given in Table II-l. Figure 5 shows some important crystallographic 
directions in an fee(111) surface. 
Molecular Samples 

The molecular samples were purchased from commercial suppliers. 
The molecules, suppliers, and vapor pressure equations are listed in 
Table II-2, and the crystal structures in Table 11-3. 

The liquid and solid samples were degassed by repeatedly 
heating and freezing and pumping upon their-. The samples that were 
gaseous at room temperature were used as supplied. 

7. Experimental Procedures 

The experiments were performed following a fairly routine procedure. 
The crystal was first cleaned, the molecular sample was admitted to the 
chamber, and the resulting I£ED patterns were observed. 

The metal single crystal substrates were cleaned as described above 
before each experiment. The molecular samples were admitted in two ways, 
either as doses of a given pressure for a given tine, or continuously. 
Interrupting the molecular flux allowed preservation of a coverage 
dependent monolayer structure, or it prevented a multilayer sample from 
growing in thickness. An incident molecular flux of 10 molecules 

-2 -1 
cm sec was found to be convenient for most of the experiments of 
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CRYSTALL06RAPHIC DIRECTIONS 
IN THE fee (III) SURFACE 

f4l5j 
XBL77H4903 

Fig. 5. Diagram showing the principle directions in i'.,e (111) plane 
of an fee metal. Tne fee lattice vectors are shown for 
reference. The lengths of the vectors in the fill) plane 
are one-half of the proper lengths. 
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Table II-l. Selected properties of Platinum and Silver 

Platinum Silver 
o 

Interatomic Distance (A) 300K 2.77 2.89 
90K 2.77 2.88 

Malting Point (K) 2043 1234 
Valence Electron Configuration 5d 6s 4d 5s' 
(free atom) 
Work Function (eV) 5.4 4.7 

(ref. 78) 



Table f 1-2. Sources and vapor pressures of molecular smiles 

Hilecula Surlier Purity Vapor Pressure 

10f l cP(torr) • A -B/[T(C CI 
A B C ftange K tof 

H20 faTleco P>l07ll-a« 10.431 2668.7 0 173-273 (5») 

• " j 
rktneson Gas 99.991 10.006 1630.7 0 177-195 (59) 

Naphthalene J.T. Baker "Baker Analyzed" 7.011 1733.7 71.J (60)« 

Benzene J.T.B. 99»» 9.106 188S.9 29.0 (60)* 
n-Octene Mathtson, 

Caleean 1 Bell 99*1 6.924 13SS.« 63.6 (60) 

n-Heptsne M.C.B. 99»t 6.902 1268.1 56.3 (»0) 

n-Hexane J.T.B. 99.1 6.I7B 1171.5 48.8 (60) 

n-Pentane H.C.B. 99.1 6.B76 107S.B 39.9 (60) 

n-Butane tatheson Gas 99.51 6.809 93S.9 34.4 (60) 

Propane Matheson Gas 99. St 6.804 803.8 26.2 (60) 

Cyclohexane H.C.B. 99>l 6.841 1201.5 50.5 (60)* 

Trzoxane H.C.B. 7.819 17JS.2 26.0 330-390 (5!) 

Acetic Acid Malllnkrodt 99.71 7.588 1S33.3 50.8 300-400 (61)* 

Propionic Acid Eastern 991 6.403 950.2 142.8 330-410 (61) 
Methanol H.C.B. 99«t 8.081 1S82.3 33.4 290-360 (61) 

Msthyleaiiie Hatheson Gas 9SI 7.337 1011.5 39.9 190-267 (61) 

* alternate values for solid-vapor equilibria are given in ref. 101 



T«Mt II-S. tttlnculir cryttil strictures 

Mll«CUla Snaca Group Ihlt 
5yafc«l a 

O i l DuM»ions(A 
b C O 

o r d o f . ) MDlwCTilea/Cell TaapercturedO 
8 > 2 

add i t ions o f 
s t a b i l i t y 

aafcranca 

HjO 1 KJmc 4.41 7.31 UO 90 4 98 (62) 

'c 

HI, 

FI3a 

" l 5 

6.35 

S M I 

90 

90 . 
143 

77 

Reposition I ran 
vapor 130-150 

(62) 

(6!) 

tavMhalena P2,/a 1.235 6.003 1.656 90 122.9 90 i (64) 

I M l M t net 7.39 1.42 l . i l 90 90 w 138 (65) 

n-Octana ri 4.22 4.79 11.02 94.7 84.3 105.1 190 (66,67) 

H I V H pi 4.11 4.71 20.17 93.9 9S.0 I0S.4 (61) 

a - M u r a pi 4.1? 4.70 1.57 Ba.S 17.2 105.0 160 (69) 

n - h M n t noi 4.10 •.076 14.16 90 90 90 190 (66,70) 

cylohaiana 1 IWa 1.61 90 195 T>186 (71) 

I I C2/c 11.22 6.44 1.20 90 101.1 90 US T<I86 (71) 

Trloiaaa Ilk 9.395 1.550 120 90 5 300 (72) 

fcatlc AcU PlWlj IJ.23 3.96 S.76 90 90 90 13: (73) 

Propionic Acid P2,/c 4.07 9.04 11.0 90 91 50 1 138 (74) 

r M h a n l O n ».<3 7.24 4.67 90 90 90 160 T>1S8 (75) 

P2,fa 4.SS 4.69 4.91 90 90 90 2 110 T'151 (75) 

MrtfcrlMlM PcA S.7S 6.11 13.61 90 90 90 • 170 T>I01 (76) 

Peat 5.7! 6.11 13.51 90 90 9v 1 I I 7<101 (76) 
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this thesis. Continuous exposure to a flux in this range allowed the 
monolayer surface to come to a form of equilibrium with an effective 
pressure in the 10 torr range. This flux also gave a convenient 
multilayer growth rate of '-SOA/min. Because the samples were admitted 

14 -2 -1 
through a needle directed at the surface, 10 molecules cm sec is 
one order of magnitude higher than the molecular flux corresponding to 
the pressure measured in the chamber during the experiments, and two 
orders of magnitude higher than the flux corresponding to the system 
base pressure. 

Initial experiments for all of the pairs of molecules and substrates 
were performed by slowly cooling the substrate in the molecular flux 
from room temperature. Cooling to the lowest attainable temperatures 
took ten minutes from room temperature. Subsequent experiments were 
performed by first cooling the sample to a desired temperature, then 
admitting the molecular sample. Often, rapid and slow cooling of the 
platinum substrate gave different results. 

The T.ETO pattern of the sample was viewed frequently during the 
experiment, but for short durations to decrease the amount of damage 
to the sample caused by the LEED beam. Photographs were taken whenever 
a new pattern was observed. The best quality of these photographs are 
included in the results.Chapter III. The rate of damage of the sample 
surface was noted by recording the electron beam exposure necessary to 
obliterate or substantially degrade the LEED pattern. The recorded 
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rates i . e subject to the observer's bias . The conditions under which 

the surfaces of multilayers developed obvious surface charging were 

also recorded. 

The thickness of the prepared molecular multilayers was measured 

at the end of a series of observations. The shape and colors of the 

optical interference pattern were observed with a tungsten filament 

lamp and recorded. The observations were converted to approximate 
77 thicknesses using a chart to convert to optical thickness, and 

78 handbook values of the refractive index. This method has been 
77 shown to be quite accurate {to about 5%) under controlled conditions. 

Because the variation of overlayer thickness across the substrate was 

much larger than t h i s , and i t was di f f icult to precisely position the 

LEED beam on the sample, the thickness measurements reported here are 

considered to be accurate to ±504. Optical interference i s not 

observable in films of l e ss than 1000A thickness. The thickness of 

films of l e ss than 1000A was estimated by allowing the film to grow, 

measuring the film thickness at a later time, and extrapolating 

back to the thickness at the earl ier time. This procedure also allows 

the determination of incident vapor flux i f the vapor sticking coefficient 

i s assumed. 

It is difficult to measure the amount of material adsorbed on 
a surface if the amount is in the monolayer range. A practical 
definition of the coverage corresponding to a monolayer was taken in 
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this study. A monolayer is taken to be enough material to cause changes 
in the I.EEP pattern. The substrate diffraction beams are clearly visible 
at incident electron energies less than 100 eV when a monolayer is 
adsorbed. A monolayer is the amount adsorbed at any temperature above 
the temperature at which thick layers grow. The last part of the assumed 
definition of monolayer coverage ignores the possibility of multilayer 
adsorption, and instances where multilayers have adsorbed at temperatures 
higher than that necessary for thick layer growth may have been observed 
in a narrow temperature range above the thick layer growth temperature. 

The molecular samples were susceptible to alteration by exposure 
to the LEED beam. After such damage, a~fresh s "pie surface could be 
observed by merely . ' - the ~lmm LEED beam to another portion of the 

2 -lcm substrate. 
At some thickness, multilayers of molecular crystals would charge 

electrically under the LEED beam, prevanting observation. These samples 
could be evaporated by raising the temperature, and the sample could then 
be regrown for further observation. Monolayer structures could often be 
removed by a short period of heating, leaving the substrate partially con
taminated. Experiments performed on these surfaces often gave results 
identical to those found on the prepared clean surfaces. However, after 
several periods of heating, the platinum (111) crystal LEED pattern de
veloped a graphitic ring structure, indicating carbon substantially con
taminated the surface. Experiments were also performed on these graphite 
covered surfaces, giving substantially different results. Silver (111) is 
cleaned mainly by heating, so the experiments on this substrate could bi 

repeated almost indefinitely if the crystal is heated between experiments. 
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flie results of the Fi: (111) experiments were found to be very dependent 

on the preparation of the plztinum surface. These experiments were 

repeated, starting from a cleaned substrate, from 2-10 times, depending 

on the coroolexity of the results. The silver substrate was found to 

be contaminated only slowly during the experiments. Each adsorption and 

condensation on silver was repeated several times during one experimental 

session. 



I I I . RESULTS AND DISCUSSION 

The experimental r e su l t s are presented in t h i s chapter along with 

individual discussions of the r e s u l t s . This chapter i s divided into six 

sect ions , each s '- . t ion dealing with usually a pa i r of re la ted molecules. 

The sections consist of the resu l t s of the adsorption and condensation 

of one of the pa i r of molecules on P t ( l l l ) and AgClll) , a discussion of 

these r e s u l t s , the r e su l t s for the other of the pa i r and a discussion, 

and f ina l ly a comparison of the resu l t s obtained for the two molecules. 

The discussions in the chapter consist of: 1) comparisons of mult i

layer surface nets to the reported crystal s t ruc tures of the condensed 

molecules; 2) comparisons of monolayer nets to the known size and 

geometry of the molecule, keeping in mind the physical and chemical 

propert ies of the adsorbate; 3) variously re la t ing the multi layer and 

monolayer s t ruc tures to each other , the growth condit ions, and other 

experimental var iab les ; 4) any other points considered worthy of 

discussion. 

1. Ice and Ammonia 

a. Ice 

Ice on P t q i l ) 

When water i s deposited on the clean and ordered P t ( l l l ) substrate 

in the temperature range of 125-155K from a flux of 10 - 10 molecules 
-2 -1 1 3 

an sec t o a thickness of 10 - 10 A, the di f f ract ion pat tern shown in 

Figure 6 i s obtained. The pat tern consists of a hexagonal array of 

diffuse spo ts , with the spacing between them ~ A / 3 times the spacing 

between the P t ( l l l ) features . The ice pat tern i s rota ted 30° from the 
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Pt(lll) pattern. 
At the onset of the experiment, the Pt(lll) diffraction spots are 

sharp, in distinct contrast to the more diffuse new spots that develop 
as the ice film grows. The diffraction pattern at this point is nearly 
Pt(lll) - ( v T x •/JjRSO0 -H 20. However, as can be seen in Fig. 7, the 
second set of ice diffraction features lies 6% farther from the (0,0) 
beam than the sharp, first order Pt(lll) features. As the deposition of 
water coitinues, all diffraction features become diffuse (Fig. 6). The 
diffraction pattern is due to a hexagonal surface mesh, of 4.51 dimension. 

The diffraction pattern that can be attributed to the ordered ice 
crystal surface persisted as the ice film grew to a thickness of greater 
than lOOOX, as measured by optical interference. As the ice thickness 
increased, the l.FEn pattern deteriorated. The diffraction spots grew 
more diffuse, and eventually disappeared into the increasingly bright 
background at a thickness around lOOOX. Also, at somewhat greater thick
ness the ice surface charges up rapidly in the electron beam, and the 
space charge obliterates all of the diffraction features. 

At temperatures above 1SSK, film growth does not take place under 
our conditions of vapor flux, and the Pt(lll) diffraction pattern remains 
unchanged. At temperatures below 125K the Pt(lll) diffraction spots 
gradually decrease in intensity and ultimately disappear into a bright, 
uniform background indicating the deposition of a thick disordered ice 
layer on the metal surface. Within a range of 10 -10 molecules cm" 
sec" , there appears to be no dependence of the quality of the diffraction 
pattern on incident flux. Also, the temperature range for ordering did 
not change markedly with flux. 
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Hectron beam exposure produced little change in the diffraction 
pattern. Prolonged exposure (minutes, with beam current density of 10" 
A cm to a thin film (<100A) at beam energies greater than 80 eV can 
remove the ice diffraction pattern and the Pt diffraction features become 
visible again. Subsequent exposure of the beam damaged area to water 
vapor caused the ice diffraction pattern to reappear. With low beam 
energies (10-60 eV)> short exposures of a thick film to the electron 
beam produced no noticeable change in the diffraction pattern. 

Ice on Ag(lll) 
The results of water vapor deposition on AG(lll) are almost the 

same as the results observed by water deposition on Pt(lll). A diffuse 
hexagonal diffraction pattern corresponding to a 4.5A hexagonal surface 
mesh is observed from the sample after exposure to water vapor at 120-155K. 
LEED presents no evidence of" water vapor adsorption above 15SK. Deposition 
below 120K results in an amorphous surface, as determined by LEED. The 
surface behavior observed with increased thickness and under electron 
irradiation was also the same as observed with films of ice grown on Pt. 

At the onset of water deposition, both the silver and ice diffraction 
beams are visible (Fig. 8). The second set of ice features is now 101 
farther frcm the (0,0) beam than the silver first order beams. 

The only important difference between water deposition on Pt(lll) 
and Ag(lll) is that the ice lattice is observed in two orientations en 
Ag(lll) (Fig. 9). Che orientation is rotated 30° from the surface 
lattice. This is the r.ame orientation as observed an Pt (111). The other 
orientation observed is with the ice surface mesh parallel to the silver 

surface mesh. 
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l£HD pattern at 18eV of ice grown on /uulllj. Beams fro"i 
two orientations of the ice crystals arc present. The 
specular beam is to the right of the electron ^un tube. 
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The first orientation is preferred, as judged by relative intensities 
of the LEED beams. 

Discussion: Ice 
The ice diffraction pattern indicates a hexagonal surface unit mesh, 

4.SA on a side rotated 30° from the hexagonal Pt(lll) surface mesh, and 
either parallel to or rotated 30° from the Ag(lll) mesh. Within 1% thi? 
is the repeat length in a hexagonal sheet of hydrogen bonded water 
molecules as in the basal plane (0001) of normal hexagonal ice I, or as 
in the (111) plane of face centered cubic ice I . The structure is a 
network of oxygen atoms in 6-membered rings of the chair conformation with 
hydrogen atoms distributed between the oxygens. This structure is shown 
schematically in Fig. 10. We conclude from the diffraction pattern that 
ice grows in sheets of either the hexagonal (0001) or fee (111), parallel 
to the metal (111), with the two dimensional unit cell rotated 30° from 
the two-dimensional Pt(lll) surface unit cell and either parallel to or 
rotated 30° from the Ag(lll) surface unit cell. Under conditions similar 
to ours, the cubic form has been found to grow, but the deposit rapidly 

on 

recrystallizes to the hexagonal form at temperatures above 150K. In 
either case the ice surface layer is not crystallographically different 
from a bulk lattice plane of ice, but it is the structure expected from 
the projection of a bulk ice unit cell to the hep (0001) or fee (111) 
surface. The ice crystals gTow in this manner from the first monolayers 
outward. 

Near 273K at atmospheric pressure, ice is hypothesized to have a 
81 liquid-like layer on the surface. It has been calculated, and experi-
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Fig. 10. Representation of the arrangement of molecules in the 
ice I (0001) surface or Ic(lll) surface. The molecules 
represented by filled circles lie above the molecules 
represented by the open circles. The dimensions shown are 
those of bulk ice. The light lines indicate the ice 
surface mesh. 
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ments show that this mobile layer does not exist appreciably at tempera
tures below 260K. Recently photoemission data has been interpreted in 
terms of a liquid-like surface layer at temperatures down to 110K. 
In view of the present results, that the ice surface is crystalline to 
at least 155K, this interpretation is not acceptable. 

No distinction between the fee and hep structures could be made from 
the diffraction beam pattern. The observed 6-fold symmetry of the- diffrac
tion pattern could indicate either the hep structure is present, or the 
3-fold symmetric fee structure is present in the two equivalent detain 
orientations on Pt(lll). Kinematical diffraction theory predicts 
differences in the i.EEn intensity voltage profiles expected from hep 
and fee ice. These differences are explored in Section Ill-Id, and 
preliroimary work supports the hep structure. 

The presence of two types of orientations of the ice lattice on 
Ag(lll) is explained in terms of a lattice misfit description of epitaxy. 
As seen from Table Ill-i, the ice lattice is 6% smaller than the corre
sponding d-stance on t*>e platinum surface and 101 smaller than on the 
silver surface, when the ice lattice is rotated 30° from the metal 
lattice. This large mismatch on silver may increase the interfacial 
energy associated with the rotated 30° orientation so that it is compar
able to the interfacial energy of the parallel orientation. The parallel 
orientation is only 44 mismatched to the silver lattice, but in absolute 
terms, the ice lattice is 0.4A larger than the metal lattice. This 
absolute mismatch is comparable to the mismatches of the 30° orientations. 
The parallel orientation on platinum is mismatched by 8$ or 0.7A, the 
largest mismatch of the four considered, and this orientation is not 
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observed. 
Rapid (about one minute) cooling of the clean Ft substrate is 

necessary to produce ice diffraction patterns. Slow cooling allows 
ambient gas molecules to preferentially .ilsorb on the substrate before 
the temperature is low enough for water molecules to condense. The 
adsorption of gases from the ambient on the Pt(lll) substrate interferes 
with the epitaxial growth of the ice layer. Due to the inertness of 
silver (111) to the chemisorption of common vacuum chamber contaminants, 
adsorption of foreign substances on the silver was not a problem, and the 
ice diffraction pattern was much easier to obtain, although of generally 
poorer quality than patterns obtained from ice films grown on Pt(lll). 

During this investigation, there was no evidence of adsorption of 

water on the Pt(lll) surface at any temperature between 240 and 4S0K, 
21 in agreement with the finding of Chesters and Somorjai. \-

The diffraction spot sizes are indicative of the number of scatterers 
in the ordered domains contributing to the spot. In the kinematic approx
imation, the width of the diffracted beam and the average size of the 
ordered domains can be related by the Scherrer equation. 

A = , X' • (11-39) 
L cos <f> 

where A is the angular width of the spot, \ the wavelength of the electron, 
if the diffraction angle, and L the domain width. This equation gives 40A 
for the size of the ordered domains of the growing ice film. For the 
thickest layers, the domain size is reduced below 30X. This estimate 
of domain size ignores the effect of strain broadening, due to small 
distortions of the crystal lattice, which may also contribute to the 
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diffraction spot width. 
The large lattice mismatches between the ice crystal lattice and 

the metal surfaces perhaps contribute to this limited domain size by 
introducing dislocations into the ice to reduce lattice strain. In 
contrast, growth of rare gas crystals on substrates with comparable 
lattice mismatches produced domains of several hundred angstrom'- width. 
The differences in behavior of the two types of systems may ^e due to 
differences in chemical bonding — hydrogen bonding in ice and van der 
Waals bonding in the rare gases. 

The deposition of a disordered phase of ice at the temperatures 
below 110K has also been reported during X-ray and electron diffraction 

79 studies. The disordered phase was reported to crystallize as the 
temperature was Taised, which has not been observed in this study. 

The LEED electron energies are high enough to chemically alter the 
ice surface or to disorder the surface by rearranging the water molecules, 
but the ice diffraction patterns do not change during short exposures at 
moderate energies. High energy electrons and long exposures desorb ice 
from the growing fi'"i, allowing the metal diffraction features to be 
seen. The production of ionized clusters of water molecules from a film 

83 of condensed water vapor by an 80 eV electron beam has been reported 
and this process is probably occurring during these experiments. 

The ice crystal, an insulator, does not charge up until thicknesses 
of well over lOOOA, allowing LEED experiments to be performed on samples 
of less than this thickness. Hamill also observed ice films of several 
hundred angstroms thickness did not charge up under an electron beam. 
The mechanism of the removal of charge is not clear, however Matskevich 



-75-

jnd Mikhailova report a secondary electron emission coefficient for ice 
85 of 2.2 at 100 eV. If Che secondary electron emission coefficient 

remains that high at the lower voltages used for our observations, 
negative surface charge would be easily removed. 

b. Ammonia 
NH ; on Pt(Ul) 

Fairly complex behavior was observed during adsorption and condensa
tion of ammonia on Pt(lll). Exposure of the clean Pt(lll) to NH, vapor 
in the temperature range of no-200K produced a Pt(lll) - (2 x 2)-NH, 
structure shown in Fig. 11, Below 110K multilayers of ammonia were 
deposited. On the (2x2) monolayer, these multilayers showed LEED patterns 
of either high background intensity only, or of rings barely visible in 
the high background. Multilayers deposited on a clean Pt(lll) substrate 
were ordered, as determined from the LEED patterns. The LEED pattern is 
interpreted as a hexagonal surface mesh of 7.4A" dimension (Fig. 12). 
The best quality LEED patterns obtained showed the 7.4X unit vector of 
the ammonia surface parallel to the <541> of the Pt substrate. However, 
different azimuthal orientations were frequently observed (Fig. 13) and 
rings were also observed instead of discrete spots. 

These diffraction patterns stayed constant as the films grew to 
thicknesses of over 4000A. The diffraction patterns were obscured by 
charging of the surface at thicknesses of 2000A if the LEED electron 
beam energy was less than, 20 eV. Charging would be observed at gTeater 
beam energies as the films grew to greater thicknesses. 

The ammonia diffraction patterns were very stable under electron 
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Fig. 13. LEED patterns of multilayers of NH3 condensed on Pt(lll). 
The patterns are produced by the same surface net, but 
from different orientations of that net with respect 
to the substrate. 
a. 27.5 eV 
b. about 30 eV 
c. 36.5 eV 
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-5 -^ 
beam bombardment. Kith current densities of 5 * 10 A cm % the diffrac
tion pattern would deteriorate noticeably after ten minutes of homliaruWnt 
at 40 eV, and after one minute of bombardment at 60 eV. 

Under certain growth conditions, probably determined by contamination 

of the Pt(lll) substrate by carbon, multilayers would grow with an unde

termined surface structure, and the multilayer surface would be faceted. 

Another effect probably due to carbon contamination was the formation of 

a monolayer structure whose diffraction pattern resembled a (2x2) pattern, 

but with the overlayer jeams split into two spots (Fig. 14). 

"»- on Ag(lll) 

t-b. •-omplex behavior was also observed during adsorption and 

condensation OJ. Tmonia on Ag(lll). Slow cooling of the silver crystal 

in ammonia vapor produced the formation of a (2x2) monolayer structure 

in the temperature range of 10S-155K (Fig. 15). Exposure of the clean 

and cold silver crystal to ammonia vapor in the temperature range of 
1.6 -3.3 

105-11SK produced another monolayer structure, . The diffrac-
y 3.3 5.0 

tion pattern from this structure is shown in Fig. 16. This structure is 

hexagonal with mesh vector 12.&& oriented parallel to Ag<321>. With 

substrate temperature less than 110K, multilayers of ammonia condense. 

Multilayers deposited upon either of the (2x2) or hexagonal monolayers 

described above have faceted surfaces. 

Exposure of the clean Ag(lll) surface to ammonia vapor at temperatures 

below 105K produces still other surface structures. With approximately 

monolayer exposure, a complex, unindexed monolayer pattern was observed 

(Fig. 17). Warming of this structure to - 115K caused the formation of 
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Fig. 16. a. LEED pattern at 14 eV of U'j ~;"Q monolayer of NH-
on AgClll). The specular beam is to the right of the 
electron gun tube. 
b. Diagram of a. showing two equivalent orientations 
of the primitive reciprocal net. 
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the Ag(lll) - (2x2)NH, structure. Continued exposure below 110K resulted 
in multilayer growth. The multilayer surface produced a diffraction 
pattern shown in Fig. 18. This surface structure was not faceted. The 
unit mesh of this structure is 7.4A, with the mesh vector oriented in 
various directions, but the most often observed orientation was parallel 
to Ag<541>. This same diffraction pattern was observed as the multilayer 
film grew to over 3000^ thickness. 

There is a geometrical relationship bc-tween the 7.4A multilayer mesh 
(Fig. 18) and the 12.8$, monolayer structure (Fig. 16). The 12.8.X lattice-
vector is v^T the length of the 7.4A lattice vector and directed 3('° 
from the 7.4X vector. 

Di^cussio.i: ̂  Ammonia 
There are several similarities in the behavior of ammonia as it is 

adsorbed and condensed on Pt(lll) and Ag(lll). The most important is 
that on each substrate, multilayers of ammonia de,x>sit with the same 
surface structure, having a hexagonal mesh of 7.4A dimension. The 
reported stable crystal structure of ammonia is cubic (P23, Z = 4; 

\a- 5.084^) at 77K. The only plane of the same symmetry as the observed 
'surface is the fill), with a hexagonal mesh of 7.19.5 dimension, within 3s 
of the observed dimension. This is withir. the experimental uncertainty. 
Figure 19 is a representation of the anangement of molecules in the 
(111) plane of ammonia. The identification of the observed surface 
with the NHjflll) is made suspect by the possibility of metastable, non-
cubic forms of solid ammonia. Two metastable phases have been reported, 
but their structures have not been determined. The metastable phases 
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were formed under the same conditions used in this work, slow deposition 
from the vapor, onto a substrate at near 77K. It is quite possible that 
a metastable form has been grown during these experiments, and it is 
possible that the measured 7.4A1 mesh parameter is some constant of the 
metastable lattice. 

The 7.4X mesh was grown on each substrate with variable orientation, 
but most frequently with the ammonia surface mesh vector parallel to the 
metal <541>, as illustrated in Fig. 20. 

The ammonia monolayer structures observed are listed in Table II1-2. 
Another similarity in the behavior of ammonia on the two metals is the 
formation of a (2x2) structure on each, in addition to other distinct 
monolayer structures. The (2x2) structures were stable up to temperatures 
of ISS and 200K on Ag and Pt, respectively — temperatures rather high for 
a physically adsorbed ammonia molecule at 10 Torr. This stability and 
the good registry ..ith the metal surface lattice imply some chemical 
bonding between Ihe metals and ammonia. Recent work demonstrated that 
the Pt(lll) surface is inactive for the catalysis of ammonia decompostion. 

Under certain conditions of monolayer preparation, carbon contamina
tion on platinum and the (2x2) or 12.7A* hexagonal monolayer strucure on 
silver, a multilayer structure with a faceted surface would form. 

These similarities imply two conclusions. First, the 7.4A hexagonal 
structure and the faceted surface structure are properties of surfaces of 
solid ammonia. Second, the chemistries of monolayers of ammonia with 
silver and platinum are similar in some ways. 
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N H 3 MULTILAYER 

SURFACE MESH ON 
Ag CIII) and Pt(lll) 

2.89 A 

N H 3 MONOLAYER SURFACE MESH ON Ag( l l l ) 

XBL 7611-7762 
Fig. 20. Diagram showing the orientation of the NH3 multilayer 

surface net with respect to the metal substrate lattices, 
and the relationship of the *•* "'••* monolayer of NH3 
on Ag(lll) (Fig. 16) to the multilayer surface net. 
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Table III-2. Itlj monolayer structures 

substrate 

Ptdll) 
Structure Temperature (|() Coranents 
J2"0 j |0 2 1 T<200 

12 0 1 
|0 2 |-spi it beams (?) 

on carbon 
contaminated 
surface 

Ag(lll) !2 0 
0 2 

T<155 

1.6 -3.3 
3.3 5.0 T<115 monolayer 

exposure 
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c. Discussion: Ice and Ammonia 
The experimental LEED results from ice and solid ammonia are very 

similar. A hexagonal surface mesh was observed from each material that 
could be associated with a close packed plane of the bulk crystal structure. 
The same structure was observed as the result of deposition on either 
substrate, the Ag or Pt(lll),"arid in the same orientations. 

The diffraction spots observed from ice and ammonia were very broad, 
yet also quite bright. The beams were visible at beam voltages higher 
than 100V. In contrast, from all of the other molecular multilayers 
studied, the LEED beams were not visible much above 50V. 

The LEED beams were also visible at much greater thicknesses than 
for any other molecular materials studied — thousands of angstrrjms as 
opposed to hundreds of angstroms. Ice and ammonia showed surface charging 
at increasing beam voltages with increasing thicknesses, as did all other 
materials studied, but the rate of increase of the charging onset voltage 
with thickness was lower for ice and ammonia. 

The higher voltages and greater thicknesses at which diffraction 
patterns could be observed from these materials are evidence for greater 
order in these lattices. Both short and long range disorder cause 
decreases in the intensity of diffracted beams corresponding to large 
scattering vector (S - lc- k) (Section II-2). This occurs in LEED at 
high energy (|kj - 2irVeV/150 ). The brightness of the ice and ammonia 
beams at high energy are evidence for order in the lattices. 

The observation of LEED patterns at greater thicknesses can also be 
evidence for gTeater order. Unless one can invoke a disorder "healing" 
mechanism, the presence of order at the surface of a — lOOOA' thick crystal 
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implies order in each of the lOOOX below the surface. (One can imagine 
a lattice-healing mechanism involving rapid and preferential growth of 
ice or ammonia in the basal [(00'""J or (111)] planes. A misoriented 
molecule may simply be bypassed and buried by the next layer deposited. 
Small angular misorientations of the growing planes caused in this way 
may in fact explain the breadth, and yet high intensity of the ice and 
ammonia diffraction beams.) 

The greater order in the lattice, and the constancy of the structure 
grown parallel to the surface are quite probably the result of the major 
type of bonding in these lattices, hydrogen bonding. Hydrogen bonding 

go 

is strong in comparison to dispersion bonding, and directional, two 
factors that make a disordered lattice energetically unfavorable. 

The ice and ammonia crystals observed were the most resistant of 
any molecular solid studied to electron beam induced damage. Of the 
molecular crystals studied in this work, ice and ammonia present the 
greatest promise for more detailed investigation of their surface struc
tures by LEED surface crystallography. 

d. LEED Intensity Versus Voltage Profiles for Ice 
As amply illustrated by the present work, determination of a surface 

unit mesh by LEED does not completely determine the structure of a solid 
surface. In principle, a complete analysis of a surface structure can be 
obtained by a suitable analysis of LEED beam intensity versus voltage 
profiles. A general analysis jequires much theoretical sophistication 
and computational effort, thus, the only molecular surface structure 
determined to date has been the Ft (111)-(2x2) - acetylene structure. 
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However, in selected instances the factors that complicate the LEED 
structure analysis are unimportant for reasons either understood or not 

89-91 understood. In these instances simple Jcinematical diffraction theory 
can be used to describe the electron scattering and illuminate the surface 
structure. In order to further study the surface structure of molecular 
crystals and to determine which of the fee or hep ice structures is 
present at the surface, the first LEED intensity vs. voltage profiles 
for a molecular crystal, ice, have been measured. The data compares 
favorably with a kinematical diffraction description, and on the basis 
of that description, the ice (0001) [or (111)] surface interlayer spacing 
appears to be close to the bulk interlayer spacing. Ch the basis of the 
limited data available, it appears that the ice surface is in the hep 
structure. 

Experimental 
The LEED specular beam intensity was measured with a Gamma Scientific, 

Incorporated, Model 2000 Telephotometer. Because of the weakness of the 
diffracted beam, the telephotometer was operated at maximum sensitivity, 
and with a 1° aperture. The data was recorded on an x-y recorder as the 
LEED beam voltage was slowly swept from 0 to 120V. The (0,0) beam wa<= not 
visible above 120V. The raw data was corrected for incoherent background 
intensity and variations in I.KKII gun current. The data was reproducible 
in peak position i 2eV, and roughly reproducible in relative intensity. 

The diffraction geometry was determined from a photograph of the 
T.PBT) pattern taken in the position at which the data was measured. The 
accuracy of the angular measurements is estimated to be ±2°. The 
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diffraction angles are rather arbitrarily chosen as a result of the lack 
of adjustability of the crystal manipulator. 

The ice sample was prepared upon the Pt(lll) substrate as described 
previously. 

Results 
Figure 21 shows the results typical of the three plots of intensity 

vs. beam voltage taken for ice along with the Pt(lll) (0,0) beam profile 
taken in the same geometry. In addition, visual estimates of the position 
of peaks in the intensity profiles of the six first order ice spots are: 
21, 28, 35, 48, 74V. These data were taken at a diffraction geometry 
8 = 9° ±1, <fi = 23 ± 2°. (if is defined as the smallest positve (clockwise) 
angle between the projection of the plane of incidence on the screen and 
the line through a first order beam and the specular beam.) 

Discussion 
Comparison of the Pt(lll) (0,0) beam profile and the ice (0,0) beam 

profile again emphasizes the fact that the diffraction pattern observed 
from deposited ice is not determined by contributions from the substrate 
crystal. 

The ice profile is dominated by a series of peaks spaced 10-20V apart, 
with little secondary structure. This type of profile is expected if the 
diffraction is kinematic. A simple theoretical argument will show that a 
kinematical diffraction process may be expected from ice. 

If inelastic scattering is dominant over elastic scattering in a 
LEED experiment, the multiply scattered component is suppressed in the 
data and kinematic scattering conditions are recovered. According to the 
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go 
argtnents Ignatjevs et al used to explain kinematic LEED intensities 
from crystalline xenon, the matrix element for elastic scattering V f is 
proportional to the atomic scatterine factor f(9) divided "by the atomic 
voline. The scattering factors of the elements do not vary greatly from 38 element to element in the low energy region, (although f(8) for oxygen 
falls off drastically above 100V) so with large atomic volumes, i.e. 
xenon, 60A , elastic scattering is weak. For ice, the volume per oxygen 
atom is - 30A , smaller than that of xenon, but still quite large. The 
elastic scattering matrix element is then estimated to be -2 to -3 eV. 

The peak half widths at half maximum, AE, are related by the uncer
tainty principle to the strength of the inelastic scattering matrix 
element (expressed as an imaginary part of the inner potential (V » 
Vor + i V o ; ' b y 3 2 

AE > |V0.| . 

From the data, \VQi] i 2.5 - 7V in the range 15 - 70 eV. In comparison, 
for platinum and xenon, |V -| » 4 eV gave good agreement with experimental 
data. 9 0' 9 2 

By these estimates, V f « V . , and the IfED profile should be kinematic. 
Kinematic theory predicts that the intensity maxima of the (0,0) beam 

should occur at: 

eW*> ' 15
2°*2 , " - \ - (11-32) 

™ a x (cos2<|04c2 cos 2* 
t • 1,2,3,... , where $ is the diffraction angle, c is the interlayer 
spacing, and V is the real part of the inner potential. A plot of peak 
positions vs. £ should yield a straight line of slope 150/(cos2*)4c2 



-99-

and intercept -V /cos 2*. One does not a priori know the LEED peak 
indices, nor V . However, knowing V is positive (electrons are 
attracted into a solid), and that the peaks should fall on a straight 
line, the determination of the layer spacing can proceed unambiguously. 

Such a plot is shown in Fig. 22. A fit to the data gives an inter-
planar spacing of 3.9A1 and a small negative inner potential. This rather 
unphysical value of the inner potential may be caused by negative char^inj; 
of the surface at low beam voltages, which has been observed at large ice 
film thicknesses. Also plotted is a line chosen to have a small positive 
inner potential and a slope corresponding to the bulk ice spacing, 3.67&. 
Due to the small amount of data and the possibility of charging of the 
ice surface, one can only conclude that the interplanar spacing at the 
ice surface is close to the bulk value. 

Kinematic diffraction theory also predicts differences in the 
intensity vs. voltage profiles of LEED beams expected from the hep and 
fee structures. Because both structures have the s-jne interlayer spacing, 
the positions of the intensity maxima predicted for each structure are 
the same. However, the structure factor F(hkJl) predicts certain Bragg 
maxima will be missing in the profile for fee ice that are present in 
hep ice. 

The structure factor is 
N 

F(h,k,JD • J^ f„ exp-2niChx n*ky n + £z n) [II-19) 
n=l 

where there are N atoms in a unit cell, f is the scattering factor of 
the atom n at fractional position Cx n,y n,z ). Non-standard unit cells 
may be chosen to aid the analysis. The directions x and y_ are chosen 
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Fig. 22. Plot of the positions of specular beam intensity maxima 
for ice vs. an integer squared. TVro lines are drawn, 
a least squares fit to the data, giving an unrealistic 
inner potential, and a line drawn for the normal 
interplanar spacing and a realistic inner potential. 
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to lie in the hexagonal ice surface plane. z_ is taken to be perpendic
ular to the solid. 

The geometries of the two choices, hcp(OOOl) and fee(111) are shown 
in Fig. 23. The contribution of the hydrogen atoms is expected to be 
snail, and it will be ignored in this analysis. The position of the 
oxygen atoms are: hcp(z=4) ± (1/3, 1/3, 1/16) and i (2/3, 2/3, 9/16); 
fcc(z-6) (±1/6, i 1/6, * 1/24), (1/3 ± 1/6, 1/3 • 1/6, -1/3 * 1/24) and 
(2/3 ± 1/6, 2/3 i 1/6, -2/3 * 1/24). Inserting these values into the 
equation for the structure factor for the hep lattice gives: 

F/2f0 - a*U (I h + $ k * ̂  t ) * cos2* (f h • § k • ^ I ) 

F h (hkP.) = 0 if 2h + 2k + 3Jt > 6n • 3 

where n is an integer. 
For the (0,0) beam this reduces to SI • 6n + 3, thus only even values 

of 5 are allowed for the hep lattice. Stated in another way, the only 
allowed changes in perpendicular momentum are: 

3.67A is the interlayer spacing. 
The structure factor for the fee lattice is 

F/2fo = cos2ir (£»> • 5k - n * )[l • exp - 27ri(* h + £ k - £ l) 

• exp-2*i(fh + f k - f t)l 
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XBJ. TSH7752 

Fig. 23. Diagram of the unit cells of the ice hep(a) and 
fcc(b) structures used in calculating the structure 
factors for ice LEED beamsCref. 62). 
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F f c c(hk£) - 0 
if 4h + 4k- l = 6 + 12n 
or h + k-Jl = 3n + l 
or h<-k-£ = 3n + 2 

where n is an integer. 
For the (0,0) beam this reduces to 

F f c c(0,0,4) = 0 
if J. = 12n + 6 
or I = 3n + 1 
or I = 3n + 2 

Again 

l ^ l - ^ l - * ! * ! - ^ ) - n ^ ) 
but also I t 12n + 6 or n + 4m+2; (m,n are integers). 

Thus the intensity peaks in the (0,0) beam profile fall at the same 
places, jk̂  - k^| = n(2ir/3.67A), but for the fee lattice the values 
n = 2, 6, 10, etc., are not allowed. In principle this allows determina
tion of the form of ice observed. From Fig. 22, apparently the peak with 
n= 2 is observed. The peak n = 6 is not observed, but perhaps for experi
mental reasons. This data supports the hep structure at the surface. 

By similar analysis, the peak maxima in the first order beams may 
be calculated for normal incidence. 

where a is the surface mesh constant, 4.SA. 
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For the hep lattice, no values of I are forbidden so 

' ^ - ' & ) 

The structure factor for the fee lattice (and the 3-fold symmetry of the 
structure) predicts two sets of three first order ice beams, one with 
intensity maxima for f. • 3n + l, the other for I = 3n + 2. The 6-fold 
symmetry observed in the ic. diffraction pattern implies the contribution 
of two domains to the pattern! so the intensity profiles of fee first 
order beams would contain both types of maxima, £ = 3n + 1 or 3n* 2 

The positions calculated for normal incidence and for the bulk interplanar 
spacing for both the hep and fee first order beams along with the experi
mentally observed peaks are shown in Fig. 24. With a 2V energy scale 
shift, the experimental peaks match the m = 5,6,7,8 and 10 peaks calcu
lated for the hep lattice. 

Summary 
Despite the lack of a thorough experimental study of the LEED 

intensity-voltage profiles of vapor grown ice, three tentative conclusions 
can be reached. 1) Theoretical consideration of the relative importance 
of elastic and inelastic electron scattering in ice, along with the 
simple appearance of the diffraction data, imply a kinematic analysis 
will serve to describe LEED from ice. 2) Using a kinematic analysis, 
the interplanar spacing at the surface of ice is found to be near the 
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bulk spacing. 3) While the face-centered cubic form of ice is expected 
to grow during low temperature vapor deposition, the LEED data supports 
the presence of the hexagonal close packed structure at the surface. 

2. Naphthalene and Benzene 
a. Naphthalene « 

Naphthalene on Pt(lll) 
Gland and Somorjai have investigated the adsorption of naphthalene 

93 on Pt(lll). At room temperature the adsorption produced a diffraction 
pattern of blurred, third order features (Fig. 25a). Subsequent heating 
to 150°C produced a sharp pattern they called a (6*6) (Fig. 25b). Vie 

have duplicated this work. Although the diffraction pattern of the 
ordered naphthalene structure may lack some of the features of a true 
(6»6) surface structure, for lack of a better name, this monolayer 
structure will be referred to as (6*6). 

Slow cooling of the clean Pt(lll) substrate in a flux of naphthalene 
vapor produced first the disordered monolayer pattern referred to above, 
then below 200K a diffraction pattern shown in Fig. 26 consisting of 
concentric rings around the specular beam, with none of the Pt(lll) 
features visible at any voltage. Pre-cooling of the substrate, then 
admitting naphthalene vapor produced the same diffraction pattern. 
Further, the same ring-like diffraction features were produced by 
depositing naphthalene onto a graphitic carbon-covered Pt(lll) surface 
or a clean Pt(100)-(5x1) surface. 

If the Pt(lll) substrate is covered with an ordered (6*6) monolayer 
of naphthalene, which is obtained by heating the naphthalene monlayer to 
150°C for several minutes, subsequent deposition of naphthalene at 
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Fig. 25. a. LEED pattern at 52 eV produced by adsorption of 
naphthalene on Ptflll) at temperatures below 400K. 
b. LEED pattern at 52 eY produced by warming the 
structure of a. to temperatures above 400K, or 
by exposing the clean Ptflll) surface to naphthalene 
vapor at temperatures above 400K. This pattern is 
the (6X6). [Ref. 93) 



-108 -

XBIS T 2 1 1 - 5 K U 

i ; i " . : s 



-109-

Fig. 26. a. LEED pattern at 14.4 eV of a naphthalene crystalline 
film prepared by deposition onto a disordered monolaver 
on Pt(lll). 
b. Diagram of a. with several rectangular unit cells of 
the reciprocal lattice shown. This unit cell, present 
in all azimuthal orientations, reproduces the diffraction 
pattern. 
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Fig. 26 
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temperatures 10S-200X produced the diffraction pattern shown in Fig. 27. 
The distances from the various order diffraction beams to the specular 
beam are equal to the radii of the concentric rings in the naphthalene 
thick layer diffraction pattern described previously. Again, the Pt(lll) 
features were not detectable. 

Both types of diffraction patterns, characteristic of azinuthally 
disordered and ordered growth were obtained from a thick (10 A) layer of 
naphthalene under similar conditions of temperature and incident molecular 
flux. With naphthalene fluxes of 10 -10 molecules cm ' sec , thick 
crystals of naphthalene grew at temperatures below 200K. At temperatures 
below 105K neither diffraction pattern was visible, rather the pattern 
consisted of a uniform bright background indicating that the naphthalene 
deposit is disordered. Growth at temperatures approaching this lower 
limit of 105k' produced diffraction patterns with broadened features and 
increased background intensity. 

The diffraction patterns characteristic of well-ordered surface 
structures persisted as the naphthalene films grew to thicknesses greater 
than lOOoA' in the temperature range of 105-200K. At thicknesses greater 
than 500A space charge would be observed at beam voltages less than -
20V - above 20V the diffraction pattern would be clearly visible. At 
film thicknesses greater than 1500A, the presence of space charge made 
the LEED pattern undetectable. 

The naphthalene diffraction patterns are very sensitive to electron 
beam exposure. In 30 seconds, at beam energies greater than 25 eV with 

-S -2 a beam current density of 5x10 amp an , all traces of the diffraction 
patterns would disappear. The diffraction pattern would not again be 
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Fig. 27. a. LEED pattern at 36.5 eV of naphthalene crystalline 
film prepared by deposition onto an ordered naphthalene 
monolayer on Pt (111). 
b. Diagram of a. with three orientations of the 
reciprocal unit cell indicated. Spots due to the 
three typfts of domains are shown by different symbols: 
circles, squares or triangles. 
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visible from an area disordered by electron beam exposure even after 
subsequent deposition of naphthalene. Upon moving the beam to a fresh 
portion of the crystal, the pattern was again detectable. A deposited 
naphthalene layer could be easily evaporated by heating the crystal above 
200K. If the electron beam exposure had been small, the initial naphtha
lene monolayer pattern, either disordered or the (6x6), was visible iron: 

the substrate after evaporation. The diffraction pattern of the substrate, 
after evaporation of a naphthalene layer that had been subjected to 
substantial electron beam exposure, showed only faint, or no, Pt(lll) 
diffraction features and no sign of a naphthalene monolayer pattern. 
The electron.beam causes the naphthalene to undergo a chemical transfor
mation (perhaps polymerization) to a disordered, more strongly bound 
species. 

Naphthalene on Ag(lll) 
Exposure of clean Ag(lll) to naphthalene vapor at temperatures 

between 230 and 320K produced the addition of several faint, diffuse 
rings to the Ag(lll) diffraction pattern. Upon cooling to a temperature 
between 200 and 230K, the Tings coalesced into a hexagon of diffuse spots 
at about 1/3 order (Fig. 28). No diffraction patterns consisting of 
discrete beams were observed during naphthalene exposure to Ag(lll) at 
temperatures above 200K. 

.7 At the naphthalene vapor pressure used, approximately 10 Torr, 
multilayers of naphthalene would condense at temperatures below 200K. 
At about monolayer exposure at temperatures below 200K, two ordered mono
layer structures were observed. Multilayer growth upon these two struc-
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I.I ID pattern at .MeV of poorly ordered monolayer 
naphthalene on .V.'jllli at temperatures between 
ZiU) and 2."()K. 'Hie specular hean is to the rij'ht 
of t!ie electron ^un fuhc. 
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tures resulted in surfaces exhibiting different diffraction patterns. 
The first monolayer structure was observed after slowly cooling the 

silver substrate in naphthalene vapor flux to a temperature in the range 
of 14S-200K. The diffraction pattern from this structure is shown in 

I 2.8 0.Si 
Fig. 29. This extremely bright and sharp pattern, , is due 
to domains of a structure with a surface unit mesh with dimensions 7.4.S. 
by 11.4A at an angle of 104°. The net can also be described as a non-
primitive rectangular net 16.3S by 15.oX oriented with the longer 
dimension parallel to the Ag<110>. The Tectangular net contains three 
lattice points per unit rectangle, lying along the cell diagonal (Fig. 30). 
This structure is stable at these temperatures with no further exposure 
to naphthalene vapor. With continued exposure, multilayers condense upon 
the substrate. The monolayer diffraction pattern fades as the layer 
grows thicker, and finally becomes undetectable. LEED from multilayers 
of naphthalene prepared in this way showed many weak beams that would 
not converge on the specular beam at higher beam energies. The surface 
was faceted and not studied in detail. 

A second monolayer structure was only briefly observed upon exposure 
of clean Ag(lll) to naphthalene vapor at temperatures of 145-200K. The 
diffraction pattern of this structure is shown in Fig. 31. The monolayer 
net ' is apparently 17A by 13X with an angle of 130° and the 
longer dimension parallel to the Ag<110>. Alternately the net may be 
looked upon as a centered rectangular net, 17A by 2oX. With further 
exposure to naphthalene vapor, this monolayer pattern faded into a higher 
background intensity, and new diffraction features appeared. These 
features were a pattern of diffraction beams and rings through the diffrac-
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Fig. 29. LEED patterns from monolayers of naphthalene adsorbed on AgCllll 
at temperatures between 145-200K. 
a. LEED pattern at 9eV of fp 8

2 °-g structure. The specular 
beam is near the electron gun tube. 
b. Diagram of a. showing one orientation of the 
reciprocal net. 
c. LEED pattern at 25eV. 
d. Diagram of c. showing one orientation of the reciprocal 
net. The dashed lines show the non-primitive rectangular 
net containing three reciprocal lattice points per unit 
mesh. 
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NAPHTHALENE MONOLAYER ON 
Ag (III) 

XBL 7611-7764 

2 8 0 8l Fig. 30. The _« , T'O unit mesh of the naphthalene 
monolayer on Ag(lll) drawn showing its orientation with 
respect to the silver lattice. The dashed lines show the non-
primitive rectangular unit mesh containing three lattice 
points per unit mesh. This unit mesh is derived from 
the LEED pattern of Fig. 29. 
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Fig. 31. a. LEED pattern at 16 eV of a monolayer of 
naphthalene on Ag(lll). The specular 
beam is to the right of the electron gun tube. 
b. Diagram of a. showing one orientation of the primitive 
reciprocal net with solid lines, or a centered reciprocal 
net with dotted lines. The real space net corresponding 
to this pattern is L "i'r . 
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tion beams. The pattern is shown in Fig. 32. The relative intensities 
of the rings and spots varied with multilayer preparation. The shorter 
the period of time since the crystal had been flashed to temperatures 
above ~ 700K, the weaker were the rings. The ring features were due to 
the same structure that produced the beams, but from domains of that 
structure randomly oriented about the surface normal. The beams were 
produced by a rectangular lattice b.ok by 8.3X, oriented with the 6.0X 
lattice vector parallel to the substrate <110>. This structure was not 
observed to facet. 

Naphthalene: Discussion 
From the diffraction patterns of the naphthalene multilayers grown 

on Pt(lll) (Fig. 26 and 27) and on Ag(lll) (Fig. 32), a well defined 
naphthalene surface structure may be deduced. This can be identified as 
the ab plane (001) of the bulk naphthalene crystal. Figure 33 shows the 
arrangement of naphthalene molecules in this plane. The unit meshes 
derived from the diffraction patterns are within 1% of the reported bulk 
x-ray unit cell distances. These are a* 8.235A and b = 6.003A.64 The 
ring-like diffraction patterns observed upon growth of naphthalene crystals 
on clean Pt(lll), on a disordered monolayer on Pt(lll), and on Ag(lll) 
indicated again that the ab plane is growing parallel to the substrate 
surface, but with no preferred azimuthal orientation (Fig. 26b). The 
observed weakness of the features (h,0) and (0,k) where h or k is odd 
is consistent with the presence of two naphthalene molecules lying in 
the ab crystal plane related by glide lines. The surface structure of 
these naphthalene monolayers appears to be no different from the (001) 
lattice plane of the bulk crystal. 
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Fig. 32. a. 1EED pattern at 34.5 eV of multilayers of naphthalene condensed 
on Ag(lll). The specular beam is to the right of the electron 
gun tube. 
b. Diagram of a. showing the three equivalent orientations of the 
primitive reciprocal net. The primitive reciprocal net corresponds 
to the (001) plane of naphthalene. Compare to Fig. 27. 
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XBL74I2-8S75 

Fig. 33. Proposed surface structure of the naphthalene ab plane. 
Habitudes of the a and b vectors shown are those for 
bulk naphthalene. Iref. ® 0 
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In the growth of naphthalene on the Pt(lll) - (6*6) -naphthalene 
structure, the naphthalene crystals grow with the a (1100]) of each 
crystallite parallel to the Pt<110>. Grown on the Ag(lll), the b ((010]} 
is parallel to the Ag<lT0>. The different orientations observed on the 
different substrates are understandable in terms of lattice matching. 
The naphthalene |a_| is within It of the three times the Pt interatomic 
spacing along the Pt<110>, but within only 54 of three times the repeat 
distance along Ag<110>. The naphthalene |b| is within 41 of twice the 
Ag interatomic spacing along the Ag<110>, but within only 81 of twice the 
repeat distance along the Pt<110>. The orientations observed are the 
best sinple match at the naphthalene and metal interface. 

The formation of the Pt(lll)-(6x6) monolayer structure is evidently 
necessary for orientation of the multilayer on Pt. The naphthalene 
molecules adsorb in a disordered fashion at low temperatures, and multi
layer growth upon other disordered — contaminated, graphitic, etc. -
surfaces produced no orientation of the multilayers. Annealing of the 
monolayer on Pt is necessary to form the (6«6), an ordered structure that 
was then able to orient subsequent layers. The mechanism of the orienta
tion by the (6x6) is not clear. 

Diffraction spot sizes of naphthalene grown on Pt indicate domain 
sizes of 7oA over the range of thickness observed. These are somewhat 
larger domains than found in the ice growth. The hexagonal symmetry of 
the diffraction pattern and the limited domain size suggest that the 
naphthalene film consists of a large number of crystallites with the ab 
plane parallel to the metal surface, oriented in six equivalent directions. 
Grain boundaries separate the crystallites. 
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The electron beam has a marked destructive effect on the naphthalene 
crystals. The naphthalene is transformed into a different chemical species 
of lower vapor pressure that does not desorb from the Pt(lll) at tempera
tures less than 100°C. The deposit, perhaps a polymer, Jnterferes with 
subsequent naphthalene growth, so that no diffraction pattern is visible 
from the damaged area even after attempts to regrow the naphthalene 
crystal on top of the damaged area. 

Several monolayer structures are produced by naphthalene on platinum 
and silver, and are listed in Table III-3. The interpretation of their 
diffraction patterns is not straightforward, but a few comments can be 
made about the details of the structures. 

Very similar diffraction patterns consisting of diffuse one-third 
order features were observed from monolayers of naphthalene on both 
platinum and silver. In each case, the structure giving the diffuse 
features served as a precursor to a well ordered structure that had a 
diffraction pattern with strong feature* in the one-third order positions. 
These were the Pt(111)-(6*6) and the 7.tl by 11.4X, Y-104" structure on 
Ag(lll). 

The Pt(lll)-(6x6) naphthalene structure was first observed by Gland 
93 

and Somorjai. Because the change in work function of the surface was 
similar during formation of the (6x6) to the change during adsorption of 

04 
a large number of aromatic molecules on Pt(ill), they concluded naphtha
lene and the other molecules were adsorbed with their ir-electron systems 
parallel to the substrate surface. This result is quite reasonable, 
but not conclusively proven. 

Upon further study of the (6x6) structure, Blakely noticed that 
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Table III-3. Naphthalene monolayer structures 

Substrate Structure Temperature(k) comments 

Pt(lll) poor (3X3) T<400 
13 0 1 
|3 6 | or(6X6) T<425 after heating to 

425K 

Ag(lll) poor (3X3) 
2.8 0.8 
-0.2 3.8 

200 - 230 

145 - 200 
after cooling in 
naphthalene vapor 

I4 -1.2 I after exposure 
|0 5.5 I 145 - 200 of cold crystal 
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sorae systematic absences of diffraction beams from the structure could 
be explained on the basis of two mutually perpendicular glide lines in 
a rectangular unit cell, | |j 6.3* by 14.4A, with the 8.3* vector aligned 
parallel to the Pt<H0> (Fig. 34]. The presence of the glide lines in 
the surface constrains the geometry of the molecules in the structure 
and their quantity to an even number. 

The remaining experimental observations about the structure are: 
1) A disordered monolayer must be annealed to 150°C to form the structure. 
This temperature is required to allow diffusion of the molecules along 
the surface to their ordered position. The temperature is also high 
enough for cracking of hydrocarbons on platinum. 2) The (6x6) structure 

I must serve as a substrate for the growth of crystalline multilayers of 
naphthalene in a specific orientation. 3) The structure is stable under 
low energy electron bombardment. 

64 
With the addition of molecular geometry data, two plausible models 

for the (6x6) structure arise. These aTe illustrated in Fig. 35. In the 
first, the molecules lie parallel to the platinum surface, have the 
required glide line relationships and geometrically fit very well. The 
molecules are bound to the metal through their u-electrom systems and 
would thus require some activation energy for surface diffusion. This 
intimate interaction with the metal viould stabilize the structure against 
electron bombardment damage. It is not clear how the structure would 
serve as a template for oriented multilayer formation, except that it 
is itself ordered and of a reasonable geocsrtry in terms of the bulk 

i 
naphthalene lattice. 

The second model for the (6x6) structure is shown in Fig. 3Sb. 
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l-'ig. 34. a. U':1;D pattern at 52 eV of a monolayer of naphthalene on 
Pt (111) • This pattern has been called (6X6J. (ref. 93) 

b. Reciprocal net producing the pattern of a. if present in 
three equivalent orientations. Beams indicated by open 
circles are extinguished by the presence of two mutually 
perpendicular glide lines in the surface, (ref. 55). 
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In this model, the molecules are no longer lying parallel to the surface, 
but are in essentially the structure assumed by naphthalene molecules in 
the ab plane of bulk naphthalene. This structure also has the required 
symmetries. (Bulk naphthalene and this model have one glide plane and 
an orthogonal 2, screw axis, but the projections of these onto a plane 
are both glide lines.) The 8.3A lattice vector of the (6x6) is almost 
exactly the a distance in bulk naphthalene, and the 14.4& lattice vector 
compares reasonably with two b spacings of 6,003&. This structure would 
serve very well as a template for ordered and oriented growth of multi
layers of ab planes as the monolayer and multilayer structures would be 
in the same orientation and virtually identical, and a reasonable acti
vation energy could be required to stand the molecules up in this struc
ture, or perhaps even dehydrogenate an extreme carbon atom to form a 
o-bound species. The o-bound naphthalene would conceivably interact 
with the metal to provide stability against electron induced damage, 
however an intact molecule might not interact well enough. An upright 
molecule would not cause the same work function change as a ir-bonded 
molecule in general, but it is impossible to predict a work function 
change for this structure, so work function change evidence does not 
disprove this model. Final choice of one of these or another model 
awaits further experimental work. 

There is not enough data to propose such detailed models for the 
naphthalene monolayers observed on Ag(lll). The low temperatures at 
which they were formed, low enough to condense multilayers of naphthalene, 
suggest that the molecules interact as weakly with the silver substrate 
as with each other and that the molecules are probably intact. 



-132-

The monolayer pattern observed upon rapid cooling of the Ag(lll) in 
naphthalene vapor flux (Fig. 31) corresponds to lattice 17A by lzK, 

T«130°, or a centered rectangular lattice 17& by 20A\ A naphthalene 
molecule is 3.4^ thick, 9.18 long, and 7.4A1 wide. Two molecules would 
fit easily in a unit cell lying down parallel to the surface. Alternately, 
as many as seven molecules could fit upright, as in the ab plane of 
naphthalene. The 17A5 monolayer mesh vector is oriented in the same 
direction as the b lattice vector in the multilayer of naphthalene that 
grows upon this structure, and 17A* is nearly three times the b vector 
magnitude. T" -- structure of this monolayer is still unsolved. 

The other monolayer pattern, Fig. 29, was observed after slowly 
cooling the silver in naphthalene vapor. The surface mesh determined 
for this structure is oblique, 7.4A by 11.4A, Y = 104°. The 7.4X 
dimension is suggestive of the width of an intact naphthalene molecule, 
but the area of a unit mesh, 80* 2 is about 20A2 more than that expected 
for a molecule lying parallel to the silver surface. 

A faceted multilayer structure was observed to grow upon this mono
layer pattern. In this context, faceted meaiis that naphtiialene crystals 
grew upon this structure with no stable crystal plane oriented parallel 
to the Ag(lll). The surface of the multilayer consisted of stable 
planes, perhaps ab planes, tilted with respect to the substrate and 
present in different domains each giving its own specular 1EED beams 
and diffraction pattern. The diffraction patterns from the facet planes 
were not analyzed. 

Growth of faceted surface structures was observed in LEED by 
BuchholL and Somorjai during multilayer deposition of metal and metal-
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free phthalocyanines on metal single crystal surfaces. The phthalo-
cyanine monolayers were ordered, in a mesh that approximated the size of 
molecules lying flat upon the metal surface. Upon multilayer growth, 
a faceted surface was formed. An analogous phenomenon was observed by 
a Japanese group. They deposited phthalocyanine and polycydic aromatic 
quinones on mica and alkali halide substrates and observed the films by 
transmission electron microscopy. These molecules often deposited with 
crystallographic orientations that allowed the planes of the molecules 
to lie parallel to the substrate. As a result, the crystal plane that 
was oriented parallel to the substrate surface was not a low-index plane 
and was quite probably unstable with Tespect to faceting at the surface. 
Similarly, there is no low index plane of crystalline naphthalene 
parallel to the plane of the naphthalene molecule. If molecules adsorbed 
flat upon the substrate surface were incorporated into the crystal 
structure of the growing multilayer film, it is possible that the 
surface of the multilayer would facet as observed to a low index plane. 
b. Benzene 
Benzene on Ft(III) 

The adsorption of benzene on Pt(lU) was studied with LEED at TOOL. 
19 97 

temperature by Gland and Seniorjai and later by Stair. They found 
benzene first adsorbed in a disordered structure giving a diffuse LEED 
pattern. This structure evolved with time and/or exposure to two 
distinct monolayer structures. The first structure, |f?| (Fig. 36], 
has a rectangular net 9.6A by 11.M. The second structure, J| 
(Fig. 37), has another rectangular net, 9.6A" by 13.8S&. Each of these 
nets is oriented with the 9.6X net vector parallel to the Pt<ll?>. 
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NAPHTHALENE ON PI (III) 

XBL76lf-7r70 

Fig. 35. TVra possible arrangements of molecules in the 
Pt(lll)-(6X6)-naphthalene structure. The platinum 
atoms are shown for reference. 
(a) molecules adsorbed parallel to the surface. 
00 molecules adsorbed perpendicular to the surface 
in approximately the bulk crystal structure of naDhthalene. 
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Fig, 37. Diffraction patterns and real space unit mesh of the 
second benzene monolayer structure, and the size of 
the benzene molecule. (Ref. 19). 
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The transformations between benzene monolayer structures are irrevers
ible, and are believed to be thermally activated processes. 

Below room temperature these structures were stable and no new 
monolayer structures were observed. Multilayers of benzene would 
condense at temperatures below 145K. 

Upon clean Pt(lll) or any of the three benzene monolayer structures 
observed, multilayers condensed with the same surface structure. As 
layers would condense t"pon the various monolayer structures, the monolayer 
diffraction pattern would fade into the increased background intensity, 
and the multilayer pattern would appear. The diffraction pattern from 
this structure is shown in Fig. 38. The multilayer pattern was always 
very dim and diffuse, even more so than the other multilayer diffraction 
patterns observed in this work. Because of the quality of the pattern, 
the determination of the surface unit mesh is not as certain for this 
structure as for others. The unit mesh is apparently oblique, 9.6A by 
11.2&, Y " U 5 C , or alternately a centered rectangular unit mesh 9.6X by 
20.jS. The 9.6)5 net vector lies parallel to the Pt<110>. Using the 
standard deviations of the beam position measurements, the uncertainty 
in the mesh vector lengths is estimated to be i O.sA. The unit mesh is 
illustrated in Fig. 38c. 

The multilayers were desorbed by heating the substrate above 14SK 
and LEED showed that the remaining monolayer was in the structure that 
it had been in at the beginning of multilayer deposition. The n.:molayer 
structural transformations cannot proceed at low temperatures and 
beneath a condensed layer of benzene. 
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Fig. 38. a. LEED pattern at 15 eV of multilayers of benzene 
condensed on Pt(lll). The specular beam is to 
the lower right of the electron gun tube. 
b. Diagram of a. showing one orientation of the 
primitive reciprocal net. 
c. Real space unit mesh corresponding to this 
pattern, drawn both as primitive and centered 
unit meshes. 
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Kiltilayers of benzene deposited on graphitized Pt(lll) showed T.EFI> 
patterns consisting of rings about the specular beam with radii equal to 
the distances of the various beams of the multilayer pattern shown in 
Fig. 38 from the specular beam. Multilayers grown on graphitized Pt(lll) 
evidently were in the same structure grown on clean Pt(Ill) but without 
azimuthal orientation of the multilayer crystallites. 

Hie multilayer diffraction patterns were observed at film thick
nesses in excess of lOOOX. At thicknesses greater than about 50oA, the 
pattern was obscured by charging of the sample at low voltages. 

An attempt was made to accurately measure the rate of damage of 
benzene multilayers by the LEED beam. The intensity of the specular 
beam was measured with a spot photometer as a function of electron beam 
exposure. There was much scatter in the data for reasons not understood. 
Choosing the fastest decays of intensity measured as correct, the intensity 
dropped to one half of its initial value in 20 sec at incident beam 
voltages between 10V and 20V. Visually, the pattern would decay 
significantly in about 5 sec. 

Benzene on Ag(lll) 
When the Ag(lll) crystal surface was ' .posed to benzene vapor at 

temperatures below 1SSK, a surface structure is formed that gives the ,, f 

diffraction pattern seen in Fig. 39. This diffraction pattern consists 
of a hexagonal array of bright doublets of beams. The angular splitting 
of all of the doublets is 6°. This'structure has a hexagonal surface 
net, " ' I, and is present in domains having the monolayer net 
vectors oriented 3° off of the Ag<lTo>. The length of the net vectors 
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Fig. 39. Diffraction patterns from monolayers of benzene on Ag(lll) 
in the 5.7 0.3. structure. 1-0.3 5.3 I 
a. LEED pattern at 15 eV. The specular beam is near the 
electron gun tube. 
b. Diagram of a. showing two orientations of the 
primitive reciprocal lattice. 
c. LEEC pattern at 10 eV. The specular beam is at the 
far right. 
d. Diagram of c. 
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15 15.fiX. The surface unit mesh of this structure is illustrated in 
Fig. 40. 

Other diffraction patterns were observed when the substrate was 
exposed to low doses of benzene vapor at low temperatures. Exposure of 
about 1 Langmuir (10 Torr - sec) at 100K produced the pattern shown in 
Fig. 41. The surface unit mesh of the structure producing this diffraction 
pattern is also hexagonal, of 13.2Jt dimension with one mesh vector oriented 
parallel to the Ag<145>. Other azimuthal orientations of this structure 
have also been observed. This structure does not remain upon heating of 
the sample above 12SK. With continued exposure to benzene vapor, the 
first monolayer pattern is produced (Fig. 39). At least one other 
uninterpreted pattern was also observed during exposure of the Ag(lll) 
to benzene vapor at temperatures near 100K. 

At temperatures below 145K, multilayers can condense in a benzene 
vapor pressure of ~ 10" TorT. The diffraction pattern from the surface 
of the multilayer consisted either of a series of rings about the specular 
beam (Fig. 42) or a discrete set of very faint and diffuse beams (Fig. 43). 
The radii of the diffraction rings are equal to the distances from the 
specular beam to the various diffraction beams of the structure giving 
discrete beams. The surface unit inesh of the benzene multilayers is 
oblique, 9.6A1 by 11.4A, Y " H 5 ° . Alternately, the unit mesh may be 
described as a centered rectangular mesh, 9.6X by 2lX. The 9.6A mesh 
vector is oriented parallel to the Ag<112> to give discrete s,pots, or with 
no preferred azimuthal orientation giving diffraction rings. 

The benzene multilayer diffraction patterns were visible to film 
thicknesses greater than 600JL At measured film thicknesses of IOOX, 
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Fig. 41. a. LEED pattern at 22 eV of benzene monolayer on AgClU) 
produced by 10 torr - sec exposure of benzene vapor 
at temperatures below 12SK. The specular beam is to 
the right of the electron gun tube. 
b. Diagram of a. showing two orientations of the 
primitive reciprocal net. 
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plane should not grow. 
There is another explanation of the observed benzene multilayer 

surface mesh, reconstruction of the benzene surface. This possibility 
is suggested by the orthorhombic crystal structure of benzene, and the 
centered rectangular net observed in the LEED patterns. Two reconstructed 
planes fit the observed surface net well, a (100-c(3Xl)- 9.42A by 
20.4& - a (101)-c(2xl)-9.42A by 20.1A. Reconstruction of a 
molecular crystal surface would be an important phenomenon, and it fits 
the data as well as the {111} planes, but the limited amount of data 
available leaves reconstruction of the surface just another possibility. 
More precise measurements of the unit mesh parameters would aid in 
choosing between these alternatives, but would be difficult because of 
the poor quality of the diffraction patterns obtained to date. A conclu
sive, and perhaps the only conclusive proof for reconstruction would be 
simultaneous observation of the surface of the multilayers with LEED and 
observation of the bulk crystallographic orientation with a bulk sensitive 
diffraction technique such as x-ray or high energy electron diffraction. 

A last possible explanation of the benzene multilayer surface net 
is that the benzene multilayer is in a pseudcmorphic structure, determined 
by the substrate geometry, and the surface mesh is a plane of that struc
ture. This is unlikely, as the benzene multilayer surface mesh is 
unrelated to any monolayer structure observed, and is the same on both 
silver and platinum. 

The poor quality of the benzene multilayer diffraction patterns has 
been commented on several times and is evident in Figs. 38 and 43. The 
patterns are both dim and diffuse. These qualities may be related, as a 
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Fig. 43. a. I£ED pattern at 20 eV of multilayers of benzene 
condensed on Ag(lll). The specular beam is near the 
electron gun tube. 
b. Diagram of a. showing one orientation of the reciprocal 
net, both as a primitive, and centered rectangular unit 
mesh. Compare to Fig. 38. 
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the silver diffraction beams were visible at incident beam energies 
greater than 200V. When the films had grown to thicknesses greater than 
250A, the silver beams were not visible at any beam energy less than 
250 el'. 

Discussion: Benzene 
The same surface structure was observed from multilayers of benzene 

condensed upon either Pt(lll) or Ag(lll). The surface structure observed 
is a property of condensed benzene only. In contrast, the behavior 
observed in the adsorbed monolayers on Pt and Ag were very different 
and illustrate the dissimilarity of the bonds between the metals and 
benzene. 

The diffraction patterns obtained from multilayers of benzene grown 
on either Pt or Ag(lll) showed that the multilayer surface unit mesh was 
oblique, 9.6X by 11.3.1, yll5°, or alternately a centered rectangular 
mesh 9.6^ by 20.5A. The unit mesh is illustrated in Fig. 38c. The same 
diffraction pattern was observed on two dissimilar substrates, and to 
thicknesses approaching 1000X. The surface structure is clearly a 
property of bulk benzene. 

Oily two structures have been reported for crystalline benzene. 
The normal structure is orthorhombic (Pbca, Z«4; a«7.39A, b«9.42A, 
c_«6.8lA) at 138K. This structure is a distorted face centered cubic 
packing. The other structure has been observed only at high pressures 
and is monoclinic (P21/c, 2»2; a-5.417A\ b-5.376A, C-7.352X, 6-110°). 9 ! 

As the present experiments were performed at 14 orders of magnitude lower 
pressure than the domain of existence of the high pressure form of benzene, 
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the observed surface structure will be compared only to the low pressure 
form of benzene. 

When such a comparison is performed,of the low index crystal planes 
of benzene, only one kind, the {111), compare well with the observed 
surface mesh. The geometry of the {111} planes is (in dimensions chosen 
to show the similarities to the benzene multilayer surface unit mesh) 
10.05X by 11.62X, Y = 113-4°. The unit mesh in the {111) planes of benzene 
only approximates a centered rectangle, so that if the {111) structure 
was present in all equivalent domains with the 10.05A vector, the benzene 
[101], oriented parallel to a crystallographic direction in the metal 
(the <110> on Pt, the <112> on Ag), a number of diffraction beams would 
occur near the positions of the apparent centered rectangle beams. If 
the individual {111} beams were not resolved, analysis of the diffraction 
pattern would result in the centered rectangle. A diffraction pattern 
constructed from the {111} of benzene present in all equivalent domains 
with the [101] parallel to a given 3-fold symmetric direction is shown 
in Fig. 44. Also shown in Fig. 44 is the pseudo-centered rectangular 
unit mesh, and the area of reciprocal space illustrated in the diffraction 
pattern (Fig. 38). The several beams predicted for each beam resolved in 
the photos explains the diffuse nature of the benzene diffracted beams. 

The benzene {111} planes have the right two-dimensional siesh to 
explain the observed diffraction patterns within the considerable 
experimental errors. The {111} planes of benzene consist of rows of 
molecules along the <011>, with alternate rows consisting of molecules 
lying approximately parallel to the {111} and approximately perpendicular 
to the {111}. There is no reason apparent 'hat would explain why this 
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44. Diffraction pattern constructed from the dimensions of the 
(111) plane of the benzene crystal structure with the 
benzene (101) parallel to three equivalent directions 
in the substrate. The circle is drawn to facilitate 
comparison to Fig. 38. Compare also to Fig. 43. 
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diffuse beam spreads the diffracted intensity over a larger area, so that 
no portion of the beam is very bright. The benzene molecules are known 
to undergo large amplitude librations about their six-fold axes. The 
root-mean-square angular excursion was measured to be 2.5° at 238K, and 
7.9° at 270K. The large amplitude motion results in a large Debye-Waller 
factor, and a large attenuation of diffraction beam intensity at finite 
temperatures. The x-ray diffraction beams were observed to be weak for 
this reason, and the LEED beams should be affected also (Section II-2). 
The benzene beams are noticeably weaker than those observed from multi
layers of naphthalene, cyclohexane, ice, or ammonia. An investigation 
of the surface Debye-Waller factor with LEED could shed some light upon 
the effect of surface environment on the librations of benzene in the 
solid phase. 

The diffuse nature of the benzene multilayer diffraction beams can 
be the result of two phenomena. As commented upon earlier, the apparent 
diffuse beams may be a number of unresolved beams occurring in approxi
mately the same place. Diffuse beams are also produced by small coherent 
domain sizes. Domains of ice and naphthalene multilayers prepared in 
this study were of only 30-40A breadth. The domain size of th'J benzene 
multilayer surface could not be much smaller. Both of these phenomena 
are most likely contributing to the width of the beams. 

The benzene multilayer surface structure was observed to be oriented 
with the 9.6A net vector parallel to the Pt<lTb>, but to the Ag<112>. 
These orientations are somewhat surprising as twice the Pt<112> repeat 
distance is 9.60A, an excellent match. However, there are uncertainties 
in the multilayer net dimensions and structures that make further specu-
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lation unprofitable. 
The benzene monolayer structures on platinum and silver observed in 

this study (Table 111-4} had quite different stabilities. The monolayers 
on platinum were stable to over 400K, and for days in the diffraction 
chamber. The monolayers formed on silver were stable only at tempera
tures below 1S5K - within ten degrees of the temperature at which multi
layers would condense. Evidently the bonding interactions of benzene 
with these two metal surfaces were quite different. 

The structure of the benzene monolayers on Pt(lll) is not solved. 
93 97 Discussions of these structures are found elsewhere. ' The structures 

of benzene monolayers on Ag(lll) are also not solved. The high tempera
ture (to 15SK), high exposure monolayer structure has a hexagonal net, 
15.6X dimension (Fig. 40). There appears to be a systematic variation 
in intensity of the monolayer diffraction beams (Fig. 39) that suggests 
there is within this unit mesh a "pseudo" unit mesh of 9A dimension. 
That is, a basis of the 15.6^ mesh consisting of three units of nearly 
equal scattering power arranged every 9& (1S.6K/-/T) along the long 
diagonal of the hexagonal mesh would give a structure factor that 
duplicates the intensity variations of the diffraction beams. The area 
of the mesh is 210X which should accommodate six benzene molecules 
lying flat upon the surface. Six molecules per mesh would allow the 
"pseudo" mesh to contain two molecules. However, there is no apparent 
way to arrange six planar benzene molecules in the 15.6JJ mesh. Evidently 
some portion of the benzene molecules in the unit cell are not lying 
parallel to the Ag(lll) substrate. If this is trw, there are many ways 
to arrange benzene molecules in the observed unit mesh, and no one struc-
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Ttble III-4. Benzene monolayer structures 

Substrate 
Pt(lU) 

Ag(Ul) 

Structure TenperatureOO 

poorly ordered 

IM T<400 

14 21 
|o s| 

5.7 0.3 
-0.3 5.3 

T<155 

Conments 

irreversible 
succession 
of structures 
CRef. 19) 

T<12S 
low exposure 
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ture can be proposed with any degree of certainty. 
The other monolayer pattern observed was from another hexagonal net, 

of 13.ZA dimension. This net bears the same relationship to the Ag(lll) 
lattice as the cyilohexane monolayer net (Fig- 78) bears to the Pt(lll) 
lattice. Both are C-N/27 « •/2l)R10.9° structures. A ,-nodel of the cyclo
hexane monolayer structure was proposed in which four molecules were 
lying nearly parallel to the Pt(lll) surface (Section III-4 and Ref. 99). 
A similar model can be proposed for the benzene monolayer structure on 
Ag(Ul) (Fig. 45). The silver lattice is 44 larger than the platinum 
lattice allowing 4» more room for the benzene molecules. This room is 
needed, for while the carbon-carbon bond length is shorter in benzene 
(1.39A) than in cyclohexane (1.52A),' the benzene molecule is planar 
and has a larger projected area. Estimating the projected sizes of 
benzene and cyclohexane, one finds that benzene projects to a 31 longer 
figure than cyclohexane. The rather neat fit of benzene and cyclohexane 
on silver and platinum supports the model of these molecules adsorbed 
parallel to the metal surfaces. 

This second, 13.2& monolayer structure is produced by small exposures 
of benzene vapor to the Ag crystal, at temperatures near 100K. At higher 
temperatures, and with greater exposure to benzene vapor, the monolayer 
structure transforms to the more stable 15.bk monolayer structure. The 
low temperature and low exposures producing the unstable structure are 
consistent with a model of the adsorption process in which the first 
molecules impinging upon the surface lie flat to maximize their inter
actions with the metal, and have low mobility on the surface. Raising 
the temperature allows the molecules to diffuse, and find a more stable 
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BENZENE MONOLAYER ON Ag(III) 
(T<I25K, Exposure - IO"6»orr-sec) 

XBL 7611-7763 

Fig. 45. Diagram showing the real space unit mesh of a monolayer 
cf benzene adsorbed on Ag(lll) at temperatures below 
125K, and one possible arrangement of molecules within 
the unit mesh. This unit mesh is derived from the LEED 
pattern of Fig. 41. 
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structure which also maximizes benzene-benzene interactions. Increased 
exposure would also favor a monolayer structure that maximized both 
benzene-silver and benzene-benzene interactions. This more stable 
structure may be similar to crystalline benzene, in which adjacent 
molecules lie with their planes perpendicular to each other. Calculations 
have shown that attractive interactions between pairs of benzene molecules 
are nearly the same whether the molecules are in the "T" configuration of 
the bulk crystal, or in the configuration of molecules lying flat upon 
a surface. Molecules standing perpendicular to the surface can pack 
more densely, and thus may maximize total adsorbate interactions with the 
metal. The circumstances of this transition are consistent with the 
model that the stable monolayer structure contains molecules lying non-
parallel to the surface. 

c. Discussion: Naphthalene and Benzene 

Comparison of the experimental results for the adsorption and conden
sation of benzene and naphthalene on silver and platinum provides two 
conclusions. The aromatics form ordered bulk structures independent of 
the metal's influence. The interactions between aromatic molecules and 
platinum are much stronger thaji the interaction with silver. 

Both of these aromatic molecules condense into structures with ordered 
surfaces, and structures characteristic of the bulk molecular solid. In 
neither case were there geometrical relationships between the adsorbed 
monolayer structures and the subsequent multilayer structures that 
suggested one determined the other. Rather, in each case there was an 
early stage of multilayer growth during which the monolayer diffraction 
pattern had faded, but the multilayer pattern had not yet appeared. This 
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stBge of growth can be interpreted as a disordered transition structure 
with the molecular orientations partially determined by metal interactions 
and partially by intermolecular interactions. As the film of molecules 
grew, the effect of the metal decreased, and the ordered structure 
determined by the inteimolecular forces was assumed. 

Both benzene and naphthalene form monolayer structures at room 
temperature and above on Pt(lll). On Ag[lll) however, the monolayer 
structures observed were stable only at temperatures near or below the 
temperature at which multilayers of these molecules would condense. This 
implies the attractive forces between the molecules and silver are 
comparable to the forces between the molecules in the solid, and the 
heat of adsorption of the aromatics on Ag[lll) must be no greater than 
the heats of sublimation of these molecules. The heats of sublimation 
of benzene and naphthalene are 10.7 and 17.3 kcal/mole. (By comparison, 
the enthalpies of adsorption of benzene on graphitized carbon black or 
boron nitride are about 10 kcal/mole. ) 

The temperatures at which the monolayer structures are stable are 
just further evidence for the vastly different interactions of aromatic 
molecules with platinum and silver. 

3. n-Paraffins 

a. n-Paraffins on Pt(lll) 
T.EET) observations from monolayers and multilayers of the paraffins 

on the (111) crystal face of platinum are strikingly similar, and show 
similar dependences upon substrate temperature. The heats of adsorption 
of the paraffins on Pt(lll) are higher than the heats of sublimation of 
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the organic substances. As a result of the stronger substrate adsorbate 
bond, monolayers of hydrocarbons condense readily at temperatures where 
multilayer growth is inhibited. Thus, at constant hydrocarbon pressure 
LEED shows no hydrocarbon structure at high temperature, however, at 
lower temperatures, structures are seen. Multilayers are formed at even 
lower temperatures because the rate of evaporation of the paraffin has 
fallen below the Tate of incorporation of molecules into the film. All 
of the paraffins studied show this behavior on Pt(lll). 

To facilitate discussion of the n-paraffin adsorption and growth 
behavior on Pt(lll) three transition temperatures will be defined. These 
temperatures are different for each paraffin but correspond to identical 
phenomena. 

The highest temperature at which the paraffin monolayer condenses 
and forms a structure that exhibits only one-dimensional order is 
designated as T,. As the temperature is lowered, these monolayer 
structures become more ordered and form a two-dimensional structure at 
T-. Upon further lowering of the temperature to T,, the rate of conden
sation of the organic vapor on the surface becomes greater than the rate 
of evaporation under our conditions of low vapor flux (10 molecules/cm 
sec). At this temperature or below, the growth of organic multilayers 
(crystals] conriences. Table III-5 lists these temperatures for each 
paraffin. 

Monolayer Adsorption 
Exposure of the clean Pt(lll) surface to the vapor of the normal 

paraffins Cr - C„ for - 10 sec at a pressure of 10 Torr with the Pt 
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substrate below T. produces new diffraction features. These are streaks 
midway between adjacent Pt(lll) first-order diffraction beams and 
directed perpendicular to the line between adjacent Pt diffraction 
beams. The streaked pattern is shown in Fig. 46. 

With longer exposure, about 20 sec at 10 Torr, and at temperatures 
below T,, the streaked pattern transforms into a sharp, bright pattern. 
This pattern is different for each paraffin, but each consists of rows 
of closely spaced spots replacing the streaks. These diffraction 
patterns are shown in Figs. 47a, 48a, 49a, and 50a. Schematic drawings 
of these patterns are shown in Figs. 47b, 48b, 49b, and 50b, with only 

one orientation of the unit mesh illustrated. The ordered paraffin 
| 2 li |2 1| 

surface structures are n-octane, ; n-heptane, I „ ; n-hexane, 
| 2 II |2 1 U l 4' l 0 8 l 

; and n-pentane, . The unit meshes for n-octane and 
n-hexane are oblique, while the meshes for n-heptane and n-pentane are 
rectangular. All of these meshes have in common a vector v'S tijnes the 
Pt interatomic spacing (4.8X), directed parallel to <112>. The patterns 
display 6-fold synmetry, so all equivalent domains of the paraffin 
structures are present on the Pt[lll) surface. 

The patterns do not change with additional exposure at temperatures 
higher than T,. Heating the substrate of the adsorbed paraffin above T, 
in the presence of vapor flux or without, causes the 1EED pattern to 
transform to the streaked pattern observed at low exposures. The streaked 
pattern is also observed when the clean Pt(lll) substrate is exposed to 
paraffin vapor at temperatures between T. ?nd T 2. 

These temperature-induced surface structural transitions are appar
ently reversible at 10" Torr. Upon heating the ordered structures the 
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Fig. 46. I.linn pat tern of onc-diiiicnsionally ordered s t ructure 
of monolayers of the n-pnrnffins on P t ( l l l J . 
(-12 eV incident bcnin.) 
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Fig. 47. a. I£ED pattern at 45.5 eV of monolayer of n-octane 
on Pt(lll). 
b. Schematic drawing of a. showing one orientation 
of the primitive reciprocal net. The platinum beams 
are shown by open circles. 
c. JLEED pattern at 28.5 eV of a multilayer of n-octane 
grown upon Pt(lll). 
d. Real space unit mesh of n-octane' on Pt(lll), with 
proposed arrangement of molecules. Pt atom spacings, bond 
lengths and van der Kaals radii are drawn to scale. 
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Fig. 48. a. I£ED pattern at 14.2 eV of monolp 'er of n-heptane 
on Pt(lll). 
b. Schematic drawing of a. showing one orientation of 
the primitive reciprocal net. 
c. Real space unit mesh of monolayer of n-heptane on 
Pt(lll), with proposed arrangement of molecules. 
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Fig. 49. a. I£ED pattern at 24.8 eV of monolayer of n-hexane 
on Pt(lll). 
b. Schematic drawing of a. showing one orientation 
of the primitive reciprocal net. 
c. UEED pattern at 24.7 eV of multilayer of n-hexane 
grown upon Pt(lll). (0,0) beam is to the right of 
the electron gun tube. 
d. Real space unit mesh of n-hexane on Pt(lll), with 
proposed arrangement of snolecules. 
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Fig. 50. a. LEED pattern at 34 eV of monolayer of n-pentane on 
Pt(lll). 
b. Schematic drawing of a. showing one orientation 
of the primitive reciprocal net. 
... LEED pattern at 18.1 eV of a multilayer of n-pentane 
grown upon Pt(lll). 
d. Real space unit mesh of n-pentane on Pt(lll) with 
proposed arrangement of molecules. 
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i.EFn pattern changes to the streaked pattern, and then to the Pt(lll)-
(lxl) pattern with moderate background intensity. The higher background 
intensity is due to paraffins adsorbed in a disordered fashion. Cooling 
the clean Pt crystal in the vapor flux of the various hydrocarbons 
reverses these transitions. 

The adsorption of n-butane on Pt(lll) produces results different 
than those obtained from the previously described longer chain Cr - C„ 
molecules. With exposure of 10 sec at 10' Torr, in the temperature 

range 90-105K, the adsorption of n-butane on clean PtClll) produces the 
I 2 II diffraction pattern I shown in Fig. 51a, . This pattern is 

quite similar to those observed for n-octane and n-hexane. Similar 
exposure of n-butane in the higher temperature range 105-125K produces 

12 2| the diffraction pattern II shown in Fig. 52a. This pattern, , 
is generally not of high quality because it is streaked and the back
ground intensity is moderate at best. This indicates substantial disorder 
in the structure. The diffraction spots (h,0) and (0,k) are absent when 
h or k is odd. Further exposure in the temperature range 90-125K causes 
either pattern to transform into pattern III as shown in Fig. 53a. 

13 -21 Pattern III is I . The diffraction patterns become streaked and 12 51 
complex during the transformations. 

These exposure and temperature-induced structural transformations 
of n-butane also appear to be reversible. The high exposure pattern 
reverts to the appropriate low exposure pattern if the sample is held 
in vacuum. Heating the sample above 125K causes the deterioration of 
the diffraction features into streaks and subsequent cooling in vacuum 
results in the reappearance of the appropriate pattern, though of poor 
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Fig. SI. a. LEED pattern at 19.S eV of monolayer of 
n-butane on Ptflll). This structure, 
designated as I, is seen only below 105K at 
low exposure. 
b. Schematic drawing of a. showing one orientation 
of the primitive reciprocal net. 
c. Real space unit mesh of structure I of 
n-butane on Ptflll) with proposed arrangement 
of molecules. 
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Fig. 52. a. LEED pattern at 37 eV of monolayer of n-butane 
on Pt(lll). This structure, designated as II, is 
seen only at 105-125K and at low exposure. 
b. Schematic drawing of a. showing one orientatii -
of the primitive reciprocal net. The unfilled 
circles indicate systematically absent features. 
c. Real space unit mesh of structure II of n-butane 
on PtOU). 
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Fig. S3, a. LEED pattern at 22.2 eV of monolayer of n-butane 
on Pt(lll). This structure, designated as III, is 
seen at high exposures. 
b. Schematic drawing of a. showing two orientations each 
of two indistinguishable primitive reciprocal nets. 
c. LEED pattern at 23.3 eV of a multilayer of n-butane 
grown upon Pt(lll). 
d. Real space unit mesh of structure III. It is not 
determined whehter the rectangle or the larger rhombus 
is the correct mesh. 
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quality. Cooling below 125K in n-butane flux restores the high exposure 
pattern III with good quality. This ordering behavior is summarized in 
Fig. 54. 

Exposure of the Pt(lll) substrate to the three lightest hydrocarbons, 
i.e. propane, ethane, and methane, did not produce well ordered surface 
structures. Propane adsorption at pressures up to 10" Torr in the 
temperature range 90-140K produced only the streaked pattern shown in 
Fig. 46. No new diffraction features were observed at temperatures above 
140K. Exposure of the Pt(lll) substrate to methane or ethane at pressures 
up to 10" Torr produced no new diffraction features above 90K. 

Multilayers 
Exposure of the Pt(lll) crystal to the vapors of the normal paraffins 

C^ - C 8 at temperatures below Tj initially yields the ordered monolayer 
diffraction patterns previously described. Then, with continued exposure, 
multilayer growth commences and the sharp patterns change. The background 
intensity increases, the widths of the diffracted beams increase, and 
the relative intensities of the beams are altered. During this trans
formation the diffraction patterns may have expanded several percent from 
their sizes in the monolayers. However, beam position measurements were 
accurate to ± 5t from thick layers of the paraffins due to the decreased 
clarity of the diffraction patterns. Simultaneously, the Pt(lll) 
pattern dims and then disappears, becoming visible only ct higher 
incident beam energies. The Pt features are not visible below 250V 
incident beam energy when the hydrocarbon layer is estimated to be 
50-lOOX thick. Diffraction patterns from thick films of the n-paraffins 
are shown in Figs. 47c, 49c, 50c, 53c, and 55a. 
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under which they are observed. 
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This behavior upon thick layer growth is common to all of the 
paraffins C. - C», with two qualifications. The alteration of the 
intensities of the n-heptane diffraction beams causes certain diffrac
tion beams which were already weak for the monolayer to become undetect
able for the multilayer. The disappearance of these related beans 
indicates a change of real space surface unit mesh to one smaller but 
related to the n-heptane monolayer surface unit mesh. The n-heptane 
multilayer pattern is shown in Fig. 55. Also, thick layers of n-butane 
grow in the structure of monolayer III, as shown in Fig. 53c. 

If multilayers of n-octane or n-heptane are condensed upon a 
disordered paraffin monolayer, or upon the substrate contaminated with 
ambient gases, other diffraction features are observed. The same pattern, 
consisting of spots elongated into arcs, is produced by both paraffins 
and is shown in Fig. 56a. The pattern is different from either of the 
previously described patterns. The Pt features are not visible when this 
pattern is visible. A similar pattern is seen from n-hexane, but no new 
features are seen if n-pentane or n-butane are condensed upon a disordered 
monolayer. 

Table III-5 lists monolayer and multilayer surface phases observed 
from adsorption and condensation of each hydrocarbon on Pt(111), along 
with the temperatures at which the phases are observed. The behavior 
of the n-paraffins at 10" Torr effective pressure on Pt(lll) as a 
function of temperature is also shown in Fig. 57. The lower curve is 
the experimentally determined T,, the temperature below which a thick 
film of hydrocarbon may condense at 10 Torr. The upper curve marks T,, 
the transition temperature froin the ordered monola;IT phase to the phase 
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Fig. 55. a. u r n pattern at 19.2 eV of multilayer of n-heptane 
grown upon Ft(111). 
b. Schematic drawing of a. showing one orientation 
of the primitive reciprocal net. 
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Fig. 56. a. I.EPD pattern at 19.4 eV of multilayers of n-octane 
or n-heptane grown upon a disordered Pt(lll) substrate. 
b. Schematic drawing of a. constructed from the 
(001) plane of the tridinic paraffin structures, 
showing one orientation of the primitive reciprocal 
net. 
c. The arrangement of nolecules in the (001) planes 
of n-octane or n-heptane. n-Octane and n-heptane 
grow upon the Pt(lll) with their orientation with 
respect to the substrate net approximately as shown. 
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Fig. S7. Mmolayej and multilayer surface phases of the n> 
paraffins C3-C8 on Pt(lll), and the temperatures 
at which they are observed at 10 Torr. Ti, T2 
and T3 are defined in the text. 
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exhibiting one-dimensional order giving the LEED pattern shown in Fig. 
46. The shaded area is the range of existence of this structure, bound 
by T-. The temperatures are determined to ± 5° and within these limits 
there is no change in the range of ordering upon changing the paraffin 
vapor pressure from 10" to 10" Torr. 

General Observations 
The quality of the observed diffraction patterns depends strongly 

on substrate preparation. The longer the time span after cleaning the 
crystal and the longer the exposure to the vacuum chamber ambient, the 
poorer the quality of the diffraction patterns. Well-ordered monolayer 
structures would be observed only if the hydrocarbons were adsorbed on a 
clean, cold and well-ordered substrate. The best quality multilayer 
structures would be observed only if the hydrocarbons were condensed on 
well-ordered monolayers. The multilayer patterns were of poorer quality 
than the monolayer patterns and decreased in quality with thickness. 
The greatest film thickness from which diffraction patterns were detect
able was 300JL Miltilayer.diffraction pattern quality was independent 

12 14 -2 -1 
of incident vapor flux within the range 10 -10 molecules cm sec , 
and of substrate temperature in the range between T, and 90K. 

Diffraction features from the monolayer structures were observed 
from 5-12SV incident beam voltage. In contrast, the multilayer diffrac
tion features were observed only in the range 5-40V. 

The structures produced by condensation of thick layers of these 
hydrocarbons on Pt(lll) were all sensitive to electron irradiation. 
Typically the pattern would disappear after several seconds of electron 
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exposure at 20V at 5x10 amp/cm . The structures observed at about 
monolayer coverage would be stable for approximately a minute under the 
same bombardment conditions. Prolonged beam exposure of either the mono
layer or multilayer structures deposits a disordered decomposition 
product onto the Pt crystal surface that obscures the Pt diffraction 
pattern, does not desorb belOK 100°C, and prevents subsequent ordered 
deposition of hydrocarbon upon it. 

Attempts to observed LEED from films of saturated hydrocarbons at 
greater than 200A thickness resulted in the charging of the sample at 
incident beam voltages less than - 15V. At a thickness of 300A, the 
surface would charge below - 20V. At greater film thicknesses, charging 
obscured the LEED pattern at even higher beam voltages. 

Discussion: n-Paraffins on Pt(lll) -Monolayer Structures 
The surface unit meshes of monolayers of n-butane through n-octane 

on Pt(lll) observed in this work are drawn together in Fig. 58. The 
close relationship between the surface unit meshes of the adsorbed 
n-paraffins and between the physical properties of the n-paraffins imply 
that the n-paraffins are all in a similar adsorbed state. The smooth 
variation of unit mesh length with chain length at constant width 
strongly suggests the molecules are adsorbed with the axis of the 
molecule parallel to the surface. Further, the measured width of the 
unit mesh, 4.80A\ closely corresponds to the width of the molecule in 
the plane of the carbon atoms. In the n-octane, n-heptane, and n-hexane 
bulk crystal structures, the width of the paraffin chain is given by the 
b_ spacings, i.e. 4.79, 4.78, and 4.70A, respectively ' * The planar 
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Fig. 58. The observed real space unit meshes of the n-paraffins 
shown with the positions of the Pt atoms in the (111) 
surface. To emphasize the similarities and trends ob
served, two unit meshes are drawn for n-butane, n-hexane 
and n-octane and the meshes of n-pentane and n-heptane 
are drawn as oblique parallelograms rather than as 
the equivalent rectangles shown in Figs. 48 and 50. 
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all trans configuration of the saturated hydrocarbon chain has been 
found in all determined bulk crystal structures, and there is evidence 

104 
that it is found in the liquid n-paraffins, thus it is quite reason
able that these hydrocarbons, bound to the metal surface by dispersion 
forces, are in the same conformation. 

The apparent shapes and packing of these molecules in the crystalline 
solid state are also well known, i.e., d., „*1.54A, d„ U=1.08X, r u = 

L-L. C-n H 
1.2X, Z.CC0112°. Using this information the molecules can be fit 
into the observed unit meshes with little ambiguity as to relative 
adsorbate-adsorbate positions, but with less certainty as to relative 
position of adsorbate and substrate, ftie could propose a surface struc
ture for these adsorbed hydrocarbons assuming the adsorbate position is 
determined by tiosest packing of the molecules and surface atoms permitted 
by van der Waals radii. These proposed surface structures are shown in 
Figs. 47d, 48c, 49d, 50d, and 51c. The structures of the normal hydro
carbons with even numbers of carbon atoms, i.e., octane, hexane, and one 
of the n-butane structures, contain one molecule per mesh, and the axis 
of the molecule is parallel to the Pt[110]. The normal hydrocarbons with 
odd numbers of carbon atoms cannot pack similarly with all molecules in 
identical adsorption sites because of crowding of the terminal methyl 
groups, so they pack with two molecules/unit mesh, the two molecules 
related by a glide plane along [lTo] with the axis of both molecules 
parallel to [110]. The proposed glide planes of symmetry in the n-heptane 
and n-pentane structures should have an effect upon the relative inten
sities of the LEEO spots. The spots (0,10 with k odd, would be forbidden 
by the glide planes in the proposed structures. The Pt substrate does 
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not share these symmetries, however, and consideration of scattering 
from the entire structure, adsorbate and substrate, allows finite 
intensity of these spots. The spots (0,k) with k odd, are noticeably 
less intense than the other spots in LEED patterns from n-heptane and 
n-pentane monolayers supporting the proposed structures. 

The n-butane structures II and III (Figs. 52c and 53d) evidently 
contain more than or", molecule per unit mesh. The systematic absences 
in the structure II diffraction pattern indicate the presence of two 
mutually perpendicular glide lines, but there are no analogous structures 
of the other paraffins to support the proposal of a detailed structure. 
Assuming reasonable packing density with molecules approximately parallel 
to the surface, one may estimate the number of molecules per cell. For 
structure I, Z"l, the area is 33. 2 ^ . For structure II, the area is 
133. Ik2 and if z = 4, the area/molecule is 33,4A , virtually the same as 
with the other low exposure structure. The high coverage and thick layer 
structure, III, has an area of IZ6.3A . If 2 = 4, the area/molecule is 
31.bk ; a more dense packing, suggesting that the molecular axis is not 
parallel to the surface in this structure. 

It is significant that n-butane, the smallest of the hydrocarbons 
showing ordered adsorption in this study, has several structures, with 
the structure analogous to the larger hydrocarbons stable within only a 
limited range of temperature and exposure. A plot of monolayer surface 
unit cell areas versus number of carbon atoms of the n-paraffins is 
shown in Fig. 59. Also plotted is the estimated cross section area of 
the molecules, estimated by taking the area of n-octane to be the area 
of the (101) plane of the n-octane crystal structure, and subtracting 
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Fig. 59. A plot of the areas per irolecile of the 
observed real space unit meshes of the n-paraffins 
adsorbed on Pt(lll) and an estimate of the area 
of one cross-section of the molecules themselves 
vs. the number of carbon atoms in the n-paraffin. 
Th~e areas per molecule shown for n-butane structures 
II and III are based upon an assumed four molecules 
per unit cell. This figure illustrates the tighter 
packing of the smaller n-paraffins on the Pt(lll) 
surface. 
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6.0A 2, the area of a methylene, for every carbon atom less than eight. 
The unit mesh size is a constant plus n times one-half of the Pt inter
atomic distance (1.39A), while the molecular area is another constant 
plus n times the projection of the C-C bond length upon the molecular 
axis (1.28&). The excess space in the unit cell is the difference between 
the unit cell size and the molecular size and is n(1.39 - 1.28)X plus a 
constant. Thus, the smaller the paraffin, the more densely packed it is 
on the surface. It is perhaps coincidental that the plots intersect at 
n = 4, but the trend is significant. Evidently the packing becomes too 
dense for n-butane I, thus structures II and III become possible. 

Figure 59 also demonstrates that the larger hydrocarbons are more 
loosely packed in the monolayer. It suggests that adsorbate-substrate 
interactions are more important than adsorbate-adsorbate interactions in 
determining surface structures unless adsorbate-adsorbate repulsion is 
present. It would be important to absorb still larger n-paraffins to 
further explore the trends in surface structure and packing. 

The only diffraction pattern observed for propane, Fig. 46, is the 
same as the patterns observed from the larger paraffins at either too 
low exposure or temperatures between T. and T 2, and indicates only one-
dimensional order on the surface. The streaks are in the position of 
the brightest features of the observed monolayer patterns and correspond 
to the 4.8A width of the hydrocarbon molecules. This width is shared by 
all the n-paraffins. The streaking translates to disorder in the perpen
dicular direction, the direction of the paraffin chain axis. As the 
paraffins octane to butane order when cooled from this structure, propane 
may order also at temperatures less than 90K which were unattainable in 
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our experiment. 
Methane and ethane exposure above 90K, and propane exposure above 

140 K produced no new diffraction features and no appreciable increase in 
background intensity of the Pt(111)(1X1) pattern. This indicates that 
under these conditions, methane, ethane, and propane do not adsorb in an 
ordered fashion, and no more than a small fraction of a monolayer is 
adsorbed. 

The various phase transition temperatures of the adsorbed paraffins, 
illustrated in Fig. 57, fall on smooth curves when plotted against paraffin 
chain length. The T, curve agrees reasonably with liquid phase vapor 
pressure-temperature relationships extrapolated to low pressures. 

T, is the temperature of a set of related one-dimensional-two-
dimensional order transitions of a number of similar molecules. The 
transition from the ordered monolayer phase to the one-dimensionally 
ordered phase is intriguing as a possible example of a surface order-
disorder transition. Because competitive adsorption of contaminants 
interferes with surface ordering behavior, it is not clear that the 
ordering-disordering phenomenon is completely reversible. The applica
tion of thermodynamic analysis to the transition is thus open to question. 
With this in mind, arguments can be made in the interest of defining both 
the transition and disordered state. 

The ordered states of the paraffin monolayers are all very similaT. 
The one-dimensionally ordered states of all the paraffins are also similar. 
If contributions from internal degrees of freedom of the molecules can be 
be ignored, the entropy change from the Z-d to the 1-d states, AS, for each 
of the paraffins will be the same. (This statement is analogous to 
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Trouton's rule for the entropy of vaporization of simple liquids at their 
boiling points.) AS can be evaluated by dividing the enthalpy of the 
transition, AH, by the transition temperature T-. Neither AS nor AH 
have been measured. AH should be some function of the dispersion forces 
between the adsorbate and platinum and between adsorbates, both of which 
may be expected to be proportional to the heat of vaporization of the 
paraffins because of the similar origins of the forces. 

AH" - BAH^p (1) 

where AH11 * enthalpy of 2d-ld order transition of nth paraffin 

- enthalpy of vaporization at the boiling point for the 
" nth paraffin. 

6 • constant of proportionality 

If these assumptions are correct then the ratio of i f f and 01 for 

each paraffin ii should be constant and equal to AS/6. 

AS - * L - U S t (2, 

Table III-6 lists T^, A H ^ 6 0 and their ratio for the paraffins 
exhibiting the order-disorder transition. Except for n-butane, the ratio 
is constant, -36 il eu. The deviation of the ratio for n-butane from the 

Thermal desorption experiments (Section III-3d) indicate the heat of 
adsorption of the paraffins Cg-C4 on Pt(lll) is 2.0 times the heat of 
vaporization at the boiling point. 
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Tabie III-6. n-Paraffins 

Heat of vaporization and 2-D order - 1-D order 
transition temperatures on Pt(lll) 

^ a p kcal/mole60 -n 
*2 

125 

<p/T5 (e.u-) 

n-butane -5.4 

-n 
*2 

125 -42 
n-pentane -6.2 170 -36 
n-hexane -6.9 195 -35 
n-heptane -7.6 215 -35 
n-octane -8.2 220 -37 
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others is encouraging, as the two-dimensional state involved in the 
transition, structure I or III, is not similar to the ordered structures 
of the other paraffins. 

The results so far are consistent with the assumptions, but there 
is still no value for 6- It can be estimated in two ways, by estimating 
either AH or AS. 

According to the interpretations of the 1EED patterns before and 
after the transition, the surface structure disorders in one dimension 
upon heating. AS may be estimated to be similar in magnitude to the 
entropy gained in the formation of an ideal gas in the one disordered 
dimension. For a 1-D ideal gas 

2* mklW2 y2 L 

approximately 10 e.u. for these molecules and tenperatures. B is then 

6 • S j ^ -36eu " -[1/3 - 1/4). (5) 

An alternative approach to estimating 6 is to estimate AH 0. Vapor
ization, the transition from a condensed phase to the vapor, can be 
thought of as the breaking of ~ 12 nearest-neighbor "bonds". The nearest 
neighbor bond energy < n would be A H " / 1 2 . The two-dimensionally ordered 
structures below the transition temperature are closely packed in two 
dimensions. Each molecule has six nearest-neighbors. In the one-dimen-
sionally ordered phase, the molecules are closely packed in only,one 
dimension, having at least two, but perhaps more, nearest-neighbors, 
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depending upon the amount of desorption accompanying the transition. 
The enthalpy change is then 

*"" " "lD -"2D " »-«)«"- «•" 

« - ( 2 - 4 ) f
n 

- -Cl/6-1/3)4^, (6) 

The two estimates agree that AH11, the enthalpy change of the order-
disorder transition is - 1/5 - 1/3 of A H J L D -

The LEED and temperature behavior data are consistent with a model 
of the transition involving the breaking of dispersion type bonds to form 
a disordered structure in which the molecular axes of the paraffins remain 
parallel to Pt<110>, the molecules remain tightly packed across theii' 
widths, but the chain ends are no longer correlated. 

Multilayers 
The T.KFn patterns show that for each normal paraffin the surface 

unit mesh does not change appreciably during growth from an ordered mono
layer to the multilayer. The relative beam intensities change, and the 
overall pattern shows significant disorder in the surface structure, but 
throughout the growth, the surface mesh changes by no more than a contrac
tion of several percent, implying arrangement of molecules at the surface 
similar to that in the monolayer. 

*The thermal desorption data (Section III-3d) indicates that desorption 
is minimal at T2. In fact, the data predicts coverage will fall below 
one monolayer at T > T i , implying the 1-D order observed above Tj is due 
to packing of a complete monolayer of paraffin upon the surface. 
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The surface unit mesh observed from thin and thick films of 
n-octane can be identified with a low index plane of the bulk n-octane 
structure, the (101). The widths and angles of the two meshes are 
within 0.5$, and the length of the surface mesh is 44 longer than the 
bulk mesh. Further, the plane of the n-octane molecule is parallel to 
this plane, as in the proposed monolayer structure. The surface struc
ture observed from multilayers of n-octane may be an unreconstructed low 
index plane of the reported n-octane crystal structure. 

The surface unit meshes of the other paraffins do not have any 
obvious relation to the reported crystal structures. The n-heptane mesh 
is centered rectangular, but the n-heptane crystal structure is triclinic. 
The n-hexane crystal structure is veiy similar to the n-octane crystal 
structure, but the observed surface m?sh is significantly different from 
the (101) pjane in which the n-hexane molecules lie. The n-pentane 
structure is orthorhombic, with four molecules, having non-parallel axes 
per unit cell. No crystal structure has been reported for n-butane. The 
inability to relate the surface meshes of heptane, hexane anr1 pentane to 
the reported crystal structures casts doubt upon the identification of 
the n-octane surface mesh with (101) plane of the n-octane crystal 
structure. 

The diffraction pattern from multilayers of n-heptane is somewhat 
different from the n-heptane monolayer pattern. Alternate beams of the 
monolayer pattern are not observable in the multilayer pattern. In the 
thick layer the unit mesh area of the monolayer is halved by centering 
the rectangular monolayer mesh. In this way the multilayer surface mesh 
contains one molecule per unit cell, although the reported crystal struc-
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ture contains two nolecules per unit cell. 
The liFHl patterns produced by slowly cooling the Pt(lll) crystal in 

n-octane or n-heptane vapor flux to below T, (Fig. 56) are the same for 
multilayers of both molecules. The dimensions shared by n-octane and 
n-heptane molecules are the cross section of the molecules. In the bulk 
crystal structures the cross sections of the molecules are given by the 
£ and b_ lattice vectors, and y, the angle between them. In n-octane, 
a_=4.22A, b=4.79A, Y = 1 0 5 . 8 ° ; 6 6 in n-heptane, a=4.18, b-4.78, and 
-^105.4". A diffraction pattern constructed from these real space 
dunensions present in six equivalent azimuthal orientations with the 
paraffin [100] approximately parallel to the Pt<lT0> is compared to 
the T.Fm pattern in Fig. 56b. The constnicted pattern is entirely consistent 
with the observed pattern. It is probable that this diffraction pattern 
is due to unreconstructed (001) planes of the normal crystal structures 
of n-heptane and n-octane (Fig. 56c). It is reasonable that this struc
ture was not observed in the smaller paraffins, which share the cross-
sectional dimensions of n-octane and n-heptane. Structures with parallel 
paraffin chain packing are less favorable for the shorter n-paraffins, 
because of a proportionally larger contribution of end group packing to 
the lattice energy. In the n-pentane crystal structure, neighboring 
molecules do not have chain axes parallel. 

b. n-Paraffins on Ag(lll) 
n-Octane 

Upon exposure of the Af:(lll) to n-octane vapor, no changes are seen 
in the T.FKTI pattern between room temperature and 230K. Between 230 and 
205K several faint rings are seen r<bout the specular beam in addition to 
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Fig. 60. a. LEED pattern at 23 eV of monolayer of n-octane on 
Ag(lll). The specular beam is to the right of the 
electron gun tube. 
b. Diagram of a. showing two orientations of the 
primitive reciprocal net. This net corresponds to a 

; '. real space net. 
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the Ag(lll)-(1X1). At temperatures below 205K a bright, sharp monolayer 
diffraction pattern is seen. This pattern is illustrated in Fig. 60. 
The monolayer diffraction pattern is due to an oblique surface unit mesh, 
12.1 0.3 
L ^ , 10.4A by 5.7A, separated by an angle of 80.2*. The longer 
mesh vector is aligned parallel to the Ag<14~3>. 

n-Octane vapor was slowly admitted to the vacuum chamber in one 
experiment with the substrate at 18SK. The first new diffraction features 
observed were diffuse, and at about the one-half order positions. The 
diffuse feature then coalesced into two beams on either side of the lines 
between the specular and first order silver beams. Other beams were 
visible also, and the total pattern was apparently quite similar to the 
n-octane monolayer pattern on Pt(lll) (Fig- 47). These two beams then 
streaked parallel to each other and split into the four brightest beam? 
of the monolayer pattern described above (Kg- 60). No further changes 
were observed with n-octane exposure at temperatures above 160K. 

Miltilayers of n-octane condensed at temperatures below 160K. Kith 
exposure, the monolayer pattern grew dim, and the background intensity 
increased. The brightest beams of the monolayer pattern grew diffuse, 
as shown in Fig. 61. The thickness of the film at this stage is not 
accurately known. At the largest thicknesses at which a diffraction 
pattern was observed, about 400A, the diffraction pattern from the multi
layer appeared as in Fig. 62. This diffraction pattern is due to an 
oblique surface unit mesh 12.1A by 4.7A, with the cell vectors at an 
angle of 101*. The 4.7A vector is aligned parallel to the Ag<ll2>. This 
diffraction pattern is identical to the n octane at temperatures 
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Fig. 61. LEHD pat tern a t 26 eV of mult i layers of n-ocl.ine 
condensed on Ag( l l l ) . Tlic specular Ixvui! is near 
the electron gun tube. 
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Fig. 62. a. 1EED pattern at 24 eV of multilayers of n-octane 
condensed on Ag(lll). The specular beam is hidden by the 
electron gun tube. Compare to Fig. 47c. 
b. Diagram of a. showing one orientation of the primitive 
reciprocal net. 
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below 100K produced no diffraction pattern, only a high background 
intensity characteristic of an amorphous surface. 

n-Heptane 
At temperatures above 220K exposure of the clean Ag(lll) surface 

to n-heptane vapor produced no diffraction features in addition to the 
AgCHI)-(1*1). At temperatures between 185 and 220K diffuse rings were 
observed about the specular beam. Diffuse beams at approximately the 
one-half order positions were observed between 175 and 185K. Below 175K, 
a sharp, bright monolayer diffraction pattern was observed. 

The monolayer diffraction pattern is shown in Fig. 63. The diffrac-
I 2 X I . . 

tion pattern is due to a surface mesh , 5.0A by 11.4A at an 
1-1 3.3l 

angle of 103". The shorter mesh vector is parallel to the Ag<112>. 
This structure is stable with respect to additional exposure to n-heptane 
vapor at temperatures above 150K. 

At temperatures below 150K, multilayers of n-heptane condense. The 
diffraction pattern from multilayers of n-heptane is very similar to the 
pattern from monolayers of n-heptane. At initiation of multilayer growth, 
occasionally both diffraction patterns are observed as in Fig. 64. The 
diffraction patterr. from multilayers of n-heptane on Agflll) is shown in 
Fig. 65. The surface mesh derived from this pattern is also oblique, 
4.6A by 11.3A at an angle of 102°. The shorter vector is parallel to 
the Ag<112>. 

n-Hexane 
Exposure of the clean Ag(lll) crystal to n-hexane vapor produced no 

new diffraction features at temperatures above 215K. At temperatures 
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Fig. 63. a. LEED pattern at 21 eV of a monolayer of n-heptane 
adsorbed on Ag(lll). The specular beam lies to the 
right of the electron gun tube. Compare to Fig. 48. 
b. Diagram of a. showing one orientation of the primitive 
reciprocal net. The real space net corresponding to 

I 2 1 I this pattern is _j 3 3 -
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Fig. 64. a. LEED pattern of n-heptane cm Ag(lll) at the 
onset of nultilayer growth. 

b. Diagram of a. showing one orientation each of 
the reciprocal nets of the monolayer and nultilayer 
surface structures. 
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Fig. 65. a. IEED pattern at 27 eV of multilayers of n-heptane 
condensed on Ag(lll). The specular beam lies to the 
right of the electron gun tube. 
b. Diagram of a. showing one orientation of the reciprocal 
net of the multilayer surface. Compare to Fig. 55. 
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between 170 and 215K, weak rings v.re observed about the specular beam 
of the AgClll)-(lxl) pattern. The radius of the brightest ring corre
sponded to a row spacing of 4.6X in the overlayer structure. 

A sharp monolayer diffraction pattern was observed at temperatures 
below 170K. This pattern is shown in Fig. 66. The surface unit mesh 
producing this pattern, ' , is oblique, S.sX by 8.2X, with an 
angle of 94". The shorter mesh vector is parallel to the Ag<615>. 
This pattern was stable under further exposure to n-hexane vapor at 
temperatures above WOK. With low exposure rates, the first additional 
diffraction features observed were diffuse spots at one-half order, 
which then transformed into the monolayer pattern. 

At temperatures below 140K, multilayers of n-hexane would condense 
under, the vapor pressure used. During multilayer growth, the monolayer 
diffraction pattern would grow dim, the diffraction spots would grow 
diffuse, and the background intensity would increase. The diffraction 
pattern observed from multilayers of n-hexane on Ag(lll) is shown in 
Fig. 67. The surface unit mesh of the multilayer structure is apparently 
the same as the surface unit mesh of the monolayer. 

n-Pentane 
The adsorption and condensation of n-pentane on Ag(lll) produced 

results different than those described for the larger paraffins. 
Upon slowly cooling the Ag substrate in n-pentane vapor, no changes 

were observed in the diffraction pattern above 175K. Below 17SK, rings 
were observed, but with further cooling to below 125K, the monolayer 
rings faded, and only a high background intensity was observed as multi-
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Fig. 66. a. LEED pattern at 30 eV of a monolayer of n-hexane 
on Ag(lll). The specular beam lies to the right of 
the electron gun tube. 
b. Diagram of a. showing two orientations of the 
primitive reciprocal net. The real space net corresponding 
to this pattern is , 3'? • Substrate beams are shown 
by open circles. 
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layers condensed. The monolayer rings returned upon warming above 125K, 
and multilayers of n-pentane would condense below this temperature. 

Exposure of the clean Ag(lll) crystal to about monolayer amounts of 
n-pentane at temperatures below 100K produced a very complex diffraction 
pattern, shown in Figs. 68a,b. The reciprocal unit mesh of this pattern 
has not been identified, but apparently at least two types of domains of 
the structure or two structures are present. Heating of the sample above 
100K caused the disordering of the structure, but it reordered upon return 
to temperatures below 100X. 

Continuous exposure of the Ag(lll) crystal with the unidentified 
monolayer structure upon it caused the deposition of multilayers of 
n-pentane in the same structure. The ordered multilayer was observed 
to thicknesses of several hundred angstroms. Also observed was a multi
layer diffraction pattern in which many of the beams of the unidentified 
pattern coalesced into rings (Fig. 68c). 

n-Butane 
Exposure of the Ag(lll) surface to n-butane vapor at temperatures 

below 125K produces a monolayer structure that has the diffraction pattern 
shown in Fig. 69. The surface unit mesh of the monolayer structure is 

13 -2| , hexagonal, I, with 12.6A unit mesh vectors aligned parallel to the 
Ag<523>. At low exposure, some of the monolayer IFF" beams split into 
triangles of three beams, indicating that the monolayer has become some
what distorted from hexagonal symmetry. Heating the monolayer pattern 
above 125X disorders the structure, and results in a pattern with diffuse 
features at the one-half order positions. Cooling again below 125K 
restores the ordered structure. 
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Fig. 68. I£ED patterns of n-pentane on AgClll). 
a. monolayer, specular beam near electron gun 
tube (18 eV). 
b. nnnolayer, specular beam to the right of electron 
gun tube (18 eV). 

c. onset of multilayer growth (18 eV). 



-224-

XBB 760-11132 

Fig. 63 



-225-

Fig. 69. a. LEED pattern at 34 eV of monolayer of n-butane 
adsorbed on Ag(lll). The specular beam is to the 
right of the electron gun tube. 
b. Diagram of a. showing two orientations of the 
primitive reciprocal net. The real space net derived 

13 -2 I from this pattern is I, r • Compare to Fig. S3 a,b. 
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Multilayers of n-butane condense below 105K at the vapor pressure 
used. At moderate thicknesses, perhaps less than lOoA, a different 
diffraction pattern is observed. This pattern is shown in Fig. 70. 
The surface unit mesh corresponding to this pattern is a nearly rectangular 
mesh, 7.6% by 8.4A, with an angle of 92°. The 7.8A mesh vector is aligned 
approximately parallel to the Ag<231>. 

Discussion: n-Paraffins on As (111) 
Adsorption and condensation of the normal paraffins octane to butane 

on Ag(lll) produced results that were quite varied. There were large 
differences in behavior from one paraffin to another, and both very 
similar and very different behavior compared to that observed on platinum. 
The monolayer structures observed are listed in Table III-7. 

n-Octane and n-Hexane 
Monolayers of both of these paraffins on Ag(lll) have similar surface 

unit neshes. The area of each mesh is that expected for the cross sectional 
area of the plane of the paraffin molecule containing the carbon atoms. ' 
The measured areas are SSA and 43X 2 for n-octane and n-hexane respectively. 
Because of the magnitude of the mesh areas, the similarity of the mono
layer nesh shapes, the similarity of the molecular properties of the two 
paraffins, and the monolayer structures found for the paraffins on Pt(lll), 
it is reasonable to seek monolayer structures for n-octane and n-hexane 
on Ag(lll) that consist of one molecule per unit mesh lying with its 
carbon atom plane parallel to the substrate surface. 

Such structures can be found, and are illustrated in Figs. 71 and 72. 
These are the only arrangements of these molecules in the experimentally 
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Fig. 70. a. LEED pattern at 17 eV of multilayers of n-butane condensed 
on Ag(lll). The specular beam lies to the right of the 
electron gun tube. 
b. Diagram of a. showing two orientations of the primitive 
reciprocal net of the multilayer surface. 
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Table III-7. Normal paraffins - monolayer structures on Ag(lll) 

n-paraffin structure temperature(K) comments 

n-octane poorly ordered 20S - 230 
12.1 0.3 1 
| 1 4 | T<205 

n-heptane poorly ordered 185 - 220 

|-1 3.3 1 T<18» 

n-hexane poorly ordered 170 - 215 

\l S :5 | T<170 
n-pentane poorly ordered 125 - 175 

? T<100 low exposure 

n-butane poorly ordered ? - 125 

1? 1 1 T<125 
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n-OCTANE ON Ag(lll) 
XBL 7611-7771 

Fig. 71. The real space w i t mesh of n-octane nonolayer on Ag(Vl), 
and a proposed arrangement of molecules within the 
w i t tnesh. Corpare to Fig. 47d. 
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Fig. 72. The real space unit mesh of the n-hexane monolayer on 
Ag(lll), and a proposed arrangement of molecules 
within the unit mesh. 
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determined unit cells which do not involve unacceptable hydrogen-hydrogen 
non-bonded distances. Also, in each structure the axis of the molecule 
lies approximately along the Ag<110>, just as it does when these molecules 
adsorb on Pt(lll). These are the most reasonable proposals for the 
structures of monolayers of n-octane and n-hexane on Ag(lll) on the 
basis of this data. 

Multilayers of n-octane and n-hexane condensed upon the ordered 
monolayer structures apparently maintained the monolayer structures at 
low thicknesses (Fig. 61,67]. With increasing thickness, the n-octane 
structure transformed into one giving a mesh 12. lA by 4.7A, y= 79° (Fig. 
62). This structure is identical, within the errors of the determination, 
to that observed in multilayers of n-octane condensed on Pt(lll) (Fig. 
47c). The arrangement of molecules in the surface of multilayers of 
n-octane deposited on silver is probably the same as the arrangement 
suggested in multilayers deposited on platinum. 

No further change in the diffraction pattern was observed after 
commencement of multilayer growth of n-hexane on Ag(lll). 

n-Heptane 
Monolayers of n-heptane adsorbed on Ag(lll) form an ordered structure 

with a surface unit mesh of 5.0A by 11.4A with an angle of 103°. The area 
of the mesh is approximately the cross sectional area of the n-heptane 
molecule through the plane of the carbon atoms. This mesh is related 
to the n-paraffin monolayer meshes observed on Pt(lll). It is lS longer 

I 2 II I 2 1| than a structure. ( was the monolayer structure of 1-1 3l 1-1 3l 
n-hexane on Pt(lll).) The n-heptane molecule can be arranged in this 
structure quite easily as shown in Fig. 73. This arrangement is analogous 
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Fig. 73. Diagram showing the relationship between the n-heptane 
monolayer and multilayer unit meshes on Ag(lll) and proposed 
arrangements of molecules within them. Compare 
to Fig. 4hc. 
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to the arrangement of paraffins proposed for Pt(lll) and has the axis of 
the n-heptane molecule along the Ag<110>. 

Upon n-heptane multilayer growth on Ag(lH), the surface mesh 
abruptly changes to one 4.6A by 11.3&, with an angle of 102°. The 
multilayer mesh is almost identical to the monolayer mesh, except that 
it is narrower, 4.6X as compared to 5.0A in the monolayer and 4.8A 
expected for the methylene chain width. 

Because both the monolayer and multilayer diffraction beams can be 
viewed simultaneously (Fig. 64), the multilayer mesh width can be 
accurately calibrated against the monolayer width, which is v T times 
the silver interatomic spacing. Thus the 4.6A width of the multilayer 
cell is accurate to about ± O.lX, and is small for the width of a methylene 
chain in the plane of the carbon atoms. It is also significantly larger 
than 4.2A, the width of a methylene chain in the plane perpendicular to 
the plane of the carbon atoms. 

There are forces between the Ag(lll) surface and the n-heptane 
molecule of enough strength to keep the molecules aligned parallel to 
the <110> and 5.0A apart, the repeat distance in the direction perpen
dicular to the <110>. Upon multilayer growth, with the removal of metal-
adsorbate forces, the molecules remain oriented along the <110>, but 
collapse together to a mare reasonable interchfLin distance. 

The n-heptane multilayer surface mesh observed on Ag(lll) is, within 
the experimental determination, identical to the n-heptane multilayer 
surface mesh observed on It (111). The two meshes also have similar 
relationships to the n-heptane monolayer meshes and most likely contain 
n-heptane molecules lying parallel to the multilayer surface, each other, 
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and the metal <110>. 

n-Pentane 
The behavior of n-pentane on Ag(lll) was unique in that there was 

apparently a monolayer order-disorder transition temperature some 25° 
below the onset of multilayer deposition. At approximately monolayer 
coverage, as judged by LEED, a sharp drffraction pattern (Fig. 68) was 
observed below 100K, which reversibly disordered at temperatures above 
100K. In the temperature range above the onset of multilayer growth, 
125 -175K, a diffraction pattern consisting of a series of rings was 
observed. The rings perhaps correspond to a poorly formed version of 
the low temperature ordered structure. 

To some thickness, multilayers condensed on the ordered monolayer 
maintained the same structure. No experiments were performed to study 
the bulk ordering characteristics, or the monolayer ordering characteris
tics under a layer of condensed n-pentane at the monolayer transition 
temperature. 

Further work is necessary in order to analyze the LEED pattern of 
the ordered monolayer. 

n-Butane 
The monolayer diffraction pattern observed from n-butane on Ag(lll) 

(Fig. 69) is the same as the one observed from n-butane on Pt(lll) (Fig. 
|3 -2| 53). Both are structures. Silver has a larger lattice than 

platinum, so that the n-butane structure on silver is it larger than the 
n-butane structure on platinum. The arrangement of molecules in this 
structure is not known, but is presumably the same on both substrates. 
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Multilayers of n-butane condensed on silver assumed a structure 
with a surface unit mesh 7.8A by 8.4A\ Y = 92°. This structure is not 
the same as the one assumed by multilayers of n-butane on PtCllll. N'o 
crystal structure has been reported for n-butane, so it is not clear 
whether both, either, or neither of these multilayer surface structures 
are related to the normal n-butane bulk structure. 

c. Discussion: n-Paraffins on Ag and Pt 
The similarities and differences in the behavior of the n-paraffins 

when deposited on Agflll) or Pt(lll) clarify the models proposed for the 
behavior and again demonstrate the contrast between silver and platinum 
surfaces. Similarities are due to the properties of two- and three-dimen
sional arrays of paraffins, differences to the geometrical and chemical 
interactions between the paraffins and the metal surfaces. 

Monolayers 
The uniformity of monolayer structure observed during n-paraffin 

adsorption on Pt(lll) fFig. 58) was not observed on Ag(lll). No clear 
pattern emerged that would enable prediction of the paraffin structures. 

n-Octane and n-Hexane 
n-Octane and n-hexane took on the most similar of the monolayer 

structures observed during paraffin adsorption on Ag(lll). The diffrac
tion patterns observed and the structures proposed are shown in Figs. 60, 
66, 71, and 72. These structures share the same relationship to each 
other as the n-paraffin structures on platinum, that is the n-octane unit 
mesh is approximately the n-hexane unit mesh elongated along the metal 
<110> (Fig. 74). The elongation of the n-octane molecule relative to 
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Fig. 74. Diagram showing the similarity of the unit meshes of 
monolayers of n-octane and n-hexane adsorbed on 
Ag(lll). The solid lines show the unit meshes 
illustrated in Figs. 71 and 72, the dashed 
lines show equivalent unit meshes. 
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n-hexane is along the paraffin chain axis, and the proposed surface 
structures on both platinum and silver have the molecules aligned along 
the metal <110>. 

The difference between the silver and platinum structures is in the 
relative positions of the ends of the molecules. On platinum, the ends 
of the molecules are arranged in rows perpendicular to Pt<110> and the 
molecular axis. On silver the ends of the molecules are arranged in 
rows at an angle of about 60° to the Ag<110> and the molecular axis. 
The reasons for the difference in structure are not clear, but are perhaps 
related to the repeat distance perpendicular to the metal <110>, 4.&K on 
Pt and 5.0A on silver. The methylene chain is estimated to be 4.8^ wide ' 
which coincides well with the platinum lattice but perhaps not with the 
silver. In the n-hexane and n-octane monolayer structures observed on 
Ag(lll), the widths of the unit cells perpendicular to the Ag<110> are 
5.oX and 4.6A respectively. The reason for these structural differences 
must lie in the details of the balance between metal-paraffin and paraffin-
paraffin forces. 

n-Heptane 
In contrast to the structures observed for n-octane and n-hexane on 

Ag(lll), the n-heptane structure is analogous to the n-paraffin structures 
on Pt(lll). The n-heptane monolayer mesh on Ag(lll) is 11.4^ by 5.oA, 
Y=103° iFig. 73). Centering the n-heptane monolayer mesh on Pt(lll) 
gives dimensions 11.4^ by 4.8A\ Y = 1 " 2 ° (Fig. 47). The meshes compare 
well with each other and the size of the n-heptane molecule. In each 
case the width of the mesh is V T times the metal interatomic spacing. The 
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length of the mesh observed on platinum is also in registry with the 
metal surface, while on silver the length of the n-heptane cell is out 
of registry with the metal surface, but corresponds closely to the length 
of the n-heptane molecule. 

In view of the very similar structure to those observed on Pt(1113, 
it is surprising that the odd-even paraffin structural correlation is not 
followed by n-heptane on Ag(lll). n-Heptane and n-pentane formed mono
layer structures with two molecules per unit cell on Pt(lll). This is 
due to the necessity of packing the terminal methyl groups of these 
non-centrosymmetric molecules while maintaining all molecules in identical 
adsorption sites. The same considerations should apply to n-heptane on 
Ag(lll). They evidently do not for two reasons. First, the unit mesh 
observed on Ag(lll) is wider than the meshes observed on Pt(lll) and 
wider than the presumed width of a methylene chain. The extra width 
may prevent crowding of the terminal methyl groups in a structure with 
one molecule per unit mesh. Secondly, the n-heptane monolayer mesh on 
Ag(lll) is not in registry with metal lattice along the <110> directions, 
so that the n-heptane molecules all have different adsorption sites on 
the metal surface. There is evidently a weaker interaction of the n-heptane 
molecule with the silver surface geometry, allowing the n-heptane molecule 
to pack with one molecule per unit cell. 

n-Pentane 
The adsorption of monolayers of n-pentane presented something of a 

mystery. n-Pentane behaved very predictably on Pt(lll), obeying the 
trends obeyed by other paraffins. On Ag(lll), however, it displayed an 
apparent monolayer order-disorder transition 25° below the temperature 
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at which multilayers condense, and no ordered monolayer structures above 
that temperature. The behavior on silver could have been attributed to 
small size and weak forces, except that a smaller molecule, n-butane, 
behaved analogously to the larger n-paraffins on silver, and similarly 
on piatinum and silver. 

n-Butane 
13 -21 n-Butane formed the same monolayer structure, , on both 

Pt(lll) and Ag(lll). This is apparently a favorable arrangement of 
n-butane molecules, as it is not altered by the 41 difference in the 
size of the metal lattices. No other monolayer structures were observed 
on Ag(lll), in contrast to the three structures observed on Pt(lll). 
The instability of the n-butane structure analogous to the other n-paraffin 
structures on Pt(lll), structure I, is attributed to unfavorable packing 
of the molecule onto the platinum lattice. Conceivably the n-butane 
structure I could have formed on the larger silver lattice, however 
silver is a different chemical species than platinum, and it did not. 

General Comparison 
The monolayer and multilayer surface phases of the n-paraffins on 

Ag(lll), and the temperatures at which they are observed at 10" Torr 
are illustrated in Fig. 75. This figure is analogous to Fig. 57, a 
similar plot for Pt(lll). Except for the previously mentioned anomalous 
behavior of n-pentane on Ag(lll), the plots are generally similar. In 
each case there is, starting at high temperature: 1) a region of disordered 
adsorption of undetermined coverage, quite certainly less than a full mono
layer at high temperatures. The 1£ED pattern in this region shows the 
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Fig. 75. Monolayer and mult i layer surface phases of the n-paraffins 
C4-C8 on A g ( l l l ) , and the temperatures a t which they 

_7 
were observed at 10 t o r r . Compare t o Fig. 57. 
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metal (lxl) pattern with increased background intensity. 2) A partially 
ordered region, giving streaks on Pt(lll) or rings on Ag(lll) in the LEEH 
pattern. 3) The region in which the ordered monolayer structures discussed 
previously exist, and 4) The region where the vapor pressure of the 
n-paraffins falls below 10" Torr and multilayers condense. This region 
is the same on both Ag(lll) and Pt(lll), as its boundary depends on the 
properties of the solid n-paraffins, not the substrate. 

In general, the temperatures of the monolayer phase boundaries are 
lower on Ag(lll) than on Pt(lll). Assuming the entropies of the transi
tions (e.g., semi-ordered to ordered) are similar, this means the enthalpies 
of the transitions are lower on Ag(lll) than on Pt(lll). The transition 
enthalpies are sums of interaction energies between the paraffin molecules 
and between the substrate and the paraffins. The paraffin interaction 
energies would not change upon changing substrates, so the lower tempera
tures measured for phase transitions on Ag(lll) are evidence for weaker 
interactions between saturated hydrocarbons and silver surfaces than 
between saturated hydrocarbons and platinum surfaces. 

The weaker contribution of metal-paraffin interactions to the mono
layer structures suggests that the monolayer structures observed on 
Ag(lll) would be more characteristic of intennolecular forces than the 
structures on Pt(lll). If, as indicated by Fig. 59, the registry with 
the platinum surface keeps the larger paraffins loosely packed on the 
surface, smaller monolayer mesh areas would be expected on Ag(lll). The 
observed monolayer surface mesh areas are listed in Table III-8. The 
behaviors of n-octane and n-hexane conform to this prediction, that of 
n-heptane and n-butane do not. The width of the n-hejtane unit cell on 
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Table III-8 n-Paraffin monolayer surface mesh areas. 

Mesh Areas 
2 

(A /molecule) 

P t ( l U ) Ag(Ul) 

n-octane 59.8 58.4 

n-heptane 53.2 55.5 

n-hexane 46.5 43.4 

n-pentane 39.9 

n-butane I 
II 
III 

33.2 
134 * 
126.3* 

137* 

* Nunber of molecules per unit mesh not known. 
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Ag(lll) is in registry with the silver and is 5.oA; this causes the 
n-heptane on Ag(lll) mesh to be 4% larger than the n-heptane mesh on 

Pt(lll). Both dimensions of the n-butane monolayer mesh are in registry 
2 with the silver and platinum surfaces, so it is (4) % larger on silver. 

The factors determining the relative contribution of adsorbate-adsorbate 
and adsorbate-substrate interactions to adsorbed monolayer structure are not 
as simple for the system of n-paraffins on Pt(lll) and Ag(lll) as 
suggested. 

Multilayers 
One purpose of observing the surfaces of multilayers of molecular 

solids condensed upon two different substrates was to clarify the effect 
of the substrate on the structure of the solid and its surface. As 
expected, consideration of the multilayer structures observed on both 
Pt(lll) and Ag(lll) reinforces the assignment of a given surface structure 
to a bulk lattice. 

Multilayers of n-octane condensed upon ordered monolayers on either 
substrate gave the same diffraction pattern. The surface unit mesh derived 
from this diffraction pattern is oblique, 4.7A by 12.iX with an angle of 
101°. The (Toi) plane of bulk octane has a mesh 4.8A by 12.2A with an 
angle of 101°. The n-octane molecule lies in the bulk structure with 
its plane parallel to the (101]. Observation of the same multilayer 
surface structure grown on two different monolayer structures on two 
different substrates is strong evidence that the multilayer structure 
observed is a property of solid n-octane alone. Close similarity in 
dimensions to c low-index plane of the n-octane crystal structure suggests 
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the surface structure observed is the unreconstructed (lOT) crystal plane. 
Along with the (001) plane observed on Pt(lll) (Fig. 56), it is likely 
that the surfaces of two crystal faces of n-octane have been observed. 

Multilayers of n-heptane also gave the same diffraction pattern when 
grown on either Pt(lll) or Ag(lll). The surface unit mesh derived fror. 
that pattern is also oblique, 4.6A by 11.2A" with an angle of 102°. This 
mesh does not compare well with thi bulk n-heptane crystal structure, 
(triclinic. Pi, z-2; a = 4.18A, b=4.7BA\ c = 20.17A\ a-93.9", B = 
95.0°, y=105.4°). Unless both molecules in the bulk unit cell are 
somehow equivalent on the surface, there are the wrong number of molecules 
per unit cell. Apparently the n-heptane multilayer surface is not an 
unreconstructed crystal plane of the bulk n-heptane structure. 

The similarity of the monolayer structures formed by n-heptane on 
Ag(lll) and Pt(lll) to the multilayer structures suggest an alternate 
explanation of the multilayer surface structures. This explanation is 
that the paraffin films grown are not in the reported bulk crystal 
structures. There have been eight hydrocarbon chain packing arrangements 

107 

described from single crystal structure determinations in the literature 
and frequent instances of polymorphism, i.e., multiple bulk crystal struc
tures of a given paraffin. Evidently no one chain packing arrangement 
is greatly favored. The presence of an arrangement in the monolayer 
determined by the metal substrate causes the subsequent layers to assume 
the same arrangement, even though that is not the structure favored in 
the absence of the substrate. Application of a bulk sensitive diffraction 
technique could test thf- hypothesis. Another explanation, reconstruction 
of the paraffin surface, is unlikely because the surface unit mesh is the 
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same in the monolayer as i t i s in the thick l ayer . 

The n-hexane mult i layer pa t terns observed were different from samples 

grown on e i t he r subs t ra t e . Neither can be iden t i f i ed with a crystal 
69 plane of bulk n-hexane, which has a s t ruc ture very s imi lar to n-octane. 

As both multi layer s t ruc tures are the same as the monolayer s t ructures 

upon which they grew, pseudomorphism i s the most l ike ly explanation for 

the n-hexane mult i layer s t ruc tu r e s . 

The n-pentane multi layer surface s t ruc ture observed on P t ( l l l ] also 

appears to be pseudomorphic. I t i s ident ica l to the monolayer mesh and 

not re la ted to the orthorhombic n-pentane c rys ta l s t ruc tu re . 

The crys ta l s t ructure of n-butane has not been determined. 

Different multi layer surface unit meshes were observed from samples 

deposited on the two subs t ra te s , despite the fact tha t the same apparent 

monolayer s t ruc ture had formed on both Ag(l l l ) and P t ( l l l ) . Whether 

e i t he r or both multi layer surface meshes observed are planes of the 

n-butane bulk c rys ta l s t ruc tu re cannot be determined. 

d. Flash Desorption of the n-Paraffins and Cyclohexane on P t ( l l l ) 

The k ine t ics and thermodynamics of adsorption and desorption are 

among the most fundamental concepts in surface science. They determine 

the composition of the surface region, and the ra tes a t which the compo

s i t i o n can change. In order to c la r i fy the adsorption behavior of the 

n-paraffins and cyclohexane on P t ( l l l ) observed with IEED, the k ine t ics 

and thermodynamics of these systems were probed with the technique of 

temperature programmed desorption, or "f lash desorpt ion." 

Flash desorption i s one of the most popular techniques of modern 

surface science, as i t i s both experimentally simple, and theore t i ca l ly 
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tractable at several levels of sophistication. There are many reviews 
of the technique in the literature, ' 

The technique consists of measuring the evolution of gases from the 
surface of an absorbent as the sample is heated. A mass spectrometer 
is ideally used to measure the composition of the gas phase, but an ion 
gauge can be used if identity of the desorbed gases are known. The 
resulting data, consisting of plots of desorption rate and temperature 
versus time, is then fit to a kinetic equation and the parameters of the 
equation are evaluated. These parameters are usually the activation 
energy for desorption, E-, a pre-exponential factor v, and the desorption 
rate order. 

There are many pitfalls of the experiment «.o its analysis. The 
pumping speed of the vacuum chamber must be known to convert pressures 
into desorption rates. Desorption from sample edges, supports, etc, 
must be made negligible. The use of an ion gauge for the measure of 
desorption leaves doubts about which chemical species is desorbed. In 
order to evaluate the data, a kinetic equation must be assumed. Usually 
an Arhennius expression is used to fit the data, but even good agreement 
with experiment is no proof that a particular expression is appropriate. 
Multiplicities of adsorption states, interconversion between adsorption 
states, and coverage dependence of kinetic parameters can all be present, 
and should be taken into account when analyzing the data. 

By using care in the experimental procedure, and by choosing a 
simple adsorption system these pitfalls can be avoided. Use of high 
pumping speeds makes chamber pressure proportional to desorption rate. 
Proper dosing and heating procedures minimize spurious desorption from 
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the sample holder. A physically adsorbed molecule should undergo a 
simple desorption process with an activation energy consisting of only 
the heat of adsorption. Under the correct circumstances, valuable data 
can be simply obtained by using the flash desorption method. 

Experimental 
The apparatus described in Section II-5 was used for these studies. 

The Pt(lll) crystal was spot welded on supports of large cross section 
so that with resistance heating the crystal temperature was always higher 
than the support temperature and desorption from the supports was minimized. 
The platinum crystal was flashed to desorb all adsorbed gases before each 
experiment. The adsorption was done by briefly dosing the Pt surface 
through the gas inlet needle while the sample was held at temperatures 
between 95-200K. The chamber pressure did not rise by more than 5 * 10 
Torr during the 10-30 sec exposures, so areas of the sample and support 
not in direct line of the needle were not exposed to appreciable amounts 
of gases. 

The pumping speed of the chamber was quite high during these experi
ments due to the large areas of the manipulator that were at liquid 
nitrogen temperature and served as effective cryo-pumps for the hydrocar
bons. Flashing of the crystal was done by applying a constant voltage 

2 across the sample, which resulted in a heating rate of approximately 10 K 
sec" . The temperature was measured with a Chromel-Alumel thermocouple 
spot-welded to the crystal. 

The data was gathered on an x-y recorder. The output of the thermo
couple was plotted on the x-axis, and the output of the ion gauge was the 
y-axis input. 
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Data Analysis 

First order desorption was assumed in analysis of the data. 

- ̂  = m> expC-Ej/RT) CD 

where n is the surface coverage. Because of the high pumping speed in 
the chamber, the ion gauge signal was proportional to the desorption rate, 

109 and following the analysis of Ehrlich, 

ED = KTM[«n(v/b) +lnCyta(\>/b)] (2) 

T M is the temperature of the maximum desorption, i.e., of greatest 
pressure; b is the linear heating rate. 

A further simplification is to assume a value of \) on the order of 
a vibrational frequency, ~ 10 sec . 

Results 
Table III-9 lists the experimentally determined temperatures of 

maximum desorption. Also listed are the derived E_ for each hydrocarbon. 
The desorption temperatures are reproducible to within 5°. The E„ values 
are dependent on the approximations made. For example, assuming a value 

12 -1 of v of 10 sec lowers the desorption energy values by 9%. 
There were no systematic variations of the desorption temperature 

with exposure or flash initiation temperature among the paraffins. With 
cydohexane, however, the desorption temperature varied between 240 and 
260K. Lower desorption temperatures were measured either with .increased 
exposure, or with lower flash initiation temperature. Decrease in 
desorption temperature with increased coverage is expected for higher 
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Table I I I - 9 . n-paraffins on P t ( l l l ) -deso rp t ion temperatures and energies 

T desorb h WvaiP™ V ^ f c P ) 
(K)+ (teal/mole) (ical/raole) 

n-octane 285 

n-heptane 270 

n-hexane 250 

n-pentane 220 

n-butane 195 

cyclohexane 240-260* 

'depends on coverage 
2 

+ heating r a t e = 10 K/sec 

16 

15 

14 

12 

11 

8.2 1.95 

7.6 1.97 

6.9 2.03 

6.2 1.94 

5.4 2.04 

7.2 

avg 2.05.05 
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than first order desorption kinetics. 
Small extra desorption maxima were observed during some n-octane 

and cyclohexane desorption experiments, at 230 and 290K respectively. 
The desorptions were terminated at about room temperature because 

of desorption from the sample supports. 

Discussion 
The observed constancy of desorption temperature with variations in 

exposure and flash initiation temperature are consistent with the assump
tion of first order desorption for each paraffin and support the analysis 
used to obtain desorption energies. The assumption of a value of v 
renders the energies subject to an estimated 105 uncertainty. Cyclo
hexane desorption is evidently not first order, so the simple analysis 
used for the paraffins is inappropriate. 

The ease of desorption and the low E^'s measured for these saturated 
molecules supprrt the idea that these molecules are physically adsorbed -
by dispersion forces, not chemical bonds. There should be no activation 
energy for physical adsorption, so the desorption energies are also the 
heats of adsorption of the hydrocarbons on Pt(lll). The derived energies 
are comparable to the heats of physical adsorption for the paraffins on 
a variety of adsorbents. 

As the molecular properties that presumably determine the heat of 
physisorption are the same as those that determine the cohesive energy 
of the condensed phases of the hydrocarbons, i.e. polarizability, dipole 
moment, etc., there should be a relationship between the two types of 
energies. Listed in Table III-9 also are the ratios of Ej, and the enthalpy 
of vaporization measured at the boiling point of the paraffins. The ratio 



-257-

is a remarkably constant 2.0 
Using these energies as heats of adsorption, one may estimate the 

coverage (o) of these molecules on Pt(lll) at room temperature. A simple 
estimate is 

o N P 
V 2ir MRT 

*T exp(AHads/RT) (3) 

a = sticking probability (assumed to be unity) 
N = Avogadro's number 
P = pressure of the adsorbate vapor 
M = mass of adsorbate 
R = «as constant 
27*= inverse of the desorption rate pre-exponential 

(assumed to be 1 0 ' ^ sec) 
AH , = thermodynamic heat of adsorption 

This estimate is only appropriate at low coverages, much less than a 
monolayer. The estimated room temperature coverages at 10" Torr of 
hydrocarbon vapor are given in Table 111-10. For methane, ethane, and 
propane, *5HaJs is approximated by 2AH (b.p.). Evidently coverages are 
approaching a reasonable fraction of a monolayer only for paraffins 
larger than n-octane. 

Conclusions 
While for experimental and theoretical reasons the results of these 

f sh desorption studies must be considered tentative, evidence is presented 
that the desorption of the n-paraffins on Pt(lll) is a first order rate 
process, with an activation energy approximately twice the heat of vapor-
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Table III-IO n-Paraffin coverage on Pt(lll) at room temperature 

Coverage at 10 torr, 300K 
(molecules cm-2) 

n-octane 1 0 1 2 

n-heptane 1 0 1 1 

n-hexane 1 0 1 1 

n-pentane 109 

n-butane 108 

propane 107 

ethane 106 

methane 104 

a monolayer is -10 molecules cm 
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ization of paraffins. 

e. Work Function Change: n-Paraffins on Pt(lll) and Pt(100) 
The study of the interaction between saturated hydrocarbons and a 

platinum surface is important for the understanding of catalysis, 
lubrication, and the experiments of this thesis dealing with hydrocarbon 
deposition on metal surfaces. Two aspects of the interaction, the amount 
adsorbed and the extent of charge transfer upon adsorption, can be 
investigated by measuring the change of the work function of the metal 
upon adsorption. Such measurements combined with LEED observations were 
performed during adsorption of the normal paraffins ethane--n-heptane 
on Pt(lll) and (100) single crystal surfaces at room temperature. The 
results indicate that there is rapid chemisorption of a significant 
fraction of a monolayer of the saturated hydrocarbons on each crystal face. 

The Work Function 
The work function is the energy necessary to remove an electron from 

the Fermi level of a solid to a point at infinity. This energy, e4>, is 
composed of two parts: 

e<fi » -u + e&i (1) 

u is the chemical potential of an electron inside the metal and is due 
to the attraction of the electron to the ion cores. It does not depend 
on the crystal face of the metal, and only negligibly on surface properties. 
fl» is the difference between the electrostatic potential of an electron 
inside the metal and the electrostatic potential of an electron outside 
the metal. There is an electric double layer at the surface of a metal. 
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caused by the "spill over" of conduction electrons into the vacuum. The 
magnitude of the double layer is dependent on crystal face and surface 
conditions. The double layer resembles a capacitor, and A* is analogous 
to the change in potential across a charged capacitor. 

Adsorption of a gas upon the metal changes At, and thus 4>, by an 
amount At>. The sign of A4> is negative if dipoles are added to the surface 
with the positive end away from the metal. The magnitude of Atp is given 
by 

A* - -AV = - M (2) 
o 

where n is the number of dipoles of magnitude o produced per unit surface 
area. AV, the negative of the change in work function is called the 
surface potential. 

In this expression for the change of work function, the interesting 
physical quantities, coverage and dipole moment, appear as a product. 
There must be an independent measurement or estimate of one to extract 
the other. Absolute surface coverage is always hard to determine. The 
dipole moment induced by adsorption can be caused by two effects, polari
zation of the adsorbate by the fields at the metal surface, and electron 
density modifications due to bonding of the adsorbate. Both of these 
effects are difficult to estimate or to measure independently. The 
inability to isolate coverage from dipole moment is the most serious 
drawback of the work function change measurement. 

Experimental 
Work function changes were measured using the retarding field method. 

S3 The procedures, samples, and apparatus used are those of Gland. 
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Results 
Exposure of both platinum surfaces to the paraffin vapors at approx-

imately 10 Torr pressure at room temperature resulted in an immediate 
decrease in the wort function. The decrease reached a maximum in about 
five minutes, and the wort function then began to increase slowly, regaining 
~ 15% of the change in an hour. The maximum work function changes recorded 
are shown in Figs. 76 and 77 and Table III-ll. 

LEED observations during the experiments showed an increase in back
ground intensity upon adsorption, but no sharp monolayer diffraction 
patterns. Poor (2*2} patterns were observed during ethane and n-heptane 
adsorption on Pt(lll), and a weak and diffuse c(4*2) was formed slowly 
during propane, n-butane, and n-pentane adsorption on Pt(lll). 

Upon heating of the metal surfaces to 1S0°C in n-paraffin vapor flux, 
the wort function decreased an additional 0.2 - 0.4 eV. 

The data shows a linear increase of M with paraffin chain length, 
except for ethane. Ethane adsorption gave an anomalously large and slow 
change of work function. Analysis of the ethane sample used indicated a 
.05i ethylene impurity. The magnitude of &4> observed upon ethane 

53 exposure and the rate of change are consistent with ethylene adsorption 
from the impurity in the ethane sample. The (2x2) LEED pattern is also 
consistent with ethylene adsorption. 

Discussion 
Table 111-13 also shows the magnitude of the dipole layer, no, 

calculated with Eq. (2). Molecular dipole moments are of the order of 
debyes, and there are ~ 10 surface atoms per cm of platinum surface, 
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Fig. 76. Plot of the maximum change in work function upon 
adsorption of n-paTaffins on clean Pt(lll) at room 
temperature as a function of the size of the 
n-paraffin. Each data point is the result of 
a separate experiment. 
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MAXIMUM CHANGE IN WORK FUNCTION UPON 
n-PARAFFIN ADSORPTION ON Pt( l l l ) 

2 3 4 5 6 7 
N(number of Corbon otoms, n - C N H 2 N + 2 ) 

Fig. 76 
XBL76M-7757 
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Fig. 77. Plot of the maximum change in work function upon 
adsorption of n-paraffins on clean Pt(100) at 
room temperature as a function of the size of 
the n-paraffin. Each data point is the result 
of a separate experiment. 
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MAXIMUM CHANGE IN WORK FUNCTION UPON 
n-PARAFFIN ADSORPTION ON Pt(IOO) 

N (number of Corbon otoms, n-CMH„.. . J N n 2 N + 2 
XBL 7611-7756 

Fig. 77 
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Table III-ll. Work function changes upon n-Paraffin adsorption on Pt(lll) 
and Pt(100) 

-4$(eV) rjc(1014Debye cm"2) c ( A 3 ) 1 1 5 . 1 1 6 

aw noo) f i l l ) (100) 

n-heptane 1.3 1.0 3.6 2.7 1 3 . ' 

n-hexane 1.1 .8 2.9 2.1 11.9 

n-pentane .8 .6 2.2 1.7 10.0 

n-butane .1 .5 1.9 1.3 8.9 

propane .4 .3 1.1 .7 5.1 

ethane 1.1 1.0 4.5 
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so the work function changes are consistent with monolayer coverages of 
normal molecular dipoles, or smaller coverages of quite large dipoles. 
Clearly, there is an extent of adsorption that is significant in magnitude. 

Significant adsorption at room temperature is not consistent with 
physically adsorbed molecules. Estimates of coverage based upon the 
heats of adsorption measured by flash desorption below room temperature 
(Section III-3d) indicate there should be no detectable adsorption of the 
lighter n-paraffins. The experimental presence of such adsorption 
indicates chemiscrption is taking place. The further decrease in work 
function observed upon heating shows that weakly adsorbed molecules were 
not driven off s but rather more chemical adsorption or changes in the 
nature of the chemical adsorption occurred. These observations agree 
with those of Gland on cyclohexane, cyclopentane, and n-hexane adsorption. " 

The c(4*2) pattern observed on Pt(lll) during adsorption of propane, 
butane, and pentane is most likely due to preferential adsorption of CO 
from the vacuum chamber background gases. 

Tiie magnitude of the work function change on either platinum surface 
is apparently a linear function of the size of the paraffin (Fig. 75,76). 
One model that explains this relationship is that a constant number of 
molecules of each paraffin are adsorbed on either metal crystal and each 
molecule contributes to the work function change an amount proportional 
to the size of the molecule. The constant number of molecules adsorbed 
could be the result of a characteristic number of adsorption sites present 
on either surface determined by some concentration of reactive defects or 
by the atomic density of the surface. 

The electric field at the surface of a metal would induce a dipole 
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moment in an adsorbed molecule proportional to the polarizability of the 

adsorbate. Polarizabilities of the n-paraffins derived from the Clausius-

Mossotti equation and the dielectric constants of the liquids are 

tabulated in Table I I I - l l . The polarizabilities of the molecules are 

also a linear function of their size. An adsorbed paraffin in a constant 

electric field at the surface of a metal could contribute a dipole moment 

proportional to i ts size. The chemisorption of the paraffin molecules 

would alter their polarizabilities, but might not alter the form of the 

size-polarizability relationship, especially if the carbon chain remained 

intact. 

The slopes of plots of A$> versus polarizability give values for 

the assumed fields at the platinum surfaces on the order of 10 V/A. 

Other estimates of the fields at metal surfaces have ranged from 10 

to 1 vA. This model can rationalize the trend of the results, but 

is probably too naive to be quantitative. 

Conclusiais 

The work function changes of Pt( l l l ) and (100) single crystal 

surfaces upon adsorption of the n-paraffins at room temperature are 

negative and proportional to the size of the paraffins. This behavior 

is the result of significant amounts (10" - 10 monolayer) of rapid, 

irreversible chemisorption on the clean metal surfaces. 
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4. Cyclohexane and Trioxane 

a. Cyclohexane 
Cyclohexane on Pt(lU) ' 

Cyclohexane adsorption characteristics on Pt(lll) were similar to 
normal paraffin adsorption. An ordered monolayer structure was observed 
above 140K, and an ordered multilayer structure with surface mesh vectors 
one half as long as the monolayer surface mesh vectors was observed at 
temperatures below 140K. 

The sharp monolayer pattern is produced by exposure of the clean 
PtClll) crystal to cyclohexane vapor at 10 Torr in the range of 140-200K. 
This pattern is shown in Fig. 78a. A schematic of the diffraction 
pattern is shown in Fig. 78b. Exposure at higher temperatures produced no 
new diffraction features, indicating that cyclohexane does not adsorb in 
an ordered manner above 200K at 10 Torr. 

Exposure at temperatures less than 140K first caused the formation 
of the monolayer pattern. Continued exposure then produced the multilayer 
pattern. The multilayer pattern has U g h background intensity, broader 
beams, and altered relative beam intensities. The cyclohexane multilayer 
pattern is shown in Fig. 79. The monolayer and multilayer patterns are 
similar, except that some of the less intense monolayer features are not 
visible in the multilayer pattern. In terms of the PtClll) surface 

I 2 "1/2I lattice vectors, the multilayer pattern is approximately C M • 
At 200A" thickness, the cyclohexane diffraction pattern would be obscured 
by charging at beam voltages less than 1SV. The surface would charge 
below 20V at 300X thickness. 
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Fig. 78. a. LEED pattern at 21 eV of a monolayer of cyclohexane on 
Pt(lll). 
b. Schematic drawing of a. showing two orientations each 
of two undistinguishable primitive reciprocal nets. 
c. Real space unit meshes of a monolayer of cyclohexane 
on Pt(lll). It is not determined whether the rectangle 
or the larger rhombus is the correct mesh. MDlecules 
are drawn in the structure of the (001) plane of the 
cyclohexane crystal structure. (Ref. 71). 



XBB 761-207 

Fig. 78 
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Fig. 79. a. LEED pattern at 20 eV of a multilayer of cyclohexane 
grown on Pt(lll). 
b. Schematic drawing of a. showing two orientations of 
the primitive reciprocal net. 
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No patterns were observed upon slow cooling of the sample in cyclo
hexane vapor flux nor upon exposure of a contaminated Pt(lll) surface to 
cyclohexane vapor. 

Cyclohexane on Ag(lll) 
Exposure of the Ag(lll) crystal to cyclohexane vapor at temperatures 

between 140 and 180K results in the formation of a sharp, but relatively 
dim diffraction pattern with a high background intensity. This pattern 
is shown in Fig. 80a. The pattern consists of beams arranged in diamond 
formations, centered at the 1/2 order diffraction positions. The pattern 
could not be indexed in terms of a simple surface mesh, but is apparently 
a (9*9) pattern with only selected beams visible. 

Below 140K, cyclohexane vapor is condensed to form multilayers. The 
multilayer surface is ordered and gives a bright LEED pattern (Fig. 80b). 
This pattern is produced by a hexagonal surface mesh, 6.3A in dimension. 
The cyclohexane mesh is oriented parallel to the hexagonal Ag(lll) 
surface mesh. 

Discussion: Cyclohexane 
Multilayers of cyclohexane condensed on either Pt(lll) or Ag(lll) 

had the same surface mesh, a hexagonal mesh of 6.3 - 6.4A. This mesh is 
of the same size and shape as the mesh in the centered ab plane of the 

71 reported cyclohexane bulk crystal structure. The cyclohexane crystal 
structure (C2/c, Z«4; a-11.231, b*6.44A\ c = 8.2oA, 8 = 108.83°) 
consists of layers of molecules with their molecular planes approximately 
parallel to the ab plane. The structure of this plane is illustrated 
in Fig. 81. It appears that the thick layer structure'is the unrecon-
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Fig. 80. a. LEED pattern at 47 eV of the apparent (9X9) 
monolayer of cyclohexane on AgClll). The 
specular beam lies to the far right of the 
electron gun tube. 
b. LEED pattern at 20 eV of multilayers of 
cyclohexane condensed on Ag(lll). The specular 
beam lies to the right of the electron gun tube. 
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XBB 760-11139 

Fig. 80 



-277-

Fig. Gl. The real space unit mesh of the surface of multilayers of 
cyclohexane. The arrangement of molecules shown is that 
of the (OCi, plane of the cyclohexane crystal structure, 
and the orientation of this structure with resoect to the 
Pt(lll) and Ag(lll) surface unit neshes is shoim. The 
dashed lines show the centered net of the (001) plane of 
cyclohexar-: 
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structed ab or (001) plane grown with the cyclohexane [010] parallel to 
the Pt<145> and Ag<110> 

It is of interest that the properties of the cyclohexane multilayer 
diffraction pattern remain constant to 160K. At 186K cyclohe.xane under
goes a phase change to a plastic crystal phase. This phase has a fee 
structure (Fm3m, Z = 4; a = 8.61), and each lattice point is occupied by a 
rapidly reorienting molecule. The large amplitude motions of the molecules 
should greatly increase the Debye-Waller factor at the transition, an 
effect that should be noticeable in a diffraction experiment. Because 
of the unique forces at a solid surface it is conceivable that such a 
transition may occur at the surface at a different temperature than in 
the bulk. No such effect was noticed at temperatures below 160K although 
subtle changes may have gone unnoticed. By comparison, the order-disorder 
transition of the Cu,Au alloy was observed to occur continuously at the 

118 surface starting at 60° lower than the bulk phase transition. It 
would be of great interest to study the surface of a molecular solid that 
undergoes a plastic crystal transition at a temperature where its vapor 

_7 pressure is below 10 Torr. 
Monolayers of cyclohexane on either metal gave diffraction patterns 

that could be interpreted as due to close packed molecules lying flat 
upon the metal substrate. The monolayer structures are listed in Table 
111-12. 

The diffraction pattern obtained from monolayers on Pt(lll) between 
140 and 200K can be interpreted in two ways, i.e., either as a hexagonal 
unit mesh of side 12.7A" or as a rectangular unit with net vectors of 6.4^ 
and 11. oA. Both meshes would give identical LEED beam positions. The 
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Table 111-12. Cyclohexane monolayer structures 

Substrate Structure Tenperature Comnents 
Pt(lll) |4 -11 T<200 

AgCllD i:si T<180 
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rectangular mesh dimensions are within Z'„ of the centered, rectangular 
ab plane of the monoclinic cyclohexane bulk cr)'stal structure. 

This monolayer structure probably is an arrangement of molecules 
fjnilar to that in the ab plane of bulk cyclohexane, with the molecular 
plane approximately parallel to the Pt surface. The interaction with 
the Pt(lll) surface makes molecules inequivalent that are equivalent 
scatterers in the bulk structure. There are two possible causes for the 
inequivalence: actual different orientations of the molecules caused by 
the inequivalent underlying Pt structure or multiple scattering from the 
inequivalent underlying Pt structure. It is also unresolved whether the 
trre monolayer surface unit mesh is rectangular, with two molecules per 
unit mesh or hexagonal with four molecules per unit mesh. The hexagonal 
mesh will have all cells in equivalent registry uith the Pt while the 
rectangular mesh will not. The hexagonal cell is therefore more likely. 
Upon growth of a multilayer of cyclohexane, all molecules in the surface 
mesh become equivalent. The proposed structure of the cyclohexane 
monolayer on Pt(lll) is shown in Fig. 78c. 

The diffraction pattern obtained from monolayers of cyclohexane on 
Ag(lll) could not be interpreted if two of the beams near the one-half 
order positions were taken to be due to primitive reciprocal lattice 
vectors. The choice of these beams would not allow the higher order 
beams to be in the positions that were observed. 

The cyclohexane monolayer diffraction pattern can be interpreted as 
the result of two.periodicities, much the same as are LEED patterns from 

41 
ordered arrays of steps on crystal surfaces (Section II-2). The cyclo
hexane monolayer is arranged in a structure with true (9x9) periodicity. 



-281-

RTithin the (9x9) cell, however, the cyclohexane molecules are arranged 
in an approximate (2*2) array. (By "approximate (2x2)" is meant that 
there are variations in position, orientation, scattering factor, or all 
three between cyclohexane molecules that prevent the structure from being 
a true (2*2). (Without these variations, the structure would be a (2x2) 
and give a simple diffraction pattern.) The approximate (2*2) structure 
acts as a basis for the (9x9) lattice, and through the structure factor, 
modulates the intensities of the l/9th order beams in the diffraction 
pattern. The small f-20 (2x2) cells can fit into a (9x9) cell) (2x2)J 
domains allow significant diffracted intensity only in a broad beam 
centered at the half order diffraction positions, so that only l/9th 
order beams near the half order positions are visible. Thus, beams 
like (4/9,0), (S/9,0), (4/9,1/9) etc. are visible, as in the diffractiop 
pattern (Fig. 80a). A calculation of the structure factor for 19 
identical scatterers arranged in a (2x2) array within a (9x9) cell 
supports this argument, and effectively duplicates the cyclohexane 
monolayer on Ag(lll) diffraction pattern. 

This model structure compares well with the dimensions of the 
cyclohexane molecule, crystal structure, and multilayer surface mesh, 
and with the cyclohexane monolayer pattern observed on Pt(lll). From 
crystallographic data, the cyclohexane molecule is ~ 6.4A wide, or 
7k Ag(lll) lattice spacings. A hexagonal arrangement of molecules would 
be incoherent with the Ag(lll) lattice, until the ninth silver spacing. 
The true periodicity would be (9*9), and the cyclohexane molecules would 
be arranged within the (9x9) as a (2!jx 2%) (Fig. 82). The different 
molecules within the (9x9) cell are inequivalent with 
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Fig. 82. Proposed arrangement of cyclohexane molecules in the 
(9X9) monolayer on Ag(lll). The total structure, 
substrate and monolayer, is a true (9X9), but the 
molecules are in a (2 1/4 X 2 1/4). 



o 
2.89 A Ag(lll) 

CYCLOHEXANE MONOLAYER ON Ag(l l l ) 

Fig- 82 

XBL 7611-7767 
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respect to the silver substrate lattice, and would be expected to have 
inequivalent orientations and scattering factors as well. The model of 
cyclohexane molecules lying flat on the Agflll) surface is consistent 
with the diffraction data, and is the same model proposed for cyclohexane 
adsorbed on Ft (111). 

b. Trioxane 
Trioxane on Pt(lll) 

The adsorption and condensation behavior of trioxiane 
(LOL-O-CH.-O-CHj-o]) on Pt(lll) presents an example of the effect of 
surface contamination on the structure of a surface. 

Deposited on clean Pt(lll) at temperatures between 140 and 200K, 
trioxane gives a series of monolayer diffraction patterns. The pattern 
seen at lowest coverage (Fig. 83) is streaked and results from an oblique 
surface mesh, I, with vectors llX and 14J5 an an angle of 115°. 
The 14^ vector is parallel to the Pt<110>. The LEED pattern becomes 
very complex with further exposure, as seen in Fig. 84. Finally, the 

1 2 _2| , 
(Fig. 85). The structure is hexagonal, 9.60& in dimension, and rotated 
30° from the Pt(lll) surface mesh. This structure is stable with respect 
to further exposure at temperatures between 170 and 200K. The (2>/i * 2\Z3) 
R30° structure will not reform if heated above 200K and then cooled in 
trioxane vapor. 

Multilayers of trioxane condense below 170K at 10 Torr. Multi
layers condensed upon the (2/3" x 2v7) R30° monolayer structure are 
amorphous. With trioxane condensation, the monolayer diffraction pattern 
grows dim and disappears. No multilayer diffraction pattern is observed. 
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Fig. 83. a. I.HFD pattern at 14 eV of monolayer of trioxane adsorbed 
on Pt(lll) between 140-200K. 
b. Diagram of a. showing two superijuposed patterns. 
The bars represent the streaked pattern 

L c" • <*ie orientation of the primitive reciprocal 
net is shown by the solid lines. The dots and dashed 
line are the (2^T x 2iTlR30° pattern, 
12 -2| 
|4 2|-

c. The „ . u n i t mesh of t r ioxane on P t ( l l l ) . 
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Fig. 84. LEED patterns observed during the exposure induced 
transition betiveen the trioxane L . ' and 

h ~2 monolayer structures on Ptf l l iJ . 

a. 17 eV 
b. 26 eV 
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Fig. 85. a. LEED pat tern at 25 eV of the P t ( l l l ) 
(2/"3" X 2/T)R30° - tr ioxane monolayer 

12 -2l s t ruc ture ( L - ) . The specular beam i s below 

the electron gun tube. 

b. Diagram of a. showing one of two or ien ta t ions of the 
pr imit ive reciprocal ne t . 
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exposure at 20V at 5x10 amp/cm . The structures observed at about 
monolayer coverage would be stable for approximately a minute under the 
same bombardment conditions. Prolonged beam exposure of either the mono
layer or multilayer structures deposits a disordered decomposition 
product onto the Pt crystal surface that obscures the Pt diffraction 
pattern, does not desorb belOK 100°C, and prevents subsequent ordered 
deposition of hydrocarbon upon it. 

Attempts to observed LEED from films of saturated hydrocarbons at 
greater than 200A thickness resulted in the charging of the sample at 
incident beam voltages less than - 15V. At a thickness of 300A, the 
surface would charge below - 20V. At greater film thicknesses, charging 
obscured the LEED pattern at even higher beam voltages. 

Discussion: n-Paraffins on Pt(lll) -Monolayer Structures 
The surface unit meshes of monolayers of n-butane through n-octane 

on Pt(lll) observed in this work are drawn together in Fig. 58. The 
close relationship between the surface unit meshes of the adsorbed 
n-paraffins and between the physical properties of the n-paraffins imply 
that the n-paraffins are all in a similar adsorbed state. The smooth 
variation of unit mesh length with chain length at constant width 
strongly suggests the molecules are adsorbed with the axis of the 
molecule parallel to the surface. Further, the measured width of the 
unit mesh, 4.80A\ closely corresponds to the width of the molecule in 
the plane of the carbon atoms. In the n-octane, n-heptane, and n-hexane 
bulk crystal structures, the width of the paraffin chain is given by the 
b_ spacings, i.e. 4.79, 4.78, and 4.70A, respectively ' * The planar 
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When less care is taken to insure the cleanliness of the substrate 
surface no monolayer structures are observed and a multilayer stru ture 
is observed. By slow cooling ("Id minutes) of the substrate from room 
temperature in trioxane vapor flux, long exposure to the vacuum chamber 
background gases, or disordering of the monolayer structures described 
previously by heating above 200K, the substrate surface is contaminated 
and no diffraction patterns are observed above 170K with trioxar.e 
exposure. Below 170K, ordered multilayers are deposited upon the 
contaminated substrate. The very poor diffraction pattern observed is 
shown in Fig. 86. The pattern is from an apparently rectangular surface 
structure S)A by 4fl. The shorter mesh vector is parallel to Pt<110>. 

Ordered multilayer growth is also observed when trioxane is deposited 
on a graphite covered Pt surface. The diffraction pattern obtained in 
this way consists of a series of rings, corresponding to row spacings in 
the surface structure of 9.6, 4.2, 3.8, and 3.lA. Within the accuracy 
of the determination, these dimensions are consistent with the spacing.. 
derived from the innermost four diffraction beams expected from the 9.' 
by 4X rectangular structure '.escribed above (9.0&, 4.0&, 3."A, 3.oS). 
The rings in the diffraction pattern indicate this structure is present 
in domains randomly oriented about the surface normal. 

The multilayer structures were observed up to thicknesses of 200A, 
at which thickness the diffraction patterns were obscured by charging of 
the surface. The surface structure wis also quite susceptible to election 
induced damage. The pattern would be undetectable after five seconds of 
exposure to the 50 eV electron beam. 
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Fig. 86. a. LEED pattern at 16 eV of multilayers of trioxane 
condensed on Pt(lll). The specular beam is to the 
lower left of the electron gun tube. 
b. Diagram of a. showing one orientation of the 
primitive reciprocal net. 
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Trioxane on Ag(lll) 
Trioxane forms two monolayer diffraction patterns when adsorbed on 

Ag(lll), but both patterns correspond to the same surface structure. At 
temperatures between 170 and 210K, the diffraction pattern shown in Fig. 
87 is observed. The surface structure producing this pattern is stable 
with respect to increased exposure to trioxane vapor. The diffraction 

11.5 01 p pattern is apparently due to a rectangular surface mesh, , 10.0A 
by 4.34.X, with the 10.oS surface mesh vector parallel to Ag<110>. At 
high LEED beam energies (V>40V), and off-norma] incidence (8~20°), 
other diffraction beams become visible (Fig. 88a). Consideration of 
these additional beams causes the interpretation of the monolayer 
structure to change to a rectangular mesh twice as large as the above 

1301 „ o 
mesh, ... This mesh is 10.OA by 8.67A, aligned as the above mesh 
(Fig. 88b). 

Exposure of the Ag(lll) surface to trioxane vapor in amounts of 
approximately a monolayer, and at temperatures below 170K produces a 
different diffraction pattern along with the above pattern. This pattern 

11.7 0.7I , is shown in Fig. 89. It is due to a rectangular mesh, I , 4.4A 10.5 3.51 
by 9.6A" in dimension, oriented with the 4.4A mesh vector parallel to the 
Ag<l32>. 

With increased trioxane vapor exposure, this diffraction pattern 
fades away, leaving only the first trioxane monolayer pattern. 

_7 Below 170K at 10 Torr, trioxane condenses to form multilayers. 
Deposition of these multilayers on the high exposure monolayer structure 
described above causes the monolayer diffraction pattern to grow dim, 
and the background intensity to increase. The diffraction spots become 
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Fig. 87. a. LEED pattern at 17 eV of ^ J monolayer 
structure of trioxane on Ag(lll). The specular 
beam is to the right of the electron gun tube. 
b. Diagram of a. showing one orientation of the 
primitive reciprocal net. 
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Fig. 88. a. LEED pattern at 42 eV of r'Jj J monolayer of 
trioxane on Ag(lll). The specular beam is at the 
far right. 
b. Diagram of a. The beams indicated by small 
open circles are not observed at lower incident 
beam energies, but are observed here. Consideration 
of these beams halves the area of the reciprocal 
unit mesh and changes the interpretation of the 

structure from 1 4 t 0 f 4 ' T h e S U D S t r a t e beams 
are indicated by the larger open circles. 
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Fig. 89. a. LEEE pattern at 14 eV of monolayers of trioxane 
on Ag(lll) adsorbed at temperatures below 170K. The 
specular beam is to the far right. 
b. Diagram of a., showing the same reciprocal net 
present in two types of orientations. The filled 

ciTCles are due to the ', V structure. The open 

circles are due to a L't •,' J struct'jre. 
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elongated along the short dimension of the reciprocal mesh. The diffrac
tion pattern observed from multilayers of trioxane on Ag(lll) is shown in 
Fig. 90. The multilayer trioxane surface mesh then is the same as the 
monolayer mesh, 10.OX by 4.3A, but with disorder in the 10.0.1 dimension. 
The thickness at which this multilayer pattern has been observed was not 
carefully measured, and may be small, perhaps less than 100A. 

Discussion: Trioxane 
Two different structures were observed during the deposition of 

trioxane on the Pt and Ag(lll) surfaces: a monolayer on platinum and a 
3K by 4A* structure observed on both Ag and Pt. The trioxane monolayer 
structures observed are listed in Table 111-13. 

With exposure of the clean Pt(lll) to trioxane vapor, a streaked 
monolayer pattern was first observed (Fig. 83), which then changed into 
the 2 v T * 2vTR30° structure (Fig. 85). The 9.6A dimension of this 
monolayer is quite close to the 9.3951 basal plane dimension of the 

72 trioxane bulk unit cell. The arrangement of molecules in this plane, 
illustrated in Fig. 91, is not close packed. This may account for the 
initial formation of the low coverage structure (Fig- 83), as the three-
dimensional bulk-like structure would not form until the surface was 
covered. The trioxane molecule has a permanent dipole moment aligned 
parallel to the threefold axis. Formation of the basal plane structure 
would favorably align the molecular dipoles parallel to the surface dipole 
of the platinum. The proposed structure appears reasonable, however the 
failure of the surface to remain ordered after deposition of multilayers 
upon it is evidence of equal weight against the basal plane structure. 
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Table 111-13. Trioxane monolayer structures 

Substrate Structure Temperature(K) Comments 

PtClll) 15 
12 
\* 

-2 1 
2 1 

7<200 

T<200 

Ion exposure 

AgClllJ \F 51 or 1151 T<210 

\l:l 0.7 
3.S 1 T<170 Formed at low 

exposures 
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Fig. 90. a. T.FF.n pattern at 19 eV of multilayers of trioxane 
condensed on Agflll). The specular beam is to 
the far right. 
b. Diagram of a. showing one orientation of the 
primitive reciprocal net. 
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Fig. 91. Representation of the trioxaiie crystal structure, shoving 
the arrangement of molecules in the (001) and (010) 
planes. The weight of the lines used to draw the molecules 
in the (010) plane indicates the depth of the molecule 
into the plane. (Ref. 72). 



J?±L 

*sj> 
6.35 A 

^ ^ 

J ? ^ 

fKP 

P^J> P^P P^P 

P*J> 

(010) 

TRIOXANE 

Fig. 91 
XBL 7 611-7768 



-307-

It is striking that the same rectangular surface mesh is observed 
from monolayers of two types of orientations on Ag(lll), from multilayers 
on AgClll), and from multilayers on Pt(lll). The measured dimensions for 
these meshes vary somewhat. Taking into account the uncertainty of the 
measurements, the best values for the mesh dimensions are 9.5A by 4.3A. 
These dimensions must be related to the trioxane molecule, or possibly 
some decomposition product of the trioxane molecule. 

72 The dimensions of the trioxane molecule are illustrated in Fig. 92. ' 
Immediately apparent is that the trioxane molecule, 6.4X in breadth, cannot 
be lying parallel to the metal surface in this structure. The width of 
the molecule perpendicular to the molecular "plane" is 4.2X. One possi
bility for the molecular arrangement is with the trioxane molecules or. 
edge, their 3-fold axes parallel to the substrate surface. 

The crystal structure of bulk trioxane is trigonal, R3c. The dimen
sions in terms of the more familiar hexagonal cell are a^=9.395X, 
£-8.350A, Z = 6. The molecules lie parallel to the basal plane. 
Molecules are stacked along the £ axis, two molecules per the S.350S 
repeat distance, with molecules adjacent along £ rotated 60° about c 
relative to each other. One half of the (0110) plane has dimensions 
(4.2A by 9.4A) similar to the surface mesh dimensions found experimentally. 
The full (0110) plane has the dimensions of one surface mesh calculated 
from the high angle, high electron energy observations (Fig. 88). A 
structure similar to the (0110) plane of bulk trioxane is consistent with 
the diffraction data if at low energies and angles, molecules related by 
1/2 c scatter equivalently. 

It is difficult to rationalize this structure physically however. 
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XBL 7611-7776 
Fig. 92. Diagram showing the size and shape of the trioxane 

molecule. TSuensiais taken from Refs. 72 and 16. 
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In all other cases in which bulk lattice planes were observed in this 
work (ice, naphthalene, cyclohexane), the lattice planes were parallel 
to sheets of closely packed, strongly bound molecules. The (OlTo) plane 
of trioxane is quite an open structure. 

It is possible' that the surface structure observed does not consist 
of intact trioxane molecules. Crystalline trioxane is known to polymerize 
under gamma radiation and even spontaneously, to give crystalline polyoxy-

119 methylene ([-CH--0-].,). The crystal structure of polyoxyroethylene is 
hexagonal, !i*4.47A, £=17.<|A. The chain is in a helix with nine oxy-

119 
methylene units in five turns of the helix along the £ axis. Tne 
width of the polymer chain is consistent with the LEED data, and the 
length of the surface cell is consistent with 4-5 links of the polymer 
chain. 

Because of the possibility of solid state polymerization, the surface 
of trioxane is an interesting subject for stud)-. The present study can 
only conclude that the surfaces of vapor deposited multilayers of trioxane 
do not consist of trioxane molecules lying parallel to the surface. 
c. Discussion: Cyclohexane and Trioxane 

Very different diffraction results were found during the adsorption 
and condensation of cyclohexane and trioxane on Pt and Ag(lll). The 
similarities in molecular geometry may have led to quite similar experi
mental results if only molecular packing was important in determining the 
monolayer and bulk crystal structures. The observed dissimilarities are 
evidence that factors other than dispersion forces are dominant. 

Monolayers of cyclohexane are adsorbed on the metal surfaces in 
close packed arrays, and lying parallel to the surface. Multilayers 
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condensed upon these monolayers maintain the same structure, approximately, 
as they grow into their bulk crystal structure. Dispersion forces deter
mine the bulk crystal structure of cyclohexane, and, at the low experimental 
temperatures, presumably determine the structure at the metal-cyclohexane 
interface. 

If the same form of forces were dominant in the case of trioxane, 
similar crystal structures and monolayer structure would result because 
of the similar molecular shapes. This is not the case. The trioxane 
crystal structure is not close packed, it is 151 less dense than closest 

120 packing of hard sphere molecules would predict. The observed monolayer 
structure on Ag(lll) and the Pt(lll)- (2*3 X 2/5) R30°-trioxane structure 
are not close packed layers of trioxane molecules lying parallel to the 
metal surface. These differences in the crystal and monolayer structures 
most probably result from the polarity of trioxane and the nonpolarity of 
cyclohexane. 

The crystal structure of cyclohexane is easily explained in terms of 
dispersion forces and their result, closest molecular packing. The struc
ture belongs to a space group consistent with close packed molecules. 
The striking property of the trioxane crystal structure is that all the 
molecular dipoles, which are parallel to the C, axes of the molecules, 

are parallel to each other and the c axis, and aligned in stacks along 
72 the £ axis. Adjacent molecules in the stacks are rotated 60° from 

each other to eclipse the electronegative oxygens of one ring and the 
more electropositive methylenes of the adjacent ring. The electrostatic 
potentials must be an important contribution to the lattice energy. 

In a similar manner, if the trioxane molecules are intact in the 
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adsorbed monolayers, electrostatic potentials must be an important 
contribution to the energy of adsorption of trioxane. These potentials 

122 take two forms, interactions between the surface field and the molecular 
dipole, and interactions between molecular dipoles. The first interactions 
would tend to favor parallel dipoles in the adsorbed layer of molecules, 
and the second would tend to favor antiparallel dipoles in adjacent 
adsorbed molecules. 

It is difficult to evaluate the relative magnitude of these factors 
in the adsorbed monolayer structures observed. Platinum has a work 
function 1 eV greater than that of silver, and presumably a larger 
surface dipole, so that metal-molecule interactions would be stronger on 
platinum than silver. Dominance of platinum-trioxane forces would favor 
the bulk basal plane interpretation of the Pt(lll)-(2-/T x 2v^?)R30° tri
oxane structure (Fig. 91), as the metal field and all trioxane dipoles 
would be aligned. Dominance of the intemtolecular interactions in the 
monolayer structure observed on silver could favor the (0110) interpre
tation of that structure (Fig. 91), as all molecular dipoles could be 
aligned as in the bulk crystal structure in stacks of molecules along 
the substrate surface. These interpretations of the diffraction data 
are consistent with the kinds of forces known to be important in the 
crystalline phase of cyclohexane and trioxane. 

There is another interpretation of the differences in behavior of 
cyclohexane and trioxane. Trioxane is a very much more reactive molecule 
than cyclohexane. It is known to polymerize spontaneously and under high 
energy radiation. The diffraction patterns observed from trioxane could 
easily be due to polyoxymethylene, or some other product of the interaction 
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of clean metal surfaces, low energy electrons and trioxane. 

S. Acetic Acid and Propionic Acid 

Acetic Acid on Pt(lll) 
No new diffraction features due to acetic acid adsorption or conden

sation were observed on clean, or graphite covered Pt(lll). Amorphous 
multilayers would condense below 175K at 10 Torr of acetic acid vapor. 

Acetic Acid on AgClll) 
Exposure of the Ag(lll) surface to acetic acid vapor in the tempera

ture range of 175-205K produced the sharp monolayer diffraction pattern 
shown in Fig. 93. This pattern is due to a square mesh of 7.1A dimension 
present in all equivalent domains of two types of orientations upon the 

|2 -0.71 substrate. The major orientation, ? 7 • a s J ^ S ^ by relative 
intensity of the diffracted beams, is with one diagonal of the square 
mesh parallel to the Ag<110>. The minor orientation is with one side of 

12.8 1.4| the square cell parallel to Ag<110>, I . 
Exposure below 175K produces multilayer growth. LEED from multilayers 

of acetic acid on AgClll) shows beams in the same positions as from the 
major monolayer orientation, or poorly defined rings up to several hundred 
angstroms thickness. 

Discussion: Acetic Acid 
The monolayer mesh observed on Ag(lll) contains an area of 5<&", and 

the length of the mesh diagonal is 10. oX. The presence of the mesh in 
two different orientations suggests that there is no specific site for 
acetic acid adsorption on AgClll), and no large energy difference between 
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Fig. 93. LEED patterns of monolayers of acetic acid on Ag(lll). 
a. LEED pattern at 22 eV. The specular beam is to the 
far right of the gun tube. 
b. Diagram of a. This pattern is due to two orientations 
of the same monolayer net upon the substrate. The dots 
are beams from the more abundant orientation, and one 
primitive reciprocal net is shown with the solid lines. 
The beams from the less abundant orientation are shown 
by triangles, and one orientation of the primitive 
reciprocal net is shown with the dashed lines. The major 

orientation is , "? 7 • t n e m ™ 0 T orientation is 

12.8 1.4 
|0 2.5 
c. LEED pattern at 10 eV. 
d. Diagram of c. 
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the two orientations. 

Propionic Acid on Pt(lll) 
No l.EFn patterns were produced by exposure of clean Pt(lll) to 

propionic acid vapor at any temperature. Multilayers condensed on the 
substrate at temperatures below 195K, obscuring the Pt(lll) diffraction 
features, but producing no new features. 

Heating the Pt crystal in propionic acid vapor caused the deposition 
of carbon on the surface, as evidenced by the appearance of a ring in the 
diffraction pattern that is associated with a graphite overlayer on 
platinum. Exposure of this surface to propionic acid vapor in the 
temperature range 195-210K produced a surface structure giving the LEED 
pattern shown in Fig. 94. This pattern is weak, and the diffraction 
beams are streaked into arcs about the specular diffraction beam. The 
unit mesh giving the observed diffraction pattern is rectangular, 
I ' ' I, about loX by 12A, with the 12A lattice vector parallel to 
Pt<110>. Condensation of multilayers of propionic acid upon this mono
layer structure causes the disappearance of the monolayer pattern. The 
surfaces of the multilayers were not ordered. 

Propionic Acid on A R ( U I ) 
_7 Exposure of the Ag(lll) surface to propionic acid vapor at 10 Ton-

in the temperature range of 195-230K produces a very complex LEED pattern 
(Fig. 95). Both slow cooling of the Ag crystal in vapor flux and dosing 
the clean and cold Ag crystal produce this pattern. 

Another much less conplex pattern is produced if propionic acid is 
condensed in a disordered fashion on Ag(lll) at 140K, then warmed to 
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Fig. 94. a. LEED pattern at 15 eV of ^ t'$ \ monolayer 
of propionic acid on graphite covered PtClll). 
b. Diagram of a. showing one orientation of the 
primitive reciprocal mesh. The beams indicated 
by triangles are not visible in the photograph. 
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Fig. 95. LEED patterns of monolayers of propionic acid on 
Ag(lll). 
a. LEED pattern at 18 eV. The specular beam is 
hidden by the electron gun tube. 
b. Diagram of a. showing two types of orientations 
of primitive reciprocal net. The unit mesh drawn 
with solid lines is that of a 
L ^ -I structure. The two unit meshes drawn with dashed 

1 3 9 1 3 I i A t. structure. 1 4.0 | 
c. As a., with specular beam far right. 
d. Diagram of c. Substrate beams are shown by open 
circles. 
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195-230K. This pattern is shown in Fig. 96. 
Multilayers of propionic acid would condense below 19SK. No 

diffraction patterns were observed from multilayers of propionic acid 
under any conditions. 

The simple monolayer diffraction pattern (Fig. 96) is due to a 

14 2 I , 10.OK by 12.3X, with the 12.3& lattice 

vector parallel to the Ag<110>. The more complex pattern (Fig. 95) is 
produced by the same monolayer structure oriented in two ways with 
respect to the Ag lattice. The first orientation is as above, with the 
12.iK lattice vector parallel to the Ag<lT0>. The second type of orien
tation is with the 12.3A* lattice vector 12° from the Ag<110>, and is a 

structure. The superposition of the diffraction beams fron I 1 4.61 
all equivalent domains of both orientations produces the observed complex 
diffraction pattern. 

Discussion: Propionic Acid 
Deposition of multilayers of propionic acid upon a variety of 

substrates produced no ordered surface structures. A most plausible 
_7 reason "s that the experimental growth conditions, 10 Torr vapor 

pressure and low temperatures, are not suitable for growth of crystalline 
propionic acid. 

The monolayer structures observed, upon graphite covered Pt(lll) 
and the two orientations upon Ag(lll), as listed in Table 111-14, all 
have the same unit mesh, a rectangle 12.3^ by 10.6K, within the error 
of the determination. This structure is evidently a preferred two-dimen
sional arrangement of weakly adsorbed propionic acid molecules. 
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Fig. 96. LEED patterns of L . , monolayer of propionic acid on 

ApClH). 
a. LEED pattern at 17 eV. Hie specular beam is slightly 
to the right of the gun tube. 
b. Diagram of a., with one orientation of the primitive 
reciprocal mesh shown. 
c. LEED pattern at 21 eV. The specular beam is to the 
far right. 
d. Diagram of c. 
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Table 111-14. Propionic acid monolayer structures 

Substrate Structure TemperatureCK) Conments 

PtClll) 4.2 2.1 
0 4.3 

T<210 on gTaphitic 
layer only 

Ag(lll) 2 
4.3 

3.9 1.3 
1 4.6 

T<230 

more abundant 
orientation 

less abundant 
orientation 
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Discussion: Acetic and Propionic Acids 
TWo general statements are suggested by consideration of the present 

experimental results and the known-properties of the experimental systems: 
1) Clean Pt(lll) interacts chemically with carboxylic acids much more 
strongly than Ag(lll), but the chemical effects can be drastically reduced 
by deposition of a graphitic carbon overlayer on the Pt(lll). 2) C*i weak 
adsorbents [Ag(lll) or graphite covered Pt(lll)] acetic acid and propionic 
acid adsorb as hydrogen bonded dimers, with the plane of the dimers 
parallel to the adsorbent surface. 

Propionic acid did not adsorb in an ordered structure on clean 
Pt(lll), yet on two dissimilar substrates, Ag(lll] and graphite covered 
Pt(lll), it not only ordered but evidently gave the same two-dimensional 
structure. Likewise, acetic acid did not adsorb in an ordered structure 
on PtClll], but did adsorb in an ordered structure on Ag(lll). Both 
acids formed the same structure in two dissimilar orientations on Ag(lll). 
Therefore, a specific geometrical interaction with the substrate structure 
is not necessary for the formation of the acid monolayer structures, 
rather the acid monolayer structures are properties of monolayers of the 
acids themselves. These monolayer structures could not be formed on a 
substrate on which the acid molecules were not mobile, or on which the 
acid molecules adsorbed dissociatively. Both of these are the result of 
chemical interactions, and the disordered adsorbtion of acetic and 
propionic acid on clean Pt(lll) are evidence for chemical interactions 

between acids and platinum. It is well blown that platinum surfaces 
124 exhibit much more chemical reactivity than silver. 



-325-

125-128 Madix et al have provided a striking example of the passivat-
ing effect of a graphitic overlayer on a platinum group metal, nickel. 
On clean Ni(llO) they found both formic acid and acetic acid adsorbed as 
disordered, anhydride species, and that Ni(llO) catalyzed their decompo
sition to H,, CO, CO,, and H 20. Deposition of a layer of gTaphitic 
carbon upon the Ni(llO) passivated the surface against the decomposition 
of adsorbed carboxylic acids and against chemisorbtion of CO-, H,, CO, 

127 128 or H,0. ' Evidence was presented that the adsorbtion state for 
formic acid on graphite covered NifllO} was as islands of hydrogen-bonded 

128 polymers, not as the anhydride species. The picture presented by the 
Ni(llO) work will explain the present data on Pt(lll) and Ag(lll). On 
clean Pt(lll) both acids are strongly chemically bound, perhaps as the 
anhydride species, and immobile. On a less chemically reactive substrate, 
Ag(lll) or graphite covered Pt(lll), the acid molecules are physically 
adsorbed and mobile and form a characteristically ordered two-dimensional 
structure. 

Determination of surface unit mesh does not determine a surface 
structure, but with the knowledge of the physical properties of a system 
and comparison of data for homologous systems, models for surface struc
tures can be proposed. Acetic acid and propionic acid are similar 
molecules and may be expected to have similar structures. The comparison 
of 1£ED data and of physical properties of acetic acid and propionic acid 
suggest that the surface structures of these molecules on Ag(lll) and of 
propionic acid c-i graphite covered Pt(lll) consist of hydrogen bonded 
dimers of the molecules lying flat and closely packed upon the substrate 
surface. 
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Hydrogen bonding plays an important role in the structural chemistry 
of carboxylic acids. It is known that in the solid phase acetic acid 
exists as polymeric hydrogen bonded chains. Propionic acid and all 
larger fatty acids form cyclic hydrogen bonded dimers in the solid phases. 

129 In the liquid and vapor phases acetic acid exists as a cyclic dimer. 
The heat of dissociation of the formic acid dimer is 14.1 kcal/mole. 

Hydrogen bonding must be taken into account when discussing the 
structure of adsorbed carboxylic acids. A polymeric hydrogen bonded 
structure was proposed for formic acid adsorbed on graphite covered 

128 Ni(llO). The formation of cyclic hydrogen bonded dimers is also 
possible, and by analogy with the bulk crystal structure, perhaps probable 
for propionic acid and acetic acid. 

The dimensions of the observed surface unit meshes may be compared 
to the dimensions of acetic acid and propionic acid molecules. The dimen
sions of each molecule are illustrated in Figs. 97 and 98. ' • The 
acetic acid mesh has an area of 50X , roughly the area of an acetic acid 
diroer lying with its plane parallel to the substrate surface, ~ 52X . 
The propionic acid mesh area is 123X , roughly the area of two propionic 
acid diners. The length of an acetic acid dimer is estimated to be 9.°A, 
the width 5.2A. The diagonals of the square acetic acid surface mesh 
are 10.OA, approximately the length of the dimer and twice the width. 
10.0A is also the width of the propionic acid unit mesh, and also approx
imately twice the width of the propionic acid dimer. The propionic acid 
dimer length is ~ 12.6A, and the length of the propionic acid surface mesh 
is 12.3X. One arrangement of molecules in each unit cell is immediately 
suggested, and is illustrated in Figs. 99 and 100. 
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Fig. 97. The size of the acetic acid dimer with dimensions taken 
from Refs. 16 and 73. 



ACETIC ACID DIMER 

1.05 
4.0 A \-

\i— '-n-yf/X 
1 \ u 

1.32 y 
-2.64 

9.9A 

Fig. 97 

5.2 A 

XBL 771-4900 



-214-

Fig. 64. a. LEED pattern of n-heptane on Ag(lll) at the 
onset of nultilayer growth. 

b. Diagram of a. showing one orientation each of 
the reciprocal nets of the monolayer and nultilayer 
surface structures. 
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XBL7611-7772 

Fig. 99. Proposed arrangement of molecules in the acetic acid 
monolayer unit mesh on silver. The unit mesh is 
derived from the LEED pattern of Fig. 93. 



-332-

Fig. 100. Proposed arrangement of molecules in the propionic acid 
monolayer unit mesh on silver and graphite covered platinum. 
The unit mesh is derived from the LEED patterns of 
Figs 94, 95 and 96. 



Fig. 100 
XBL76II-7773 
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Further support for the proposed molecular arrangement? comes frop 
consideration of the two different orientations of these structres on 
Ag(lll). The influence of the Ag(lll) lattice on the adsorbed molecules 
is not entirely negligible, as shown by the finite number of orientations 
observed. The major and minor orientations of each mesh are drawn super
imposed in Fig. 101. The propionic acid and acetic acid meshes share the 
same relationship in either orientation. The relationships between the 
two meshes may be merely coijicidental, but they can be taken as evidence 
for the similar orientations of acetic acid and propionic acid molecules 
in the two structures, as in the above proposal. Some weak chemical 
effect may cause these two orientations of the acid dimers on the Ag(lll) 
to be preferred over other possible orientations. 

6. Methylamine and Methanol 

Methylamine on Ft(111) 
Multilayers of methylamine condense on Pt(lll) at 10" Torr with 

th. substrate temperature below 115K. No monolayer structures are observed 
above this temperature and below room temperature. With monolayer exposure 
(--10 Torr-sec) at temperatures between 105-11SK, new diffraction features 
are observed. These are either broad and weak features in positions 30° 
from the Pt(111)-{1=1) features, or weak rings. Continued exposure to 
methylamine vapor causes the disappearance of these features as the films 
grow thick. The diffraction patterns from thick films grown on Pt(lll) 
consists of apparently another series of rings, visible down to very low 
t.FPn beam voltages (~10V), but too weak to be photographed. 

Heating the platinum crystal to tO0-445K in methylamine flux causes 
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MAJOR MINOR 

foil] 

[112] 21 \ ^ > 
^ 2.89 A 

ORIENTATIONS OF ACETIC ACID AND PROPIONIC ACID 
MONOLAYERS ON Ag (III) 

XBL 7611-7751 

Fig. 101. Diagram showing the relationships between the more 
abundant and less abundant orientations of propionic 
acid and acetic acid monolayers on Ag(lll). 
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Fig. 102. a. LEED pattern at 67 eV of the PtClll) - cC4X2) -

12 ll - i ) produced by 
heating the PtClll) to 400 K in methylamine flux. The 
ring at the outside of the screen is due to a gTaphitic 
overlayer also present on the Pt(lll). 
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B 
VBB 760-11152 

Fig. 102 
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|2 1| the formation of a very well ordered, bright c(4x2) pattern, , 
shown in Fig. 102. Heating to temperatures higher than 44SK causes 
deterioration of the pattern quality. The c(4«2) structure is stable 
below 400K. Auger electron spectra showed the presence of carbon, and 
about one-fourth as much nitrogen on the crystal, and no oxygen. The 
amount of nitrogen detected decreased with continued exposure to the 
electron gun used to excite the Auger transitions. 

The PtClll)-c(4x2)-CH,NH2 has a rectangular unit mesh 5.54A1 by 4.80A 
CFig. 103). This is the same mesh reported for CO absorption on PtClll). 1 1 4 

The Auger data makes it unlikely that this is the same structure as formed 
by CO adsorption, but it is possible that it is a similar structure. The 
necessity of heating the substrate implies either a chemical or a diffu-
sional activation energy must be surmounted to form the structure. 

Methylamine on AgClll) 
Exposure of the Ag(lll) crystal to methylaraine vapor at temperatures 

between 190 and 150K produces the appearance of broad rings in the LEED 
pattern. Exposure at temperatures between 150 and 115 produces a fair 
diffraction pattern, indexed as ( 3 \ T * 3>/3")R30% or " CFig. 104). 
Miltilayers gTow at temperatures below 115K. Diffraction from the 
surfaces of these multilayers gives a pattern consisting of a series 
of rings CFig. 105). At film thickness of ~ 500A, the sample charges 
under the LEED beam if the beam energy is below 15V. At gTeater thick
nesses the surface charges to higher LEED beam energies. 

The AgClllM-vT* vT)R30°-CHjNH, structure has a hexagonal unit 
mesh 15.OX by 15.oA or alternatively, for reasons discussed previously, 
a rectangular cell 7.5A by 13.Ok. 
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P t ( l l l ) - c ( 4 x 2 ) 

XBL 7611-7766 

Fig. 103. Real space diagram of the Pt(lll) - c(4X2) unit 
mesh. The dashed line shows the c(4X2) mesh, the 
solid line shows the primitive mesh. 
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XBB 760-11095 

Pig. 104. LEliD pat tern at 23.5 oV of the Ai>(.lll) 
(3/3 x 3/3) R30° -
me thy Iamine monolayer s t ructure ( 
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XBB 760-11(198 

Fig. 105. LEED pat tern a t 41.5 eV of mult i layers of methylominc 
condensed on A g ( l l l ) . The specular bean is ju s t 
r ight of the electron gun tube. 
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Discussion: Methylamine 
The riethylaraine monolayer structures observed are listed in Table 

111-15. Multilayers of methylamine grown on either metal gave LEED 
patterns consisting of rings, however, the dimensions obtained from the 
ring radii are apparently very different. The rings observed at low 
electron beam energies (-10V) from films grown on platinum imply real 
space unit cells of greater than luX dimensions. The spacings obtained 
from the three rings photographed from the films grown on the Ag(lll) 
are much smaller, 6,lA, 4.3A, and 2.8A. Methylamine has an orthorhombic 
crystal structure, a = 5.7SA, b-6.18A, c_»13.6lA, Z*8. The molecules 
are hydrogen bor̂ ded in sheets parallel to (001). Because of the strong 
bonding in the (001) plane, this plane is expected to have a low surface 
energy, and is likely to be favored during vapor deposition. Azimuthally 
disordered crystals oriented with the (001) parallel to the oilver surface 
would give LEED patterns with ring spacing corresponding to 6.18A, 5.75X, 
4.2i, 3.lX, and 2.9JL The LEED data is consistent with diffraction from 
azimuthally disordered crystallites of the normal methylamine crystal 
structure, oriented with the (001) parallel to the Ag(lll) surface. 

Methanol on Pt(lll) 
Exposure of a clean or graphitized surface to methanol vapor produced 

no new diffraction features at monolayer coverages. At temperatures less 
than 14SK, multilayers of methanol were deposited, still showing no new 
features in the LEED pattern but causing the pattern to become of uniform 
high intensity with no distinct beams apparent. When the methanol layer 
grew to approximately 100A thickness, vague broad features appeared with 



-343-

Table 111-15. Methylamine monolayer structures 

Substrate Structure Temperature(K) Comments 

* W « | I | | or c(4X2) 1WS0K Formed upon 
heating to 
450 X 

Ag(lU) poorly ordered 150-190 

\l 1 I OT f 3 £ j 3 ^ T<150 
R30 u 
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intensity scarcely higher than the background intensity. The features 
could not be photographed. The beams were found in a ring about the 
(0,0) beam where random sets of four related beams would gain in intensity, 
and again recede in intensity, as the LEED electron beam was moved across 
the methanol film. The four related beams appeared to correspond to an 
approximately square lattice of dimensions of 4 - oA. The features would 
disappear after 20 seconds of electron bombardment at 40V. These 
features became weaker as the film became more thick, and disappeared 
at ~ 300A thickness. These features were not observed from methanol films 
deposited on a graphitized Pt(lll) surface. Methanol films of ~ 
would show charging at incident beam energies less than ~ 15 volts. 

Methanol on Ag(lll) 
The exposure of the clean Ag(lll) surface to methanol vapor in the 

range of 10 Torr produces no additional features in the LEED pattern 
at temperatures above 18SK. In the temperature range of 145-1B5K, weak 
broad features are produced. At temperatures below 14SK, very complex 
and ill-defined behavior is observed. With less than monolayer exposure, 
a (6x6) pattern, (Fig. 106a), and another unindexed pattern (Fig. 106b) 
are observed. With further exposure another monolayer pattern with bright 
triangular spot formations (Fig. 106c) is formed. With continuous exposure 
below 145K, the methanol film grows thick, obscuring the silver (111) and 
monolayer LEED patterns. Vague rings are observed in the diffraction 
patterns from the methanol films of thickness less than 300A\ These 
rings correspond to row spacings of approximately sX and 3.3X, consistent 
with diffraction from planes of the reported methanol bulk crystal struc
ture. 
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Fig. 106. LEED patterns of methanol adsorbed on AgClll) 
produced by less than monolayer exposure at 
temperatures below 145 K. 

a. AgClll) - (6K6) - methanol, 17 eV. Specular 
beam hidden by gun tube. 
b. Unindexed, 15 eV. Specular beam to right. 
c. Unindexed, 13 eV. Specular beam to right. 
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Discussion: Methanol 
The unique behavior of methanol multilayers on Pt(lll) can best be 

explained in terms of a film growth process in which after lOOA" of 
deposition, large single crystalline regions have formed. At lower 
thicknesses, the film is either amorphous, or polycrystalline with random 
orientations, neither of which would show a LEED pattern. By 100S 
nominal thickness, certain crystalline domains or grains have grown to 
macroscopic breadth so that the LEED incident beam strikes on!v a few 
domains, and the discrete orientations of those few domains cause the 
discrete beams seen in the LEED pattern. At greater thicknesses, 
charging obscures the pattern so that the pattern is observed in only 
a range of film thickness. Below 175K the stable methanol crystal 
structure is monoclinic (P2,/m, Z = 2; a_=4.59A\ b_M.68A, £=4.92£, 
fS = 97.5X). The LEED patterns observed from multilayer films of 
methanol grown on either Pt(lll) or Ag(lll) are consistent with the 
row spacings in planes of the reported bulk structure. The films grown 
on Pt{lll) showed rectangular unit meshes and the T.rm patterns observed 
may have been diffraction from either the ab(OOl) or bc(100) planes of 
bulk methanol. 

Discussion: Methylamine and Methanol 
The adsorption of methyl alcohol and methylamine on PtCUl) and 

Ag(lll) gives further evidence for the chemical differences between these 
metals. Both molecules adsorbed in ordered structures on Ag(lll), neither 
adsorbed in ordered structures on Pt(lll). Mobility of the adsorbed 
species is necessary for ordering, and a strong bond to the platinum 
surface evidently limited the mobility of the adsorbed molecules. 
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Further evidence for chemical effects of the platinum surface is the 
formation of the Pt(lll)-c(4x2)-CHjNH2 "P 0" heating of the crystal to 
400-445K. Heating of methylamine adsorbed on Ag(lll) causes desorption 
and no apparent chemical change. 

T-Bsn patterns of the surfaces of multilayers of methylamine and 
methyl alcohol consisted of rings. The diffraction rings indicated 
spacings that were suggestive of low index planes of the reported bulk 
crystal structures, but the quality of the data was too poor to make a 
definite conclusion about the surface structures. While these multi
layers were not as well ordered and oriented as some other systems 
observed in this work, the presenc .. any recognizable diffraction 
features is the result of significant ordering in the multilayer surfaces. 
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IV. GENERAL DISCUSSION 

From the large number of individual observations made in the 
previous chapter, some general conclusions can be made. In this 
chapter, the data is examined for these conclusions. Examination is 
made of: 1} the types of multilayer surface structures observed, 
2) their growth behavior, 3) the morphology of the multilayer films, 
4) the electrical charging behavior of the multilayers, 5) the damage 
of the surfaces by the LEED electrons, and 6) the structure and 
stability of monolayers adsorbed on Pt(lll) and Ag(lll). 

1. Hiltilayer Surface Structures 

The multilayer structures observed in this work are collected in 
Table IV-1. Of these, six molecules produced the same structures on 
either the Pt(lll) or the Ag(lll) substrate, and their surface unit 
cells had dimensions identical to those of low index planes of reported 
bulk crystal structures of the molecules. In the absence of a detailed 
LEED intensity analysis or of a determination of the bulk crystallographic 
orientation, the most reasonable conclusion is that the observed surfaces 
are unreconstructed, low index faces of the reported bulk crystal 
structures of the molecules. These surfaces are the ice (0001), anmonia 
(111), naphthalene [001), n-octane [101) and (001), then-heptane (001), 
and the cyclohexane (001). Four molecules produced multilayer surface 
structures that can be identified as lov index faces of the bulk crystal 
structure, but other structures cannot be ruled out. These are benzene, 
trioxane, methylamine, and methanol.-
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Four molecules, n-heptane, n-hexane, n-pentane, and possibly 

acetic acid, produced multilayer surface structures that had the same 

unit mesh as the monolayer structure, and that mesh did not correspond 

to a plane of the bulk crystal structure. These molecules are probably 

in pseudomorphic crystal structures as described below (Section IV-2). 

TWo faceted surfaces were grown during ammonia and naphthalene deposition. 

These structures were not studied in detail, so i t i s not known which 

planes »>ere exposed on the surfaces of these multilayers. 

The crystal structure of n-butane has not been determined, so 

no comparison between the observed multilayer mesh and a normal 

structure of n-butane can be made. 

2. Factors Determining the Orientations Observed 

The molecular crystal surfaces that have been recognized as 

unreconstructed low index planes of the expected crystal structure are 

al l closely packed planes. The ice (0001) is a hexagonal sheet of 

hydrogen bonded molecules. The ammonia (111) plane is the closest 

packed of i t s structure. The n-oct-ie and n-heptane (001) planes are 

almost hexagonal arrays of the molecules with axes parallel to each 

other and roughly perpendicular to the plane. The cydohexane (001) and 

n-octane (iOl) are closely packed arrays of the molecules but arranged 

with their molecular planes nearly parallel to the crystal plane. The 

frequent occurrence of dense planes at the surface can be the result 

of either the equilibrium form of the deposited films, or of the kinetics 

of the film growth. 
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Bquilibrium Considerations 

The equilibrium form of a thin film on a metal substrate would 
minimize the quantity Ea-Y-, the sum of products of area and free energy 
for each interface. The two most important are the film-vacuum, and 
metal-film interfaces. 

The free energy of the film vacuum interface can be minimized by 
exposing a crystal plane of lowest surface free energy, just as the 
free energy of a crystal is minimized by forming boundaries of faces 
of the lowest surface free energy. Thus the crystal faces expected 
at the surface of a thin film at equilibrium are those expected to be 
prominent faces of the crystal — if the film-vacuum interfacial energy 
is dominant. 

The faces of low free energy are generally the closest packed 
planes. The law of Bravais-Friedel states "the most prominent faces of 
a crystal should be those with the highest reticular density." .Bie 
relative surface energy of a crystal face may be estimated if its 
structure is known. Unsatisfied bonds of all types, van der Waals, 
hydrogen-, electrostatic, or chemical, increase the surface energy of 
a plane relative to that of a plane with satisfied bonds. The crystal 
face containing the maximum number of satisfied bonds is likely to be 
the plane in which a molecule has the largest number of near-neighbors, 
or the most densely packed plane. 

If the film-metal interfacial energy is dominant, its dependence 
on film orientation will determine the crystal face grown parallel 
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to the substrate surface. Very few measurements of interfacial energies 
have been made, so that theoretical estimates must be used in 
evaluating the quantity. 

These estimates indicate that a closely packed crystal plane 
should form the interface to maximize any type of bonding present 
between the substrate and film. This plane should also have a geometry 
related to that of the substrate for the same reason. The lattice 
parameters of the two components of the interface should be similar, 
and there will be certain favorable mutual azimuthal orientations. 
Thus the influence of the interfacial free energy causes oriented 
growth of one substance on the crystal surface of another. This 

132 phenomenon is termed epitaxy. The interpretation of epitaxy is that 
the interfacial energy between the deposit and the substrate crystal 
is minimized for certain mutual orientations. 

The microscopic cause of the orientation dependence of the 
133 interfacial energy was treated by Frank and van der Merwe. They 

found that for a small (<7$) misfit between the overlayer lattice and the 
substrate lattice, the energy would be minimized if the first monolayer 
of the overlayer would assume the lattice dimensions and symmetry of 
the substrate. It would be favorable for subsequent layers to grow 
coherently with this structure, and this would be possible if the 
monolayer structure, as determined by the substrate, matched some 
crystallographic plane of the overlayer crystal lattice. 
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Thus the interfacial energy depends on the particular crystal 
face. The azimuthal dependence of the orientation depends on similar 
considerations. If the monolayer structure is incompatible with the 
substrate lattice, or if the monolayer structure is incompatible with 
the overlayer crystal structure, this mechanism would fail and other 
factors would determine film orientation. 

There are broad ranges of compatibility to be considered. The large 
molecules employed in this study could not assume the dimensions of the 
metal lattices unless multiples and combinations of the metal lattice 
vectors are considered. Examination of the monolayer structures 
illustrated in Qiapter III shows that often complex combinations of metal 
lattice vectors are matched with overlayer lattice vectors. The nature 
of the periodic potential used to model the substrate is not crucial 

133 to the theory thus misfit to combinations of substrate lattice 
vectors must be considered, as the substrate is spatially periodic 
along combinations of vectors. The misfits of the overlayer lattices 
recognized to be in their normal crystal structures relative to the 
substrate surface lattice vector to which they grew parallel are tabulated 
in table TV-2. The fractions of substrate lattice vectors chosen for 
comparison to the overlayer lattices all connect equivalent sites in the 
(111) surface plane, if the underlying metal lattice is ignored. There 
is a range of mismatches tabulated. By choice of less obvious multiples 
of the metal vector Tepeat distance, the mismatches can always be 
lowered. 
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Table IV-2. Epitaxial relationships 

Molecule Substrate Substrate Overlayer Mismatch (t) 
Vector Vector 100 (Metal-overlayer) 

overlayer 

H 20 Pt 1/2 (112> [1000] 

Ag 1/2 (112) [1000] 

3/4 < iTo> [1000] 

NH3 Pt 1/4 < 541) [110] 

Ag 1/4 < 541) [ l i o ] 

Naphthalene Pt 3/2 <110> [100] 

1/2 <112> [010] 

Ag <110> [010] 

(112) [100] 

n-Octane and 
n-Heptane 

(001) 

Pt 1/2 <132) f i ini 

n-Octane 
fioi) 

Pt 1/2 < 541) 

1/2 (112) 

[101] 

[010] 

Ag 1/2 < 541) [101] 

1/2 (112) [010] 

Cyclohexane Pt 1/4 < 541) [010] 

Ag (110) [010] 

10 more abundant 
-4 less abundant 

-i: 
-8 
1 
20 
4 
22 
2 

4 
0 
9 
4 
-1 
-10 
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Compatibility between the monolayer and the crystal structure 
of the overlayer must also include the possibility of abnormal crystal 
structures. Formation of a stable monolayer structure may enable a 
similarly arranged bulk structure that is unstable by a comparable 
amount with respect to the normal bulk crystal structure to be formed. 
For films of sufficiently small thickness the contribution of the 
monolayer adsorption energy to the total energy may off-set any loss 
of lattice energy due to the abnormal bulk structure. At some thickness 
this will not be true and the film will relax, with the formation of 
dislocations, to the normal structure. An alternate view of the thickness 
dependence of structure is that the overlayer elastic constant parallel 
to the interface increases approximately linearly with thickness, and 
at some thickness the increased elastic constant will overcome the 
deformation caused by the substrate. Growth of an abnormal crystal 
structure because of the influence of a substrate is termed pseudomorphism. 
An example of pseudomorphism observed with I£ED is silver overlayers grown 
on Ge(llO). 1 3 5 

Equilibrium considerations can rationalize the formation of the 
observed crystal planes. These considerations also tentatively explain 
the absence of reconstructed planes in this study. Surface reconstruction 
occurs to lower surface energy, and is less likely to occur on a molecular 
crystal surface of already low free energy. The experimental technique 
used perhaps discriminates against the observation of reconstructed 
surfaces by encouraging formation of closely packed planes. 
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Kinetic Considerations 
The surfaces of the molecular crystals grown in our study were rarely-

observed at equilibrium. They were usually observed during conditions of 
growth or evaporation. Thus the kinetics of the film growth process may 
have been more important in determining the crystallographic orientation 
and surface structure of the films than the thermodynamics of the system. 

Thin film growth from the vapor phase takes place in two stages. 
First, nuclei of the film must form upon the substrate. Second, the 
nuclei must grow by incorporation of molecules from the vapor. 

Nucleation is likely to be unhindered under the conditions that we 
have used. Heterogeneous nucleation is usually facile, and large 
supersaturations were employed. For instance, the supersaturation 

_7 of 10 torr of naphthalene vapor over a substrate increases about 
251 for every degree below the equilibrium temperature corresponding 
to this vapor pressure. Nucleation is known to occur at saturation 
rations P/PQ of 1.01 or less. 1 3 6 

The orientation of the nuclei however may determine the subsequent 
orientation of the films. Walton and Rhodin have proposed a theory of 
nucleation based on the properties of small particles that indicates 
the most favorable nuclei consist of close packed arrays on the 

137 substrate. These nuclei naturally lead to films oriented with 
close packed planes parallel to the substrate. Another less microscopic 
view is that the same types of orientational dependences of interfacial 
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energy are present in the nuclei that are present in the equilibrium 
crystals, so that nuclei of certain orientations may grow more rapidly 
than others. The multilayer film then grows from these nuclei in the 

138 same orientation. 
If nuclei of a variety of orientations are available, their faces are 

expected to grow at different rates. The fastest growing faces will grow 
themselves out of existence, leaving only slowly growing faces. These 
slowly growing faces are expected to have strong bonds in them and in 
general are the same closely packed planes expected to have low surface 

139 free energy. 
Thus the growth form and equilibrium form of the films are expected 

to be the samo, and both indicate that closely packed planes should be 
observed at the surface. 

A comparison of crystal forms and the crystal faces observed in 
this work supports these explanations. Naphthalene crystals grow as 
plates parallel to the (001), the plane observed in this study. 
The symmetry of the snowflake is testament that the (0001) planes observed 
in this work are the most stable faces of the ice crystal. Long 
paraffins crystallize as plates parallel to (001), one of the 
orientations observed in films of n-octane and n-heptane. The crystal 
faces recognized in this study seem to be reasonable by the above 
arguments. 
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The above considerations explain why the observed faces also 
lie parallel to the substrate surface. Indiscriminate nucleation 
could have resulted in crystallites of random orientation which would 
have exposed closely packed planes, but at a variety of singles to the 
substrate surface. A film of this nature would produce a continuous 
angular distribution of LEED beams, none of which could be differentiated 
from the background intensity, LEED patterns exhibiting diffuse 
and uniform intensity distributions were frequently observed either 
from certain systems (propionic acid; acetic acid, met'iylamine, 
and methanol on platinum) or when substrate preparation was careless. 
Another phenomenon, formation of an amorphous or glassy structure, 
is another explanation for these LEED patterns and certainly is 
a fossibility at low growv.h temperatures. 

Often poor cleanliness or poor order of the substrate surface 
resulted in ring-like diffraction patterns, produced by the closely 
packed planes present with rar.Jom azimuthal orientation. (Naphthalene, 
ammonia, benzene, n-octane, n-heptane, methylamme and methanol all 
exhibited this behavior.) Growth of certain crystal planes without 
azimithal orientation can also be explained by the above consideration. 
Evidently the contamination or lack of order in the substrate 
lessened the azimuthal dependence of the interfacial energy without 
also changing the crystallographic planes in the interfaces formed. 
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Finally, the consideration of epitaxy explains the observation 
of surface nets that are unrelated to the known crystal structures 
of the molecules, as observed for the n-paraffins C-,-Cj and possibly 
acetic acid, as the result of pseudomorphic growth. 
Growth Behavior 

Three types of relationships were observed between the substrates, 
the monolayer structures, and the multilayer structures grown upon 
them. The types of behavior are explained below, and the various 
systems studied are assigned to these types in Table IV-1. Systems 
not leading to ordered multilayer surfaces are not described by these 
types. 
Type I 

There is no similarity between the monolayer structure observed 
(if any) and the surface structure formed during the subsequent thick 
layer growth. The thick layer grows with a lurtace structure 
recognizable as a dense crystal plane of the molecular crystal. 

This behavior is exhibited when the monolayer structure formed 
is not similar to a favorable plane of the bulk molecular crystal 
structure, or no monolayer structure was observed. Examples of the 
former are naphthalene and benzene on either substrate, and n-octane 
(lOl) on silver. On platinum, the aromatic molecules form very stable 
ordered monolayer structures, and probably the strong bonding forces 
between the Pt surface and the aromatic molecules define a monolayer 
structure unlike the arrangement of molecules in the molecular crystals 
that are grown subsequently. However, on Ag, where the bonding between 
the adsorbed monolayer and the metal surface is not so strong, the same 
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growth pattern is observed. The details of the balance of forces 
acting on the molecules determine the monolayer of structure, and if 
that structure is dissimilar to that of a favorable plane of the 
molecular crystal, the structure at the surface changes upon multi
layer growth. 

Prior to multilayer growth of ice on either substrate, ammonia 
on Pt(lll), or n-octane and n-heptane (001) on Pt(lll), no ordered 
monolayer structures were formed. The n-paraffin (001) surface 
structures were observed after the platinum substrate was contaminated 
by previous exposure to the hydrocarbons at high temperatures. The 
work function change measurements (Section III-3e) showed that paraffins 
decompose on the surface under these conditions forming a disordered 
monolayer. 

In these cases, where either no ordered monolayer structure forms, 
or one forms that is unlike the arrangement of molecules in the 
molecular crystal, the multilayer grows with a structure and orienta
tion that is independent of the monolayer. 

The azimuthal disorder observed occasionally in naphthalene, 
benzene, ammonia, n-octane, and n-heptane films grown on disordered 
substrates also indicates that the crystallographic and chemical effects 
of the substrate played a minimal role in determining the structure of 
these films. 
Type II 

A monolayer is formed that is similar to a lattice plane of the bulk 
structure, and the bulk structure grows upon it with the same structure 
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and orientation. This type of behavior was observed with cyclohexane 
on either substrate, ammonia on Ag, and n-octane (101) on platinum. 
Oriented overgrowth is most easily understood in this case. The 
substrate symmetry and dimensions and the adsorptive bond between the 
molecules and substrate were compatible with a structure determined 
independently by forces of the crystalline phase. The structure was 
easily maintained during multilayer growth. 

A variation of this type of behavior resulted in the faceted 
surfaces that were observed from ammonia on either substrate and 
naphthalene on Ag(lll). In these cases, the monolayer structure 
formed led to multilayer growth in which the plane growing parallel 
to the monolayer is not stable at the surface. This plane facets 
to one or more lower energy planes which are not parallel to the 
substrate. Thus LEED from these films shows several specular beams 
with associated diffraction beam arrays about them. This behavior 
was also observed in vapor deposited phthalocyanines. 
Type III 

The monolayer and multilayer surface structures are similar but 
not like any of the planes of the reported molecular crystal structure. 
n-Heptane on either substrate, n-hexane and n-pentane on platinum, 
and possiblly acetic arid on silver are examples of this behavior. This 
behavior was also observed during the deposition of phthalocyanines 

95 on copper substrates. When adsorbed on clean and ordered substrates, 
the bonding between molecules in the adsorbate monolayer and the substrate 
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is strong and therefore the surface structure is not related to planes 
of the bulk molecular crystal structure. Rather than growing into the 
normal molecular crystal structure with the necessity of forming 
defects at the interface with the sub.'.trate, subsequent layers grow 
in registry with the monolayer, forming a psendomoiphic structure 
dependent on the substrate surface structure. 

In these cases the quality of the diffraction patterns decreased 
with thickness, indicating increased disorder at the surface of the 
film that may be caused by relaxation to the normal crystal structure. 
However, all multilayer diffraction patterns deteriorated with thickness 
to some extent. 

Growth of these molecules on different substrates should 
result in different multilayer structures. This was observed for various 
phthalocyanines on Cu(lll) and Cu(100), and in this study for n-hexane 
and n-pentane on Ag(lll) and Pt(lll), n-heptane produced the same 
multilayer structure on both platinum and silver, however the structure 
was unrelated to the reported bulk crystal structure. This may be some 
form of coincidence, or perhaps the reported n-heptane crystal structure, 
to which the multilayer surface structure was unfavorably compared, is 
incorrect. 

Generally, all through this study, the multilayer ordering was 
found to be dependent upon the monolayer ordering, and both were 
adversely affected by disorder in the layers below them. These 
observations are in agreement with the above descriptions of the 



-364-

multilayer growth behavior, and with observations on the substrate 
132 contamination dependence of epitaxy. In the second and third classes 

of behavior, the multilayer structure duplicates the monolayer structure, 
and disordered multilayers would form on disordered monolayers. 

3. The Structures of Mjltilayer Films 

There were certain characteristics of the LEED patterns from 
multilayer surfaces that made them clearly distinguishable from 
LEED patterns of monolayers. It was possible to recognize a multilayer 
film from its LEED pattern, independent of a thickness measurement. 
These properties of the LEED patterns can be understood in terms of 
simple diffraction theory and can be used to extract information about 
the surface structure of the multilayer films. 
The Appearance of the LEED Patterns 

The multilayer LEED patterns were judged qualitatively in comparison 
to monolayer LEED patterns. Manolayer patterns were generally sharp, 
with beams not appreciably broader than the substrate beams. The 
background intensity was higher in the monolayer patterns, but still 
comparable to that of the substrate pattern. These observations show 
that the best monolayer structures were more than 80% ordered, and 
with domain sizes greater than or equal to the coherence width of the 
instrument. Assuming the substrate beam widths are due only to the 
instrument, the Scherrer equation (Eq. 11-39) gives an instrumental 
coherence width of -80A. 
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In conparison to the monolayer diffraction patterns, the multilayer 
patterns had much higher background intensity. The diffraction beams 
were broader and of low intensity. The beams became less intense with 
increased thickness, except for the cases of ice and ammonia in which 
the beams stayed at constant brightness over a wide range of thickness. 

The diffracted beams were less intense at higheT beam voltages. 
Diffraction beams from ice were visible to just over 100V, but the 
n-paraffin multilayer beams were only visible below 40V. In contrast, 
n-paraffin monolayer beams were visible up to 125eV, and substrate beams 
to greater than 400eV. At incident beam energies greater than 200eV, 
the T.EFn pattern from multilayers showed a series of broad rings centered 
about the incident beam. The alternately light and dark rings changed 
their radii and intensity with changes of incident beam energy. At 
certain voltages the rings showed apparently increasing radii with 
increasing beam energy, the opposite of the behavior of diffracted 
beams. 

At the onset of multilayer growth, three kinds of transitions 
from monolayer LEED patterns were observed. Kith naphthalene and 
benzene on platinum, the monolayer pattern first faded into increased 
background intensity, then, after a time interval during which only the 
(0,0) beam could be observed, the multilayer pattern appeared. The 
cyclohexane and some of the n-paraffin monolayer patterns continuously 
transformed into the multilayer patterns as the film grew. Lastly, 
ice, and n-heptane on silver, showed the monolayer and multilayer 
diffraction patterns superimposed at the early stages of multilayer 
growth (Fig. 7, 8, 64). 
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Disorder 
The nature of the diffraction patterns from multilayers of 

molecules shows that there is much more disorder in these structures 
than in typical adsorbed monolayers. The high background intensity 
and weak beam intensity are related to disorder, which prevents complete 
destructive interference of waves scattered away from the Bragg beams 
and prevents conplete constructive interference of waves scattered into 
Bragg beams (Section II-2). The disorder can be of several types. The 
vibrational motion of the atoms in the surface, both zero-point and thermal 
motion, results in disorder on the time scale of the electron scattering. 
Point and line defects in the crystals such as those caused by misfit 
at the substrate-multilayer interface have the effect of displacing 
molecules from their lattice positions. Boundaries between crystallites 
of the film probably have disordered molecules associated with them, 
and the finite size of the crystallites Tesult in incomplete constructive 
and destructive interference. Impurity molecules from the samples used, 
from the vacuum chamber background pressure, or resulting from electron 
beam damage of the sample contribute to the disorder in the multilayer. 
No doubt all of these types of disorder contribute to the observed high 
1EED background intensity. 

The width of the diffraction beams is related to the width of the 
coherently scattering domains. The size of these domains is no larger 
than the size of the crystallite grains that make up the multilayer 
film, but nay be smaller due to the effect of defects within the domains. 
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Beam widths indicate that multilayer domain widths of ice are 30-40A 
and those of naphthalene -70A. In each case these correspond to 
domains of -10 unit cells. The domain sizes of the other . -Cerials 
studied are within this range. 

Other factors may be contributing to the spot width however, 
so these estimates of coherent domain size may be too low. One 
factor is the lack of long range order which broadens beams of large 
G more than beams of small C. Increases in the width of the beams 
of large G were not investigated as the intensity of these beams was 
always low, but variations were not observed. Thus the contribution of 
this effect to the observed beam width is probably small. 

Angular misorientations of the multilayer surfaces if small, 
would result in a collection of sharp beams directed in a broadened 
angular region, and thus simulate the effect of small domains. This 
effect could result in higher beam intensities because of greater 
width of the misoriented domains. Noticeably higher intensities were 
observed for ice, ammonia, and cyclohexane multilayers than for typical 
multilayers of the molecules studied in this work, 

A last factor possibly contributing to diffraction beam width 
is charging of the sample surface. Multilayers of thickness approaching 
the onset of charging (see Section IV-4) often had LEED patterns with 
very broad, diffuse beams. The appearance of the beams may result from 
fields at the surface that alter the diffraction parameters non-uniformly 
over the surface, causing an angular divergence of the diffracted beams. 
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This effect was not recognized at smaller multilayer thicknesses, 
but it may contribute at these thicknesses none the less. 

The observation that diffraction spot intensity decreased 
with increasing thickness implies that disorder in the multilayer 
surface increases as the film grows. It could be expected that certain 
crystallites of the film would grow preferentially, increasing the order 
in the film by decreasing the number of boundaries, but this was not 
observed except perhaps in the case of methanol on platinum. Some 
process for inducing surface disorder is present in the growth 
mechanism, perhaps by thf. cumulative effects of disorder below the 
surface, or disoriented crystallite growth. This observation is 
rendered less certain by the increased effects of surface charging 
at increasing thickness. 

The disappearance of the multilayer diffraction beams at high 
incident beam energies is further evidence for decreased long range 
order in the multilayers. High LEED beam energies result in large 
magnitudes of the scattering vector, |̂ | = }Jc" - k|, and scattering 
from a crystal lacking long range order falls off rapidly with |S[ 
(Section II-2). The higher energies at which ice and ammonia multi
layer diffraction patterns are visible are evidence for greater 
ordering in these multilayers. 
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Other causes for the decrease of LEED beam intensity with incident 
beam energy can be discounted. These other causes are the energy 
dependence of the atomic scattering factor and the Debye-Waller factor. 
The square of the atomic scattering factor for carbon falls an order 

38 of magnitude in the energy range of 50-200eV. This would cause the 
observed decrease in scattered intensity. However organic monolayers 
and graphite LEED patterns are visible to much higher energies thar. 
observed for organic multilayers, so the scattering factor is not the 
cause of decreased intensity with increased electron beam energy. 

The Debye-Waller factor also results in a decrease in intensity 
v.. *>eam voltage. 

I = I exp - 2M 

2M * ™Ll 
mJcBj 

, . , , (eq. 11-50) 
/Vsin .A 
\ 150.4/ 

8 D is the Debye temperature. For LEED, an effective surface 8- is 
used. 

e ^ - ( i . 4 - 2 ) e S u r f a c e
 CRef. « ) 

The other symbols have their usual meanings. Thus the intensity 
depends exponentially en the incident beam voltage, the temperature, 
and the Debye temperature of the sample. The magnitude of this effect 
on molecular crystal surfaces can be estimated by comparison with other 
systems. 
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LEED beams from metal surfaces can be observed to high voltages 
at room temperature. The Debye temperatures for platinum and silver are 
234K and 225K respectively, and thj measured surface Debye temperatures 
are UOK and 104-152K.45 The Debye temperature of ice is 224-6K, 1 3 9 

quite comparable to the metals. It is not surprising that ice LEED 
beams were observed to the highest energies of any system in this study. 
Estimates of 8- for other molecular crystals can be made from the 

temperature coefficient determined in the x-ray crystal structure 
140 determinations. These estimates for all of the molecular crystals 

studied fall in the range of 15D-300K, comparable to the Debye 
temperatures of the metals. Thus the decrease of intensity with 
beam voltage should be comparable to that observed in the metals, not 
much greater. Finally, Ignatiev and Rhodin measured the dependence 
of LEED intensity on temperatures between 50-75K from solid xenon 

q samples. They observed beams at energies as high as 400eV. The Debye 
temperature of xenon is S6K, and the effective surface 6 D was measured 

q to be 35-48K, much lower than those of the metals, or those estimated 
for the molecular crystals above. Thus, the Debye-Waller factor does 
not cause the observed decrease in LEED beam intensity from the molecular 
crystal surfaces with increased incident beam energy. 

The appearance of the LEED patterns from the surfaces of these 
molecular crystals demonstrates the presence of severe disorder in 
these samples. This disorder takes the form of small coherent crystalline 
domains, and overall lack of long range order. The dispersion forces 
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which determine the structure of the organic samples are weak and only 
weakly directional, so there is not a large increase in energy with 
disorder. The greater order in the ice and ammonia samples may be the 
result of the greater strength and directionality of the hydrogen 
bonding in these crystals. The temperatures at which the multilayers 
were grown were well below the melting points of the samples, so that 
there may have been diffusional and orientational barriers to the 
formation of well ordered samples. 
Effective Scattering Factors 

The observation of broad rings in the LEED pattern at high 
voltages (greater than 200eV) is due to the angular and energy 
dependence of the atomic scattering factors. The features do not 
collapse onto the specular beam as do diffracted features. 

At large values of S (at high LEED incident beam energies), 
diffraction from a structure lacking long range order is equivalent 
to diffraction from a completely disordered sample. In this case^7 

(s; • t (average over all spatial orientations) 
atoms 

F * I f i exp (2ni S ' Tj) 

F is the structure factor of the scattering unit, in this case 
of the molecule. The angular variations of intensity are the angular 
variations of the atomic scattering factor modified by intramolecular 
interference effects. With LEED, the structural effects are small 
because of the large scattering angles used so that the intensity is 
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largely given by the square of the atomic scattering factor. This 
property of LEED of disordered systems has been used to experimentally 
determine the effective atomic scattering factors for LEED. The 
experimental scattering factors are not true atomic scattering factors, 
because they contain contributions from multiple scattering. 
Islands or Continuous Films 

An important consideration in interpreting the LEED patterns 
from multilayers deposited on substrates is the macroscopic structure 
of the films. Misleading results could be obtained from films that 
consisted of islands of the uultilayer rather than continuous films, 
as effects from the substrate could be mistaken for effects due to the 
multilayer. The appearance of the patterns and changes in the patterns 
at the onset of miltilayer growth present almost unequivocal evidence 
that at average thicknesses of less than 100A, the films continuously 
cover the substrate. 

As stated, the diffraction patterns of multilayers were recognizably 
different; in appearance from monolayer patterns. The extinction of the 
substrate and monolayer diffraction patterns at the initial stages of 
growth indicate that the entire substrate is covered completely (except 
perhaps, for areas too small to produce a pattern) with a deposit of 
a thickness greater than the elastic mean free path of low energy 
electrons. Ice and n-heptane on silver were observed not to behave 
in this manner at small thicknesses. They produced patterns at the 
initiation of growth due to the superposition of mono- and multilayer 
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patterns. The monolayer pattern disappeared shortly afterward, even 
with these systems. The thickness measurements were not accurate 
enough to determine at what thickness these events were observed, but 
the substrate pattern was certainly gone by the time that a 100A 
thick layer had formed. 

The only possible exceptions to the conclusion that the molecular 
multilayers grow as continuous films at low thicknesses are the systems 
in which the monolayer patterns and multilayer patterns are the same. 
Differentiation between the monolayer and multilayer patterns would be 
difficult in these cases. Conceivably the multilayer patterns could be 
interpreted as due to diffraction from patches of the monolayer altered 
by the effect of nearby islands of the multilayer. However, alterations 
in the relative beam intensities and the disappearance of the substrate 
beams prove that these patterns are due to multilayers. 

The formation of continous multilayer films is expected. Just 
as metals are wetted by organic liquids, the equilibrium form of the 
films should be a continuous layer covering the high surface energy metal. 
Also at the high super saturations at which the films were grown, many 
nuclei would hav<2 formed which would form a continuous film early in the 
grr.ch process. 
Conclusion 

Evidence has been presented that the multilayer films grown in this 
study were highly disordered and continuous overlayers. The observations 
leading to these conclusions are not substitutes for a careful study 
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of the morphology of vapor deposited molecular films on metal substrates. 
However, they provide information necessary to the interpretation of 
the diffraction data from molecular crystal surfaces. 

4. Sample Charging 

Molecular solids are usually good electrical insulators. 
Under bombardment with charged particles, molecular solids will trap 
some of the charge and the field of the trapped charges will interfere 
with subsequent bombardment. This effect has been observed in these 
studies. A summary of the observed surface charging behavior, with an 
explanation of its origins is given below. 
Observations 

The surface charging behavior observed in the LEED patterns is 
a function of sample thickness. At low multilayer thickness, no effects 
of charging are observed. The pattern at this stage behaves as LEED 
patterns from metals behave. At greater thicknesses, charging is 
observed at low incident beam energies. Charging is observed when the 
surface develops a higher potential than the accelerating potential of 
the electrons, and the LEED electrons are repelled back on the 
fluorescent screen. The presence of surface charging has a characteristic 
effect on the LEED display screen. A typical observation of a charging 
surface is illustrated in figure 107. The pattern changes with 
time and with changes of the incident beam energy or experimental 
geometry. 
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Fig. 107. Photograph of the LI:1;D screen shotting the c f e c t ol" 
charging of the sample. 
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There is a clear voltage onset of charging behavior as the 
incident beam energy is changed. The onset voltage is lower if 
approached from the high voltage side than if approached from the 
low voltage side. Thus, the charging behavior shows a hysteresis as 
a function of incident beam energy. Although the LEED pattern was 
visible at incident beam energies as low as SeV, no charging onsets 
were observed below lOeV. 

The onset voltages increase with multilayer thickness in 
general. The thickness dependence of the charging is a property 
of the particular molecule under observation. A partial compilation 
of observed charging onset voltages as approached from the high 
voltage side for a number of classes of molecules is plotted versus 
the film thickness in figure 108. There was poor reproducibility of 
onset voltage, perhaps due to variations in film structure or thickness 
across the sample, and as stated earlier a factor of 2 uncertainty 
in thickness. Certain trends are nevertheless obvious. 

The saturated hydrocarbons and substituted hydrocarbons had 
charging onsets at thicknesses less than 2fiOA. Benzene showed 
charging effects at higher thicknesses and naphthalene only at e%'en 
higher thicknesses. Ice and ammonia also showed charging onsets at 
thicknesses on the order of 1000A. 

Occasionally the diffraction beams of the multilayer surfaces 
would become uncharacteristically broad and diffuse under conditions 
near those where charging would occur. This behavior was a prelude 
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INCIDENT BEAM VOLTAGE AT ONSET OF SURFACE 
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to the occurrence of charging and is experimentally related to charging 
of the sample. The production of inhomogeneous fields at the sample 
surface due to partial or patchy charging of the sample may cause this 
effect. 

The important observation is that although all of the sauries 
observed in this work are good insulators, there was a range of 
thicknesses at which the multilayer surface had the unperturbed 
properties of the molecular solid, and could be observed with no 
interference from charging. 

This behavior was observed in other studies using low energy 
electron bombardment of thin films of insulators. In a LEED study, 
metal and metal free phthalocyanines were not observed to charge 

95 at thicknesses of 1000A. The rare gases are good insulators, but 
grown on metallic substrates, tJ-eir insulating characters did not 

q interfere with LEED at thicknesses estimated to be less than 70A." 
Hamill and co-workers used low energy electrons to study the electronic 
structure of a variety of condensed molecular films. They reported 
no interference from sample charging at thicknesses of 100A. This 
lack of sample charging stands in contrast to the behavior of thick 
insulators under the LEED beam. 

There are two mechanisms that can explain the apparent lack of 
significant charging of the molecular crystal surfaces: conduction 
through the films and secondary electron emission. If electrons 
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General discussions of the conductive properties of organic 
solids and liquids are given in references 143-5. Theoretically it 
is not clear whether conduction is coherent as described by band 
theory, or proceeds in discrete "hops" through a polaron or tunneling 

144 mechanism. Experimentally, the field is plagued with problems of 
making suitable electrical contacts, and preparing pure and defect 
free samples. 

Conductivity under the conditions of the present LEED experiments 
is even less well understood. Electrons with energies 10-30eV above 
the vacuum level propagating through a molecular solid can excite other 
charge carriers, or produce impurity molecules that may act as carrier 
traps. 

It is expected that the injected electrons would occupy an 
empty conduction band of the sample. These bands are calculated to 
be quite narrow, 10 - 10" eV and phonon scattering limits the carrier 
mobility to 1 cm V sec . The low carrier mobility may lead to 

space charge limitation of conduction. Further, dislocations and 
146 impurity molecules may trap electrons further reducing conductivity 

and simultaneously repelling the LEED beam. However, the relatively 
high energy cf the injected electrons may allow the electrons to have 
an appreciable range before being trapped. Protonic conductivity may 
also play a role in ice and ammonia. Clearly, the details of the 
conduction mechanism, the interaction of the incident electrons 
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with the sample, and the structure and electronic properties of the 
film must be understood before the charging behavior observed in this 
work is understood. Certain aspects of the transmission of electrons 
through thin molecular films have been treated. 

The clear conclusions from the charging behavior of the 
molecular films under low energy electron bombardment are that 
charging is determined by the conductive properties of the films and 
these are related to the structure of the molecules of the film. Large 
aromatic molecules are better conductors under low energy electron 
bombardment than smaller aromatic molecules. Saturated hydrocarbons 
are worse than aromatic molecules. Ice and solid ammonia have good 
conductive properties under these conditions. 

S. Damage of the Sample by Low Energy Electrons 

The role of radiation damage to the molecular solid surfaces 
through the action of the LEED electrons must be considered in evaluating 
the observations of this work and in evaluating the potential of LEED and 
other techniques using slow electrons for surface studies of molecular 
solids. The lattice energies of molecular solids are on the order of 
lev, chemical bond energies of 4eV, and molecular ionization potentials 
of 10eV,so that incident electrons of energies between 5 and lOOeV, 
as used in this work, are sufficiently energetic to cause significant 
changes in the surface structure under observation. These changes have 
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been observed through the deterioration of the LfiEP pattern. In this 
section, the observations will be sumnarized, compared to other 
measurements of radiation damage, and conclusions will be drawn about the 
role and rate of damage to molecular samples by low energy electron 
beams. 
Summary of Observations 

LEED patterns from molecular and multilayer surfaces, and to a 
lesser extent monolayer surfaces, deteriorated with electron beam 
exposure. The deterioration consisted of a gradual decrease in 
intensity of the diffracted beams and increase in intensity of the 
background until the beams were not distinguishable from the 
background. This behavior was observed with all multilayer surfaces 
except ice and ammonia. 

The damage rate was estimated by observation of the LEED pattern. 
The amount of time necessary for disappearance of the diffraction 
features was recorded. The rate of pattern deterioration depended 
on beam current, beam energy, and the sample. The damage rate was 
slower with decreased beam current or lower beam energy. 

A partial compilation of the experimental observations is given 
in figure 109. Films composed of saturated hydrocarbons were most 
susceptible and naphthalene and substituted hydrocarbons (trioxane, 
methanol, etc.) least susceptible of the organic samples. 

After prolonged exposure of an organic multilayer sample to the 
electron beam, the outline of the electron beam could be observed 
in the optical interference pattern of the sample surface. The beam 
outline disappeared upon warming of the sample, and the IfED pattern 
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Fig. 109. Plot of the observed times for decay of the multilayer 
T,EF.n patterns as a function of the LEED beam energy 
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from the damaged area showed a disordered overlayer present on the 
substrate. The electron beam outline occasionally reappeared after 
subsequent multilayer deposition without further electron beam 
exposure. Evidently, a disordered low vapor pressure deposit is 
produced by electron beam exposure that cannot be desorbed and is 
able to alter either the thickness or optical properties of 
multilayer film grown over it. 

Ice and ammonia multilayer diffraction patterns did not 
deteriorate as described above. Electron beam exposure produced 
no increase in background intensity or decrease of diffracted beam 
width. Prolonged exposure (minutes with beam density of 
10" A cm" ) of a thin film at beam energies greater than approximately 
80eV can remove the ice or ammonia diffraction pattern and the substrate 
diffraction features again become visible. The multilayer pattern 
returns with subsequent exposure to ice or ammonia vapor. With low 
beam energies and short exposures, the electron beam produced no 
noticeable change in the diffraction patterns. 

Deterioration of monolayer diffraction patterns under low energy 
electron bombardment was also observed but at much slower Tates. As 
in the case of multilayers, the saturated hydrocarbon monolayers were 
most susceptible to damage, with the patterns deteriorating in times 
on the order of a minute at energies of 20-40V and a beam current 

-4 -2 density of 10 A cm . 
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Radiation Damage Studies 
Very little work has been done to study the interactions of low 

energy electrons with condensed phases. The efforts in the field 
of mass spectroscopy have yielded an understanding of the interactions 
of slow-electrons and gas-phase molecules. These studies probably 
describe the initial processes that occur in condensed phases., but car.ict 
account for the solid state effects of reduced diffusion and increased 
density upon the process. Similarly, much effort has been spent 
studying the effects of high energy radiation on condensed phases. It 
is believed in these cases that the majority of the damage is the result 
of low energy secondary electrons, so that results on damage probabilities 
and products may be used to predict the effects of low energy primary 
electrons in solids. However, the low penetration of low energy electrons 
in solids concentrates the damage in the surface region so that the 
conclusions of research with high energy radiation may not directly 
apply to these studies either. 

Slow electrons cannot transfer enough momentum to directly break 
up or displace a molecule, so that only electronic primary events are 

149 important. These take two forms, ionizations and excitations. If 
the ion or excited state can be rapidly neutralized, no damage occurs. 
Neutralization depends upon the ease of transfer of energy away from the 
local excitation. If unneutralized, the excited molecule may dissociate 
or react with neighboring molecules. In these ways impurities are 
introduced into the crystal structure and the crystalline order is 
degraded. 
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The yield of radiiition damage products is conventionally given 
as a "G" value. G is defined as the yield of events per lOOeV of 
absorbed energy. A list of approximate G values me?sured with high 
energy radiation for some classes of molecules is given in cable IV-3. 
It can be seen that saturated hydrocarbons are quite susceptible to 
radiation damage. Substituted hydrocarbons are similarly prone to 
damage, and aromatic molecules least prone to damage. This hierarchy 
of stability is approximately the same as that observed in the LEED 
studies of this thesis. 

The products of radiation damage are quite varied. A "principle 
of nan-specificity" has been proposed for predicting product yields: 
"Where special chemical factors can be neglected, the nature and 
quantity of the products resulting from irradiation are determined by 
the nature and number of parent groups which are present in the molecule 
of the irradiated substance". Thij principle was derived for 
saturated hydrocarbons and essentially predicts all possible bonds 
will break, with equal frequency. As a result, the products of 
irradiated hydrocarbons range from H, and CH. through polymers of 
undetermined nature. 

Chemical factors often influence the product yields. The 
products of benzene decomposition are mostly polymeric. Carboxylic 
acids yield CO, and H-O along with hydrocarbon fragments. Amines 
produce NH, on irradiation. The products of irradiation are often 
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Table IV-3. Approximate radiation induced decomposition yields 

Molecule G 
(events per 100 eV absorbed) 

Paraffins 4 - 5 
Benzene 0.8 
Naphthalene <.01 
R-000H 4 
R-OH 4 - 5 
R-O-R1 2 - 4 

From ref. ISO 
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those found in the fragmentation pattern of the molecule in a mass 
spectrometer with an electron beam ionizer. 
Damage by Low-Energy Electrons 

Several studies have been made of the interactions of slow 
electrons with condensed molecular films. Matsushige and 

152 Hamill measured the yields of decomposition products caused 
by low energy electron irradiation of 600-600A films of cyclohexane 
and n-hexane on a polycrystalline gold film substrate. The current 

2 density was a factor of 10 lower in their study, but otherwise 
conditions were quite similar to those of the present work. They 
found yields of decomposition events G ~ 0.5 for electron energies 
of 10-20eV. Using this value, the rate of decomposition of the film 
surface can be estimated, 

l a ? - n j V G 

The rate of decomposition per unit area A is equal to the product of 
the number of molecules n, t' current density j, the beam voltage 
V, and the decomposition yield .J. Solving this equation. 

tagoj - AjVGCt-t0) 

-5 -2 and inserting appropriate values (V-20eV, j»5xl0 A-cra ) , the results 
are that 201 of the surface molecules are destroyed in 2 sec and 
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(or holes) are transported through the film at a sufficient rate, no 
appreciable charge will build up. Alternately, if each electron 
injected into the sample is accompanied by one or more emitted electrons, 
only a positive charge would be observed at the surface. This positive 
charge would stabilize at a small value because of the recapture of 
secondary electrons. Secondary electron emission properties should 
show no dependence upon film thickness. The thickness dependence of 
the charging indicates that conduction through the film is the major 
mechansim. 

A simple Ohm's Law expression produces the dependence of potential 
at the surface on the thickness. On the basis of current density, 

V - j 1 p 
where V is the potential, j the current density, 1 the film thickness, 
and p the resistivity. As an order of magnitude estimate of the 
resistivity necessary to describe the observed behavior, one can use 
the values V = 10V, 1 = 10 A and j = 10 A cm' . In this way, one 
predicts that the resistivity of the sample irast be less than 10 fi-cm. 

The room temperature values for benzene and naphthalene are 
10 1 4 - 1 0 1 5 n-cm and for n-hexane, 1 0 1 6 - 1 0 1 7 n-cm. 1 4 3 These resistivities 
are expected to increase at the low temperatures used in the LEED experi
ments. Evidently the measured resistivities of these materials are three 
orders of magnitude too high to explain the observed behavior. This 
estimate is too simple, and ignores the complex nature of charge trans
port in molecular crystals. 
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50* are destroyed in 7 sec. Remembering that LEED is far more sensitive 
to order than disorder, this estimate suggests that the LEED pattern 
would become imperceptible in "5 sec at ZOeV. This estimate agrees well 
with the LEED observations. 

Another study of slow electron beam effects on a molecular solid 
83 is that of Floyd and Prince. They bombarded a condensed ice surface 

with 80eV electrons and detected positively ionized products with a mass 
spectrometer. They found products of m/e corresponding to the family 
of clusters H (H,0) where n varied from 3 to 8. The yield of products 
decreased at low tenperatures, becoming undetectable at 77K. The yields 
also decreased with thickness. These decreases in yield were explained 
on the basis of a surface charge developed at large thicknesses or low 
temperatures that retarded the escaping clusters. 

Two aspects of this work have analogues in the present work. The 
LEED pattern of ice films was observed to disappear and be replaced 
by the substrate pattern during observation at high beam voltages. 
Evidently the ice film was removed by the LEED beam. The ionized 
clusters found by Floyd and Prince are a reasonable mechanism for ice 
removal. Second, in Floyd and Prince's work, a negative potential 
was observed by a decrease in positive ion escape probability. A 
negative potential at the surface was observed in the LEED study by 
the deflection of the LEED beam. 
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In a study very similar to those reported in this thesis, 
Buchholz and Somorjai observed the monolayer and multilayer 
surfaces of phthalocyanine films on copper substrates with LEED. 
They reported that these large aromatic molecules were largely immune 
to electron beam induced damage. Their LEED patterns were unchanged 
by hours of beam exposure at energies less than 200V. These results 
confirm the trend observed in the present work, that aromatic molecules 
appear increasingly resistant to beam damage with increasing size. 
Monolayer Damage Results 

There has been much interest in the interaction of low energy 
electrons with adsorbed monolayers. Nbst of the interest has been 
focused on small adsorbates (CO, 0,, H, etc.) although a few larger 

22 species ( C A , C,N,) have been studied. 
The rate of decomposition or desorption is generally a function 

of electron beam energy. CO was observed to be stable under bombardment 
at energies below 15-20eV, but to rapidly decompose at higher beam 
energies leaving carbon on the surface but no oxygen. Strongly 
bound adsorbates were found to be more stable than weakly bound 
adsorbates. The desorption products can be neutral or ionic and in 
excited states. 

The principles of the electron beam interactions are understood. 
The adsorbed structure is promoted to an excited state by the incident 
electron. Subsequent events depend on the nature of the excited 
state. Desorption as ions, neutrals or excited species, decomposition, 
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or transformation into another bound state can occur. Desorption cross 
sections are found to be orders of magnitude smaller than gas-phase 
cross sections. This is due to de-excitation of the excited structure 
through the substrate before bond scission can occur. More strongly 
bound species presumably can transfer energy to the substrate more 
easily than weakly bound species. 

This theory explains the general behavior of adsorbed monolayers 
observed in the present work. Ch the platinum substrate benzene and 
naphthalene were strongly bound, as demonstrated by their stability 
at high temperatures, and no electron beam induced disordering was 
observed. The saturated hydrocarbons were much more weakly bound, and 
their monolayers were observed to disorder in times of approximately 
one minute with beam energies greater than about 30eV. 
Conclusions 

Several conclusions may be reached concerning the destructive 
effects of the electron beam in 1£ED studies. These conclusions 
will enable one to qualitatively predict the types of molecular 
surfaces least susceptible to electron induced damage and thus most 
suitable for further study with techniques employing low energy electrons. 

The arguments made in explaining the magnitude of electron 
stimulated desorption cross sections also apply to the relative 
electron induced damage cross sections of chemisorbed and physisorbed 
monolayers and the surfaces of multilayers. The excitation 
probabilities are approximately the same for molecules in each of 
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these environments. The differences in damage rates arise from the 
different probabilities of de-excitation before chemcial changes can 
occur. Chemically adsorbed species are presumably intimately 
electronically coupled to the metal substrate and at small separation. 
Both of these factors increase the probability of rapid transfer of the 
excitation energy to the substrate before bond scission can occur. 
Physically adsorbed species are in less intimate contact with the 
substrate, and thus less likely to be de-excited before chemical changes 
occur. 

Molecules at the surfaces of multilayers are not coupled to 
the substrate. Except for the weak intermolecular coupling, 
decomposition cross sections will be of the same order as gas phase 

-1 fi -17 7 1 1 ^ cross sections, 10 -10 cm . Cross sections of this order 
were found by Hamill and these values agree with the decomposition 
rates observed in this study. The healing effects of intermolecular 
coupling are small, as expected for molecular solids. Thus a ijolecule 
at the surface of a molecular crystal has a probability of undergoing 
electron beam induced damage that is much larger than when adsorbed on 
a metal surface, and comparable to the probability of undergoing damage 
in the gas phase. 

Different molecules were observed to undergo damage at 
different rates. The relative damage rates among the molecules 
qualitatively agreed with the relative rates observed in high 
energy radiation damage studies. The relative rates are influenced 
by bond strengths, and delocalization of excitation over the molecule. 1 4 9 



-394-

The damage rates also correlated with the conductive behavior 
of the molecular nultilayers (section IV-4). The molecules least prone 
to damage were the best conductors under low energy electron bombardment. 

The susceptibility to electron beam induced damage decreases in this 
order: saturated hydrocarbons > benzene > substituted hydrocarbons > 
naphthalene > phthalocyanines. 

The ice and ammonia crystals were the most resistant to electron 
beam induced damage of any molecular solid studied, being stable 
essentially indefinitely during LEED observation. This stability is 
not particularly a result of the stability of the molecules themselves, 
rather the stable decomposition products of these simple molecules are 
also simple, (H,, 0,, N,) and more volatile than ice or ammonia. 
When a decomposition event occurs, the products are evaporated from 
the crystal. This mechanism will not occur in carbon containing 
crystals, because of the many low vapor pressure carbon compounds 
that may form under electron bombardment. These low vapor pressure 
species will in general be disordered, and cause rapid deterioration of 
the diffraction pattern. The effects of electron beam induced damage 
can be ignored in l.EED studies if the only decomposition products are 
of higher vapor pressure than the sample. 

The validity of the conclusions of this thesis is jeopardized by 
the possibility of electron beam effects on a time scale more rapid 
than can be observed. These hypothetical effects must occur in times 
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less than about 0.1 sec, the estimated minimum observation time. It 
is unlikely that these effects do occur for several reasons. 11 At 
the beam densities used the rate of arrival cf electrons is about one 
per second per surface molecule. The unnoticed changes in the surface 
must be completed before one electron arrives for each ten surface 
molecules, even with electron kinetic energies less than 15eV. 2) The 
observed damage rates are completely consistent with Hamill's 
measurements, and gas phase cross sections, thus faster processes 
than molecular decomposition must be imagined for the hypothetical 
beam effects. 3) Decreasing the beam current by an order of magnitude 
results in unchanged observations, and with the observed damage occuring 
at an appropriately reduced rate. 

The ultimate answer to this question of unobserved rapid electron 
beam effects, and the ultimate aid to LEED experiments performed on 
molecular crystals is a more sensitive LEED instrument. The electron 
current density necessary to obtain a LEED pattern can theoretically be 
reduced by 3-6 orders of magnitude with the inclusion of an electron 
multiplier arTay in the detection system. This instrumental advance 

157 has already been made and should be a great impetus toward further 
studies of molecular surfaces. 
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6. Monolayers 

A large number of monolayer structures were found in the course of 
this work. In almost all cases, the two dimensional surface unit 
mesh was derived from the observed LEED pattern. In Chapter III, the 
unit mesh geometry and additional data, such as chemical properties, 
molecular geometry and relative LEED beam intensities, were combined 
where judged possible to propose molecular arrangements on the surfaces. 
These arrangements must remain as proposals. The LEED beam positions 
give only the translational periodicity of the surface structures, and 
do not determine the molecular arrangement within the unit mesh. The 
number of molecules per unit mesh, the spatial orientation of the 
molecules, and the relative positions of the overlayer and substrate 
lattices are all undetermined. The combination of LEED data and the 
additional data used to propose surface structures is not enough to 
allow unambiguous determination of the structures. 

In this section, the data will be examined for overall trends and 
conclusions concerning the structures of monolayers on Pt(lll) and 
Ag(lll). Because the molecular structures of the monolayers are not 
certainly known, the conclusions must be of a tentative and broad 
nature, based on differences in ordering, substrate registry, and 
temperatures of observation. These are straightforwardly observed in 
the experiments. Conclusions can be drawn on the relative contribution 
of adsorbate-substrate and adsorbate-adsorbate forces to the structures 
of tie various molecules adsorbed on the two substrates. 
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Table IV-4 lists all of the monolayer structures observed, their 
unit mesh geometry, the conditions under which they were observed, and 
whether the overiayer is in registry with the substrate. Two dimensional 
registry (indicated 2-D) means every overiayer lattice point lies over an 
equivalent substrate site, and the overiayer net vectors are sums of 
integral numbers of substrate lattice vectors. A monolayer structure 
is in one dimensional registry (1-D) if every overiayer lattice point 
related by one of the primitive translations of the overiayer net lies 
over an equivalent substrate site. In this case one of the overiayer 
net vectors is the sum of integral numbers of substrate vectors, while 
the other overiayer net vector is not. The ;«molayer and substrate 
are not in registry (NO) if monolayer lattice points do not lie over 
equivalent substrate sites, or equivalently, if the overiayer mesh 
dimensions are not related to the substrate mesh dimensions. These 
cases of overiayer registry are illustrated in figure 110. 

The degree of registry is an indication of the importance of 
variations in binding energy across the surface. If the monolayer 
is in two dimensional registry, all the monolayer unit cells lie in 
the same relation to the substrate, presumably in the energetically 
optimum sites. Lack of registry indicates that no particular adsorption 
site is favored. 
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Molecule Substrate 

KH, Pt 

TABLE TV-*. NxKliyrr Structures 

Structure — * • * > « Structure 
rix A > X,d 

Rrpistn t.jir 
Substrate' 

none 90-400 
none 90-400 

\l l\ s.5.s.s,i;Pe 110-20P associated 
vi th carbon 

l" ?[ , split spot? 11C-20C contarainatior. 

Naphthalene Pi 

ij », S...S.8. 120- .05-135, 

IJ:S - J * 1 : •is?- 1- 103-215 Jow exposure 3 ' 

C O T P i « -- T <10» Jo*, exposure"* 

diffuse 1/ S order 200-42i 

ij s; — 14.4. 90* :op-a:.i after annealing 
at 4:SK 

diffuse 1/5 order 

i-S:! S:fi " i f f- ' 
200-331'' 

145-:or 

I 9.6-13.9, 90" 155-400 

T<155 

T<12S 

(continued. . .) 
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TABLE IV-4 (continued). t*nol«y«r Structures 

4.1-22.2, 90* 

jditions 
Gownts 

Rtfiiitry with 
Substrate 1 ' 

4.8-10.0, 1D4* 

1 |.{ J| 4.8.8.4. 10-

I! | j >| H-W. po-

|3 -2: i2.6«i:.6. 

140-170 

125-IT) 

T<100 

T < 105 

105-12& 

lo*> exposure"" 

lo* expotore 

Ion exposure3-

n- Ptra f fins 

Cyclohenra 

one-duMRSional 
order see text 

rings (?) see text 

|< -11 12.6-12.E., 
| l S| 120° 140-200 

|5 J| 26-26. 120* 140-180 

j ! "i| '•"*•*• I M" 140-200 

: v i »•»- >»• 140-200 

[continued. . .) 
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TA1LE IV-« (continued), ttmoleyer Siiuctures 

Structure 
itrix, k'l,i 

— — Conditions — 
T(K) Coaawnts 

IK HI TOTP 

90-400 

1TS>Z0S 

175-ZDS 

•ore abundant 

less abundant 

|J 4 f j | IM2.S. * • 

195-Z10 on graphite 

195-230 more abundant 

195-230 less abundant 

\l \\ 4.1-S.S, 90 ' US'4S0» 

\l 11 JSi lS, 120* H5-1S0 

aone M-4DO 

ISJI 1! .5*17 .3 , 
120" T«J4S 

? ? T«145 

t ? T«145 

'•"Notation explained in text. 
" in registry after several overlayer lattice translations. 
^Exposure on the order of ID"6 Torr-sec. Precise txpoture not imam. 
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Platinua (111) vs. Silver (111) Crystal Faces 
Upon examination of the data in table IV-4, one trend is immediately 

apparent. There is a much stronger tendency for a monolayer to lie in 
registry with Pt(lll) than with Ag(lll). Sixteen monolayer structures 
of these molecules were observed on platinum, and eighteen on silver. 
Fourteen of the monolayers on platinum were in two dimensional registry 
with the substrate lattice, and none were out of registry. On silver, 
only eight of the monolayer lattices were in complete registry, four were 
in one dimensional registry, and six were out of registry. 

The decreased tendency for monolayer registry on silver is the 
result of a decreased contribution of substrate site dependent energies 
relative to adsorbate-adsorbate interaction energies to the formation of 
the surface structures. As the interaction between these largely 
physically adsorbed molecules are expected to be similar on either 
metal, the magnitude of the variations in molecular potential energy 
across the silver surface must be less than across the platinum surface. 
That these variations are very small for silver was found in a recent 

1S8 investigation of Xe monolayers on Ag(lll). 
Further information about the relative strengths of the metal-

adsorbate bonds of platinum and silver can be obtained by consideration 
of the ranges of temperature over which the monolayer structures of a 
given molecule are stable on the two substrates. There are eleven 
cases where the same molecule formed ordered monolayers upon both 
substrates. In nine of these cases, the monolayer was stable to higher 
temperatures on platinum. If one assumes that the entropy changes on 
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disordering of the monolayers of the same adsorbate are the same, then 
the higher tetiperatu^es at which the monolayers are stable on platinum 
are signs of higher heats of disordering. Again assuming the intermolecular 
interactions are similar on both substrates, then it is clear that the 
bonding of these molecules to platinum surfaces is generally stronger 
than to silver surfaces. 

The chemical activity of platinum is well known Also, in cases 
of physical adsorption, platinum binds an adsorbate more strongly than 
silver. In a recent review of physical adsorption, the heats of 
adsorption of Ne and Kr on both Pt(lll) and AgCUl) were tabulated.25 

The heats were 50 per cent higher on platinum than on silver for each 
gas. It can be concluded that, in general, molecules are adsorbed more 
strongly on platinum than on silver. 
ttflecular Size Effect 

A large adsorbed molecule will overlap a number of substrate lattice 
sites. If the geometry of the molecule does not allow it to "fit" into 
the substrate lattice (for instance see the drawings of the n -paraffins 
on Pt(lll) where the ethylene repeat length is approximately the Pt 
interatomic distance), the molecular adsorption energy will be an 
average over the interactions of each part of the molecule with the 
overlapped sites at the appropriate adsorbate-metal distance. A 
large molecule will be influenced by an average substrate structure, 
and the larger the molecule, the more likely the details of the substrate 
structure will be averaged out. A correlation can then be expected between 
molecular size and degree of registry, if all other factors are the same. 
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Such a correlation was sought in the data, and only observed 
in three cases. Of the series of n-paraffins, which are very similar 
chemically, only the smallest, n-butane, was in complete registry with 
the silver substrate. The larger n-paraffins were in partial, or no 
registry with the Ag(lll). Second, of the two aromatic hydrocarbons 
adsorbed on silver, naphthalene, the larger, was not in registry with 
the substrate, but benzene was in registry. 

Finally, the LEED data suggest that propionic and acetic acid exist 
in monolayers on Ag(lll) as hydrogen bonded diners. If this is true, then 
these dimers represent the largest "molecules" used in this study. The 
acid monolayer structures were in either one dimensional or no registry 
with the substrate. 

The expected correlation of registry with molecular size is 
observed in these cases of adsorption on silver. The limited number 
of observations makes the correlation tentative. On platinum, as 
stated earlier, almost all monolayers regardless of molecular size were 
in complete registry. 
Two Orientations of the Same Structure 

In three cases, the same monolayer mesh was observed in two distinct 
types of orientations on the same substrate. These cases were acetic acid, 
propionic acid, and trioxane on the Ag(lll) substrate. The relative 
abundance of the two orientations was judged by the relative LEED beam 
intensities. The orientation of greater abundance was the orientation 
in better registry with the substrate. The orientations of the acids 
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in 1-D registry with the substrate were more abundant than the 
orientations that were out of registry. The trioxane orientation in 
the 2-D registry was observed under a wider range of conditions then 
the orientation that was out of registry. 

These cases demonstrate that a monolayer structure in registry 
with its substrate is more probable than the same monolayer structure 
oriented to be out of registry with the substrate. Formation of a 
monolayer structure in registry with the substrate allows each monolayer 
unit to have the same favored spatial relationship with the substrate. 

However, the simultaneous presence of two orientations of a structure 
indicates that the difference in energy between the orientations is 
small. This is in agreement with the above conclusion that variations 
in the potential energy of an adsorbed molecule across the silver 
surface are small. 
Close Packing of Mmolayers 

A laTge number of the observed monolayer LEED patterns could be 
explained in terms of closely packed arrays of molecules bound by 
van der Waals radii. This concept is a simple approximation to 
minimization of the usual Lennard-Jones type potential between 
molecules. The systems explained in these terms include monolayers of 
the n-paraffins and cyclohexane on either substrate, benzene and the 
carboxylic acids on silver, and naphthalene on platinum. The 
uncertainties of the proposed closely packed structures and in the 

v_V 
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measurement of the overlayer mesh dimensions prevents any detailed 
evaluation of the form of the adsorbate-adsorbate potential, however, 
the discussions of Chapter III demonstrate the utility of considering 
adsorbed molecules to be bounded by hard sphere atomic radii. This 
approach has been used quite profitably in the description of molecular 
crystal structures. 

Behavior attributable to hard sphere packing has been observed in 

160-1 
rare gas adsorption. Rare gases have been found to order, in 
hexagonal sheets, at coverages only approaching a full monolayer 
or to adsorb at substrate sites at low coverages, and then transform 
into the hexagonal array at high coverages. These types of behavior 
are easily understandable in terms of hard sphere radii, as a hexagonal 
array is the most efficient packing of a monolayer of hard spheres. 

The details of adsorbate-adsorbate interactions in rare gases 
are not so easily understood and the same types of details will be 
present in molecular adsorption. Atomic radii determined independently 
from gas or solid phase data may not apply to adsorbed species. 

Webb and co-workers found that the interatomic radius of Xenon in a 
158 monolayer on Ag(lll) was 2t larger than the bulk xenon value. The 

largest contribution to the lateral expansion was found to be the Xe 
pari potential summed over the monolayer geometry. Another significant 
contribution was due to interactions transmitted throught the electronic 

159 
structure of the substrate. These effects should also change the 
interactions in solid or gas phases. 
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Close packing of hard-sphere bound molecules is a useful first-
order description of the structure of adsorbed monolayers, but care must 
be exercised in using this description. Molecular conformations at 
surfaces are not known. As illustrated in Webb's work, 8 ~ l i s

 u s u a i 

van der Waals radius may not be appropriate on metal surfaces. There 
may be changes in the electronic structure of a molecule at a surface, 
such as those caused by chemisorption, that alter the form of the 
inteimolecular potentials. 
Systems Without Ordered Monolayers 

Some 44 various monolayer structures were seen. Only five 
combinations of substrate and adsorbate failed to produce ordered 
monolayers under the conditions used in this thesis. These were water 
on Ag(lll) and Pt(lll), and methanol, acetic acid, and propionic 
acid on Pt(Ul]. 

It is difficult to imagine why water did not order on either 
substrate. Every other molecule formed an ordered monolayer on silver. 

The other three molecules that did not order on platinum have in 
caimon carbon oxygen bonds, either alcoholic or carboxylic. This 
leads to the conclusion that the chemical interactions between these 
bonds and the platinum surface prevents the ordering of the monolayers, 
either through dissociation of the molecules, or decreased mobility of 
these molecules upon the surface. 
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V. CONCLUSIONS 

In conclusion, the major findings of this thesis will be listed, 
and some suggestions for extensions of the project will be given. 

For the first time, the surface structures of molecular crystals 
have been probed. The ice (0001), NH, (111), naphthalene (001), 
n-octane (101) and (001), n-heptane (001), and cyclohexane (001) 
surfaces have been observed, and each is apparently unreconstructed. 
It can be concluded that closely packed planes of molecular crystal 
structures maintain their structures at the surface. An unresolved 
case is that of the benzene surface. This surface is characteristic 
of solid benzene, and may correspond to either the (111) crystal plane, 
or a reconstructed surface. 

Experimental conditions under which LEED can be applied to the 
study of molecular crystals have been defined. Electron beam exposure 
of 10 A sec cm" is necessary for serious surface damage. Surface 
charging of the insulator samples is not important for current fluxes 
of 10 A cm if the molecular crystal is a 10 - 10 3A thick film 
on a metal substrate. 

A number of apparently pseudomorphic bulk structures were grown 
because of the influence of the substrate lattice. Structures of 
n-heptane, n-hexane, and n-pentane were observed that could not be 
related to the reported crystal structures of these molecules. 
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The quality and orientation of deposited molecular films were 
dependent upon the substrate preparation. Disorder in the substrate 
or first monolayer always produced disorder in the multilayer. With 
suitable substrate preparation two different surface structures of 
each of n-octane, n-heptane, naphthalene, and ammonia could be 
produced. 

Over forty monolayer structures were observed in the course of 
this work. It is concluded that an ordered structure is the preferred 
state of molecular monolayers on Ag and Pt(lll) at low temperatures. 

The normal paraffins C.-C„ all adsorb on clean platinum with 
their molecular chain axes parallel to the Pt(lll) substrate and the 
Pt< 110 >. n-Octane, n-heptane and n-hexane adsorb similarly on 
Ag(lll). On Pt(lll), the normal paraffins undergo temperature 
induced surface phase transitions, going from two dimensionally 
ordered, to one dimensictnally ordered, to disordered as the temperature 
is raised. n-Paraffins irreversibly adsorb on Pt (HI) at room 
temperature, but adsorb reversibly at temperatures of 100-200K. 

Cydohexane adsorbs with its molecular plane approximately 
parallel with either the Pt or Ag(lll) substrates. Benzene can 
adsorb similarly on Ag(lll), but also forms other structures on Ag(lll) 
and Pt (in) • 

Acetic acid and propionic acid both form monolayer surface nets 
consistent with a close packed arrangement of hydrogen bonded 
dimers on Ag(lll), as does propionic acid on graphite covered Pt(lll). 
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No acid monolayer structures are observed on the more reactive clean 
Pt(lll). 

Molecules generally adsorb more strongly and in better registry 
with the surface net on Pt(lll) than on Ag(lll). 

Many questions have been left unanswered, and many extensions of 
this project present themselves. Some projects of obvious importance 
are listed below. 

V.. benzene film and the apparently pseudomorphic films may be 
studied with a bulk sensitive diffraction technique to determine their bulk 
structures and orientations. It is not clear how this experiment can 
be done in view of the stringent experimental conditions and the form 
of the samples. 

Other molecules can be studied. Mary types of molecules have been 
neglected in this study. A bias toward symmetrical molecules has 
also been shown here. Hie surfaces of the organic metals, of which 
TTF-TOQ is the most prominent, should be investigated. Because of 
their conductivity, there is no limitation to thin films, and surfaces 
of various crystallographic orientations may be prepared and studied. 

Ice and ammonia are stable enough under the experimental conditions 
to allow detailed LEED studies involving intensity measurements. If, 
as this study has indicated, the intensity data can be interpreted in 
the kinematic framework, much can be learned about the structure and 
dynamics of these surfaces. 
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There are organic solids that undergo the transition to the 
plastic crystal phase at temperatures where their vapor pressures are 
low enough for LEED studies. The nature of these transitions at 
the surface would be interesting. 

The adsorption of gases on molecular surfaces and the reactions 
of gases with the surfaces is another area to be investigated. 

The development of LEED instruments of higher sensitivity by use 
of image intensifiers and the application of these instruments to 
molecular solids should be undertaken to increase the quality of data 
and decrease the effort involved in studying molecular surfaces. 

Calculations of the structures of the surfaces of molecular solids 
should be made using £tom-atom potentials to confirm the results 
of these experiments and to indicate other interesting experiments. 

Finally, so little is known about the structures of adsorbed 
monolayers, and they are of such importance, that an empirical study 
of the adsorption of a number of molecules on still another substrate 
would be valuable. 
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