
Lawrence Berkeley National Laboratory
Recent Work

Title
LOW ENERGY ELECTRON DIFFRACTION AND WORK FUNCTION STUDIES OF ADSORBED 
ORGANIC LAYERS ON THE (100) AND (111) CRYSTAL SURFACES OF PLATINUM.

Permalink
https://escholarship.org/uc/item/9868p7rp

Author
Gland, John Louis.

Publication Date
1973-09-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9868p7rp
https://escholarship.org
http://www.cdlib.org/


'l 
~I 

' ,\ 

\ 
•'' ' .~ ,,,) •>J ') ,. 

I 

LBL-1816 

LOW ENERGY ELECTRON DIFFRACTION 
AND WORK FUNCTION STUDIES 

OF ADSORBED ORGANIC LAYERS ON THE ( 100) 
AND ( 111) CRYSTAL SURFACES OF PLATINUM 

John Louis Gland 
(Ph. D. thesis) 

September 1973 

Prepared for the U. S. Atomic Energy Commission 
under Contract W-7405-ENG-48 

For Reference 

Not to be taken from this room 

('. ' 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



< i ;,) d L.t 1.) -;;) '-'} u .j ;j 0 a 

TO 

Wanda Ruth Gland 

"I've got a woman five feet short •.. 

She 's a humdinger . . • a fo Zksinger 

• 



0 r,.) ~) (j f 

9 ..;; !;_,/ ~J d ~~ 9 

Table of Contents 

ABSTRACT • • • • • . . .. . . . . 
I. INTRODUCTION 1 

A. Preface 1 

B. Adsorption • 2 

1. Adsorption on Single Crystal Surfaces 2 

2. Adsorption on Polycrystalline Surfaces • 8 

C. Sufface Characterization •• 9 

1. General Introduction •• 9 

2. Low Energy Electron Diffraction 9 

3. The Work Function and Work Function Change 
On Adsorption 12 

REFERENCES • 18 

II. EXPERIMENTAL 21 

A. Apparatus 21 

1. Vacuum System and Gas Inlet System • 21 

2. Electron Diffraction Optics 24 

B. Samples and Sample Preparation 25 

1. Platinum Single Crystals 25 

2. Gas Samples 26 

C. Work Function Change Measurements 27 

D. Experimental Procedure •..••• 33 

.... ... .• E. Rep~oducibility and Experimental Difficulties 34 

~FERENCES • • . • . . . . • . • . . • • • 37 



-ii-

III. RESULTS . . . . . . . . . . . . . . .. . . . . . . . 38 

A. Introduction to Results . . . . . . . 38 
-,· 

1. Generalizations 38 
., ... . . . . . . . . . . . . . . 
I 

2. · Nomenclature 38 ' . . . . . . . ~ 
! 

B. Results . . . . . . . . . . . . . . . 42 

·1. ExPerimental Conditions 42 ··' 

2. Results . . . . . . . . . . 42 

c. Results . . . . . . . . . . 151 
•: 

I 

1. Experimental Conditions . . . . . . . . 151 .: 

2. Results . . . . . . . . . . 151 

IV. DISCUSSION . . . . . . . . . . . . 156 

A. Generalizations . . . . 156 
•' 

1. Conclusions . . ' . . . . . . 156 

2. Criteria Used for the ·Determination of Surface 
Structures from the Diffraction Information . . . . . 161 

B. Benzene Adsorption . . . . . . . . 162 
·' • 

1. Benzene Adsorption on the Pt(lll) Surface . 162 

2. Benzene Adsorbed on the Pt(l00)-(5Xl) Surface . 171 

c. Naphthalene Adsorption. . . . . . . . . 172 

1. Naphthalene Adsorption on the Pt(lll) Surface . 172 

2. Naphthalene Adsorbed on the Pt(l00)-(5xl) Surface 175 
. .. 

D. Pyridine and Dimethylpyridine Adsorption 175 
.... /' ~ ;# 

1. Pyridine and Dimethylpyride Adsorption on the Pt(lll) 
Surface . . . . . . . . . . . . . . . . . . . . . 175 

2. Pyridine and Dimethypyridine Adsorption on the 
Pt(l00)-(5Xl) Surface . . . . . . . . . . . . . 179 

.. 



<'\ 
l! 

.. , ... ~ 

,) 

E. 

,J u .. ) tj d L) ~ '" .<,., .:) "J ~ 

,...iii-

Cyclohexane, Cyclohexene, 1,3-Cyclohexadiene and 
Benzene Adsorption • • • • • • • • • • • 

1. Cyclohexane and Cyclohexene Adsorbed on the 
Pt(lll) Surface • . • • • ••• 

2. 1,3-Cyclohexadiene and Benzene Adsorbed on the 
Pt(lll) Surface •••••••••• 

3. The Pt(lll) Surface and Cyclohexane Conversion to 
Benzene 

4. Cyclohexane and Cyclohexene on the Pt(lOO)-(Sxl) 

180 

180 

184 

184 

Sur face . . . . . . . . . . . . . . . 185 

5. Adsorption of 1,3-Cyclohexadiene and Benzene on 
the Pt(l00)-(5xl) Surface • .• • • 187 

6. The Pt(lOO) Surface and the Conversion of 
Cyclohexane to Benzene • • • • 187 

F. Adsorption of Substituted Aromatic Molecules • 188 

1. Generalizations . . . . . . . . . . . . . . 188 

2. Toluene m-xylene, Mesitylene, t-butylbenzene, and 
n-butylbenzene Adsorption on the Pt(111) Surface 190 

a. Work function change • 

b. Diffraction studies 

3. Toluene, b-Xy1ene, Mesity1ene, t-Butylbenzene, and 
n-Butylbenzene Adsorption on the Pt(lOO)-(Sxl) 

190 

192 

Surface • • • • • • • • • • • • • • 193 

a. Work function change • 193 

b. Diffraction §tudies 193 

4. Aniline, Nitrobenzene and Cyanobenzene Adsorption on 
the Pt(lll) Surface 195 

a. Work function ~hange • 195 

b. Diffraction studies 196 



-iv-

5. Aniline, Nitrobenzene and Cyanobenzene Adsorption 
on the Pt(lOO)-(Sxl) Surface • • • • • • • • • 196 

a. Work function change •• 

b. Diffraction studies 

G. Acetylene, Ethylene, and Propylene Adso.rption 

1. Acetylene, Ethylene and Proplyene Adsorbed 
on the Pt(lll) Surface ••••••.••• 

2. Acetylene, Ethylene and Propylene Adsorbed oil the 

196 

197 

197 

197 

Pt(lOO)-(Sxl) Surface • • • • • • • • • • 200 

H. Adsorption of Nitrogen Containing Heterocycles • • • • • 202/ 

1. Generalization Resulting from Work Function 
Changes for Nitrogen Heterocycles Adsorbed on the 
Pt(lll) and Pt(lOO)-(Sxl) Surfaces • • • • • • 202 

2. Nitrogen Heterocycles Adsorbed on the Pt(lll) 

3. 

Surface . . . . . . . . . . . . . . . 

Nitrogen Heterocycle Adsorption on the 
Pt(lOO)-(Sxl). Surface •••••• 

G. Aliphatic Adsorption on the Pt(lll) and Pt(lOO)-(Sxl) 

203 

205 

Surfaces • • • • • • • 206 

REFERENCES • . . . . . •. . . . . . . . . . . . 209 

APPENDIX 211 

ACKNOWLEDGEMENTS • 225 

.. ,.. 

I 
•; 

li 

" 

i 
' .: 



... , 

n l 

') 1."1 l.~jl 

acetylene· 

aniline 

benzene 

u .,) ') d ,::; 
.,, 

~.J 

H-C - C-H 

HrSTH H0H 
H~H 
H~H 

H 

9 

-v-

biphenyl H@-@H 

cyano benzene 

1,3-cyclohexadiene 

H H H H 

H 

C ::: N 

H 

Hh 
H~: 

H H 



H H 
cyclohexane H(J.HH 

H H 
H . H HH 

HH 

cyclohexene Ho H . H . I 
H H 

H 
H H 

cyclopentane 

cyclopentene 

2,6-dimethylpyridine 

3,5-dimethylpyridine 

ethane 

ethylene 

n-hexane 

-vi.;. 

~ 
I 

) ·"' 

. 
' 

i 
•' 

! 

·i ., 

'· 



0 ~.i : ~ ; 1 ' 
,( ,,,f v .:;; i,) ud·)~;~ .... 

-vii-

H H 

isoquinoline 

"' ., H H 

Ji 

' . CH3@CHJ mesitylene 0 
H H 

H 

H CH
3 2-metylnaphthalene 

H H 
H H 

H H 

naphthalene HJ8@f 
H H 

H H 

H 

nitrobenzene Hrgr 
H H 

N0
2 

HH 

piperidine HdH 
H ,H 

H N H 
I 
H 

.. 

propylene CH -CH = CH 
3 2 

~ 



-viii-

H 

pyridine Rr9JH 
H N H ,. 

" ):jH I 

•: 
pyrrole_ 

N· 

H 

quinoline :@©: 
H 

H 

. 
I 

styrene :@:R • CH2 

H 

H 

·[ ., toluene :rw, 
•: 

CH3 

H m-xylene Hr§X 0 
CH3 CH3 

H 

.... -: . 



') t. u .lJ . ·~ ,, 
9 u v 0 ;_) lj ~- ! '.{ ?i 'V 

-ix-

LOW ENERGY ELECTRON DIFFRACTION 
AND WORK FUNCTION STUDIES OF ADSORBED ORGANIC LAYERS 

ON THE (100) AND (111) CRYSTAL SURFACES OF PLATINUM 

John Louis Gland 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of Chemistry; University of California, 

Berkeley, California 

ABSTRACT 

The adsorption of a group of organic compound has been studied 

on the platinum (100) and (111) single crystal surfaces. Low energy 

electron diffraction has been used to determine surface structures. 

Work function change measurements have been made to determine the 

charge redistribution which occurs on adsorption. The molecules 

which have been studied are acetylene, aniline, benzene, biphenyl, 

n-butylbenzene, t-ubtybenzene, cyanobenzene, 1,3-cyclohexadiene, 

cyclohexane, cyclohexene, cyclopentane, cyclopentene, 2,6-dimethylpyridine, 

3,5-dimethylpyridine, ethylene, n-hexane, isoquinoline, mesitylene, 

2-methylnaphthalene, napthalene, nitrobenzene, piperidine, propylene, 

pyridine; pyrrole, quinoline, styrene, toluene; m-xylene. All molecules 

studied adsorb on both the Pt(lll) and Pt(lOO)-(Sxl) surfaces. All 

molecules studied act as electron donors to the metal surface. The 

adsorbed layers are more ordered on the hexagonally synnnetric Pt(lll) 

surface than on the square synunetric Pt(lOO) surface. Unsaturated 

molecules generally adsorb on the Pt(lll) and Pt(lOO) surface by 

forming ~~bonds with the metal surface. 
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I. INTRODUCTION 

A. Preface 

The adsorption of organic molecules on metal surfaces is of 
' :, 

primary importance in several areas of surface science. The adsorption 

of organic layers plays a large role in adhesion, friction, wear, 

lubrication, corrosion, and catalysis. 

The properties of adsorbed layers depends on the interaction 

between the adsorbed molecules and the metal. This thesis reports 

a study of the interaction of several groups of organic compounds 

with platinum single crystal surfaces. Low Energy Electron Diffraction 

(LEED) has been used to monitor the structures of adsorbed layers on 

the Pt(lll) and Pt(l00)-(5Xl) crystal surfaces. Work function changes 

(WFC, ~~) on adsorption have been used to determine the charge transfer 

occurring on adsorption. Both the charge transfer which occurs on 

adsorption.and the structures formed have been used to obtain informa-

tion about the nature of the interaction between the organic overlayer 

and metal substrate. 

The predominance of ordered adsorption of low index single crystal 

surfaces was one of the significant findings resulting from Low Energy 

Electron Dirfraction studies. Many of the molecules commonly used as 

adsorbates to date were smalLwith molecular dimensions less than the 

interactomic distance in the substrate. These adsorbed molecules can 
: -,... . 

form structures with the rotational symmetry of the substrate such 

that the unit vectors of the surface structure are closely related 

1 2 to the substrate unit vector.' For large molecules with dimensions 

several times .larger than the substrate interatomic distance, ordering 
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on the surface may depend on the substrate characteristics in a more 

complex manner. Large molecules may interact simultaneously with a 

large number of surface atoms, so the structures formed may be less 

restricted by the periodicity of the substrate~ For example xenon 

forms an ordered xenon crystal with (111) orientation regardless of 

3 4 5 6 substrate rotational symmetry. ' ' ' In this case we see a pre-

dominance of adsorbate-adsorbate interaction in determining the surface 

structure since the adsorbate-substrate interaction potential is 

fairly uniform across the surface. 

B. Adsorption 

1. Adsorption on Single Crystal Surfaces 

Low Energy Electron Diffraction (LEED) can be used to determine 

the periodicity of single crystal sample surfaces. Auger Electron 

Spectroscopy (AES) can be used as a sensitive means to determine the 

composition of surfaces. These two techniques combined in an ultra

-8 high vacuum system (pressure < 10 Torr) allow one to perform 

experiments on clean, well-ordered single crystal surfaces over 

reasonable experimental time periods. 1 2 Somorjai ' has reviewed the 

adsorption data generated using this type of experimental procedure. 

This thesis reports results gathered using this type of system to 

study adsorption on well characterized low index platinum single 

crystal surfaces. 

I 
•' • 

! -· 

; . 

;• 
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A significant amount of aftsorption work has been done on platinum 

single crystal surfaces although some of the early work suffered from 

the absence of surface analysis by AES • 7 Tucker studied the adsorption 

of CO and o
2 

on the Pt(lll), Pt(lOO) and Pt(llO) surfaces using LEED, 

however, the samples were cleaned by heating in vacuum exclusively 

(it has subsequently been shown that platinum cannot be cleaned by 

heating alone) •. Morgan and Somorjai8 studied the adsorption of H2 , N2, 

N
2
o, 0

2
, CO, C0

2
, CH

4
, c

2
H

6
, c

2
H

2 
and c

2
H

4 
on the Pt(lOO)-(Sxl) 

surface using LEED. They found that CO, H
2

, c
2
H

2 
and c

2
H

4 
adsorb and 

form ordered structures. In a later paper Morgan and Somorjai9 used 

LEED, mass spectrometry and work function change studies to characterize 

adsorbed layers of CO, c
2
H

2
, c

2
H

4
, c

3
H

6
, 1,3-butadiene and the 

isomeric butenes adsorbed on the Pt(lll) and Pt(lOO)-(Sxl) surfaces. 

They conclude that the olefins TI-bond to the metal surface via their 

unsaturated carbon-carbon bond and that the molecules form more orderly 

overlayers on the hexagonal Pt(lll) surface. Smith and Merrill10 

studied the adsorption of ethylene on the Pt(lll) surface using 

molecular beam scattering and LEED. They conclude that ethylene 

adsorbs irreversibly with dissociation into an acetylenic species and 

mobile hydrogen atoms at room temperature. 
11 

Clarke, Mason, and Tescari 

have carried out LEED and high resolution Auger studies of carbon 

monoxide, ethylene, vinylchloride, vinylfluoride, 1,1 difluoroethylene, 

butadiene~ propene and hexafluoropropene adsorbed on the Pt(lOO)-(Sxl) 

surface. They used X-ray induced photoelectron spectroscopy to study 

CO adsorption which showed there is a net transfer of electrons from 
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platinum into carbon monoxide. They also carried out detailed analysis 

of the LEED diffraction information for carbon monoxide adsorption 

and concluded that there are two adsorption types (terminal and bridged 

adsorption types). They also concluded that the Auger transition; 

energies provide no general evidence for "chemical shifts" but that 

chemisorption leads to significant modification of some Auger transition 

probabilities involving platinum valence electrons. 

12 . 
Bonzel and Ku have studied the adsorption of CO and o2 on the 

clean Pt(ll0)-(lx2) surface using LEED, Auger, and mass spectrometry. 

Their primary concern, however, was the oxidation of CO by o
2 

using 

the Pt(llO) surface as a catalyst. They found that that reaction proceeds 

on the Pt(llO) surface, but the mechanism depends on the reaction 

conditions used. 

13 Bonzel and Ku have also studied the adsorption of sulfur on the 

Pt(ll0)-(1X2) surface and the effect of sulfur adsorption on subsequent 

CO adsorption using LEED, Auger, and mass spectrometry. They have 

found that sulfur interacts strongly with the surface and decreases the 

amount of CO adsorbed. 

14 Weinberg, Lambert, Comrie, and Linnett studied the adsorption 

of oxygen on the Pt(lll) surface. They concluded that the initial 

-7 sticking coefficient for oxygen on Pt(lll) is approximately 7Xl0 and 

that carbon contamination causes larger sticking coefficients. A · 

theoretical model (CSFO-BEEBO) is applied which correlates well with 

the experimental results. 

.. 
• I 

·\ 
i 

I 

•' 

•' 
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Weinberg and Merrill
15 

have reviewed the data for hydrogen 

adsorption on the Pt(lll) surface. They outline the CSFO-BEEBe model 

and apply it successfully to the interaction between hydrogen and the 

Pt(lll) surface. 

16 . 
Weinberg, Deans and Merrill have studied the adsorption of 

ethylene and acetylene on the Pt(lll) surface. They review the existing 

data and successfully apply the CSFO-BEEBO model to the system. They 

conclude that ethylene adsorbs dissociatively while acetylene remains 

intact on adsorption and that a second layer of reversibly adsorbed 

ethylene adsorbs on the dissociatively adsorbed first layer. 

Lang, Joyner, and Somorjai17 have used LEED to study the adsorption 

of hydrogen, oxyg~n, carbon, carbon monoxide, and ethylene on two 

high index platinum surfaces identified by the Miller indices (977) and 

(755) or Pt~(S)-[9(],ll)x(lll)] and Pt(S)-[6(111)x(l00)]. These 

high index surfaces have a regular array of monatomic height steps 

18 with low index terraces separating the steps. In the nomenclature 

given for stepped surfaces18 the Pt(S)-[6(lll)x(lOO)] was cut 9.5° 

from the (111) toward the (100) face and has monatomic (100) steps 

separated by (111) terraces 6 atomic units wide (measured along a close 

packed direction). They found that the result of adsorption on these 

stepped surfaces is .markedly different from the results of adsorption 

on low index surfaces, and that there is a stronger interaction of the 

adsorbed gases with the stepped surfaces. They also found that carbon 

forms several ordered structures on these high index surfaces. (Carbon 

forms a disordered graphite overlayer on the low index surfaces). 
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19 Joyner, Lang, and Somorjai studied the reaction n~heptane to 

toluene on several single crystal platinum surfaces using LEED and 

mass spectrometry. The reaction was studied on the Pt(lll), 

Pt(S)-[6(lll)x(l00)], and the Pt(S)-[5(100)X(lll)] surfaces. They 

found that the reaction proceeds on the stepped surfaces but not the 

low index surfaces and correlate the activity with the formation of 

ordered carbon overlayers. 

Baron, Blakely; and Somorj ai 20 have studied the adsorption of 

n-heptane, toluene, benzene, ethylene, and cyclohexane on four stepped 

platinum surfaces (the Pt(S)-[9(11l)x(l00)], Pt(S)-[6(lll)X(lOO)], 

Pt(S)-[7(lll)x(310)] and Pt(S)-[4(lll)x(l00)]) using LEED. The 

[ 4 (111) x (100)] surface is unstable and facets in the presence of 

hydrocarbons and hydrogen. The chemisorption of hydrocarbons produces 

carbonaceous.deposits whose characteristics depend on the substrate 

structure, the type of hydrocarbon adsorbed, the rate of adsorption 

and the surface temperature. Hydrocarbons on the [9(lll)x(l00)] and 

[6(lll)x(l00)] crystal faces form mostly ordered overlayers while 

disordered carbonaceous layers are formed on the [7(lll)x(310)] surface 

which has a high concentration of kinks. A simple model is proposed 

to account for the characteristics of these surfaces. 

Bernasek, Siekhaus and Somorjai21 have studied the hydrogen-

deuterium exchange reaction over the Pt(lll) and Pt(S)[9(lll)x(lll)] 

surfaces using reactive molecular beam scattering. They find that the 

Pt (111) surface does not catalyze the exchange reaction in the. temperature 

range 20°C to 700°C while the Pt(S)[9(lll)X(lll)] catalyzes the exchange 

reaction at all temperatures used. Further work is underway to 

i 
.. i 
~I 

I 
.; 
' 

,! 
! 
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determine the details of the reaction mechanism on the Pt(S)-[9(111)-

(111)] surface. 

Recent studies by Blakely, Baron and Somorjai22 have shown that 

ordered carbonaceous surface structures are important in hydrocarbon 

catalysis. 

Recent studies by Deville and Somorjai23 using Auger and LEED 

to study acetylene, isobutylene, butadiene, cyclohexane, benzene, 

naphthalene, n-heptane and carbon monoxide adsorption on the Pt(lll) 

surface have shown that an inner shell Auger transition of platinum 

(NNN) is shifted by larger amounts with increasing unsaturation in 

the adsorbate. Benzene adsorbed on the Pt(lll) surface gives shifts 

of the opposite sign with respect to clean platinum when compared to 

the other compounds studied. The ordered structure observed on 

adsorption· agree with those found in this study. 

Several adsorption experiments have been reported concerning 

adsorption of large organic molecules on low index nickel single 

crystal surfaces. Dalmar-Imelik and Bertoline24 studied benzene and 

cyclohexane adsorption on the Ni(llO) and Ni(lll) surfaces using LEED 

and mass spectrometry. They conclude that adsorption on the Ni(llO) 

surface causes dissociation of both molecules. Benzene and cyclohexane 

adsorbed on the Ni(lll) surface remain unaltered up to a surface 

temperature of 180°C. 

Edmonds, McCarroll, and Pitkethly22 have studied benzene adsorption 

on the Ni(lOO) and Ni(lll) surfaces. They conclude that the benzene 

adsorbs without loss of hydrogen with its ring parallel to the (111) 
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face, but the benzene appears to be compressed on the (100) surface 

which may suggest loss of aromaticity. 

23 Maire, Anderson, and Johnson .have studied methane, ethane, and 

neopentane adsorbed on the (111), (100) and (110) nickel surfaces using 

LEED and photoelectric work function determinations. They conclude 

that all three molecules adsorbed on all of the low index nickel 

surfaces dissociate into CH2 units on adsorption. The adsorbates 

act as electron donors to the metal surface. 

2. Adsorption on Polycrystalline Surfaces 

A review of polycrystalline adsorption work for metal surfaces 

would encompass several volumes. The interested reader is referred 

27 28 29 to several books which address this subject. ' ' However, there 

are several topics which are particularly relevant to the work contained 

in this thesis. The adsorption of aromatic compounds on metals has 

received considerable attention in the past because of the importance 

of aromatic compounds. 

Bond devotes a chapter in his book to the adsorption of various 

27 types of aromatic compounds. Moyes and Wells in a recent review 

30 31 concentrate on the adsorption of benzene on metal surfaces. Garnett 

reviews homogeneous and heterogeneous exchange data for a series of 

unsaturated and aromatic hydrocarbons and explores the mechanistic 

relationship between them. 

Garnett and Sollich-Baumgartner32 review adsorption for a large 

number of aromatic compounds on a number of metal surfaces and review 

their ~-complex adsorption model. 

i 
•: 
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c. Surface Characterization 

1. General Introduction 

33 Somorjai has reviewed the techniques commonly.used for the 

characterization of surfaces. 34 Surface Science has recently devoted 

an issue to a selection of review articles concerning methods of 

surface characterization ranging from Low Energy Electron Diffraction 

to Scanning Electron Microscopy. An brief introduction to the primary 

techniques used in this work w·ill now be made. 

2. Low Energy Electron Diffraction 

The diffraction of low energy electrons was first observed by 

35 36 Davisson and Germer in 1927 ' in an experiment which confirmed the 

wave hypothesis of De Broglie. It was confirmed that the distribution 

of the diffracted beams could be explained by assuming that the electrons 

have a wavelength (A) which is related to their energy by the De Broglie 

relationship 

where 

h h h A=-=-= = 
p mv (ZmE )1/2 

p 

_h_ = ~15V0.4. 
2meV 

p p 

V = the accelerating voltage applied to the incident electrons 
p 

h = Plank's constant. 

p = the momentum of the electrons 

m = electron mass 

Ep = eV = the energy of the incident electrons 
p 

e = the electrbnic charge 
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and that the scattering occurred from the periodic lattice of the 

surface atoms as if it were a two-dimensional diffraction grating. 

Unlike comparable wavelength X-rays which penetrate deeply into 

the bulk of the solid, low energy electrons (< 500 V) have a large 

scattering cross section, and thus a substantial fraction of the incident 

beam is backscattered from the first few layers of the surface. Therefore 

these backscattered electrons are a valuable probe of surface properties 

From the diffraction information the size and shape of the surface unit 

cell can be easily determined using simple 2-dimensional grating 

equations. However, the orientation of the basis set of surface atoms 

or molecules with respect to the unit cell and the perpendicular distance 

between the outermost layers cannot be uniquely determined using a 

simple two dimensional analysis. To determine such information uniquely, 

scattering theory must be used to calculate diffracted intensities as 

a function of incident energy for the various diffracted beams. This 

calculated data must then be matched with experimentally measured intensi-

ties for the various diffraction beams. 

Kinematic or single scattering theory used in X-ray and neutron 

diffraction work is inadequate for the calculation of diffracted 

intensities since the large scattering cross section of low energy 

electrons makes multiple scattering important. A number of people 

have developed theoretical approaches to the multiple scattering 

·problem. These theories consider the physics of most of the processes 

that occur in the crystal in order to reproduce the experiments. 

Recently several notable successes have been achieved in correlating 

.: 

' ~ 

. ' 
i 
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i 

•: 
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theoretical calculations with experimental data.. Duke, Tucker, and 

37 38 39 Larramore·; Marcus, Jepsen and Jona, Tong and Rhodin, Martin and 

40 . 
Somorjai have all demonstrated that their procedures reproduce the 

experimental results for the low index faces of face centered cubic 

aluminum. 41 Pendry working primarily with nickel, has also had 

substantial success in matching experimental intensity data. Several 

review papers have been published concerning the calculation of LEED 

intensities. 42 , 43 

The relationship between an array of scattering centers and the 

corresponding diffraction pattern for the case in which elastic single 

scattering occurs will now be briefly discussed. The results derived 

are applicable for the analysis of the size and shape of the surface 

unit cell. An incident electron beam can be described as a plane wave 

with an equation of motion. 

-+ -+ 
A(r) = A(o) exp i(k•r- wt). 

where A(r) is the amplitude at a point r, A(o) the amplitude at an 

-+ 
origin, k the wavevector and w the angular frequency. The wavevector 

-+ 
k is related to the wavelength and energy of the incident beam by the 

equ~tion 

The condition 

where 

lko I 
lk I I 

27r(2mE ) 1 / 2 
I k I = 2; = __ _._P __ 

h 

of elastic scattering requires 

= wavevector of the incident 

that 

beam 

= wavevector of ·the scattered beam 

lk I 12 = lko 12 
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The two dimensional diffraction conditions are 

-+0 -+ 
= kll ' + <1trt. (h,k) 

where 

I k
1
j .. j = component of the incident wavevector parallel to the 

surface 

I k.j
1
, I = component of the scattered wavevector parallel to 

the surface 

IGiiJ (h,R)I =the set of recriprocal lattice vectors which 

describes the regular two dimensional scattering 

array 

If the regular two dimensional scattering array is described by 

-+ -+ -+ 
the basis vectors a and b with a unit vector z perpendicular to the 

-+ -+ 
plane formed by the intersection of the vectors a and b and pointing 

into the solid. 

The set of reciprocal unit vectors is determined by the equation 

+ 
A -+ . 

k(zxa) 
-+-+-" 
a •b z 

where h and K are integers. For a more complete review of kinematic 

scattering theory.the reader is referred to the literature. 44 

3. The Work Funct-ion and Work Function Change on Adsorption 

A number of good reviews discuss ··both the theory of work functions 

and work function changes as well as the experimental methods used for 

. 45 46 47 measur1ng them. ' ' A brief synopsis of the definition of work 

.,, 

• i 

• i 
' 

'· 
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function and the cause of work function changes on adsorption is 

presented here for the sake of completeness. The material has been 

45 46 47 extracted from several primary references. ' ' 

-The electrochemical potential ~ of electrons in a metal is 

defined as (oA/on)T,V where A= E-TS is the Helmholtz free energy of 

n electrons in a volume of metal V at a temperature T. This definition 

is equivalent to measuring the incremental work necessary to move a 

small number of electrons, ~n, isothermally from infinity at rest into 

the constant volume V. Since one can change the potential of the 

interior of a conductor by changing the charge distribution outside the 

conductor, ~ is not only a function of the internal state of the 

conductor, but also depends on the condition of the surface and on 

external conditions. That is, any change in the electrostatic potential 

(M>) of the volume of metal will alter the electrochemical potential 

by -e(~~) where -e is the electronic charge. This effect can be isolated 

by defining a new quantity ~' the chemical potential, as ~ = ~ + e~ inner 

where ~i is the electrostatic potential inside the volume of metal nner 

V. The chemical potential depends only on the internal state of the 

volume of metal V. The work function ~ of a uniform surface is defined 

in terms of the difference between the electrochemical potential of 

an electron inside the surface and its electrostatic energy -e~ t ou er 

at a point outside the metal where the electron is removed from 

significant surface interactions (- 10-4 em). 

- 1 
~ = -~ - 11 = -~ (~ - e~ ) outer e outer e inner 

~ = ~ - ~ - ~ 
inner outer e 
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The expression (~i· - ~ t ) represents the potential difference . nner ou er 

between the inside and outside of the conductor and depends on the 

condition of the surface and the structure of the metal. The chemical 

potential u is independent of the state of the surface. 

The work function is dependent on the difference in potential 

between the interior of the metal sample and the potential just outside 

the metal surface. Adsorbates modify the charge distribution at the 

metal surface and hence change the work function. This effect may be 

evaluated in terms of the change in electrical potential caused by 

the redistribution of charge at the surface. Consider a sheet of 

uniformly charged particles each with charge q such that the density 

of charged species is equal to 8. A negative test charge q' experiences 

a force fFI = 2TI8qq' if the test charge is far enough away from the 

charged sheet so that the charge can be considered to be homogeneous. 

The force is attractive if the sheet is positively charged, repulsive 

if the sheet is negatively charged. If we now consider two oppositely 

charged sheets separated by a distance d with opposite but eqmil charge 

densities (q8) the test charge q' experiences a force only when it is 

between the two charged sheets. The repulsive andattractive 

interactions are additive between the plates; therefore the force 

experienced is F' = 4TI8qq'. Moving the test charge from one plate to 

the other changes the energy by ~E = 4TI8qq'd. This means that between 

the two sheets and in general between all points on opposite sides of 

the charged sheets there is a change in potential ~V = ± 4TI8qd. If 

we consider the arrangement of two planes to be a single dipolar plane 
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which contains 8 dipoles per square centimeter each with a moment 

M = qd then the change in potential is /:,.V = ± 4'Tf8M. Therefore if a 

dipolar layer is adsorbed parallel to the surface the work 

,function (¢) will be altered by an amount ± 4'Tf8M. The minus sign 

is appropriate when the positive end of the dipole lies away from the 

surface, that is the work function decreases when the positive end of 

the dipole is out from the surface. One of the difficulties in 

applying this simple model to real adsorption systems arises because 

the dipole layers encountered in real situations are made of discrete 

dipolar elements, not homogeneously charged layers. Since the dipoles 

are discrete there is a depolarizing field at the position of a given 

dipole arising from the surrounding dipoles. This depolarization 

effect is included in the Topping formula for an array of point 

48 dipoles 

where M is the dipole moment perpendicular to the surface in the limit 
0 

of zero coverage, a is the polarizability and 8 is the density of 

adsorbed atoms or molecules. For comparison with experimental data 

Schmidt and Gomer49 have modified the equation above to 

where 

4'TfM n 
0 0 
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.. 3/2 14 2 
c2 = 9an ' 8 = n/n ' and n = 3.9X10 atoms/em • The validity 

0 0 0 

of the Topping·model is then easily determined by plotting 8/~~ 

against 8312 • The linear behavior of this characteristic determines 

whether the model is applicable or not. Schmidt and Gomer apply the 

model to potassium adsorption on several tungsten surfaces. Palmberg 

has also shown that this model is applicable for adsorption of xenon 

on Pd(l00). 50 

51 52 53 -Several papers by MacDonald and Barlow ' ' have presented a 

more complete theortical development for the work function change 

expected on adsorption of polarizable polar ·and/or polarizable ionic 

species. The difficulty with the development is that there are a 

number of parameters which cannot be easily evaluated either 

theoretically or experimentally. MacDonald"'and Barlow53 define a 

quantitity J = a/83 where a is the polarizability and 8 is the distance 

between the electrical center of the adsorbed dipoles and the conducting 

surface; 8 might be approximated by the radius of the adsorbed atom 

or molecule. For values of J > 4, non-physical poles occur in the 

expression for ~~' the work function change. They conclude that "For 

any adsorbed element for which we might expect J > 4 in the adsorbed 

state, we must either conclude that the atom or molecule in question 

becomes wholly or partly ionized on adsorption, or that the high 

fields polarizing the discrete elements reduce its polarizability 

sufficiently that the above catastrophe does not happen." The plots 

of work function change (~~) versus coverage which result from the 

variation of J show maxima in~~ at small values of 8(< .3) for J 

I; 
- I 

: 
- l 

I 
.. ! . : 
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values larger than two. For benzene adsorbed parallel to the metal 
54 

surface, a- 1.23xlo-23 cm3 and 8 ~ 1.7xlo-8 em (see Appendix 1) 

therefore J - 2.5 for the largest reasonable distance between substrate 

and adsorbate. Benzene, and in fact most of the molecules studied 

in this thesis could easily have J values greater than four. Benzene 

has a maximum in its work function change versus exposure curves, 

however the maximum occurs after considerable exposure; thus if benzene 

has a high sticking coefficient up to monolayer coverage there is 

little similarity between this prediction and the observations. 

The application of work function change theories to the systems 

studied is difficult because there are several factor which are 

unknown experimentally. The primary difficulties lie in determination 

of the density of adsorbed species and the separation of the metal 

surface and the adsorbed layer. 
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II. EXPERIMENTAL 

A. Apparatus 

1. Vacuum System and Gas Inlet System 

A modified Varian Leed apparatus was used in these studies. It 

is equipped with an isolatable, 240 ~/sec. Vacion pump, a water cooled 

titanium sublimation pump and an auxiliary 8 liter/sec. Vacion pump. 

-9 Typical ambient pressures for the system are 1 to 2Xl0 Torr during 

periods of daily use. 

A rotatable capillary tube was used to introduce all gases onto 

the crystal surface from a distance of 5 mm. This system was used 

so that introduced gases would have a higher incident flux on the 

sample surface than background gases. This is possible because the 

system is operated as a flow system during adsorption experiments. 

Photographs of the system are shown in Fig. II-la, b & c; a simplified 

schematic is shown in Fig. II-2. 

Fluxes at the surface can only be approximated since the ion 

gauge used to record the pressure was in the mouth of the ion pump. 

The pumping speed of the system is difficult to estimate because of 

the titanium sublimation pump. A lower bound for the effective 

pressure, P, at the surface can be calculated from the recorded 

b h 
. 1 pressure, p, y t e equat1on 

T 
p > ----~P~------~ 
Torr 39+7.08 (T/M)l/2 

for our experimental geometry and a minimal pumping speed (using the 

rated pumping speed of the ion pump). [This ignores the pumping 
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XBB 736-4125 

Fi g. II - 1 . a ) A pho t ograph of the s ingl e crystal s ampl e s and the gas 

inle t capi l l ary. b) A photograph of the single cry s t al s amp l e s 

s howing a profi l e of the dual s ample mount and the gas inle t 

capi l lary. c ) A pho t ograph of the vacuum chamber (not ice the 

hot samples) a nd the gas manifold used f or liqui d and soli d sampl es. 
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Fig. II-2. A schematic diagram of the ultra-high vacuum 

system and gas manifold used in the adsorption studies. 
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speed of the sublimation pump and the walls of the chamber.] This 

equation was derived assuming isotropic hemispherical effusion from 

a point source. M is the molecular weight of the gas being considered; 

T .is the temperature in °K; and the constants reflect the geometry 

of the system. At 300°K this equation becomes 

p ~ 
.13 + .4l(M)-l/ 2 

For benzene and pyridine at this temperature the equation becomes 

P ~ 5.7p; for naphthalene P ~ 6p. These equation are approximate 

and hold only for the case for which molecular flow predominates. 

2. Electron Diffraction Optics 

The apparatus was equipped with a Varian four-grid LEED optics 

which uses the post acceleration technique to display the diffraction 

patterns on a fluorescent screen. The electron beam is produced by 

an indirectly heated bariated nickel cathode. An electrostatic lens 

focuses the beam which operates in voltage range 10 to 500 V with a 

nominal dispersion of .2 V~ The grid assembly allows only the elastical

ly scattered electrons to penetrate and be accelerated into the 

fluorescent screen. The first grid is grounded to maintain the field 

free region around the sample. The second and third grids are coupled 

at or near the cathode potential, thus they repell the inelastic 

electrons which have lost energy in their collision with the sample. 

The fourth grid is grounded so that the + 5000 V potential on the 

fluorescent screen will not affect the retarding voltage on the second 
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and third grids. The elastically scattered electrons, after going 

through the grid assembly are accelerated through a 5000 V potential 

drop unto the phosphor screen where their energy is converted into 

light by the phosphor. This phosphor screen is then photographed 

through the front window of the vacuum chamber. Th~ diffraction 

patterns were photographed using a Crown Graphic camera equipped with 

a Polaroid back. Type 57 film (3000 ASA) was used since even with 

an aperature of f4.5, four to eight minute photographic exposures 

were required to produce good photographs of the diffraction patterns. 

Long photographic exposures are required because the electron current 

produced by the electron gun was decreased since the electron gun 

-4 was deliberately poisoned by heating in acetylene to 10 Torr. The 

poisoning was done so that the electron emission of the gun would be 

-7 stable during exposures to organic vapor flux (at 5Xl0 Torr) and 

work function change measurements could be taken. 

B. Samples and Sample Preparation 

1. Platinum Single Crystals 

The platinum single crystals used in these studies were electron 

beam zone refined samples purchased from Materials Research Corporation. 

They were aligned (± .5°) using the Laue back reflection technique, 

spark cut and polished with a series of abrasives. The final polish 

was carried our with 0.5~ Al
2
o

3 
powder. They were etched for 30 minutes 

in 1:1 diluted aqua regia at 100°C inunediately prior to insertion 

into the vacuum system. The samples are discs 6 mm in diameter with 
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a thickness of .85 mm. The samples were spot welded to polycrystalline 

platinum holders (99.99% pure), 1 mm thick, 3 mm wide and 5 mm long. 

These platinum holders were supported by two tantalum bars 6 mm by 

6 mm in cross section. Heavy holders were used so that the position 

of the sample would be constant with repeated heating and cooling 

and so that the sample.s would be the hottest part of the system. Two 

samples were mounted back to back on separate polycrystalline holders. 

Thus LE:ED observations could be made and work function measurements 

taken for both single crystal samples under identical experimental 

conditions by simply rotating the sample by 180°. Heating and cooling 

were carried out simultaneously on both crystal faces. Direct .current 

resistance heating has been used. At a temperature of 1000°C 

(approximately 120 to 140 amps heating current) the crystals had 5° 

temperature gradients across their surfaces while the two sample 

surfaces were within 20° of each other (temperatures taken with a 

calibrated optical pyrometer). Temperatures quoted herein were 

measured with a platinum/platinum-10% rhodium thermocouple spot 

welded to the top edge of the Pt(lOO) sample. 

2. Gas Samples 

Oxygen used for cleaning was research grade o
2 

(99.99%) used 

without further purifaction. The organic adsorbates used were specified 

as 99% pure by the manufacturer (Typically Baker analyzed grade), 

and used without further purification. They were degassed by alternate 

freezing and thawing in vacuum in an auxiliary glass teflon vacuum 

system. The vapor pressures of the organic molecules studied were 

•. 
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high enough to permit the use of a simple glass inlet system with 

teflon valves. When changing adsorbates-the inlet system has been 

cleaned by a combination of three methods. The first involved heating 

the inlet system to 100°C and flowing dry nitrogen at atmospheric 

pressure through the inlet system and venting the nitrogen into a 

hood for several hours. The second step involved pumping on the 

inlet system with the auxiliary ion pump until pressures less than 

-6 10 Torr were attained. The inlet system was then rinsed repeatedly 

(a minimum of three times) by filling the inlet system with the 

adsorbate to the vapor pressure of the adsorbate and then pumping the 

inlet system out with either the auxiliary ion pump (for low vapor 

pressure compounds) or a sorption pump (for case where the vapor 

pressure~ .1 Torr). As a further precaution the inlet system was 

always evacuated and refilled within 30 minutes of the beginning of 

adsorption experiments. 

C. Work Function Change Measurements 

The work function changes (WFC) were measured using a variation 

of the retarding field method as outlined by Chang.3 A schematic of 

the system is shown in Fig. II-3. Essentially the WFC measurement 

was made by comparing the contact potential between the electron gun 

and the sample before and after adsorption. The work function 

reference was obtained before adsorption by recording a group of 

current through the crystal (i ) versus cathode voltage (V ) curves 
c c 

. for a series of bucking voltages (Vb) as shown in Fig. II-4. The 
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1.379~ f+l.384 1.382 

I I I 
I I 
I I 
I I I I I I I I I I / 

Cathode voltage ( Vc) 

All voltage data at 5x I0-8a 
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Fig. II-4. A typical set of current through the crystal (i ) 
c 

versus cathode voltage (Vc) curves taken at a series of 

bucking voltages (VB) before and after adsorption of 

t-butylbenzene of the Pt(l11) surface. The gain for this 

i 1 f . . 1. 380 1 020 part cu ar set o curves ~s 1 • 353 = • · • 



bucking voltage is a negative voltage applied between the sample and 

ground. The same set of measurements were made after adsorption. The 

voltage difference between a parallel set of curves (for the same 

bucking voltage) before and after adsorption is the uncorrected work 

function change ~~' as shown in Fig. II-4. 

Data was taken for a series of bucking voltages both before and 

after adsorption, and since the bucking voltages are known they are 

used as internal voltage standards for the system. The bucking 

voltages used were supplied by a series of ten 1.353 V mercury 

batteries. A simple switching arrangement allowed seguential addition 

of batteries so that the bucking voltage could be easily changed by 

integer multiples of 1.353 Vas shown in Fig. II-3. Initially the 

bucking voltages were measured directly using a calibrated four 

digit digital voltmeter;_ the difference between adjacent bucking 

voltages is ~Vb actual (1. 353 V for new batteries). The bucking 

voltages were then connected between the crystal and ground. A series 

of parallel current through the crystal (i ) vs cathode voltage (V ) 
c c 

curves were then taken with a series of known bucking voltages 

(Fig. II-4). The distance between these parallel curves is measured 

and this is ~Vb experimental (it would be 1. 353 if the gain of the 

system were unity). For the example shown in Fig. II-4 the average 

~Vb experimental before adsorption = 1.380 V, the average ~Vb 

experimental after adsorption = 1.381 V. The gain of the system is 

defined as 
~Vb experimental 

~Vb actual 

•' 
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Since the samples·are conductors we known the voltage changes 

introduced by the bucking voltage changes are actual surface potential 

changes. The measured ~Vb experimental is divided by the gain to 

yield ~Vb actual. Likewise all values of the WFC reported here have 

been divided by the gain. Typically for Pt(lll) the gain = 1.03, 

for Pt(lOO) gain = 1.08, however the measured gain varied with the 

experimental geometry. As the crystal was moved up from the center 

of the chamber the gain increased. The crystal was positioned so 

that any spurious contribution to the WFC from the polycrystalline 

holder or edges of the crystal would be minimized. However a gain 

of unity could not be achieved in this configuration as was the case 

3 in the studies by Chang. The gain depends on the shape of the beam 

and the position of the beam on the crystal. A gain of one could not 

be achieved with the optimum crystal position since the beam was 

focused on the low part of the crystal and was deflected downward. 

The gain is a characteristic of the system geometry and thus remains 

constant during adsorption. In fact the gain remains constant 

(within ± 1%) for a given geometry from day to day even though the 

external magnetic field was not compensated for and the filament 

temperature is not known precisely. The Varian LEED gun was used 

for the WFC measurements but the voltages on the gun elements and 

the filament heating current are supplied by auxiliary regulated 

power supplies stable to .2% over several days. The electron gun 

was also deliberately aged (poisoned) by heating in acetylene at 

-4 10 Torr for several hours. This aging was necessary so that the 



electron emission of the gun would remain stable during exposures to 

-7 organic vapor flux at 5Xl0 Torr. The stability of the gun was 

confirmed by running a long low pressure exposure of acetylene 

-8 (1Xl0 Torr) to produce a stable surface. The pressure was then 

-7 increased to 6Xl0 Torr with no change in recorded work function 

indicating gun stability. The current measurements were taken using 

a Keithley Electrometer Model 610B. Typically data was collected at 

bucking voltages of - 1.353 V to - 8.118 V since the gain was generally 

constant over this voltage range and V versus i curves were parallel 
c c 

for the above bucking voltages over a typical current range - 2Xl0-8a 

to- 1.0Xl0-7a. The cathode voltages, V , used ranged from- 7 V to 
c 

- 25 V. During calibration periods for each experimental setup, data 

was taken by plotting the cathode voltage (V ) versus current to the 
c 

crystal (i ) curves for a series of bucking voltages before and after 
c 

adsorption using an X,Y recorder. A typical ic vs Vb curve is shown 

in Fig. II-4. Data was taken in general, by recording the voltage 

-8 V required to achieve a given current (usually 5Xl0 A) using a digital 
c 

voltmeter and a time base recorder to measure V for a fixed bucking 
c 

voltage usually 2.606 V. An automatic system controls V so that the 
c 

current to the crystal was constant. This method allows a continuous 

monitoring of work function during adsorption and subsequent exposure. 

The automatic system uses a comparator on the unity gain output of the 

electrometer to control the cathode voltage so that a constant current 

is incident on the crystal surface. Gain measurements were taken before 

and after each adsorption by measuring a series of cathode voltages 

,. 

. . (... 
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at fixed current to the crystal for a series of bucking voltages. A 

typical data set is shown in Fig. II-4. The slope of the V vs i 
c c 

· is effected by changes in the secondary emission characteristic of 

the surface; no such effects have been observed during these adsorption 

studies. The homogeneity of the surface .can be estimated by comparing 

the gain (or WFC) recorded at different bucking voltages since the 

beam moves along the crystal surface as the bucking voltage is changed. 

During these studies this effect has been seen on surfaces known to be 

inhomogeneous by LEED. 

D. Experimental Procedure 

Prior to each adsorption experiment the platinum samples have 

been treated with oxygen at pressures of 1 to 3Xl0-5 Torr for 60 minutes 

at 1000°C to remove the carbon impurities present on the surface. 

During this treatment the capillary gas inlet was rotated so that 

oxygen flowed over each surface for 30 minutes. The auxilliary 

8 liter/second ion pump was used for pumping the oxygen. After 

terminating the gas flow, the system was pumped down to a pressure of 

-8 1Xl0 Torr using the large ion pump and titanium sublimation pump; 

the electron guns were then degassed and warmed up. The single 

crystal samples remained at 1000°C for a period of 30-45 minutes in 

vacuum. The crystals and chamber (hot from radiant heating) are then 

allowed to cool. Measurement of the work function change made a 

5 hour stabilization period for the LEED gun mandatory. Following 

gun stabilization, the crystals were heated to 1000°C for 5 minutes. 
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The crystal surfaces produced in this manner were clean within the 

limit detectable by Auger electron spectroscopy as shown in Fig. II-5. 

The crystal surfaces produced displayed the characteristic Pt(lll)-(lXl) 

and Pt(l00)-(5Xl) diffraction patterns. The crystals were then 

-9 allowed to cool to 25-40°C in a background pressure of 1Xl0 Torr. 

The cooling takes approximately 20 to 40 minutes. The organic vapor flux 

was then introduced at the desired pressure. During the course of the 

experiments each surface was alternately exposed to the incident flux 

for the same time period. The condition of the surface not being 

exposed at the time was monitored by LEED and WFC measurements. That 

is, the capillary gas inlet was positioned in back of the set of 

crystals with respect to the electron gun and the gas flowed over 

the sample surface not being examined by WFC or LEED. 

The WFC and LEED data reported at elevated temperatures were 

taken by heating the samples for 10 minutes in flux and alternately 

exposing both surfaces to the flow of gas. The heating was followed 

by cooling to 20-40°C (15-20 min) in vapor flux (exposing both sides 

alternately). After the cooling period LEED and WFC measurements 

were taken. This procedure was used to minimize the possibility of 

changes of surface coverage due to desorption at elevated temperatures. 

E. Reproducibility and Experimental Difficulties 

The LEED results quoted are for three different sets [(111) and 

(100) orientation] of single crystal samples cut from different rods 

for benzene, naphthalene, pyridene, toluene, t-butylbenzene, aniline, 

•. 
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nitrobenzene, cyanobenzene, ethylene, and acetylene. LEED observations 

have been made on two sets of single crystals for cyclohexane, .. 
cyclohexene, cyclopentane, cyclopentene. The WFC results for the 

above set of compounds have been taken on two sets of single crystal 

samples. No significant variation was observed between different single 
-. 
•' 

crystal samples if comparisons were made between adsorption runs under 

similar conditions (i.e., pressure, temperature). All other adsorbates 

have been studied on a single set of samples. . 

The LEED patterns and WFC observed on adsorption vary with 

contamination of the single crystal surfaces. The LEED results are 

difficult to reproduce without titanium sublimation pumping because 

of the problem of carbon monoxide contamination of the Pt crystal 

surfaces at room temperature. If the single crystal surfaces are 

not heated sufficiently in vacuum to remove adsorbed oxygen (used for 

removing carbon) the results are not reproducible. Even slight carbon 

contamination of the surface leads to irreproducible results. With 

carbon contamination the WFC observed on adsorption decreases in 

magnitude. Slight misalignment of the low index surface, resulting 

in a high density of monatomic height steps results in a marked change 

in the adsorption characteristics. The WFC observed on adsorption 

4 5 increases in magnitude and the LEED patterns observed are altered. ' 

Experiments have indicated that that adsorption at higher pressures 

-7 (10 Torr) may cause marked changes in the interaction between 

substrate and adsorbate. 
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III. RESULTS 

A. Introduction to Results 

1. Generalizations · 

All organic compounds studied adsorb'on both:the 

Pt(lll) and Pt(l00)-(5Xl) surfaces. The results of adsorption are 

shown in Table III-1. In general the adsorbed layer formed is more 

ordered on the Pt(lll) surface than the Pt(l00)-(5Xl) surface. In 

general the adsorbed layer is more ordered and causes a larger work 

function change (WFC, ~¢) on adsorption if the incident flux rate is 

lower. All compounds studied act as electron donors to the Pt 

surfaces. 

Several compounds undergo pressure dependent transformations 

-6 (usually above 10 Torr surface pressure) on the platinum surfaces 

studied; in fact the transformations occur over unexpectedly long 

time periods. For instance at a surface pressure of approximately 

10-6 Torr typical transformation times involve several thousand 

seconds of exposure. The compounds studied which undergo transitions 

at 20°C as indicated by changes in WFC and diffraction information are 

benzene, 1,3 cyclohexadiene (benzene on the surfi:lce) cyclohexane, 

n-hexane, cyclopentane and mesitylene. 

2. Nomenclature 

The diffraction features identified by fractional indices are 

referenced to the distance between the (00) platinum spot and the 

first order platinum diffraction features. Diffraction features 

.. . 
.. 

. . 
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TABLE III-1. 

Work Function Changes and Structural Information for Adsorption of Organic Compounds 
on the Pt(lll) and Pt(lOO)-(Sxl) Surfaces 

Pt(lll) Pt(l00)-(5Xl) 

Work Function Work Function 
Substrate 

Temp 
Change Adsorbate Change 

Structure Adsorbate 
Adsorbate •c Diffraction Features 

afte r Diffraction Features 
Press WFC or Surface Structure Press WFC or Surface St ructure 
(Torr) I (l'olts) (Torr) I (Volts) Adsorption 

-· 

20" lXl0-8 
- 1. s (2X2) 4Xl0-7 

- 1.65 (lXl) (/2 x /2)R45° 

Acetylene 20" 
l Xl0- 8 

- 1.65 disordered (10 min) 

150° 4Xl0-7 
- 1.8 disordered 4Xl0-7 

- 1. 7 _{Jx !.)_ _(/2 X f2)R45" 

l Xl0- 8 
Streaks at 1/3 order 

l Xl0-8 Aniline 20" - 1.8 diffuse (1/2 0) - 1. 75 (1Xl) disordered 
features 

20" 4• 10-7 
- 1.8 poorly ordered 3X10- 7 

- 1.6 (lXl) diffuse ring-like 
l/2 order streak 

Benzene 20" 4• 10-7 
- 1.4 ~-~ ~I (5 min) 

20" 
4Xl0-7 

- • 7 ~-~ ~I 
3Xl0-7 

- 1.3 (1•1) 
diffuse 1/2 order 

(40 min) (2 hrs) streak 

Biphenyl 20" 2Xl0-9 
- 1.85 very poorly ordered 2Xl0-9 - 1.8 (1•1) disordered 

n-Butylbenzene 20" 8• 10-9 
- 1. 5 disordered 8Xl0-9 

- 1.5 (1Xl) disordered 

t - Butylbenzene 20" 5• 10-8 
- 1. 7 disordered 5X10-8 

- 1. 75 (1 Xl) disordered 

Cyanobenzene 20" 1•10-8 
- 1.6 

diffuse (1/3 0) 1XlQ-S - 1.5 
faint disordered features (5Xl) 

20" 2Xl0-8 
- 1. 75 poorly ordered 2Xl0-8 

- 1. 7 (1X1) diffuse l /2 order 
streak 

1, 3-cyclohexadiene 20"C 
2• 10-8 

- 1. 3 ~-~ il 2•10-8 
- 1.6 (1X1) diffuse 1/2 order 

(l hr) (1 hr) s creak 

20"C 
3• 10-7 

. 8 ~-~ ~I 
2X10-8 

- 1. 4 (1•1) 
diffuse 1/2 order 

(5 hrs) - (5 hrs) streak 

20" 6•10-9 
- 1. 2 (lxl) low background 6X10-9 - . 75 (5 X1) low background 

20" 4Xl0- 7 - . 7 very poorly ordered 4•10- 7 - .4 (1X1) diffuse s treaked 

Cyclohexane (2Xl) pattern 

150" 4Xl0-7 
- 1.1 apparent (2X2) 4•10-7 

- 1. 2 (1• 1) streaked (2 X1) 
pattern 

300" 4Xl0-7 
- 1.4 disordered '4•10- 7 

- 1.5 (1X1) disordered 

20" 6•10- 7 
- 1. 7 li _;I 6• 10-7 

- 1.6 (1 X1) diffuse (1/2 0) 

Cyclohexene features 

150° 6• 10-7 
- 1. 6 (2X2) 6• 10-7 

- 1.5 (1• 1) 
streaked (2X1) 

apparent pattern 

20° 7•10-9 - .95 (1•1) low background 7X10-9 - .4 (5Xl) low background 
Cyclopentane 

4•10-7 4X10-7 diffuse features 20" - . 7 disordered - • 3 (1X1) 
at 1/2 order 

Cyclopentene 20" - 2Xl0-7 
- 1.4 (1X1) diffuse streaked - ---- (1/2 0) features 

2,6-Dimethyl-
20" 4Xl0-8 

- 1.6 
diffuse 1/3.2, 4Xl0-8 

- 1. 5 
faint disordered pyridine 2/3.2 order streaks (5•1) 

3,5-Dimethyl-
20" 6X10-8 - 2 . 3 

diffuse 1/2 6•10-8 
- 2. 2 (lX1) disordered pyridine order str eak 
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TABLE lii-1 (Cont,) 

Work Function Changes and Structural .Information for Adsorption of Or~anic Compounds 
on the Pt(lll) and Pt(lOO) -(Sxl) Surfaces 

Pt (111) Pt(l00)-(5xl) 

Work Function Work Function 
Substrate 

Temp 
Change Adsorbate Change 

Structure 
Adsorbate 

Adsorbate •c Diffraction Features 
after 

Diffraction Feature 
Press Wl'C or Surface Structure Press WFC or Surface Structur 

(Torr) I (Volts) (Torr) I (Volts) 
Adsorption 

20" 1X10-8 
- 1.5 

diffuse (1/2 0) l Xl0-8 
- 1. 2 (!Xl) (/2 X /2)R45" 

features Ethylene 
l Xl0-8 l • lo-8 250" - 1. 7 disordered - 1. 5 (lXl) disordered 

Graphitic 
950" - 1.1 

ringlike diffraction 
- 1.0 (lXl) ringlike diffract! 

Over layer features features 

20" 5Xl0-8 
- 1.1 disordered 5Xl0-8 - . 8 (lXl) disordered 

n-Hexane 20" 
5Xl0-8 

- .9 disordered 
5Xl0-8 

- .6 (lXl) disordered (5 hrs) (5 hrs) 

250" 5Xl0-8 - 1.5 diBoi:dered 5XlQ-B - 1. 2 (lXl) disordered 

Iaoquinoline 20° 6Xl0-8 
- 1.9 

diffuse (1/3 0) and 6Xl0- 8 
- 2.1 (lXl) disordered (2/3 0) features 

4Xl0-8 
Streaks at 1/3.4 

4Xl0- 8 20" - 1. 7 order diffuse - 1. 7 (5Xl) 1/3 order streaks 
Mesitylene (2/3.4 0) features 

20" 4Xl0-7 
- 1. 35 disordered 4Xl0-7 

- 1.2 (1X1) disordered 

2-Methyl-
20" 6X10-8 - 2.0. very poorly ordered 4Xl0-9 

- 1.6 
faint 

disordered naphthalene (5Xl) 

Naphthalene 
20" 9Xl0-9 

- 1. 95 apparent (3Xl) 9x1o-9 
- 1. 7 (!Xl) disordered 

150" 9Xl0- 9 
- 2.0 (6X6) 9X10- 9 

- 1.65 (lXl) disordered 

9Xl0-9 
diffuse (1/3 0) 

9Xl0-9 Nitrobenzene 20" - 1.5 features {pattern - 1.4 (lXl) disordered 
electron beam 

sensitive) 

Piperidine 20" 8X10-8 
- 2.1 disordered 8Xl0-8 

- 2 .05 
faint 

disordered (5xl) 

2Xl0-8 
(2X2) {pattern 

2X10- 8 
1/2 order streaks 

Propylene 20" - 1. 3 elect ron beam - 1. 2 (lXl) (pattern electron 
sensitive) beam sensitive) 

20° l Xl0-8 
- 2. 7 

diffuse (1/2 0) l XlQ-B - 2.4 (lXl) disordered 
features 

Pyridine 
well defined streaks 

250" l Xl0-8 
- 1. 7 at 1/3, 2/3, 3/3 l Xl0-8 - (1Xl) (/2 X /2)R45° 

order 

diffuse (1/2 0) 

Pyrrole 20" 6Xl0- 8 
- 1.45 

features {pattern 6X10~8 - 1.6 (lXl) diffuse (1/2 0) 
electron beam features 

sensitive) 

JXl 0-8 
- (5Xl) diffuse 1/3 order 

(6 min) streaks 
Quinoline 20" 3X10-8 

- 1.45 
diffuse 1/3 order 

3X10-8 streaks 
- 1. 7 (lXl) disordered (14 min) 

S t y r e ne 20" 6Xl 0- 8 
- 1. 7 streaks at 1/3 order 6xlo- 8 

- 1.65 (lXl) very poorly ordere 

20" lXl0- 9 
- 1. 7 streaks 1/3 order lXl0-9 

- 1. 55 (5X1) streaks at 1/3 
at order 

Toluene 
l Xl0-9 lXl0-9 

150" - 1. 65 (4X2) - 1. 5 (lXl) disordered 

m-Xylene 20" !X}Q-B - 1.8 
streske at 1/2.6 lXl0-8 

- 1. 65 (5X1) streaks at 1/3 
order order 

es 

.· 
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identified by two indices (for instance (1/2 O)) refer to a set of 

diffraction features which can be generated by rotating the identified 

diffraction features by the symmetry elements of the surface in 

question. For instance on the Pt(lOO) surface with four first order 

diffraction features (10), (01), (lO) and (Ol) the identification 

"(1/2 0) features" denotes four diffraction features, (1/2 0), (0 1/2), 

(1/2 0) and (0 1/2). On the Pt(lll) surface with six first order 

diffraction features (10), (01), (ll), (lO), (Ol) and (ll) the same 

name "(1/2, 0) features" refers to a set of six features (1/2 0), 

(0 1/2), (1/2 1/2), (1/2 0) (0 1/2) and (1/2 172). 

The surface structures in this section are named using two 

systems. The first system is used to describe simple surface· 

structures in terms of the bulk unit vectors of the substrate. For 

instance the notation (2X2) means that both unit vectors in the 

overlayer are twice as long as the unit vectors of the substrate. 

The unit vectors of the surface structure are 2a and 2b where a and 
A 

b are the unit vectors of the substrate. If the surface structure 

unit vectors are rotated with respect to the substrate unit vectors the 

rotation is -denoted by , a postscript R. For instance -the (/2 x .. /2)R45° 

surface structure has unit vectors 12a, /2b rotated 45° with respect 

to a and b. The second system makes use of a matrix of coefficients 

to describe the surface structure in terms of the substrate unit 

vectors. For instance the surface structure unit cell described by 

A 

- 2a 2b -2 2 
or 

4 4 
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has a unit cell defined by the row vectors 
A A 

(-2a ,2b), (4a, 4b). The 

underlying unit cell is described by the matrix 

18 "' Ob 1 0 

"' 
or 

oa lb 0 1 

"' "' or the row vectors (la, Ob), (Oa, lb). 

B. Results 

1. Experimental Conditions 

The results presented in this section have been taken with long 

exposure times (typically 1 or 2 hours) with continuous monitoring 

of the ~ and diffraction information. The results quoted at elevated 

temperature were taken by heating the sample in organic vapor flux 

and cooling to 25°C- 40°C in vapor flux(- 15 minutes). Thus the 

actual measurements were taken with the sample cooled. This procedure 

minimized the possibility of changes in surface coverage due to 

desorption at elevated temperatures •. Heating . experiments specified 

as occurring i n vacuum were done in the same manner but in the absence 

of organic vapor flux. 

2. Results 

Acetylene adsorption 

Acetylene adsorbed on the Pt(lll) surface causes the appearance 

of a (2X2) surface structure. The structure is well defined at low 

-9 exposures (less than 90 sec at 6Xl0 Torr recorded pressure or 

approximately 4L), but becomes less defined with increasing exposure. 
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The WlC accompanying the (2X2) structure is- ~1.5 V. All . evidence of a 

(2X2) structure disappears with 10 minutes exposure at a recorded 

-8 pressure of 1Xl0 Torr (approximately 401). The maximum WFC on 

adsorption at 20°C is -1.65 Vas shown in Fig. III-1. On heating 

in organic vapor flux the WFC decreases and goes through a mimimum 

value of -1.8 V. at a temperature of 150°C as shown in Fig. III-2. 

The magnitude of the WFC then decreases with increasing temperature. 

On heating the diffraction pattern remains disordered whether the 

sample was heated in organic vapor flux or in vacuum. 

Acetylene adsorption on the Pt(l00)-(5Xl) surface causes the 

appearanc~ of a streaked (/2 x /2)R45° surface structure and the 

rapid disappearance of the (5Xl) surface structure. All diffraction 

features are streaked along the two perpendicular (10) directions as 

shown in Fig. III-3. The (1/2 1/2) diffraction features are much 

more diffuse the the integral order diffraction features. The WFC 

on adsorption is -1.65 Vas shown in Fig. III-4. On heating in flux 

the WFC decreases and goes through a minimum value of -1.7 Y at 150°C; 

as shown in Fig. !1!-5 with further heating the magnitude of the WFC 

decreases. With heating the (/2 x /2)R45° remains through approximately 

150°C whether heated in organic vapor flux or in vacuum. 

Aniline adsorption 

Aniline adsorbed on the Pt(lll) surface causes the formation of 

a complex poorly ordered surface structure. The diffraction pattern 

(Fig. III-6) exhibits streaks at 1/3 order along with diffuse 

diffraction features at the (1/2 0) positions and several broad high 
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Acetylene on Pt (Ill) 

• 7 x I0-9 torr 
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Fig. III-1. The ~vork function change on adsorption of 

acetylene on the Pt(lll) surface at 20°C. The indicated 

pressure should be multiplied by at least six to yield 

approximate surface pressures. 
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Fig. III-2. The work function change as a function of temperature 

for acetylene adsorbed on the Pt(lll) surface. The indicated 

pressure should be multiplied by at least six to yield approxi-

mate surface pressures . 
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XBB 732- 676 

Fig. III-3. The diffraction pattern result i ng f rom acely tene 

adsorption on the Pt(l00) -(5Xl) s urface showing the first order 

Pt diff raction features. 
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Acetylene on Pt ( 100) 
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Fig. III-4. The work function change on adsorption of acetylene 

on the Pt(lOO)-(Sxl) surface at 20°C. The indicated pressure 

· should be multiplied by at least six to yield approximate 

surface pressures. 
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Acetylene on Pt ( 100) 
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Fig. III-5. The work function change as a function of temperature 

f or acety l ene adsorbed on the Pt(lOO)-(Sxl) surface. The 

i ndicated pres sure should be mul t iplied by at least six to yield 

approximate surface pressures. 
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XBB 732- 677 

Fi g . I I I - 6. The di ff raction patter n r esulting from aniline adsorp tion 

on t he Pt(ll l) s ur f ace showing the first order p l a tinum diff raction 

f eatures . 
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density areas centered at the (2/3 0) positions. The WFC on adsorption 

is -1.8 V(Fig. III-7), however, the WFC depends on the initial incident 

flux . 

Heating the adsorbed layer in flux above 150°C causes it to become 

disordered. Heating the sample above 200°C causes the magnitude of 

t he WFC to decrease as shown in Fig. III-8. 

Aniline adsorption on the Pt(lOO)-(Sxl) surface causes the 

diffraction features characteristic of the (5Xl) structure to disappear 

and causes an increase in background intensity. There is no evidence 

for the formation of ordered structures from the diffraction pattern 

in t he temperature range 20°C to 250°C. The WFC on adsorption is 

approximately -1.75V(Fig. III-9). The magnitude of the WFC decreased 

above 200°C as shown in Fig. III-8. 

Benzene adsorption 

Benzene adsorbed on the Pt(lll) surface forms a poorly ordered 

layer. Continued exposure to organic vapor flux causes the 

of the diffraction pattern resulting from the Pt(lll)-1-z 

Benzene structure (Fig. III-lOa) . With continued exposure 

appearance 

zl ·-
this 

. I 2 structure changes to the Pt(lll)- -
5 ~~ - Benzene structure. The 

diffraction pattern resulting from this structure is shown in 

Fig. III-lOb. The transformation from the 1-z zl structure to 

1
-52 21 

5 
structure occurs in absence of further exposure to organic 

the 

vapor flux, but the transformation is very slow (- 10 hours). The 

original transformation from a poorly ordered structure to the 
1

-42 

does not occur without exposure to organic vapor flux. The apparent 

hexagonal symmetry of the diffraction patterns occurs because 

. . 
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Aniline on Pt (Ill) 
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Fig. III-7. The work function change on adsorption of aniline 

on the Pt(lll) surface at 20°C. The indicated pressure 

should be multipled by at least six to yield approximate 

surface pressures. 
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Fig. III-9. The work function change on adsorption of 
aniline on the Pt(l00)-(5Xl) surface at 20°C. The 
indicated pressure should be multiplied by at least 
six to yield approximate surface pressures. 
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Fig. III-10. The diffraction patterns and corresponding work function 

changes resulting from adsorption of benzene 6n the Pt(lll) 

surface at 20°C. The indicated pressure should be multiplied by at 

least six to yield approximate surface pressures. . 

Fig . III-lOa. The diffraction pattern from the Pt(lll)-~-~ · ~-. ' 1 
Benzene structure. 

Fig . III-lOb. The diffraction pattern from the Pt(lll)-1-; ;I -Benzene 

structure. 
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three domains of these structures are possible. Observations have been 

made on diffraction patterns for which only two domains are predominant 

and the patterns did not have six fold symmetry. The work function 

shifts which correspond to these structural changes are shown in 

Fig. 111-10. On initial adsorption the work function of the surface 

decreases very rapidly, goes through a minimum, (- 1. 8 V) then increases 

slowly toward a higher steady state value of -.7 V. · The initial 

1

-2 ordered 
4 421 structure appears at a WFC value of - 1.4 V slightly 

after the minimum work function has been reached~ The second ordered 

1-52 21 
5 

structure forms after the work function change has increased 

to - -1.01v. The time required for the WFC to reach its steady state 

value and for the 
1

-25 ;I structure to appear is dependent on the 

benzene pressure. At lower benzene fluxes, the time necessary to 

reach the steady state WFC and structure increases. 

Heating the Pt(lll)-1-; ;I -Benzene structure in vacuum or 

in flux causes the adsorbed layer to become very poorly ordered. 

When heated to 140°C in flux the magnitude WFC increases from -.7 V 

to -1.6 ' V. The magnitude of the WFC then decreases with time either 

in flux or in vacuum toward the steady state value of -.7 V. If heated 

to 140°C in vacuum the magnitude of the WFC increases to -l.OWand 

and begins to decrease toward -. 7•.V. However if the heated surface 

(Ll¢ = -1.0\V) is exposed to benzene flux the magnitude of the WFC 

increases to -1.6 •. V. With time either in vacuum or in flux the magnitude 

of the WFC then decreases toward a value of -.T.V. 

. '• 
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Benzene adsorbed on the Pt(l00)-(5Xl) causes the (Sxl) surface 

structure to disappear rapidly. A new diffuse ring-like diffraction 

feature appears at 1/2 order as shown in Fig. III-11. The WFC on 

adsorption (Fig. III-11) is less sensitive to benzene exposure than 

the Pt(lll)-benzene system; however, the same type of increase in work 

function is observed , although there is no change in structure. When 

the incident benzene flux is terminated the 1/2 order diffraction 

features disappear while the work function increases slightly. 

With heating in flux to 140°C the diffraction pattern becomes 

better defined and the ring-like 1/2 order feature becomes four 

streaked (1/2 0) features. The work function of this better defined 

structure is -1.2 V and it is stable to further exposure or evacuation. 

Biphenyl adsorption 

Biphenyl adsorbed on the Pt(lll) surface causes an increase in 

the background intensity and extremely faint high order streaks appear. 

The WFC on adsorption was approximately -1.85 V and depends on the 

initial incident flux (Fig. III-12). A slight improvement in the 

high order diffraction features occurs with heating to 140°C in flux. 

With further stepwise heating in flux to 300°C the adsorbed layer 

remains disordered. The magnitude of the WFC decreases progressively 

with stepwise heating above 100°C. 

Biphenyl adsorbed on the Pt(l00)-(5Xl) surface caused a slow 

disappearance of the (5Xl) surface structure (1 hour at a recorded 

organic pressure of 2x1o-9 Torr) and an increase in the background 

intensity. The WFC on adsorption is -1.8 V and depends on the initial 
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Fig. III-11. The diffraction pattern and work function change resulting 

from benzene adsorption on the Pt(lOO)-(Sxl) surface at 20°C. The 

first order Pt diffraction features are visible in the diffraction 

pattern. The indicated pressure should be multiplied by at least 

six to yield approximate surface pressures. 

. . 
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Fig. III-12. The work function change on adsorption of biphenyl on 

the Pt(lll) surface at 20°C. The indicated pressure should be 

multiplied by at least six to yield approximate surface pressures. 
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incident flux (Fig. III-13). With stepwise heating in flux to 300°C 

the adsorbed layer remains disordered. The magnitude of the WFC 

decreases with stepwise heating above 100°C in organic vapor flux. 

N-Butylbenzene adsorption 

N-butylbenzene adsorbed on the Pt(lll) surface forms a very 

poorly ordered adsorbed layer. Adsorbed layers formed athigh incident 

-8 fluxes (1.2Xl0 Torr recorded pressure) are completely disordered. A 

diffraction pattern taken after 6 minutes exposure at ·3x10-9 Torr recorded 

pressure is shown in Fig. III-14b. There is a broad high intensity 

region that terminates at 1/2 order. The extra diffraction features 

disappear after approximately 20 minutes of exposure at a recorded 

-9 pressure of 8><10 Torr. That is,..the WFC on adsorption is -1.5 V 

(Fig. III-15) the WFC depends markedly on the initial incident vapor 

flux. 

With stepwise heating to 400°C in flux the adsorbed layer remains 

disordered. The WFC remains constant until the sample is heated 

above 250°C, the magnitude of the WFC then decreases with increasing 

temperature (Fig. III-16). 

Adsorption of n-butylbenzene on the Pt(l00)-(5Xl) surface causes 

the appearance o.f very faint high order streaks which disappear with 

continued exposure. The (5Xl) diffraction features disappear at a 

slightly slower rate than the extra diffraction features due to the 

adsorbate. Figure III-14 a shows the diffraction pattern after 

-9 12 minutes exposure at 8Xl0 Torr recorded pressure. The WFC on 

adsorption is -1.5 V (Fig. III-17) ; the value of the WFC is strongly 
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Fig. III-13. The work function change on adsorption of biphenyl on 

the Pt(lOO)-(Sxl) surface. The indicated pressure should be 

multiplied by at least six to yield approximate surface pressures. 
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Fig. III-14a . The diffraction pattern resulting from n-butylbenzene 

adsorption on the Pt(lOO)-(Sxl) surface. 

Fig. III-14b. The diffraction pattern resulting from n-butylbenzene 

adsorption on the Pt(lll) surface. (6 minutes at a recorded 
-8 pressure of 1.2x10 Torr) 
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XBB 732- 683 

Fig. I I I - 14a & II I - 14b . 
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Fig. III-15. The work function change on adsorption of 
n-butylbenzene on the Pt(lll) surface at 20°C. The 
indicated pressure should be multiplied by at least 
six to yield approximate surface pressures. 
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Fig . 111-17. The work function change on adsorption of 
n-butylbenzene on the Pt(lOO)-(S xl) surface. The indicated 
pre s s ure should be multiplied by at least six to yield 
approximate surface pressures. 
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dependent on the initial incident vapor flux. 

With stepwise heating to 400°c in flux the ansorbed layer 

remains disordered. The WFG remains constant up to a sample temperature 

of 300°C as shown in Fig. III-16. 

T-Butylbenzene adsorption 

The adsorption of t-butylbenzene on the Pt(lll) surface causes 

the formation of a largely disordered surface layer. Faint streaked 

high order features are visible for a time after initial exposure but 

their intensity decreases slowly with time. Finally, only diffraction 

features characteristic of a (lXl) surface structure with high 

background intensity are observed (after 4 hours at a recorded pressure 

of SXl0-8). The WFC on adsorption is approximately -1. 7V as shown 

in Fig. III-18; however, it depends on the initial incident flux. Ad

-7 sorption experiments have been run ata pressure of 4Xl0 ; no unexpected 

WFC's were observed and the diffraction patterns observed were simply 

less ordered than those observed for low pressure adsorption. 

With stepwise heating to 350°C in flux or in vacuum the adsorbed 

layer remains disordered or becomes disordered ' if the adsorbed layer had 

not previously become disordered. The WFC with heating in flux shows 

little variation until the sample is heated above 250°C (Fig. III-19), 

the magnitude of the WFC then decreases with increasing temperature. 

Heating in vacuum causes the magnitude of the WFC to decrease above 

The adsorption of t-butylbenzene on the Pt(lOO)-(SXl) causes the 

disappearance of the (SXl) substrate structure and an increase in the 

-8 . 
background intensity (20 minutes at a recorded pressure of 6Xl0 ). 
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Fig. III-18. The work function change on adsorption of t-butylbenzene 

on the Pt(lll) surface at 20°C. The indicated pressure should be 

multiplied by at least six to yield approximate surface pressures. 
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The WFC on adsorption is -1.75V (Fig. III-20); however, the WFC on 

adsorption depends on the initial incident vapor flux. Adsorption 

-7 experiments have been run at pressures up to 4Xl0 Torr; no unexpected 

behavior was observed for either the WFC or diffraction results. With 

stepwise heating to 350°C in vacuum or in flux, the adsorbed layer 

remains disordered. The WFC shows little variation with heating in 

flux or in vacuum until heated above 250°C; the magnitude of the WFC 

then decreases with increasing temperature as shown in Fig. III-19. 

Cyanobenzene adsorption 

Adsorption of cyanobenzene on the Pt(lll) surface causes the 

appearance of diffuse (1/2 0) diffraction features (Fig. III-21). 

The extra diffraction features slowly become less prominent during 

-8 continued exposure (gone in 2 hours at 2Xl0 Torr). The WFC on 

adsorption is approximately -1.6V (Fig. III-22). 

With heating to 100°C in flux the adsorbed layer remains disordered 

or becomes disordered in cases where it had previously been ordered. 

The magnitude of the WFC decreases with heating above 100°C (Fig. III-23) 

and the adsorbed layer remains disordered. 

Adsorption of cyanobenzene on the Pt(l00)-(5Xl) surface causes 

an increase in the background intensity and a slow decrease in the 

-8 intensity of the (5Xl) diffraction features (gone after 90 min. 2Xl0 

Torr). The WFC on adsorption is -1.5 ,V(Fig. III-24). 

With stepwise heating to 250° in flux the adsorbed layer remains 

disordered. The WFC remains constant with heating in flux to 100°C; 

with further heating the magnitude of the WFC decreases as shown in 

Fig. III-23. 
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Fig. III-20. The work function change as a function of temperature 
for t-butylbenzene adsorbed on the Pt(lOO)-(S xl) surface at 20°C. 
The indicated pressure should be multiplied by at least six to 
yield approximate surface pres sures. 



J ! 

-73-

XBB 732- 67 3 

Fig. III- 21. The diffraction pattern r esulting from cyanobenzene 

adsorpt ion on the Pt(lll) s urface showing the first order Pt 

diffraction fea tur es . 
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Fig. III-22. The work function change on adsorption of cyanobenzene 

on the Pt(lll) surface at 20°C. 
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Fig. III-23. The work function change as a function of temperature for cyanobenzene adsorbed 

on the .Pt (111) and Pt(l00)-(5Xl) surfaces. The indicated pressure should be multiplied 

by at least six to yield approximate surface pressures. 
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Fig. III-24. The work function change on adsorption of cyanobenzene 
on the Pt(lOO)-(Sxl) surface ' at 20°C. The indicated 
pressure should be multiplied by at least six to yield approximate 
surface pressures. 
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1,3-Cyclohexadiene adsorption 

1,3-Cyclohexadiene adsorbed on the Pt(lll) initially forms a 

poorly ordered layer. Continued exposure causes the appearance of 

1

-2 the 
4

· ~~ structure as shown in Figs. III-25a and III-25b. With 

. I 2 21 continued exposure this structure slowly changes to the 
5 5 

struc-

ture shown in Figs. III-25c and III-25d. The work function shifts 

which accompany these changes in structure are shown in Fig . III-26. 

On initial adsorption the work function change goes through a minimum 

(""' :...1. 75 ;V) then increases slowly toward a higher steady state value 

(""' -.s··V). The initial ordered ~-~ ~~ structure appears at a WFC 

value of ""' -1.3 Vafter the minimum work function has been passed. 

1
-52 21 The second ordered structure 

5 
forms after the work function 

has increased further. 

1,3-Cyclohexadiene adsorbed on the Pt(l00)-(5Xl) surface causes 

the (Sxl) structure to disappear rapidly. A new diffraction pattern 

with a diffuse ring-like 1/2 order streak appears as shown in Fig. III-27. 

The work function change on adsorption is approximately ' -1. 7·.V • as 

shown in Fig. III-28. The magnitude of the WFC decreases with 

exposure to organic vapor flux. 

The results for 1,3-cyclohexadiene ' adsorption on the Pt(lll) and 

Pt(l00)-(5Xl) surfaces are very similar to the distinctive results 

obtained for benzene adsorption on the same surfaces. Because of 

these results mass spectra were taken of this organic sample immediately 

after the adsorption experiment to check for benzene contamination. 

Total contamination of the sample was less than 1% and benzene was 

significantly lower than 1%. 
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Fig. III-25a. The diffraction pattern resulting from the 1,3-cyclohexadiene 

~-~ ~~ structure on the Pt(lll) surface. 

Fig. III-25b. The diffraction pattern resulting from the 1,3 cyclohexadiene 

~-~ ~~ structure on the Pt(lll) surface showing the first order Pt 

diffraction features •. 

Fig. III-25c. The diffraction pattern resulting from the 1,3-cyclohexadiene 

~-; ;j structure on the Pt(lll) surface. 

Fig. III-25d. The diffraction pattern resulting from the 1,3-cyclohexadiene 

1

-2 21 
5 5 structure on the Pt(lll) surface showing the first order Pt 

diffraction features. 
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XBB 737- 4300 

Fi g. I II-25 (a , b, c , & d) . 
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Fig. III-26. The work function change on adsorption of 

1,3-cy clohexadiene on the Pt(lll) surface. The indicated 

pressure should be multiplied by at least six to yield 

approximate surface pressures. 
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Fig. III-27 . The diffraction pattern r esulting from 

1,3- cyc lohexadiene adsorption on the Pt(lOO)- (Sxl) surface 

showing the first orde r Pt dif f rac tion f eatures. 



-C/) -
0 
> -
Q) 

0 

-0.2 

- 0.4 

~ -0.6 
c: 
0 

..c: 
u 

c: -0.8 
0 -u 
c: 
::J 
- -1.0 
~ 

...... 
0 

3 - 1.2 

- 1.4 

- 1.6 

-82-

I, 3- Cyclohexadiene on Pt ( 100) 
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Fig. III-28. The ,.,ark function change on adsorption of 1,3-cyclohexadiene 
on the Pt(lOO) surface at 20°C. The indicated pressure should be 
multiplied by at least six to yield approximate surface pressures. 
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Cyclohexane adsorption on the Pt(lll) surface at 20°C and with 

low incident vapor flux (6Xl0-9 Torr recorded pressure) causes little 

change in the diffraction pattern observed. The WFC on adsorption is 

-1. 2'.V as shown in Fig. III-29. With increased organic vapor flux the 

WFC becomes-. 7 v and the adsorbed layer begins to order. The diffraction 

pattern shows two faint diffuse high order features. The WFC for 

cyclohexane as a function of exposure is shown in Fig. III-29. With 

gentle heating to 150°C the adsorbed layer forms an apparent (2X2) 

structure as shown in Fig. III-30. With further heating the adsorbed 

layer becomes disordered and the magnitude of the WFC increases to 

-1.4 .Vat 300°C as shown in Fig. III-31. With further stepwise heating 

to 600°C the magnitude of the WFC decreases. For cyclohexane adsorbed 

on the Pt(l00)-(5Xl) surface at 20°C at low incident organic vapor 

flux (6Xl0-9 Torr recorded pressure) the (Sxl) surface structure 

remains and the WFC is -.75 V(Fig. III-32). With increased organic 

vapor flux (4Xl0- 7 Torr recorded pressure) the (5Xl) surface structure 

relaxes and the diffraction pattern displays diffuse streaked (1/2 0) 

diffraction features with gentle heating to 150°C the streaks become 

narrow and well defined, centering on the positions expected from a 

(2Xl) surface structure as shown in Fig. III-30b. The magnitude of the 

WFC increases with heating in flux up to a temperature of 300°C 

(~~ = ~l.S ,y)as shown in Fig. III-33. Further heating in flux to 

600°C causes the magnitude of the WFC to decrease progressively. 
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Fig. III-29. The work function change on adsorption of cyclohexane 

on the Pt(lll) surface at 20°C. The indicated pressure should be 

multiplied by at least six to yield approximate surface pressures. 
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Fig. III-30a. The diffraction pattern resulting from an adsorbed layer 

of cyclohexane on the Pt(lll) surface after heating to 150°C. 

Fig. III-30b. The diffraction pattern resulting from an adsorbed layer 

of cyclohexane on the Pt(l00)-(5Xl) surface after heating to 

150°C. 
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Fig. III-30 (a & b) . 
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Cyclohexane on Pt(lll} 
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Fig. III-31. The l..rork function change as a function of temperature 
for _ cyclohexane adsorbed on the Pt(lll) surface. The indicated 
pressure should be multiplied by at least six to yield approximate 
surface pressures, 
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Cyclohexone on Pt (100) 
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Fig. III-32. The work function change on adsorption of cyclohexane 
on the Pt(lOO)-(Sxl) surface at 20°C. The indicated pressure 
should be multiplied by at least six to yield approximate 
surface pressures. 
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Fig. III-33. The work function change as a function of temperature 
for cyclohexane on the Pt(lOO)-(Sxl) surface. The indicated 
pressure should be multiplied by at least six to yield 
approximate surface pressures. 



-90-

Cyclohexene adsorption 

Cyclohexene adsorption on the Pt(lll) surface causes the formation 

of the ordered Pt(lll)- ~~ _;, - Cyclohexene structure as shown in 

Figs. III-34a and b. The WFC on adsorption is approximately -1.7 V 

as shown in Fig. III-35. With heating to 150°C and subsequent cooling 

the diffraction features become more diffuse and the diffraction 

pattern becomes that due to a (2X2) structure. The magnitude of the 

WFC decreases with heating in flux above a sample temperature of 

200°C. The dependence of the WFC on temperature is shown in Fig. III-36. 

Cyclohexene adsorption on the Pt(l00)-(5Xl) surface causes the rapid 

disappearance of the (5Xl) structure • . The pattern which appears has 

diffuse extra order diffraction features at the (1/2 0) position as 

shown in Fig. III-37. This pattern is beam sensitive; that is, 

exposure to the electron beam causes the poorly ordered structure to 

become completely disordered. The WFC on adsorption is approximately 

-1.6 Vas shown in Fig. III-38. With heating to 200°C the adsorbed 

layer becomes more ordered and a streaked (2xl) pattern appears. 

The streaks- in: the dif£ra~tion pattern are perpendicular~ to 

the (10) direction. The magnitude of the WFC decreases with heating 

in flux above a sample temperature of 300°C. The dependence of the 

WFC on temperature ·is shown in ·Fig. III-39. 
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Fig. III-34a. The diffraction pattern resulting from cyclohexene 

adsorption on the Pt(lll) surface at 20°C. 

Fig. III-34b. The diffraction pattern resulting from cyclohexene 

adsorption on the Pt(lll) surface at 20°C . showing the first order 

platinum diffraction features . 
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XBB 737 - 4302 

Fig. I I I -34 (a & b). 
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Fig. III-35. The l:.Wrk function change observed on adsorption of 
cyclohexene on the Pt(lll) surface at 20°C, The indicated pressure 
should be multiplied by at lea,st six to yield approximate surface 
pressures. 
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Fig, III-36. The work function change as a function of temperature 
for cyclohexene adsorption on the Pt(lll) surface. The indicated 
pressure should be multiplied by at least six to yield approximate 
surface pressures. 
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Fig. III-37 . The diff r ac tion pattern r esulting from cycl ohexene 

adsorpti on on the Pt (lOO)- (Sxl) s urface a t 20°C showing the 

f i rs t order Pt di ffraction features . 
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Fig. III-38. The work function change on adsorption of cyclohexene 
on the Pt(lOO)-(Sxl) surface at 20°C, The indicated pressure 
should be multiplied by at least six to yield approximate 
surface pressures. 
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Fig. III-39. The work function change as a function of temperature for 
cyclohexene adsorption on the Pt(lOO)-(Sxl) surface. The indicated 
pressure should be multiplied by at least six to yield approximate 
surface pressures. 
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Cyclopentane adsorption 

Cyclopentane adsorbed on the Pt(lll) surface at 7Xl0-9 Torr 

causes little charige in the diffraction pattern; the WFC on adsorption 

is -. 95 V. With increasing organic vapor pressure (recorded pressure 

-7 4Xl0 Torr) the WFC observed increases to -. 7V as shown in Fig. III-40. 

The background intensity observed in the diffraction pattern increases 

markedly with this increase in pressure. 

Cyclopentane adsorbed on the Pt(l00)-(5Xl) at low organic vapor 

-9 flux (recorded pressure 7Xl0 Torr) causes little change in the 

diffraction pattern. The WFC observed is -.4vV. With increased 

pressure (4xlo-7 Torr) the magnitude of the WFC decreases to -.3 ·V 

as shown in Fig. III-41. With increased pressure new diffuse dif-

fraction features appear at 1/2 order. With increased temperature 

the extra diffraction features become better defined. At 150°C the 

pattern has well defined streaks at positions centering on the 

positions expected from a (2Xl) structure. The streaks run perpendicular 

to the (10) direction as shown in Fig. III-42. 

Ethylene adsorption 

Ethylene adsorbed on the Pt(lll) surface causes the appearance 

of diffuse features at the (1/2 0) positions. These diffraction 

features become better ordered with time. The WFC on adsorption 

is -1.5 Vas shown in Fig. III-43. With heating in flux the WFC 

decreases and goes through a minimum value of -1.7 Nat 225°C as shown 

in Fig. III-44. With heating in vacuum the magnitude of the WFC 

decreases with progressive heating above 100°C Fig. III-44. The 

. j 
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Fig. III-40. The work function change on adsorption of cyclopentane 
on the Pt(lll) surface at 20°C, The indicated pressure should 
be multiplied by at least six to yield approximate surface 
pressures. 
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Fig. III-41. The work function change on adsorption of cyclopentane 
on the Pt(l00)-(5xl) surface at 20°C. The indicated pressure 
should be multiplied by at least six to yield approximate 
surface pressures. 
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Fig . III-42. The diffrac tion patte r n r esult i ng f rom an adsor bed 

laye r of cyc l opentane being heated to 150°C showi ng the 

first two sets of platinum diffrac tion f ea t ures. 



-(/) -0 
> -
Q) 
0\ 
c 
0 

.r:. 
u 
c 
0 -(.) 
c 
:J 

lJ._ 

~ 
"-
0 
3: 

0 

-0.2 

-0.4 

-0.8 

Q) 

-102-

Ethylene on Pt (Ill) 
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Fig. III-43. The work function change on adsorption of ethylene 
on the Pt(lll) surface at 20°C. The indicated pressure 
should be multiplied by at least six to yield approximate 
surface pressures. 
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Fig. III-44. The work function change as a function of temperature 
for ethylene adsorbed on the Pt (111) surface. The indicat.ed 
pressure should be multiplied by at least six to yield approximate 
surface pressures. 
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extra diffraction features become less intense with heating in flux. 

The extra features are gone with heating in flux to 200°C; subsequent 

stepwise heating to 350°C causes an increase in background intensity. 

Ethlylene adsorbed on the Pt(l00)-(5Xl) surface causes the 

appearance of streaked diffraction features at half order. With time 

the extra features become better defined and the pattern becomes that 

expected of a (/2 x 12)R45° surface structure. The diffraction 

pattern resulting from the (5Xl) surface structure disappears during 

this ordering process. The WFC on adsorption is -1.2 V dS shown in 

Fig. III-45. With heating in flux the WFC goes through a minimum 

value of -1.5 Vat 250°C as shown in Fig. III-46. With heating in 

vacuum the work function decreases (Fig. III-46). The C(2X2) 

diffraction features disappear with heating to 200°C in flux , and 

subsequent step wise heat treatment to 350°C increases the background 

intensity. 

n-Hexane adsorption 

The adsorption of n-hexane on the Pt(lll) surface causes the 

f ormation of a disordered adsorbed layer. The WFC on adsorption is 

-8 -1.1 :v with initial iidsorption at a recorded pressure of 5Xl0 Torr 

(~ig. III-47). With continued exposure to organic vapor flux the 

magnitude of the WFC decreases to -.9V(5 hours at a recorded pressure 

of 5Xl0-8). With heating by steps in flux to 250°C the WFC becomes 

- 1.5 V.; however, the adsorbed layer remains disordered . 

. . 
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Fig. III-45. The work function change on adsorption of ethylene on 
the Pt(l00)-(5Xl) surface at 20°C. The indicated pressure 
should be multiplied by at least six to yield approximate 
surface pressures. 
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Fig. III-46. The work function change as a function of temperature for 
ethylene adsorption on the Pt(lOO)-(Sxl) surface. The indicated 
pressure should be multiplied by at least six to yield approximate 
surface pressures. 
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Fig. III-47. The work function change on adsorption of n-hexane on 
the Pt(lll) surface at 20°C, The indicated pressure should be 
multiplied by at least six to yield approximate surface pressures. 
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Adsorption of n-hexane on the Pt(l00)-(5Xl) surface causes the slow 

disappearance of the (5Xl) (70 minutes at a recorded pressure of 

3Xl0-7) surface structure and an increase in the background intensity. 

-8 The WFC on initial adsorption at a recorded pressure of 5X10 is 

-.8 Vas shown in Fig. III-48, with further exposure (5 hours) the 

magnitude of the WFC decreases to -.6 V. With stepwise heating to 

250°C in flux the WFC becomes -1.2 ~however the adsorbed layer 

remains disordered. 

Mesitylene adsorption 

Mesitylene adsorbed on the Pt(lll) surface causes the appearance 

of a streaked diffraction feature at 1/3.4 order and diffuse difffaction 

features centered at the (2/3.4 0) positions as shown in Fig. III-49. 

The WFC on adsorption is -1.7 V (Fig. III-50); however, the WFC and 

degree of order of the surface structure depend on the initial incident 

vapor flux. Adsorption at high initial fluxes (- 4x1o-7 Torr recorded 

pressure) causes the formation of a disordered adsorbed layer and the 

magnitude of the WFC (-1.35 V) is smaller than the WFC observed during 

low pressure adsorption. 

Heating above 150°C in flux causes the extra diffraction features 

to disappear. The magnitude of the WFC decreases with heating above 

250°C, as shown in Fig. III-51. 

Mesitylene adsorbed o.n the Pt(l00)-(5Xl) surface causes the 

appearance of streaked diffraction features at 1/3 order while the 

diffraction pattern resulting from the (5Xl) surface structure remains 
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Fig. III-48. The work function change on adsorption of n-hexane on 
the Pt(lOO)-(Sxl) surface at 20°C. The indicated pressure 
should be multiplied by at least six to yield approximate 
surface pressures. 
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Fig. III-49a. The diffraction pattern resulting from mesitylene 

adsorption on the Pt(lll) surface at 20°C. 

Fig. III-49b. The diffraction pattern resulting from mesitylene 

adsorption on the Pt(lll) surface at 20°C showing the first 

order Pt diffraction features. 
' . 
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Fig. III-49 (a & b ) . 
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Fig. III-50. The work function change on adsorption of mesitylene on 

the Pt(lll) surface at 20°C. The indicated pressure should be 

multiplied by at least six to yield approximate surface pressures. 
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Fig. III-51. The work function change as a function of temperature for rnesitylene adsorbed on 
the Pt(lll) and Pt(lOO)-(Sxl) surfaces. The indicated pressure should be multiplied by 
at least six to yield approximate surface pressures. 
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as shown in Fig. III-52. The (5Xl) surface structure and streaked 

features are stable to exposures longer than 2 hours at a recorded 

-8 pressure of 2X10 Torr. The WFC on adsorption is -1.5'Vas shown 

in Fig. III-53. -7 Adsorption at higher pressures (4X10 ) causes the 

formation of a disordered.adsorbed layer, the (5Xl) surface structure 

disappears and the WFC (-1.2 V) is less than that observed with low 

pressure adsorption. Heating above 150°C in flux causes the extra 

diffraction features and the (5Xl) structure to disappear. The 

magnitude of the WFC decreases with heating above 250°C as shown in 

Fig. III-51. 

2-Methylnaphthalene adsorption 

2-Methylnaphthalene adsorbed on the Pt(lll) surface causes the 

formation of a poorly ordered adsorbed layer. On adsorption the 

background intensity increases markedly and diffuse low intensity 

high order streaked diffraction features appear. These diffuse extra 

features disappear with gentle heating to 100°C. The WFC on 

adsorption is approximately -2.0 .Vand depends on the initial incident 

flux as shown in Fig. III-54. With stepwise heating in flux above 

100°C (done up to 400°C) the magnitude of the WFC decreases progressively 

with heating. 

Adsorption of 2-methylnaphthalene on the Pt(100)-(5Xl) surface 

causes an increase in the background intensity and a decrease in the 

intensity of the diffraction pattern caused by the (5Xl) surface 

structure. The (5Xl) structure disappears with heating of the surface 

to 100°C. The WFC on adsorption is approximately -1.6Vand depends 
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Fig. III-52. The diff rac tion patter n resulting from mesitylene 

adsorpt i on a t l ow pressure on the Pt (l 00) - (5xl ) sur f ace. 



-en -0 
> 
Q) 
c::n 
c: 
0 

..c: 
(.) 

c: 
0 

0 

-0.2 

-116-

Mesitylene on Pt ( 100) 
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Fig . III-53. The work function change on adsorption of mesitylene on 
the Pt(lOO)-(Sxl) surface at 20°C. The indicated pressure should 
be multiplied by at least six to yield approximate surface 
pressures . 
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0 2- Met h y I no ph t h a I en e on Pt ( Ill ) 
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Fig. III-54. The work function change on adsorption of 2-methylnaphthalene 
on the Pt(lll) surface at 20°C. The indicated pressure should be 
multiplied by at least six to yield approximate surface pressures. 
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on the initial incident flux as shown in Fig. III-55. With stepwise 

heating in flux above 100°C (done up to 400°C) the magnitude of the 

WFC decreases progressively with heating. 

Naphthalene adsorption 

Naphthalene adsorbed at 150°C forms a (6X6) structure as shown 

in Fig. III-56b. The WFC which accompanies this ordered adsorption 

is -2. o· V . ·The . initial·· value of the WFC. does· not change with continued 

exposure. When adsorbed at room temperature naphthalene forms an 

apparent (3Xl) surface structure with diffuse diffraction features 

as shown in Fig. 56a. With room temperature adsorption the degree of 

ordering and the work function change depend on the exposure rate. 

Large exposure rates ( . 4L/sec) lead to poor order and smaller WFC's 

on adsorption ;, With heating to 150°C in flux or in vacuum the dif

fraction pattern becomes that expected from a (6X6) surface structure 

(Fig. III- 56b). With heat treatment the magnitude of the WFC 

increases slightly. Further heating (above 150°C) in flux or in 

vacuum causes the adsorbed layer to become disordered and the 

magnitude of the WFC to decrease as shown in Fig. 56. 

Adsorption of naphthalene on the Pt(l00)-(5Xl) surface causes 

the rapid disappearance of the (5Xl) surface structure and an increase 

in the background intensity. The WFC on adsorption is -1.75Vbut 

is sensitive t o the initial exposure rates as shown in Fig. III-57. 

The magnitude of the WFC remains constant with heating to 250°C and 

then begins to decrease as shown in Fig. III-58. With heating in 

flux or in vacuum the adsorbed layer remains disordered. 
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2- Methyl naphthalene on Pt (100) 
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Fig. III-55. The work function change on adsorption of 2-methylnaphthalene 
on the Pt(l00)-(5xl) surface at 20°C, The indicated pressure should 
be multiplied by at least six to yield approximate surface pressures. 
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Fig. III-56. The diffraction patterns and corresponding work function 

changes as a function of temperature resulting from adsorption of 

napthalene on the Pt(lll) surface. The indicated pressure should 

be multiplied by at least six to yield approximate surface 

pressures. 

Fig. III-56a. The diffraction pattern resulting from naphthalene 

adsorption at 20°C on the Pt(lll) surface showing the first order 

Pt diffraction features. 

Fig. III-56b. The diffraction pattern resulting from heating an adsorbed 

naphthalene layer to 150°C or by adsorption at 150°C on the Pt(lll) 

surface. The first order Pt diffrac~ion features are visible. 
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Fig. III-57. The work function change on adsorption of napthalene 
on the Pt (lOO) -(Sxl) surface at 20°C. The indicated pressure 
should be multiplied by a t least six to yield approximate 
surface pressures. 
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Fig. III-58. The work function change as a function of temperature 
for naphthalene adsorbed on the Pt(lOO)-(Sxl) surface • . The 
indicated pressure should be multiplied by at least six to 
yield approximate surface pressures. 
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Nitrobenzene adsorption 

Adsorption of nitrobenzene on the Pt(lll) surface causes the 

formation of diffraction features at (1/3 0) order (Fig. III-59). 

The WFC on adsorption is approximately -l.SV (Fig. III-60); however, 

the degree of ordering and the WFC depend on the total amount of 

electron bombardment which has occurred. The initially ordered 

layer becomes disordered during approximately 7 minutes of exposure 

-6 to a 30 Velectron beam at 2Xl0 amps. 

With stepwise heating in flux through 250°C the diffraction 

pattern remains largely disordered. (In the temperature range 80°C 

to 100°C very faint diffuse features appear near the (1/2 0) positions). 

The WFC remains essentially constant with stepwise heating in vacuum 

or in flux until 150°C as shown in Fig. III-61. Above 150°C the 

magnitude of the WFC decreases with increasing temperature. 

Nitrobenzene adsorbed on the Pt(l00)-(5Xl) surface causes the 

(5Xl) diffraction features to disappear and very faint high order 

features to appear for a short time. The WFC on adsorption is -1.4 V 

(Fig. III-62). 

With stepwise heating in vacuum or in flux to 250°C the adsorbed 

layer remains disordered. The WFC on heating in flux reamins constant 

until 150°C; above 150°C the magnitude of the WFC decreases with 

increasing temperature as shown in Fig. III-61. With heating in 

vacuum the magnitude of the WFC decreases with heating above 90°C. 
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Fig. III- 59. The diff rac tion pa ttern resulting from 

adsorption of ni trobenzene on t he Pt(lll) surface 

at 20°C. 
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Nitrobenzene on Pt (Ill) 
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Fig. III-60. The work function change on adsorption of nitrobenzene 
on the Pt(lll) surface at 20°C. The indicated pressure should 
be multip lied by at least s ix to yield approximate surface pressures. 
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Fig. III-61. The work function change as a function temperature for nitrobenzene adsorbed 
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Propylene adsorption 

Prolylene adsorption on the Pt(lll) surface causes the appearance 

of a (2X2) surface structure as shown in Fig. III-63. The (2X2) 

structure becomes disordered with prolonged exposure (3 hours) to the 

electron beam or by standing for extended time periods (8 hours). 

The WFC on adsorption is -1.3Vas shown in Fig. III-64. The WFC does 

not appear to depend on the degree of ordering of the overlayer. 

Propylene adsorbed on the Pt(l00)-(5Xl) surface causes the slow 

disappearance of the (5Xl) structure (1 hour at 6Xl0-9 Torr recorded 

pressure). The diffraction pattern after relaxation of the (5Xl) 

surface structure contains diffuse 1/2 order streaks. The WFC on 

adsorption is -1.2 Vas shown in Fig. III-65. The WFC does not depend 

on the degree of ordering of the adsorbed overlayer. 

Pyridine adsorption 

Pyridine adsorbed on the Pt(111) surface produces diffuse 

diffraction features centered at the (1/2 0) positions as shown in 

Fig. III-66. The WFC on adsorption is -2.7 V (Fig. III-67); however 

both the WFC and the degree of ordering are sensitive to initial 

exposure rates. With lower pyridine fluxes the adsorbed layer is 

more ordered and the magnitude of the WFC is larger. 

By heating the adsorbed layer to 250° a new surface structure 

is formed • . The diffraction pattern corresponds to an overlayer with 

one-dimensional order and a spacing three times the size of the 

underlying lattice. This pattern is shown in Fig. III-66. Accompanying 

this change in structure is a decrease in the magnitude of the WFC 
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Fig. III- 63. The di f frac t ion pattern resulting from propy lene 

a dsorpt i on on the Pt(lll) surface at 20°C showing the 

first orde r Pt d i ffrac tion f ea t ures . 
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Propylene on Pt(lll) 
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Fig. III-64. The work function change on adsorption of propylene 
on the Pt(lll) surface at 20°C. The indicated pressure should be 
multiplied by at least six to yield approximate surface pressures. 
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Fig. III-65. The work function change on adsorption of propylene 
on the Pt(lOO) surface at 20°C. The indicated pressure should 
be multiplied by at least six to yield approximate surface 
pressures. 
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Fig. III-67. The work function change on adsorption of pyridine 
on the Pt(lll) surface at 20°C. The indicated pressure should 
be multiplied by at least six to yield approximate surface 
pressures. 
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from -2.7 V to -1.7 V. This structure and WFC can also be obtained 

by exposing a clean Pt(lll) surface to pyridine at 250°C. 

Pyridine adsorbed on the Pt(l00)-(5Xl) surface causes a rapid 

disappearance of the (5Xl) surface structure and an increase in 

background intensity. The WFC on adsorption is -2.4 V (Fig. III-68); 

however,this value depends on the initial rate of adsorption. Higher 

initial exposure rates give smaller work function changes. Heating 

to 250°C iri organic vapor flux causes the appearance of a poorly 

ordered (12 x v'2)R45° diffraction pattern. 

Toluene adsorption 

Toluene adsorbed on the Pt(lll) surface causes the appearance 

of streaked diffraction features at 1/3 order as shown in Figs. III-69a 

and b. The WFC on adsorption is -1.7 V (Fig. III-70); however, the 

WFC depends on the initial incident vapor flux. Adsorption experiments 

-7 have been carried out at recorded pressures up to 3Xl0 with no 

evidence for any unexpected modifications of WFC or diffraction pattern. 

If the poorly ordered adsorbed layer is heated to 150°C in 

organic vapor flux, ordering is greatly improved and the Pt(lll)-(4X2)-

toluene structure forms. The diffraction patterns observed are 

shown in Fig. III-69c and d. The WFC does not appear to be effected 

by reordering of the adsorbate layer as shown in Fig. III-71. Further 

stepwise heating in flux causes the adsorbed layer to become disordered 

and the magnitude of the WFC to decrease. All traces of extra dif-

fraction features are gone by 250°C and the background intensity 

increases. 
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Fig. III-68. The work function change on adsorption of pyridine on the 
Pt(lOO)-(Sxl) surface at 20°C. The indicated pressure should be 
multiplied by at least six to yield approximate surface pressures. 
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Fig. III-69a. The .diffraction pattern resulting from toluene adsorption 

on the Pt(lll) surface at 25°C. 

Fig. III-69b. The diffraction pattern resulting from toluene adsorption 

on the Pt(lll) surface at 25°C showing the first order Pt 

diffraction features. 

Fig. III-69c. The diffraction pattern resulting from 160°C heat 

treatment of the surface and adsorbed toluene. 

Fig. III-69d. The diffraction pattern resulting from 160° heat 

treatment of the surface and adsorbed toluene. The first order 

Pt diffraction features are also visible. 
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Fig. III-70. The work function change on adsorption of toluene on 
the Pt(lll) surface at 20°C. The indicated pressure should be 
multiplied by at least six to yield approximate surface pressures. 
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Toluene adsorbed on the Pt(l00)-(5Xl) causes the appearance of 

1/3 order streaks in the diffraction pattern while the (5Xl) dif-

fraction features remain. The diffraction pattern observed is shown 

in Fig. III-72. The same diffraction pattern is observed for toluene, 

m-xylene and mesitylene. The diffraction pattern indicates the presence 

of two domains of the surface structure at right angles to each other 

since observations have been made on a single domain. The domains 

of the adsorbed layer are coincident with the domains of the (5Xl) 

structure. When viewing a single domain, the 1/3 order streaks are 

always parallel with the direction of the 1/5 order diffraction features. 

Both diffraction features resulting from the (5Xl) surface structure 

and the 1/3 order streaks fade slowly until the pattern becomes a(lXl) 

with high background intensity (90 min at lXl0-8 Torr recorded pressure) 

during this transformation the WFC remains -1.55 V (Fig. III-73). 

The WFC qn adsorption depends on the initial incident flux. 

On heating to 150°C during continued exposure to organic vapor 

flux, the adsorbed layer remains disordered or becomes disordered if 

the structure mentioned above had not previously become disordered. 

The WFC after heating to 150°C is -1.5 V as shown in Fig. III-74. 

Heating in flux above 250°C causes progressive decreases in the 

magnitude of the WFC. 
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Fig. III-72. The diffract i on patter n r esulting from toluene 
adsorpt i on on the Pt (lOO) (Sxl) at 20°C , 
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Fig. III-73. The work function change on adsorption of toluene on 
the Pt(l00)-(5Xl) surface at 20°C, The indicated pressure 
should be multiplied by at least six to yield approximate 
surface pressures. 
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Fig. III-74. The work function change as a function of temperature 

for toluene adsorption on the Pt(l00)-(5xl) surface. The indicated 
pressure should be multiplied by at least six to yield appro:rimate 
surface pressures. 
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Metaxylene adsorption 

Adsorption of m-xylene on the Pt(lll) surface causes the formation 

of streaked diffraction features at 1/2.6 and 2/2.6 order as shown in 

Fig. III-75a. The WFC on adsorption is -1.8 V (Fig. III-76), and 

depends on the initial incident vapor flux. 

With heating to 150°C in organic vapor flux the diffraction 

pattern becomes slightly more ordered than the diffraction pattern 

resulting from 20°C adsorption. With heating to 150°C the WFC is 

essentially unchanged as shown in Fig. III-77. Further heating 

causes the adsorbed layer to become disordered. Heating above 250°C 

causes a decrease in the magnitude of the WFC. 

M-xylene adsorbed on the Pt(l00)-(5Xl) surface causes the 

appearance of 1/3 order streaks while the (5Xl) structure remains 

as shown in Fig. III-75b. The WFC on adsorption is -1.65 V (Fig. III-78); 

and depends on the initial incident vapor flux. The diffraction 

patterns which result from m-xylene, toluene, and mesitylene adsorption 

are the same. The domains of the adsorbed structure are parallel to 

the domains of the (Sxl) structure. Both the diffraction features 

resulting from the (5Xl) surface structure and the 1/3 order streaks 

fade slowly until the pattern becomes a (lxl) with high background 

-8 intensity (90 min. at a recorded pressure of 1X10 Torr). During 

this transformation the WFC remains -1.65 V (Fig. IU-78). 

On heating to 150°C during continued exposure to vapor flux , the 

adsorbed layer remains disordered or becomes disordered if the 

structure mentioned above had not previously become disordered. The 

magnitude of the WFC increases to -1.75 V with heating in flux to 
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Fig. III-75a. The diffraction pattern resulting from m-xylene 

adsorption on the Pt(lll) surface at 20°C showing the first order 

Pt diffraction features. 

Fig. III-75b. The diffraction pattern resulting from m-xylene 

adsorption on the Pt(l00)-(5Xl) surface at 20°C. 

,, 
I 
! 

! -
i 
i 

· I 

· I 

. ' 

; _ 



-147-

XBB 732-682 

Fi~. III-75 (a & b ). 
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Fig . III-76. The work function change on adsorption of m-xylene 
on the Pt(lll) surface at 20°C. The indicated pressure should 
be multiplied by at least six to yield approximate surface 
pressures. 



~- ~z.. 

I I I I I I -~- I I I I 

Of- 0 M -Xyle ne on PI ( 100) --; 

M- Xy lene on PI (II I ) 

l 
,.. . 
:....-

-0.2~ 
• I x I 0 - 8 tor r 

.__ 

,. 
- 0.4 f-. . l x!0 - 8 torr 

~, r 

x 2 x 10 - 8 torr ~ 

II) I c. - x 2 x 10 - 8 torr II) 

-0.6~ 0 -0 > 

> 
~ l (, .,_ 

Q) 

- o .sr 
I Q) 01 ...t:; 

g' -0.8 c -0 
0 .c 

I -.c u 
.... ¢ 

u 
c 

c 0 - 1.or- -1 
~ 

· - ..... -- u 
u c 
c f :i' ·,. ~ 

~ 1: 
.._ -l.l J 

I 
.:6: ~ C" .:6: ... ... 0 

.p. 
0 . 

~ 
\.0 

~ - 1.4 I c.,...,_ 
~ . 

!< 

- I .6f-
X. 

)( ~ 
-

X X 
ll . X 
X X• X X X 

- I .8 f- ' -J.B -

0 50 100 150 200 250 300 350 0 !50 200 250 300 350 

Tempe rat ure (oC) ~ Tern pe r atu r e (°C) 

X BL73 4 - 2 686 
X BL 734- 2 685 

Fig. II I -77 . The work f unction change as a function of tempe r a ture f or m- xy l ene adsorbed on 
t he Pt (l l l) and Pt(lOO) - (Sxl) surf aces . The indicated pressure s hould be mult iplied by 
at least six to yield approximate s urface press ures . 



-(/) -0 
> __.. 

-u 
c: 
::3 

L1.. 

-150-

Meta-Xylene on Pt (100) 

• I x to-8 torr 
o 2 x ·to-8 torr 

• • 0 

OOooo •o 
("r{"{::) 0 • • ....... 

0 20 40 60 80 100 
Exposure (min) 

120 

XBL732-5754 
Fig. III-78. rhe work function change on adsorption of m-xylene 

on the Pt(lOO)-(Sxl) surface at 20°C. The indicated pressure 
should be multiplied by at least six to yield approximate 
surface pressures. 

' " ' 
; 



j 0 

-151-

150°C (Fig. III-77). Heating above 250°C causes a decrease in the 

magnitude of the WFC . 

C. Results 

1. Experimental Conditions 

The results presented in this section have been taken in the 

following manner. During the 12-15 minute exposure period the 

diffraction information was monitored continuously. The WFC was 

measured near the end of the exposure period. The samples were 

heated in vacuum; however, the samples were cooled to 20-40°C before 

WFC measurements were made or diffraction information taken. 

2. Results 

Cyclopentene adsorption 

The adsorption of cyclopentene on the Pt(lOO)-(Sxl) surface causes 

the (5xl) surface structure to disappear rapidly. Diffuse streaked 

(1/2 0) diffraction features appear in the diffraction pattern. The 

streaks are perpendicular to the (10) directions. The WFC on adsorption 

is -1.4 V. With stepwise heating in vacuum to 300°C the magnitude of 

the WFC decreases. The adsorbed layer is disordered above 100°C. 

No experiments were performed on the Pt(lll) surface. 

2,6-Dimethylpyridine adsorption 

Adsorption of 2,6-dimethylpyridine on the Pt(lll) surface causes 

the appearance of diffuse streaks at 1/3.2 and 2/3.2 order. The 

uncertainty for this measurement is ±10% since the diffraction features 

are very diffuse. The WFC on adsorption is -1.6 V. With heating 
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to 100°C the adsorbate produces some unknown substance which poisons 

the electron emitting surface severely so further experimentation 

at high temperature was terminated. 

Adsorption o f 2,6-dimethylpyridine on the Pt(l00)-(5Xl) surface 

causes an increase in the background intensity along with a decrease 

in the intensity of the diffraction features caused by the (5xl) 

surface. The WFC on adsorption is -1.5 V. Experiments at elevated 

temperature caused severe elect~on gun poisoning. 

3,5-Dimethylpyridine adsorption 

Adsorption of 3,5-dimethylpyridine on the Pt(lll) sur face causes 

the appearance of a diffuse streak at 1/2 order. The WFC on adsorption 

i s -2.3 V. Wi th gentle heating to 100°C the adsorbate produces some 

unknown substance which poisons the electron gun severely even 

-9 though the pressure was 2Xl0 Torr. 

Adsorpti on of 3,5-dimethylpyridine on the Pt (lOO)-(SXl) surface 

causes the slow disappearance of the (Sxl) surface structure (4 minut es 

-7 at 4Xl 0 Torr recorded pressure). The work funct ion change on adsorption 

is -2.2 V. Experiments at elevated temperature cause severe electron 

gun poisoning . 

Isoquinolfne adsorption 

Isoquinoline adsor bed on the Pt(lll) surface causes the appearance 

of new diffraction features at 1/3 and 2/3 order. The diffuse (1/3 0) 

diffraction features overlap. At 2/3 order the diffraction 

features are separate but diffuse regions of high intensity centered 

at the (2/3 0) positions . The WFC on adsorption is -1.9 V. On heating 

l 
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in vacuum by steps to 200°C the magnitude of the WFC decreases with 

increased temperature. The extra features in the diffraction pattern 

disappear on heating to 90°C and are replaced by uniform high 

background intensity. 

Isoquinoline adsorbed on the Pt(l00)-(5Xl) surface causes the 

slow disappearance of the (5Xl) surface structure (6 minutes at 

6Xl0-8). While the (5Xl) remains,faint high order streaks are visible 

in the diffraction pattern parallel to features produced by the (5Xl) 

surface structure. After disappearance of the (5Xl) surface structure 

(and the diffuse extra feature) the pattern has a uniform high back-

ground intensity, On heating in vacuum by steps to 300°C the magnitude 

of the WFC decreases and the overlayer remains disordered. 

Piperidine adsorption 

Piperidine adsorbed on the Pt(lll) surface causes an increase 

in the background intensity. The WFC on adsorption is -2.1 V. With 

heating in steps to 300°C in vacuum the background intensity increases 

and the magnitude of the WFC decreases. 

Piperidine adsorbed on the Pt(l00)-(5Xl) surface causes a decrease 

in the intensity of the diffraction pattern and an increase in the 

background intensity. The WFC on adsorption is approximately -2.05 V. 

With heating in steps to 300°C in vacuum the (5Xl) diffraction 

pattern becomes less intense ( (5Xl) gone at 15(;°C) and the background 

intensity becomes progressively more intense. \l!.tth heating the 

magnitude of the WFC decreases. 
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Pyrrole adsorption 

Pyrrole adsorbed on the Pt(lll) surface causes the appearance 

of diffuse new diffraction features a t the (1/2 0) positions. The 

WFC on adsorption is -1.45 V. With heating by steps to 200°C in 

vacuum the diffraction pattern has a uniform high background intensity 

indicative of a disordered overlayer. 

Pyrrole adsorbed on the Pt(l00)-(5Xl) surface causes the rapid 

disappearance of the diffraction pattern due to the ~Xl)surface 

structure. New diffus e diffraction features appear at the (1/2 0) 

positions. The WFC on adsorption is -1.6 V. With heating by steps 

to 200°C in vacuum the diffraction pattern has a uniform high background 

intensity indicative of a disordered overlayer. 

Quinoline adsorption 

Quinoline adsorbed on the Pt(lll) surface causes the appearance 

of a diffus e streak at 1/3 the dis tance between the (00) and (10) 

platinum features. The WFC on adsorption is -1. 45 V. With heating 

i n vacuum the extra diffraction features are gone after 120°C heat 

treatment; as the extra features disappear the background intensity 

i ncreases. With heating by steps to 200°C i n vacuum the WFC decreases 

with increasing temperature. 

Quinoline adsorbed on the Pt(l00)-(5Xl) surface causes the slow 

disappearance of the (5Xl) surface structure (14 minutes at a recorded 

-8 pressure of 3Xl0 Torr). While the (5Xl) persists diffuse streaks 

appear at 1/3 order; the streaking is parallel to the direction of 

the diffr action features which occur because of the (Sxl) surface 
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structure. As the (5Xl) surface structure and 1/3 order streaks disappear 

the background intensity of the adsorbed layer increases. The WFC on 

adsorption is -1.7 V. With heating by steps to 200°C the magnitude 

of the WFC decreases and the background intensity increases in the 

diffraction pattern. 

Styrene adsorption 

Styrene adsorbed on the Pt(lll) surface causes the appearance of 

streaked diffraction features at 1/3 and 2/3 order with respect to the (10) 

platinum diffraction features. The WFC on adsorption is -1.7 V. With 

heating in vacuum by steps to 200°C the magnitude of the WFC observed 

decreases and the diffraction pattern has uniform high background 

intensity indicative of disorder in the adsorbed overlayer. 

Styrene adsorbed on the Pt(lOO)-(SXl) surface causes the slow 

. -8 
disappearance of the (5Xl) surface structure (10 minutes at 6Xl0 ). 

The diffraction pattern observed after relaxation of the (5Xl) surface 

structure displays very weak diffuse high order features along with 

high background intensity. With heating by steps to 200°C in vacuum 

the magnitude of the WFC decreases and the diffraction pattern has 

a uniform high background intensity indicative of disorder in the 

adsorbed layer. 
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IV. DISCUSSION 

A. Generalizations 

1. Conclusions 

All the organic molecules studied adsorb on both the Pt(lll) and 

Pt(l00)-(5Xl) surface. Ordering in the adsorbed layer was more 

pronounced on the Pt(lll) surface than on the Pt(l00)-(5Xl) surface. 

The work function decreases with adsorption for all the organic 

molecules studied. This implies that the adsorbed molecules are 

acting as electron donors to the metal surface. In fact this might 

be expected since the metal surface has a high work function 

(- 5.7 v) 1 , 2 and all of . the molecules studied are polarizable. 3 The 

work function change on adsorption for most of the molecules 

studied varies approximately inversely with the first ionization 

potential of the adsorbate as shown in Fig. IV-1 and IV-2. The data 

for these figures are shown in Table IV-1. The data are scattered, 

however there are many different types of molecules represented, 

many of which have sizable permanent dipole moments. Several of the 

compounds which do not fit this correlation have basic nitrogens 

which are known to be involved in the bonding between substrate and 

adsorbate. The basic nitrogens may cause the permanent dipole moment 

of the molecule to line up with respect to the surface and cause 

unexpected work function changes on adsorption. The correlation 

between polarizability3 and work function change on adsorption is 

much worse than the correlation shown between ionization potential 

and work function change. 
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Fig, IV-1. The maximum work function change on adsorption versus 
the first ionization potential of organic molecules adsorbed 
on the Pt(lll) surface. 
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Table IV-1. Ionization Potential and maximum work function changes 
for Organic molecules adsorbed on the Pt(l00)-(5xl) and Pt(lll) 
surfaces. 

Name Formula 

Acetylene C2H2 

Aniline c
6
H

7
N 

Benzene C6H6 

Biphenyl c12H10 

n-Butylbenzene clOH14 

t-Butylbenzene Cl0Hl4 

. Cyanobenzene c
7
H

5
N 

Cyclohexane C6Hl2 

Cyclohexene C6Hl0 

Cyclopentane C5Hl0 

Cyclopentene C5H8 

2,6-Dimethylpyridine c
7
H

9
N 

3,5-Dimethylpyridine c
7
H

9
N 

Ethylene C2H4 

n-Hexane C6Hl4 

Mesitylene C9Hl2 

2-Methylnapthalene CllHlO 

Naphthalene clOH8 

Nitrobenzene c
6
H

5
No 2 

Piperidine c
5
H11N 

Propylene C3H6 

Pyridine c
5
H

5
N 

Pyrrole c4H
5
N 

Ionizationt 
Potential , 

(Volts) :. 

11.4 

7.7 

9.2 

8.3 

8.7 

8.7 

9.7 

9.9 

8.95 

10.5 

9.0 

8 .. 85 

*8.85 

10.5 

10.2 

8.4 

8.0 

8.1 

9.9 

9.0 

9.8 

9.2 

8.2 

Maximum Work Function 
Change Observed (Volts) 
Pt(lll) Pt(lOO) 

-1.65 -1.65 

-1.8 -1.75 

-1.8 -1.6 

-1.85 -1.8 

-1.5 -1.5 

-1.7 -1.75 

-1.6 -1.5 

-1.2 - .75 

-1.7 -1.6 

- .95 - .4 

-1.4 

-1.6 -1.5 

-2.3 -2.2 

-1.5 -1.2 

-1.1 - .8 

-1.7 -1.7 

-2.0 -1.6 

-1.95 -1.7 

-1.5 -1.4 

-2.1 -2.05 

-1.3 -1.2 

-2.7 -2.4 

-1.45 -1.6 
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Ionization 
Name Formula 

Quinoline c
9
H7N 8.3 

Styrene C8H8 8.5 

Toluene C7H8 8.8 

m-Xylene C8Hl0 8.6 

* ( assumed to be the same as 2,6-dimethylpyridine) 

Maximum Work Function 
Change Observed (Volts) 

Pt(lll) Pt(lOO) 

-1.45 -1.7 

-1.7 -1.65 

-1.7 -1.55 

-1.8 -1.65 

t from J. L. Franklin, -J. G. -Dillard, H. M.- Rosenstock, -J. T. Herron, 
K. Draxl, and F. H. Field, Ionization Potentials, Appearance Potentials 
and Heats of Formation of Gaseous Positive Ions, Nat. Sland. Ref. Data 
Series--National Bureau of Standards (U.S.) 26, 1969 (U.S. Government 
Printing Office, Washington D.C.) --

. . 
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During several experiments the Pt(l00)-(5Xl) surface structure 

relaxed to the (lXl) surface structure after adsorption was complete. 

The relaxation of the (Sxl) surface structure had no apparent cause, 

usually it occurred slowly with exposure at some constant pressure 

or more rapidly with gentle heating (100°C). During relaxation of 

the (5Xl) surface structure no change occurred in the work function 

of the surface. It appears that no marked change in the charge transfer 

occurred with relaxation. Thus the binding between substrate and 

adsorbate remains largely unchanged with relaxation of the (5Xl) 

surface structure. For cycloyexane and cyclopentane, increased 

organic flux caused the (5Xl) to relax rapidly and caused a decrease 

in the magnitude of the WFC; however, it seems that in this case both 

effects were caused by increased organic vapor pressure. 

2. Criteria Used for the Determination of Surface Structures from 
the Diffraction Information 

Analysis of the diffraction information yields only the transla-

tional unit vectors of the adsorbed surface layer. The position of 

the unit vectors in the adsorbed layer relative to the underlying 

unit vectors has not been determined uniquely; likewise the number 

of adsorbate molecules per unit cell has not been uniquely determined. 

Rigorous answers for both of these questions await the development 

of structure analysis techniques utilizing LEED intensity data. 

The number of adsorbate molecules per unit cell has been determined 

by using the crystallographic information available for the system. 

This includes the size of the clean substrate unit cell, the size of 
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the adsorbate-induced unit cell, the symmetry of the adsorbate-induced 

unit cell, and the size and symmetry of the adsorbate molecules. 

Three additional criteria have been employed. The first is that the 

number of equivalent adsorbate molecules per unit cell should not 

lead to a reduction in the unit cell size. For instance, if the 

-~~ unit cell could accommodate two benzenes in equivalent positions 

cell might be reduced to ~-~ ~~. the unit The second criterion is 

that the adsorbed layer must be close packed over the surface. In 

. particular the surface should not contain large unoccupied areas. 

The third criteria is that the adsorbed layer be homogeneous. Thus 

in determining surface structures we have assumed that the adsorbed 

species is of predominantly one adsorption type, that is, that the 

adsorbed layer is not made up of patches With varying composition 

~d/or oinding between substrate and adsorbate. This assumption seems 

reasonable but is not necessarily true. 

B. Benzene Adsorption 

1. Benzene Adsorption on the Pt(lll) Surface 

With adsorption on the Pt(lll) surface, benzene forms a poorly 

ordered adsorbed layer; the WFC on adsorption is -1.8 V. With 

further exposure the Pt(lll)-~-~ zi-Benzene structure forms and the 

magnitude of the WFC decreases (-1.4 V). With further exposure the 

1-52 21 
5 

structure forms and the magnitude of the WFC decreases unit 

it reaches a steady state value of -.7 V. The ~-; ;I structure forms 

when the WFC is approximately -1.1 V. 

! -
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This correlation between the transformation of the benzene 

surface structure and · the change in work function suggests that the 

orientation of the adsorbed benzene molecules is changing markedly 

as a function of_ increased exposure. Another possibility for such a cor-

·related change in work function and structure might involve adsorption 

of a second layer of benzene. However for the case of ethylene 

4 adsorption where second layer adsorption has been reported previously 

we find the magnitude of the WFC increases with addition of a second 

layer (Section IV-G). Since the change in the WF measured here is 

in the opposite direction, it seems unlikely that double layer 

adsorption is occurring. 

The diffraction information indicates a change in the packing 

of the adsorbed benzene layer. A decrease in the density (number 

of benzenes per unit surface area) of the adsorbed layer during the 

transformation is not possible because of the high flux (.51/sec) 

incident on the crystal throughout some of these experiments. In 

fact the observation that higher incident benzene fluxes cause the 

transformation to occur more rapidly indicates that the density of 

the adsorbed layer is increasing. The work function change during 

the transformation indicates that there is a decrease in the magnitude 

of the charge transfer occurring as the density of the aosorbed layer 

increases. If the adsorbed species retained the same bonding 

characteristics during the transformation and the coverage increased, 

the magnitude of the WFC would increase. Thus, the increased density 

accompanied by a decrease in the magnitude of the WFC can only be 
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explained by assuming the area per adsorbed molecule must be decreasing. 

The criteria for the transition are then: 

1) the area of the adsorbed species must decrease, and 

2) the charge transfer must decrease. 

Keeping these criteria in mind a comparison of the WFC observed 

for benzene with other WFC data is valuable. With initial adsorption 

of benzene a WFC of -1.8 V occurs. This WFC is slightly larger than 

the WFC on adsorption of mesitylene (-1.7 V)(Section IV-F) a compound 

which is .sterically h.indered from interaction in any manner other 

than ~-bonding. Indeed the WFC on adsorption for benzene is similar 

to the WFC observed on adsorbtion of most of the simple substituted 

aromatics studied. (Table III-1, Fig. IV-1) These facts support the 

contention that ~-bonding is occurring between benzene and the platinum 

surface in the initial disordered adso-rbed .state. That is, the 

aromatic ~ electrons are extensively involved in the transfer of 

charge between the substrate and adsorbate. 

The final value of the WFC, -.7 V corresponds with the WFC 

observed at the same pressure for cyclohexane and cyclopentane (-.7 V) 

adsorption. This indicates that the binding for these two cases 

(benzene in its final adsorbed state and cyclohexane or cyclopentane) 

is similar. For cyclopentane or cyclohexane adsorbed on platinum the 

binding appears to involve single dehydrogentation and subsequent 

binding of the adsorbate to the substrate through the dehydrogerated 

site (Section IV-E). 
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A likely model consistent with the criteria [ 1) the area of the 

adsorbed species must decrease and 2) the charge transfer must decrease] 

and the comparisons made with the WFC observed on adsorption of other 

similar compounds . [The initial adsorbed state involve rr-bonding 

and the final adsorbed state involves dehydrogenation and a-bonding] is 

that theinitial adsorbed state involves a benzene adsorbed with its ring 

at some small angle or parallel to the surface. The final adsorbed 

1

-2 state with a 
5 ;I surface st~cture involves reoriented benzene 

molecules adsorbed with their rings at some large angle or perpendicular 

to the surface. 

The initial adsorbed species would be held on the surface by a 

rr-bond through the aromatic ring similar to the bonds in the so called 

4 "sandwich compounds". Since the metal surface is highly electron 

deficient (¢Pt ~ 5.7 V) a large induced dipole would beexpected in 

the adsorbed layer. The final adsorbed state with a j-; ;j surface 

structure involves benzene molecules covalently bonded to the surface 

with their rings perpendicular or nearly perpendicular to the surface. 

For this type of adsorption to occur, the benzene must either lose a 

hydrogen or its aromaticity. Recent exchange studies between 

perdeuterobenzene and benzene on Pt films have shown rapid exchange 

of hydrogen and deuterium between these species. These workers 

postulate a dissociation of the benzene (without loss of aromaticity) 

5 and loss of hydrogen atoms to form a singly bonded intermediate. 

Thus the adsorbed specie which gives the j-; ;j structure is most 

likely a singly dehydrogenated benzene molecule covalently bonded to 
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the surface through its dehydrogenated site. 

This type of reorientation satisfies all the criteria for the 

transformation. That is, the initial adsorbed state involves TI-bonding. 

The surface area occupied by the adsorbed species decreases and the charge 

transfer decreases through the transformation. The final adsorbed 

benzene specie interacts with the surface in a manner similar to 

interaction postulated for cyclohexane and cyclopentane i.e., a-bonding. 

Using the criteria mentioned in section IV-A2 and the fact that the 

area per benzene molecule should decrease through the transition we 

postulate the benzene structures shown in Figs. IV-3 and IV-4. The 

1-z zl structure contains three benzene molecules per unit cell 

(approximately 35.6 A
2 

per benzene molecule). The j-; ;j structure 

contains four benzene molecules per unit cell (approximately 33.3 A2 

per benzene molecule). The position of the adsorbate unit cell relative 

to the substrate unit cell is uncertain. However, there is sufficient 

evidence to indicate that the postulated number of benzene molecules 

per unit cell is correct. 

The intermediate 1-z zl structure shown in Fig. IV-3 may involve 

either a homogeneous intermediate layer as shown with the benzene 

rings at some angle to the surface and partially dehydrogenated. 

1
-24 21 However the apparent 

4 
diffraction pattern may also be due to 

a mixture of patches of the j-; ;j structure and some other unknown 

structure. 

With gentle heating in flux the benzene -structures and the WFG 

results suggest that the transformation from TI to a bonding may be 
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.:..., 

Fig. IV-3. A diffraction pattern resulting from the Pt(lll)- ~-~ ~~ -

benzene structure with a schematic diagram of the unit cell 

divided into areas containing a single benzene molecule. The 

relative position of the adsorbate and substrate unit cell is 

uncertain. The benzene is shown parallel to the surface for 

convience; it may be rotated by some angle relative to the 

surface. All dimensions are in angstroms. 
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IV-4. Diffraction patterns taken at several voltages for the 

Pt(lll) - ~-~ ;j -benzene structure (Pattern A contains the 

first order platinum diffraction features) and a schematic diagram 

of the unit cell divided into areas which contain a single benzene 

molecule. The benzene is shown in several orientations; the most 

likely is shown in the top left corner. The position of the unit 

cell relative to the substrate unit cell is uncertain. All 

dimensions are in angstroms. 
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reversible; however, the adsorbed layer becomes disordered so that 

structural corroboration of this result by LEED is not possible. 

2. Benzene Adsorbed on the Pt(lOO)-(Sxl) Surface 

Benzene adsorbed on the Pt(l00)-(5Xl) surface causes a WFC of 

-1.6 V and diffuse 1/2 order ring-like diffraction features to appear. 

With exposure the magnitude of the WFC decreases (-1.3 V), however, 

the diffraction pattern remains largely unchanged. The initial WFC 

suggests ~-bonding. The value of the WFC is only slightly lower than 

the WFC on adsorption nor several other simple substituted aromatics 

on the(lOO)surface. Initial adsorption may involve ~-bonding between 

the aromatic ring and the surface while the final state may involve 

dehydrogenation and a-bonding in combination with some ~-bonding. 

The LEED results suggest that benzene may be singly dehydrogentated 

since a singly dehydrogenated specie adsorbed via the dehydrogenated 

site has a size which correlates well with the formation of 1/2 order 

diffraction feature. The apparent contradiction between these results 

is probably caused by incomplete diffraction information since the 

diffraction information is diffuse and higher order features may be 

missing. However, the WFC data indicates that some sort of transition 

is occurring on the (100) surface similar to the transition on the 

(111) surface. Detailed interpretation must await further experimenta-

tion. 
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C. ·Naphthalene Adsorption 

1. Naphthalene Adsorption on the Pt(lll) Surface 

The adsorption of naphthalene on the Pt(lll) surface at 150°C 

causes the formation of a(6x6) structure. The large WFC on adsorption 

(-2.0 V) indicates that a large amount of charge transfer occurs 

between substrate and adsorbate. It seems likely that the naphtha~ene 

ring system is involved in the formation of a n-bond, that is the 

ring system is parallel or nearly parallel to the metal surface. 

Adsorption of naphthalene at 25°C causes the formation of a poorly 

ordered structure (WFC = -1.8 V ± .1 V). The degree of ordering and 

WFC depend on the exposure rate; the lower the exposure rate the better 

the order and the larger the magnitude of the WFC. However, heating 

any of these poorly ordered structures to 150°C causes the appearance 

of the (6X6) structure and causes the WFC to approach -2.0 V. These 

phenomena seem to indicate that naphthalene has low mobility on the 

surface. The adsorbed layer may order on heating to 150° because 

the mobility of the adsorbed species increases; that is, the poorly 

ordered surface structure may be annealed at higher temperatures. 

The fact that better order results from low initial exposure rates 

seems to indicate that better ordering on the surface is also aided 

by slow crystallite growth, e.g., the growth of ordered domains of 

naphthalene. The transition required for the formation of a(6X6) 

diffraction pattern may be either an increase in domain size or an 

actual change in the adsorbed structure involving reorientation of the 

naphthalenes on the surface. The structure shown in Fig. IV-5 was 

! • 
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Fig. IV-5. A diffraction pattern and schematic diagram of the Pt(lll)

(6x6)-naphthalene structure with a probable arrangement of 

naphthalene molecules in the unit cell. The angle of rotation of 

one set of parallel naphthalene molecules with respect to the 

other set is uncertain. The position of the unit cell relative 

to the substrate unit cell is also uncertain. All dimensions 

are in angstroms. 
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constructed with half of the naphthalenes arbitrarily rotated by 90°. 

In fact we are certain only that the two scattering centers per unit 

cell cannot be equivalent. The structure proposed in Fig. IV-5 is 

based on our best estimate of the number of naphthalenes per unit 

cell. The position of the adsorhed unit cell relative to the substrate 

is uncertain. 

The adsorption of 2-methylnaphthalene was carried out to test 

the hypothesis that naphthalene was adsorbed parallel to the surface. 

If 2-methylnaphthalene gave the same structure as naphthalene, 

adsorption parallel to the surface would have been ruled out. However, 

2-methylnaphthalene gave a disordered adsorbed layer on adsorption 

therefore ·the parallel adsorption ··model was "ndt disproved. the· WFC on 

adsorption of 2-methylnaphthalene (-2.0 V) indicates that this 

substance is bound to the surface in a manner similar to naphthalene. 

2. Naphthalene Adsorbed on the Pt(l00)-(5Xl) Surface 

Naphthalene adsorbed on the Pt(lOO) surface causes a WFC on 

adsorption of -1.7 V. Adsorption of 2-methylnaphthalene causes a WFC 

of -1.6 V. Apparently both of the compounds interact primarily by 

forming TI-bonds with the surface. Diffraction information is completely 

lacking so that this interpretation is largely speculative. 

D. Pyridine and Dimethylpyridirte Adsorption 

1. Pyridine and Dimethylpyride Adsorption·on the Pt(lll) ·surface 

Pyridine adsorbed on the Pt(lll) surface at 25°C forms a poorly 

ordered structure with a characteristic distance two times the size 

of the underlying lattice. The proposed structure is shown in Fig. IV-6. 
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Pt (lll)-3xl.5 

Pyridine 

XBL 737- 3431 

Fig. IV-6. A schematic diagram indicating the orientation of adsorbed 

pyridine on the Pt(lll) surface. The orientation shown for the 

Pt(lll)-(2X2) structure correlates with the adsorption data at 

20°C, The orientation shown for the Pt(l11)-(3xl.S) structure 

correlates with the adsorption data at 250°C and corresponds to 

a singly dehydrogenated pyridine adsorbed through both its 

nitrogen and the dehydrogenated ortho site. 

. .. ·. 
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The large WFC on adsorption (-2.7 V) indicates that the nitrogen lone 

electron pair must be involved in the bonding. Pyridine adsorbed 

through its nitrogen with the aromatic ring perpendicular to the 

metal surface fits nicely into a Pt(lll)-(2X2) unit cell as shown 

in Fig. IV-6. 

With this adsorption geometry the WFC would be expected to be 

large since the molecule has a 2.2 D permanant dipole which would be 

aligned with its positive end away from the substrate. That is, the 

large WFC may be due to actual electron transfer from the adsorbate 

to the substrate and/or alignment of the permanent dipoles of the 

adsorbate with .their positive end away from the surface. 

The hypothesis that the nitrogen lone electron pair was extensively 

involved in bonding between pyridine and the metal surface was tested 

by adsorbing 2,6-dimethylpyridine and 3,5-dimethylpyridine. The 

nitorgen lone electron pair is sterically hindered from interaction 

6 7 with the surface in 2,6-dimethypyridine; ' 3,5-dimethylpyridine 

was used to check for the influence of other effects of dimethyl 

substitution such as the increased size of the molecule and electron 

density changes with methyl substitution. 

Adsorption of 3,5-dimethylpyridine on the Pt(lll) surface causes 

a WFC of -2.3 V. This value imples involvement of the nitrogen lone 

electron pair in the bonding. 3,5-Dimethylpyridine causes the 

appearance of d-iffuse 1/2 order diffraction features; however, the 

molecule is too large to fit in a Pt(lll)-(2X2) unit cell, thus the 

diffraction information appears to be incomplete because of poor ordering. 
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Adsorption of 2,6-dimethylpyridine causes a WFC of -1.6 V on the 

Pt(lll) surface. This value of the WFC is significantly smaller than 

the WFC on adsorption of 3,5-dimethylpyridine and is similar to the 

WFC observed for most of the simple substituted aromatics (Section 

IV-F). This imples that the nitrogen lone electron pair is not 

extensively involved in bonding and that 7f-bonding.is the primary 

type of interaction which is occurring. The diffraction pattern 

which is caused by the adsorption of 2,6-dimethylpyridine has streaked 

diffraction features at 1/3.2 order and 2/3.2 order. This type of 

diffraction pattern was observed for toluene, m-xylene and mesitylene 

compounds which are approximately the same size and which form 7f-bonds 

with the surface. 

The adsorption of these two dimethylpyridines has shown that if 

a pyridine type nitrogen is not sterically hindered it interacts 

strongly with the surface and causes adsorption of the aromatic ring 

perpendicular to the substrate surface. This evidence supports the 

hypothesis that pyridine interacts with the surface through its basic 

nitrogen. 

If the adsorbed pyridine is heated to 250°C, a new structure 

forms characterized by one dimensional order with the unit vector in 

the over layer being three times as long as the unit vectors in the sub,;.;.· 

strate lattice. The diffraction pattern and proposed structure is 
; 

shown in Fig. IV-6. The diffraction information seems to indicate ' -

an increase in the area per molecule since the unit cell size increases. 

The magnitude of the WFC decreases with heating (-1.7 V) indicating 

a less favorable geometry for the nitrogen lone electron pair interaction 
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or less favorable orientation of the permanent dipole. Exchange 

studies with pyridine have indicated that the ortho position (next 

to the nitrogen) is very susceptible to exbhange. 8 Therefore it is 

probable that pyridine at high temperature is singly dehydrogenated 

and is doubly adsorbed on the surface through the nitrogen an a 

dehydrogenated ortho-carbon as shown in Fig. IV-6. The cross section 

of such a species is three by one and one half in terms of the Pt(lll) 

unit vectors and thus this adsorbed orientation of pyridine could give 

rise to the observed diffraction pattern. The decrease in the 

magnitude of the WFC is easily explained using this pyridine orientation 

since the nitrogen has a less favorable geometry for interaction with 

the surface and the permanent dipole is no longer aligned perpendicular 

to the substrate surface. 

2. Pyridine and Dimethypyridine Adsorption on the Pt(l00)~(5Xl) 
Surface 

Adsorption of pyridine on the Pt(l00)-(5Xl) surface causes a 

WFC of -2.4 V indicating that the nitrogen's lone electron pair is 

extensively involved in the interaction between substrate and adsorbate. 

This hypothesis is confirmed by experiments done with 2,6-dimethylpyridine 

and 3,5-dimethylpyridine. The nitrogen lone pair is sterically hindered 

from interaction with the surface in 2,6-dimethylpyridine. The WFC 

on adsorption of 3,5-dimethylpyridine was -2.2 V. The WFC on adsorption 

of 2,6-dimethylpyridine is -1.5 V indicating little involvement of 

the nitrogen lone electron pair. Thus it appears that pyridine on the 

Pt(lOO) is adsorbed with its ring perpendicular or nearly perpendicular 

to the surface. 
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With heating the disordered pyridine layer forms a very poorly 

ordered (/2 x /2)R45° structure. Pyridine is too large to fit in 

this unitcell, therefore it appears that the diffraction information 

is incomplete because of poor order. 

E. Cyclohexane, Cyclohexene, 1,3-Cyclohexadiene and Benzene Adsorption 

1. Cyclohexane and Cyclohexene Adsorbed on the Pt(lll) Surface 

Cyclohexane adsorbed on the Pt(lll) surface at low pressure 

(6Xl0-9 Torr recorded pressure) causes a WFC of -1.2 v. With increased 

-7 pressure (4X:J:O Torr recorded pressure) the magnitude of WFC decreases 

to -.7 V and a disordered adsorbed layer forms. Cyclohexene adsorbed 

on the Pt(lll) surface causes a WFC of -1.7 V and forms a ~-~ ~~ 
structure. Thus it seems apparent that cyclohexane is not adsorbed 

in the same manner as cyclohexene. That is, cyclohexane is not doubly . ===-

dehydrogenated and adsorbed as an olefin at 20°C. Single dehydrogenation 

followed by interaction with the surface through the dehydrogenated 

site seems to be the most likely possibility. Using this type of bonding 

the transition which occurs at high pressure can be easily explained 

by examining the availability of several ring orientations relative 

to the surface. It appears that with increased pressure the adsorbed 

cyclohexanes "stand up" with respect to the surface. This transition 

may be caused by the repulsive interaction of the adsorbate molecules 

as the number of adsorbate molecules per unit surface area increases 

with increased organic vapor pressure. Cyclohexene forms a ~-~ ~~ 
structure and causes a WFC of -1.7 Von adsorption. The large WFC on 
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adsorption indicates interaction of the TI-electrons with the metal 

surface. A possible configuration for the ~-~ ~~ structure is shown 

in Fig. IV-7. The structure has been constructed using the criteria 

and assumptions discussed in Section IV-A-2. Note that cyclohexene 

has several possible ring conformations; we have used the one with 

the smallest projected area without allowing dehydrogenation. The 

structure allows fairly close approach of the unsaturated carbon-carbon 

bond to the metal surface. However, it may be possible for double 

dehydrogenation of the cyclohexene to occur and allow even closer 

approach of the unsaturated bond to the surface. This would allow 

further reorientation and even smaller surface area per adsorbate 

molecule. It would also allow a-bonding between substrate and adsorbate. 

(In this case the formation of an acetylenic TI-bonded surface species 

seems unlikely without ring rupture since a six-membered ring cannot 

remain intact with four linear carbon atoms.) The behavior of the 

WFC with exposure (a slight slow decrease in magnitude of the WFC at 

high pressure) indicates that slight reorientation of the ring system 

is occurring without major chemical changes. Ethylene, a case for 

which dehydrogenation on adsorption at 20°C seems likely, displays a 

slow increase in magnitude of the WFC with exposure. However, it may 

be possible for double dehydrogenation of the cyclohexene to occur 

and allow even closer approach of the double bond to the surface as 

well as allowing a-bonding between substrate and adsorbate. 
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With heating to 150°C in flux, cyclohexane and cyclohexene both 

cause an apparent (2X2) surface structure with diffuse diffraction 

features. The magnitude of the WFC increases to -1.1 V for cyclohexane 

and decrease.s for cyclohexene to -1.6 V. With further heating to 

300°C the magnitude of the WFC increases to -1.4 v.for cyclohexane 

and decreases for cyclohexene to -1.5 V. Both adsorbed layers are 

disordered at 300°C. 

The marked increase in the magnitude of the WFC for cyclohexane 

from -. 7 V at 20° to -1.4 V at 300°C indicates that dehydrogenation 

is occurring with heating. The fact that the magnitude of the WFC does 

not increase even more is probably caused by partial decomposition 

of the adsorbed layer to small fragments or amorphous carbon with 

heating. The identical diffraction patterns at 150°C are further 

evidence that dehydrogenation of the cyclohexane is occurring with 

heating. The small change in WFC value for cyclohexene with heating 

from 20°C to 150°C implies that little change is occurring in the 

bonding between the adsorbed layer and the substrate for cyclohexene. 

Thus it appears that the apparent (2X2) cyclohexene structure may be 

a disordered ~-~ ~~ surface structure or a ~-~ ~~ surface structure 

which is unresolved by LEED because of small domain size. The apparent 

(2~2) cyclohexane structure may be due to the same sort of disordered 

structure. The difference in WFC values observed at 150° could be· 

explained by assuming that the cyclohexane structure is made up of 

approximately one half cyclohexane (high pressure form) and one half 

cyclohexene; that is, at 150°C the dehydrogenation was not complete. 
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2. 1,3-Cyclohexadiene and Benzene Adsorbed on the Pt(lll) Surface 

1,3-Cyclohexadiene on the Pt(lll) surface apparently loses two 

hydrogens and is converted to benzene.on the surface. 1,3-Cyclohexadiene 

causes the same sequence of surface structures as benzene. Initially 

< ,-2 21 the adsorbed layer is disordered, then the .4 4 forms and with 

further exposure the structure forms. The WFC values for these 

three structures are similar to those observed for benzene adsorption 

(± .1 V). The deviations in the WFC value can be easily explained by 

considering that part of the surface may be covered with hydrogen from 

the dehydrogenation of 1, 3-cyclohexadiene. In fact the transformation 

takes a significantly longer time for 1,3-cyclohexadiene than for 

benzene. This may also be a result of increased surface hydrogen 

concentration for the 1,3-cyclohexadiene case. For a detailed 

explanation of the benzene structures see Section IV-B-1. In brief 

the benzene first forms a 'IT-bond with the surface (disordered surface 

structure, WFC = -1.8 V) and the final adsorbed state involves a 

singly dehydrogenated benzene a-bonded to the surface (~-~ ~~ surface 

structure, WFC = -.7 V) 

3. The Pt(lll) Surface and Cyclohexane Conversion to Benzene 

The Pt(lll) surface seems capable of catalyzing the conversion 

of cyclohexane to cyclohexene at elevated temperatures but not 

cyclohexane or cyclohexene to benzene. However, 1,3-cyclohexadiene 

' converts to benzene at room temperature. The primary difference 

between cyclohexane, cyclohexene and 1,3-cyclohexadiene is adsorption 

geometry. Both cyclohexane and cyclohexene adsorbed on the Pt{lll) 
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surface may have little "contact" with the surface since they may 

adsorb in a "standing up" position. That is, several of the carbons 

are far removed spatially from the metal surface because of the 

conformations of the ring systems. Cyclohexadiene on the other hand 

is locked in a planar configuration so that all carbons are in intimate 

contact with the surface. In essence the activation barrier for 

dehydrogenationis reduced dramatically for 1,3-cyclohexadiene because 

the metal can interact with the portions of the molecule where 

dehydrogenation must occur. This comes about because the ring system is 

rigid and the molecule is 'IT-bonded parallel to the surface. For 

cyclohexane and cyclohexene the activation barrier is increased at 

-6-
high pressure (10 Torr surface pressure) since the molecules 

•istand up" on the surface because of repulsive interaction between 

adsorbate molecules. 

4. Cyclohexane and Cyclohexene on the Pt(lOO)-(Sxl) Surface 

Cyclohexane adsorbed on the Pt(lOO) surface goes through a 

transition with increasing organic pressure similar to that observed 

on the Pt(lll) surface. Adsorption at low pressure (6xlo-9 Torr 

recorded pressure) causes a WFC of -.75 V while the (Sxl) surface 

structure;::, remains. -7 Increasing the cyclohexane pressure (to 4X10 Torr 

recorded pressure) causes the magnitude of the WFC to decrease and also 

causes the (Sxl) surface structure to disappear and a diffuse (2xl) 

diffraction pattern to form. Cyclohexene adsorbed on the Pt(lOO)-(Sxl) 

surface causes the disappearance of the (Sxl) and the appearance of 

a diffuse (2xl) surface structure; the WFC on adsorption is -1.6 V. 
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Even though the diffraction patterns are similar, the large difference 

in the WFC indicates a marked difference in the bonding characteristics 

between substrate and adsorbate for the two cases. The similar dif

fraction patterns may indicate similar geometries of adsorption for 

the two adsorbates, however, cyclohexane is not adsorbed as a doubly 

dehydrogenated olefinic species at room temperature. Single dehydrogenation 

followed by interaction with the surface through the dehydrogenated site 

seems to be the most likely possibility. The transition which occurs 

with cyclohexane adsorption may be rationalized by considering possible 

ring orientations relative to the metal surface. It appears that with 

increased pressure the adsorbed cyclohexane molecules "stand up" with 

respect to the metal surface. This transition may be caused by repulsive 

interaction between ·adsorbates. as the. density (nunbe.r of ·adsdrbates per tmit 

surface area) in the adsorbed layer increases with increasing organic 

vapor pressure. The large WFC on adsorption (-1.6 V) of.cyclohexene 

imples that rr-bonding is occurring between substrate and adsorbate. 

With heating in flux to 150°C both cyclohexane and cyclohexene 

cause the formation of a streaked (2Xl) diffraction pattern. The 

magnitude of the WFC increases to -1.2 V (from -.4 V) for cyclohexane 

and decreases slightly for cyclohexene to -1.5 V. ·with further heating 

to 300°C the magnitude of the WFC increases slightly for both 

cyclohexane (-1.5 V) and cyclohexene (-1.6 V). 

The marked increase in the magnitude of the WFC for cyclohexane 

from -.4 V to -1.5 V at 300°C indicates that dehydrogenation is 

occurring with heating. The fact that the WFC values are very similar 
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at 300°C indicates that a large portion of the adsorbed cyclohexane 

layer is adsorbed in the same manner as cyclohexene at 300°C. In 

fact the identical ordered structures observed at 150°C indicate that 

the adsorption geometry is similar for these two compounds at 150°C. 

Thus it seems that at elevated temperatures cyclohexane may be converted 

to cyclohexene. 

5. Adsorption of 1,3-Cyclohexadiene and Benzene on the Pt(l00)-(5Xl) 
Surface 

Adsorption of 1,3-Cyclohexadiene on the Pt(l00)-(5Xl) surface 

causes a WFC and diffraction pattern very similar to those caused by 

benzene adsorption on this surface. Benzene causes an initial WFC 

of -1.6 V which decreases to -1.3 V with exposure. 1,3-Cyclohexadiene 

causes an initial WFC of -1.7 V which decreases to -1.4 V with exposure. 

Both adsorbates cause surface structures with a periodicity twice the 

underlying lattice. Thus it appears that 1,3-cyclohexadiene is converted 

to benzene on the Pt(l00)-(5Xl) although the evidence is certainly not 

as detailed as the data on the Pt(lll) surface. 

6. The Pt(lOO) Surface and the Conversion of Cyclohexane to Benzene 

The Pt(lOO) surface seems capable of catalyzing the conversion 

of cyclohexane to cyclohexene at elevated temperature but not the 

conversion of cyclohexane or cyclohexene to benzene. However, 

1,3-cyclohexadiene is converted to benzene at room temperature. The . 
primary difference between cyclohexane, cyclohexene and 1,3-cyclohexadiene 

appears to be adsorption geometry. 1,3 Cyclohexadiene adsorbs parallel 

to the surface because the ring is rigid and ~-bonding occurs. The 
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ease with which conversion of 1,3-cyclohexadiene to benzene takes 

place may be explained because the portion of the molecule which must 

be dehydrogenated is in close proximity of the metal surface. The 

activation barrier for cyclohexane and cyclohexane appears to be high 

because the molecules "stand up" with high pressure (10-6 Torr·surface 

pressure) and the part of the molecule which must be dehydrogenated 

is so.me distance from the surface. 

Judging solely from WFC results it appears that the Pt(lOO) 

surface is a better catalyst for the reaction cyclohexane + cyclohexene .. 

than the Pt(lll) surface. The (111) surface may be less selective 

and more reactive (leading to decomposition of the reactant) or simply 

less reactive since the WFC results indicate only that the Pt(lOO) 

surface is covered by a larger portion of cyclohexene~ than the Pt(lll) 

F. Adsorption of Substituted Aromatic Molecules 

1. Generalizations 

The aromatic molecules which have small substituent groups or high 

rotational symmetry form more ordered overlayers under the experimental 

conditions employed. Thus, the shape of the adsorbate molecules and 

the rotational symmetry of the substrate determines the degree of 

ordering which occurs in the adsorbed layer. 

We have also found that the WFC on adsorption and the degree of 

ordering in the overlayer varies with the initial rate of growth of the 

adsorbed layer which can be varied by changing the incident vapor flux. 

.. 
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The slower the rate of growth (smaller the incident flux), the larger 

the WFC change and the more ordered the overlayer for substituted 

aromatics. These observations seem to indicate that with low incident 

vapor flux the density of the adsorbed layer may be increased because 

of more efficient packing in the ordered overlayer. With slow growth 

rates, the size of the ordered domains is being increased in the adsorbed 

layer, leading to an increase in the density of surface sites occupied 

by the adsorbate. 

Both of these observations (1. High symmetry promotes ordered 

surface structure formation. 2. Slow growth of the adsorbed layer 

promotes ordered structure formation.) can be explained by a simple 

model of ordering for adsorbed aromatic systems on Pt surfaces. Ordered 

adsorption for these large molecules may proceed by a two-step mechanism. 

Initially the aromatic molecules may adsorb on the surface in a 

disordered fashion. The second step involves ordering of the adsorbed 

layer and indicates the importance of surface diffusion (either 

translational or rotational) in this ordering process. If the adsorbate 

has a shape which approximates a circular cross section, reorientation 

into ordered layers is less difficult than reorientation of adsorbates 

with bulky side groups. Slow deposition of the overlayer allows 

adsorbed molecules more reorientation time before they become locked 

into place by · a large number of neighbors. This type of ordering 

should be distinguished from ordering caused by site adsorption. Site 

adsorption involves adsorption into a specific surface site in a 

specific orientation. Ordering results because the surface sites are 

ordered. During site adsorption, adsorption and ordering occur 
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simultaneously. 

The WFC observed on adsorption ranges from -1.4 V for nitrobenzene 

to -1.8 V for aniline. Charge transfer of such magnitude indicates 

extensive interactions of the aromatic ~ systems with the substrate. 

The interpretation of the diffraction information in these studies 

has been complicated by the absence of well-defined diffraction features. 

The diffraction features may be characteristic of the size and 

orientation of the unit cell in the ordered adsorbed layer or they may 

be characteristic of a coincidence'distance between the adsorbed 

lattice and the substrate lattice. Studies involving ordered adsorption 

of organic molecules on single crystal platinum surfaces have indicated 

that either situation may occur. Specifically, benzene forms coincidence 

lattices on the Pt(lll) surface while naphthalene forms a structure for 

which molecular size is easily related to the unit mesh determined 

from the diffraction pattern. With these facts in mind, we have used 

the available chemical information, molecular dimensions, the observed 

WFC and the diffraction information to analyze the nature of the inter-

action between adsorbate and substrate. 

2. Toluene ID-xylene, Mesitylene, t-butylbenzene, and n-butylbenzene 
Adsorption on the Pt(lll) Surface 

a. Work function change. The maximum WFC observed on adsorption for 

these compounds range from -1.5 V for n-butylbenzene to -1.8 V for 

m-xylene. This large electron transfer from the adsorbed molecules to 

the metal substrate implies that the polarizable ~ electrons are 

involved extensively in the interaction between adsorbate and substrate. 

The similarity of the WFC on adsorption for this family of compounds 

.. 
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also indicates that the primary interaction occurs between the aromatic 

n system and the substrate surface since the benzene ring is the only 

structural entity common to all molecules in the series. If the 

aromatic n system is the primary interaction center, it follows that 

the adsorption geometry should be similar for this family of compounds. 

In the absence of dehydrogenation the aromatic systems would be expected 

to adsorb:parallel or nearly parallel to the substrate surface so that 

the aromatic n system could efficiently interact with the substrate 

surface. 

That these aromatic systems are adsorbed parallel or nearly 

parallel to the surface is further supported by the results of the 

-9 mesitylene adsorption studies carried out at low pressure (10 Torr). 

Each aromatic hydrogen in mesitylene has adjacent methyl groups. Since 

methyl groups are known to deactivate the exchange of adjacent hydrogens 

in hydrogen;..dauterium exchange studies, there should be little chan.ce 

for dehydrogenation of the aromatic hydrogens and for subsequent 

interaction of the dehydrogenated site with the surface to form cr 

(electron pair) bonds. Excluding demethylation, the only alternative for 

interaction appears to be n-bonding with the substrate surface. That 

is, mesitylene should be fairly inactiveetoward any type of interaction 

except n-bonding. The fact that its WFC on adsorption is similar to 

the WFC of other aromatic adsorbates supports our contention that the 

primary interaction occurs via n-bonding. 
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N-butylbenzene induces the smallest WFC on adsorption; the WFC 

on adsorption also depends markedly on the growth rate of the adsorbed 

layer. Both of these effects are caused by the presence of the long 

side chain which makes efficient packing in the surface plane difficult. 

b. Diffraction studies. The diffraction patterns observed for this 

family of compounds indicate poor ordering of the adsorbed layer. For 

the series toluene, m-xylene; mesitylene adsorbed at room temperature, 

streaked diffraction features appear at 1/3, 1/2.6, 1/3.4 of the distance 

between the (00) beam and the first order platinum features. The unit 

cell size impled by these streaked features does not correlate with 

the molecular size· of the adsorbed species sine~ they are listed in 

order of increasing size above (the distance to the first order 

diffraction should vary inversely with the size of the unit cell). 

However, the diffraction patterns become better ordered in the series 

toluene, m-xylene, mesitylene. T-butylbenzene and n-butylbenzene on 

the other hand form disordered adsorbed layers. Thus, it appears that 

large 7T-bonded adsorbed molecules of the same rotational multiplicity 

order more easily in the absence of long side-chains. 

Detailed information concerning molecular orientation cannot be 

extracted from the diffraction patterns since poorly ordered layers 

are formed. However, it seems worthwhile to point out that toluene 

adsorbed parallel to the surface fits into the (3x3) unit cell observed 

while m-xylene and mesitylene do not fit into the (2.6X2.6) and 

(3.4x3.4) unit cells, respectively, which can be deduced from the 

diffraction features. The Pt(lll)-(4X2)-toluene structure which forms 

at 150°C does not have a large enough unit cell to accommodate toluene 
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adsorbed parallel to the surface even though the WFC observed seems to 

support this adsorption geometry. However, for all cases mentioned 

above the diffraction features are diffuse since the layers were poorly 

ordered; therefore, caution must be exercised in attempting to deduce 

much structural information. 

3. Toluene, b'-Xylene, Mesitylene, t-Butylbenzene, and n-Butylbenzene 
Adsorption on the Pt(l00)-(5Xl) Surface 

a. Work function change. The maximum WFC observed on adsorption for 

these compounds range from -1.5 V for n-butylbenzene and mesitylene 

to -1.75 V for t-butylbenzene. Again, the large amount of electron 

transfer, the similarity of the WFC on adsorption for the entire 

series, and the fact that the WFC for mesitylene adsorbed at low 

pressures is similar to the WFC observed for the other compounds in the 

series indicates that the interaction occurs predominantly between 

the metal and the TI electron cloud of the adsorbate. 

The WFC on adsorption of n-butylbenzene depends markedly on the 

growth rate of the adsorbed overlayer. It appears that this is due 

to the long side chain which makes reorientation of the adsorbed 

molecules difficult. 

b. Diffraction studies. Ordered adsorption on the Pt(l00)-(5Xl) 

surface seems to be correlated with the persistance of the (5Xl) 

surface structure for these large rr-bonded adsorbates. That is, if 

the (Sxl) surface structure remains detectable after adsorption the 

adsorbed layer will be fairly well-ordered. On adsorption of toluene, 

m-xylene, and mesitylene, streaked 1/3 order diffraction features 

appear which co-exist with the diffraction features due to the (5Xl) 
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surface structure. Upon gentle heat treatment, both the (5Xl) surface 

structure and 1/3 order streaks disappear leaving a (lxl) pattern with 

increased background intensity. On adsorption n-butylbenzene initially 

causes the appearance of diffuse streaked 1/3 order features along with 

a decrease in the intensity of the diffraction beams due to the 

presence of the (Sxl) surface structure. With continued exposure both 

the (Sxl) surface structure and the 1/3 order streaks are replaced by 

a (lXl) pattern with increased background intensity indicating 

disordered adsorption. T-butylbenzene forms a disordered overlayer 

on adsorption and the (5Xl) surface structure reverts to a (lxl) 

sturcture with high background _intensity. During this order-disorder 

transformation in the adsorbed layer while the substrate surface 

structure is also changing from (5Xl) to (lxl), no significant work 

function change takes place. 

The (Sxl) surface structure may be due to the formation of a 

hexagonal platinum overlayer on top of the square surface unit cell 

9 10 11 expected by projecting the bulk structure onto the surface plane. ' ' 

This model explains the observed order-disorder transformation upon 

changes of substrate structure since a hexagonal surface (evert one 

formed by reconstruction) might be expected to yield more ordered 

overlayers. It should be noted that several ordered surface structures 

have been observed on the Pt(lOO)-(lxl) surface even though the (Sxl) 

structure has relaxed. We have observed structures for CO, ethylene 

acetylene, benzene, and pyridine on the Pt(lOO)-(lxl) surface structure. 

These molecules appear to order via the one-step site mechanism. That 
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is, the adsorption occurs with the molecules in a specific orientation 

at a specific surface site. The bonding arguments made for CO, 

12 13 14 ethylene and acetylene by other authors ' ' supports this contention. 

Benzene and pyridine appear to interact with the (100) via the formation 

of an electron pair bond to the Pt(lOO) surface. 

During the adsorption of mesitylene at high pressure (4xlo-7 Torr), 

a pressure induced transition occurs on both low index platinum 

surfaces. The WFC decreases, and the LEED pattern becomes markedly 

different (on the Pt(lll) a disordered layer forms; on the (100) 

surface the (5Xl) structure converts to the (lxl)). A change in the 

nature of interaction between the substrate and adsorbate is occurring 

which depends on the incident vapor flux. A comparison with the results 

obtained for benzene seems to indicate that a TI + cr bond transition may 

be occurring. This may be due to demethylation of the aromatic ring 

and subsequent interaction with the surface through the demethylated car-

bon site or dehydrogenation of a methyl group and interaction of the 

substrate with the dehydrogenated site. 

4. Aniline, Nitrobenzene and Cyanobenzene Adsorption ort the Pt(lll). 
Surface 

a. Work function change. The WFC observed on adsorption of aniline, 

nitrobenzene, and cyanobenzene are -1.8 V, -1.5 V and -1.6 V, 

respectively. The similarity of WFC within the series and also the 

similarity to the WFC on adsorption ... of the other hydrocarbons studied 

supports the contention that these molecules also interact primarily 

by forming a TI bond with the substrate surface. That is, they adsorb 

with the benzene ring parallel or nearly parallel to the surface. 
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Nitrobenzene appears to decompose in the electron beam when adsorbed 

on the Pt(lll) surface since the WFC and diffraction pattern both 

change with electron beam exposure at moderate voltages (30 V). 

b. Diffraction studies. The diffraction patterns observed on adsorption 

are poorly ordered for this group of compounds. All three molecules 

cause the appearance of 1/3 order features in the diffraction pattern. 

Aniline adsorption gives rise to streaked diffraction features at 1/3 

order along with streaks extending radially to (1/2 0) positions. This 

diffraction pattern seems to be the result of a poorly ordered complex 

structure. Adsorption of nitrobenzene and cyanobenzene cause the 

formation of diffuse 1/3 order diffraction features. Both of these 

molecules, adsorbed with their benzene ring parallel to the metal 

surface, fit into a (3x3) unit cell. However, the diffraction patterns 

indicate a great deal of disorder in the adsorbed layer and the 

diffuse diffraction features might obscure much information necessary 

to interpret the surface structures. 

5. Aniline, Nitrobenzene and Cyanobenzene Adsorption on the Pt(l00)-(5Xl) 
Surface 

a. Work function change. The WFC's on adsorption of aniline, 

nitrobenzene arid cyanobenzene are -1.75 V, -1.4 V and -1.5 V, 

respectively. The similarity of the WFC within the series and the 

similarity to the WFC on adsorption of the other hydrocarbons studied 

supports the contention that these molecules also interact primarily 

by forming a TI bond with the substrate surface •. We expect the molecules 

to be adsorbed with their benzene ring parallel or nearly parallel to 

the substrate surface. Nitrobenzene adsorbed on the Pt(l00)-(5Xl) 



l' \ I 
j 

' ' ··~i' 

.. u r) ..... 

-197-

surface is not as sensitive to electron beam exposure as the overlayer 

on the Pt(lll) surface. Apparently small changes in the interaction 

between substrate and adsorbate can markedly affect the electron beam 

sensitivity of the adsorbed layer. 

b. Diffraction studies. These compounds form disordered overlayers 

on adsorption. 

G· •. _ Acety1~ne z Ethylene, and Propylene Adsorption 

1. Acetylene, Ethylene and Proplyene Adsorbed on the Pt(lll) Surface 

A substantial body of experimental data exists concerning ethylene 

and acetylene adsorption on the Pt(lll) surface. 12 •13 •14 A recent 

paper by Weinberg, Deans and Merril13 reviews the relevant data and 

proposes a detailed adsorption model for ethylene and acetylene on the 

Pt(lll) surface. In short they conclude that ethylene is adsorbed 

dissociatively, while acetylene remains intact on adsorption and that 

both form a (2x2) surface structure. ·There .is.a::second .layer:of •-~-". 

reversibly adsorbed ethylene on top of the dissociatively adsorbed 

first layer. This reversibly adsorbed ethylene desorbs at 100°C, 

The hydrogen resulting from ethylene dissociation desorbs at 200°C 

and the adsorbed layer of acetylenic residue consolidates above this 

temperature. They also conclude that the adsorbed acetylene (2x2) 

structure is not stable with respect to acetylene exposure since more 

acetylene may adsorb ·in vacant interstitial sites and cause the 

adsorbed layer to become disordered. .However the ethylene (2x2) 

structure is stable to acetylene exposure since the dissociated 
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hydrogens block the interstitial sites. 

The results of the present experiments do not contradict any of 
. 

the above conclusions. In fact several new experimental facts support 

various conclusions made above. 

The adsorption of ethylene and acetylene on ·the Pt(lll) surface 

induces the formation of a (2x2) surface structure. The acetylene 

(2X2) structure rapidly becomes disordered with further exposure to 

acetylene flux (completely disordered with- 40L). The ethylene (2x2) 

surface structure was not affected by further exposure to ethylene 

flux. The WFC observed for the acetylene (2x2) structure is -1.5 V 

and the WFC observed with ethylene adsorption is -1.5 V. The similarity 

of the WFC on adsorption is a strong indication that in the adsorbed 

state these molecules are very similar. That is, on adsorption 

ethylene dissociates into acetylene and two adsorbed hydrogens while 

acetylene adsorbs associatively. The two adsorbed struc.tures may 

behave in a different manner with exposure to flux because the hydrogen 

on the surface from dissociation of the ethylene may inhibit further 

adsorption of ethylene which might cause the adsorbed layer to become 

disordered. This hypothesis is born out by the WFC results. As the 

(2x2) acetylene structure is exposed to further acetylene flux, the 

pattern becomes that expected from a disordered layer and the magnitude ,_ -

of the WFC slowly increases to -1.65 V indicating an increase in the 

density of adsorbed species on the surface. Further exposure of the .•.. 

ethylene structure to ethylene flux results in no change in the work 

function indicating no change in the density of the adsorbed layer. 
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With heating in vacuum the density of the adsorbed acetylene layer 

remains essentially constant up to 150°C (the highest temperature used) 

as indicated by no variation of the WFC. However, the density of the 

adsorbed ethylene layer decreases markedly with heating in vacuum 

above 100°C as indicated by a marked decrease in the magnitude o~ the 

WFC. Weinberg, Deans and Merril13 attribute this low temperature 

desorption to a second layer of reversibly adsorbed ethylene which is 

adsorbed on top of the acetylenic first layer. 

Heating the adsorbed acetylene layer in flux up to approximately 

150°C causes a maximum to occur in the magnitude of the WFC (-1.8 V) 

indicating an increase in density of the adsorbed layer. Heating 

the adsorbed ethylene layer in flux causes a maximum in the magnitude 

of the WFC of -1.7 V at approximately 250°C indicating an increase 

in the density of the adsorbed layer. These increases in density may 

be caused by increased surface mobility which may result-in increased 

packing efficiency. Hydrogen is known to desorb from ethylene covered 

Pt(lll) surfaces at approximately 200°C.lZ,l3 Thus the presence of 

surface hydrogen for the adsorbed ethylene case appears to limit the 

adsorbate surface density until substantial hydrogen disorption has 

occurred. Propylene adsorbed dn the Pt(lll) surface causes the 

formation of a (2x2) structure; the WFC on adsorption is -1.3 V. These 

results suggest that propylene may not become dissociated on adsorption 

at 20°C. Propyne and two atomic hydrogens take up an area larger than 

the (2X2) unit cell. The magnitude of the WFC is smaller than that 

observed for ethylene while the density of the adsorbed layer is the 
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same (one molecule per (2X2) unit cell). Iri fact propylene just fits 

into a (2x2) unit cell (using 1.2 A for the Van der Waals radius of 

Hand 2.0 A for the Vander Waals radius of CH
3
). Thus it appears 

that propylene may adsorb intact on the Pt(lll) surface at 20°C. 

The discrepancy between the WFC results found by Morgan and 

12 Somorjai and those found in the current study can be explained by 

considering the differences in experimental procedures and equipment 

used. The work of Morgan and Somorjai was often preformed on samples 

which were cleaned only by heating between adsorption experiments. 

This procedure produces carbon contaminated surfaces which do not 

adsorb as much gas as clean surfaces therefore the magnitude of the 

WFC observed on adsorption would be expected to be smaller than the 

WFC observed with adsorption on a clean surface. The system used had 

a high CO background since Ti sublimation pumping was not employed. 

. l2 
Carbon monoxide is known to displace adsorbed olefins, displacement 

would also lead to a reduction in the WFC observed. 

2. Acetylene, Ethylene and Propylene Adsorbed on the Pt(l00)-(5xl) 
Surface 

The adsorption of ethylene or acetylene on the Pt(l00)-(5xl) 

surface causes the formation of a (/2 x 1:2)R45° surface structure. 

The WFC on adsorption is -1.65 V for acetylene and -1.2 V for ethylene. 

The WFC values seem to indicate that these molecules adsorb as distinct 

chemi~al species. That is, it appears that ethylene adsorbs 

associatively at 20°C on the Pt(l00)-(5xl) surface. 
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The diffraction pattern resulting from the (1:2 x 1:2)R45° surface 

structures have diffuse (1/2 1/2) diffraction features but well 

defined (10) features. The broadening of diffraction features results 

from the existence of adsorbate domain boundaries.l5 The structure 

· of certain types of antiphase domain boundaries can be simply related 

to the symmetry of the adsorption sites occupied by adsorbate molecules 

15 on the surface. The type of broadening observ~d for ethylene and 

acetylene implies that adsorption is occurring in a four-fold 

symmetric site. An analysis for (1:2 x 12)R45° structures on square 

15 symmetric substrate unit cells has been done by R. L. Park. 

Heating the adsorbed acetylene layer in flux to approximately 

150°C causes a slight maximum to occur in the magnitude of the WFC 

(-1.7 V) indicating a slight increase in the density of the adsorbed 

layer. Heating the adsorbed ethylene layer in flux to 250°C causes 

a maximum to occur in the magnitude of the WFC (-1.5 V) indicating 

an increase in the density of the adsorbed layer and/or partial 

dehydrogenation of the adsorbed layer. Hydrogen is known to desorb 

from ethylene covered Pt(l00)-(5Xl) surfaces at approximately 200°C; 12 

the desorption of hydrogen implies partial dehydrogenation of the 

adsorbed ethylene. Since desorption of hydrogen is occurring, an 

increase in the density of the adsorbed layer could be easily 

accomplished by further ethylene adsorption from the gas phase. The 

similarity of the WFC values at 250°C (-1.65 for acetylene and 

-1.5 V for ethylene) seems to indicate that the adsorbed layers are 

similar after heat treatment. 
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Propylene adsorbed on the Pt(l00)-(5xl) surface causes the 

appearance of diffuse 1/2 order streaks and a WFC of -1.2 V. This 

seems to imply associate adsorption for propylene since the WFC results 

are identical with those observed for ethylene adsorption. 

The discrepancy between the WFC reported here and those reported 

by Morgan and Somorjai12 may be due to the fact that in earlier work 

cleaning was carried out between adsorption runs by heating the surface 

in vacuum, which is now known to produce carbon contaminated surfaces. 

Carbon monoxide displacement -pf adsorbed olefit:ts+may also·-have occurre4. 

H. Adsorption of Nitrogen Containing Heterocycles 

1. Generalization Resulting from Work Function Changes.for Nitrogen 
Heterocycles Adsorbed on the Pt(lll) and Pt(l00)-(5xl) Surfaces 

The compounds studied fall into two groups when viewed in terms 

of work function change observed on adsorption. The first group 

appears to interact with the Pt surfaces primarily by forming a 

w bond; these compounds cause a WFC on adsorption approximately 

inversely proportioned to their respective first ionization potential. 

Pyrrole, quinoline, isoquinoline, and 2,6-dimethylpyridine are 

members of this group. Therefore these compounds appear to be adsorbed 

parallel or nearly parallel to the metal surface. These compounds have 

permanent dipoles ranging from 1.6 ·n to 2.8 D which if aligned 

perpendicular to the surface might cause unexpected work function 

changes. 

·• 
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The remaining compounds pyridine, piperidine, and 3,5-dimethylpyridine 

apparently interact with the surface via their basic nitrogen since they 

cause large work function changes on adsorption. That is, these 

compounds are better electron donors than expected from the magnitude 

of their ionization potential. As mentioned in the pyridine section 

(IV-D) the large WFC may be due to actual electron transfer from the 

adsorbate to substrate and/or alignment of the permanent dipoles of the 

adsorbate with the positive end away from the surface. In either case 

the adsorption geometry involves adsorption through the basic nitrogen 

with the ring system aligned perpendicular or nearly perpendicular 

to the metal surface. 

2. Nitrogen Heterocycles Adsorbed on the Pt(lll) Surface 

Pyridine and the dimethylpyridines adsorbed on the Pt(lll) surface 

have been d.iscussed in detail in Section IV-D. In brief, the results 

for 20°C adsorpt.ion, show that pyridine and 3,5-dimethylpyridine adsorb 

perpendicular or nearly perpendicular to the metal surface and interact 

with the metal surface primar.ily th~ough their basic nitrogens. 

Interaction of 2,6-dimethylpyridine occurs through the formation of a 

7f bond with the metal surface since the basic nitrogen is sterically 

hindered from interaction with the metal surface by two adjacent 

methyl groups. 

The diffraction patterns resulting from adsorption of quinoline 

and isoquinoline on the Pt(lll) surface at 20°C are similar to the 

diffraction pattern resulting from naphthalene adsorption at 20°C. 

The WFC on adsorption of isoquinoline (-1.9 V) is also similar to 
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the WFC observed on naphthalene adsorpt:lon (-1.95 V) ,implying similar 

adsorption geometry, however, the WFC on adsorption of quinoline 

(-1.45 V) is unexpectedly small. The diffraction results for quinoline 

and isoquinoline support the contention that these compounds interact 

with the surface primarily via ~-bonding. The WFC observed on adsorption 

of quinoline suggests that other effects may be occurring; more 

complete experimental work is necessary before detailed interpretations 

can be made. 

The WFC on adsorption of pyrrole (-1.45 V) indicates that pyrrole 

is interacting with the surface in a different manner than pyridine. The 

lone electron pair .of the nitrogen is delocalized into the electron deficient 

aromatic system in pyrrole, therefore the nitrogen is not as basic 

(electron rich) as the nitrogen in pyridine. The WFC observed for 

pyrrole is similar to the WFC observed on adsorption of many substituted 

aromatic compounds. Thus it seems likely that the primary interaction 

occurs via ~-bonding between the aromatic ~ electrons and the metal 

surface. This type of interaction implies adsorption parallel or 

nearly parallel to the metal surface. The diffraction pattern'resulting 

from pyrrole adsorption displays very diffuse half order features, 

thus the diffraction pattern cannot be interpreted unambiguously. 

The adsorption of piperidine on the Pt(lll) surface causes a large 

WFC (-2.1) implying that the nitrogen lone pair is involved in the 

interaction between the adsorbate and substrate. Comparingthe 

piperidine result with the analogous hydrocarbon, cyclohexane, which 

causes a WFC of -1.2 V on adsorption accentuates the importance of 
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the basic nitrogen in the binding. Thus it appears that the primary 

interaction between substrate and adsorbate occurs through an inter-

action of the basic nitrogen and the electron deficient metal surface. 

3. Nitrogen Heterocycle Adsorption on the Pt(lOO)..;.(Sxl) Surface. 

Pyridine and the dimethypyridines adsorbed on the Pt(lOO)-(Sxl) 

surface have been discussed in detail in section IV-D. In brief the 

results for 20°C adsorption show that pyridine and 3,5-dimethylpyridine 

adsorb perpendicular or nearly perpendicular to the metal surface 

and interact with the metal surface primarily through their basic 

nitrogens. Interaction of 2,6-dimethylpyridine occurs through the 

formation of a ~ bond with the metal surface since the basic nitrogen 

is sterically hindered from interaction with the surface by two adjacent 

methyl groups. 

The WFC observed for adsorption of quinoline -on Pt (100).-.(Sxl) 

surface: ( -1. 7 V) .'is equal to the WFC on adsorption of naphthalene 

(-1.7 V) f.his implies that both interact with the surface in a similar 

manner arirl may have similar adsorption geometries. The WFC on 

adsorption of isoquinoline is unexpectedly large (-2.1 V). This may 

be the result of a different type of interaction between substrate and 

adsorbate which may lead to different adsorption geometry for 

isoquinoline than for quinoline and naphthalene," however, more detailed 

experiments are necessary before explanations can be made. The adsorbed 

layers of these compounds appear to be disordered· 
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Pyrrole adsorption on the Pt(l00)~(5Xl) surface causes a WFC of 

~1.6 V. Pyrrole has an electron deficient nitrogen since the nitrogen's 

lone electron pair is delocalized into the aromatic ring. Since the 

nitrogen is not very basic the primary interaction might be expected 

to occur between the rr electrons and the electron deficient metal 

surface. Since the value of the WFC observed is simiaar to the WFC 

on adsorption of many of the substituted aromatics ,is seems likely 

that the primary interaction is rr-bonding and that the molecule adsorbs 

parallel or nearly parallel to the metal surface. The diffraction 

information is too diffuse to allow unambiguous interpretation. 

Piperidine adsorbed on the Pt(l00)-(5xl) surface causes a large 

WFC (-2.05 V) on adsorption implying that the nitrogen lone pair is 

involved in the interaction between adsorbate and substrate. Cyclohexane, 

the analogous hydrocarbon, causes a WFC of -.75 V •. 

G. Aliphatic Adsorption on the Pt (111) and Pt (100) -.(5Xl) Surfaces 

Cyclohexane, n-hexane, and cyclopentane adsorb on the Pt(lll) 

-8 surface at 20°C with organic vapor fluxes in the range 10 Torr to 

-6 10 Torr. All three compound undergo an organic vapor pressure induced 

transitions during which the magnitude of the WFC decreases. Comparison 

of the WFC data on adsorption of these aliphatics at 20° with the 

WFC data for adsorption of similar olefins (cyclohexene, and cyclopentene) 

at 20°C shows that the adsorbed state of these aliphatic molecules is 

certainly different than the adsorbed state of the olefins. That is, 

these compounds do not become doubly dehydrogenated and adsorb as 

olefins. With increased temperature cyclohexane and hexane (cyclopentane 

,:., 

... -
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was not studied) apparently become at least partially dehydrogenated 

as evidenced by the fact that the magnitude of the WFC increases and 

goes through a maximum above 200°C. 

The binding involved between these aliphatics and the metal surface 

with 20°C adsorption may involve single dehydrogenation followed by 

~ovalent bonding and/or Van der Waals type interaction coupled with 

charge-transfer interaction. The resolution of this question must 

await the results of further experiments now in progress. 16 However, 

at this point it seems likely that covalent binding might well.be 

involved in the interaction between aliphatics and low index Pt 

surface. Recent experiments by L. A. Firment in this laboratory 

have shown that propane adsorbs on both of these Pt surfaces at 20°C 

-8 -6 16 in the pr~ssure rang 10 to 10 Torr. This result seems to argue 

against physisorption since the heat of physisorption would be much 

smaller for propane than the heat for physisorption of hexane. ron 

graphitized carbon bla·ck a substrate for which physisorption predominates 

17 the heat of adsorption for hexane is -11.8 kcal/mole; for propane 

the heat of adsorption is -5.9 kcal/mole. 17 ] The possibility of 

dehydrogenation is supported by the observa~ion that at elevate~ 

temperature these compounds are known to dehydrogenate .on platinum. 

Several explanations of the transition which occurs with pressure 

are possible. It seems likely that the final state involves a molecule 

adsorbed perpendicular or nearly perpendicular to the metal surface. 

The low pressure adsorbed state may involve either a physisorbed 

molecule adsorbed parallel to the surface or singly dehydrogenated 
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molecules covalently bound to the surface but adsorbed parallel or 

nearly parallel to the metal surface. 

w -
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APPENDIX 

The geometry of some of the molecules studied are shown in Figs. A-1 

through A~l2. The internuclear distances and bond angles used were 

taken from a compilation of structures published by the Chemical 

Society.* The van der Waals radius used for hydrogen is 1.2 At 

and for the methyl group is 2.0 At. The thickness of the aromatic 

t ring system is taken as 3.4 A • These radii are typical of intermolecular 

distances in organic solids and have been used as upper limits for the 

intermolecular distance between adsorbed molecules. 

* 

t 

Table of Interatomic Distances and Configurations in Molecules and Ions. 
Special Publication No. 11 (The Chemical Society London, 1958). 
Table of Interatomic Distances and Configurations in Molecules and Ions 
Special Publication No. 18, (The Chemical Society, London, 1965). 

L. Pauling, The Nature of the Chemical Bond 3rd ed. (Cornell University 
Press, Ithaca, New York, 1960). 
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Fig. A-1. The st·ructure of aniline with van der Waals 

radii shown. 
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Fig. A-2. The structure of benzene with van der Waals 

* radii shown. 

(* = All dimensions are in Angstroms) 
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Fig. A-3. The structure of n-butylbenzene with van der l-Jaals 

radii shown. 
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Fig. A-4. The structure of t-butylbenzene with van der Waals 

radii sho1m. 
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Fig. A-5. The structure of cyanobenzene with van der Waals 

radii shown. 
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Fig. A-6. The structure of cyclohexene with 

van der Waals radii shown. 
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Fig. A-7. The structure of mesitylene with van der Waals 

radii shown. 
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Naphthalene 

8 

Fig. A-8. The structure of naphthalene with 

* van der Waals radii shown. 

(* = All dimensions are in Angstroms) 
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Fig. A-9. The structure of nitrobenzene with 

van der Waals radii sho~m. 
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* Fig. A-10. The structure of pyridine with van der Waals radii shown. 

(* = All dimensions are in Angstroms) 
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Fig. A-11. The structure of toluene with 

van der Waals radii shown. 
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Fig. A-12. The structure of m-xylene with van der Waals 

radii shmm. 
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