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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 ofganic 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 acetylené, aniline; benzene, biphenyl,
n-butylbenzene, t—ubtybeﬁzene, cyanobenzene, 1,3-cyclohexadiene,
_ cyclohexane, cyclohexene, cyclopentane, cyclobentene, 2,6—di¥ethylpyridine,
3,5-dimethylpyridine, ethylene, n-hexane, isoquinoline, mesitylene,
2-methylnaphthalene, napthalene, nitrobenzene, piperidine, propylene,
pyridine, pyrrole; quinoline, styrene, toluene; m-xylene. Ali molecules
| studied adsorb on both the Pt(111l) and Pt(lOO);(SXl) surfaces, All
molecules studied act as electron donors to the metal surface. The
adsorbedvlayers are more ordered on the hexagonally symmetric Pt(111)
surface than on the square symmetric Pt(100) surface. Unsaturated
molecules generally adsorb on the Pt(111) and Pt(100) surface by

forming T=bonds with the metal surface.



I. INTRODUCTION
. A; Prefaée

The adsorption o£ organic molecules on metal suffaces is of
primary importance in several areas df surface science. The adsorption
of-organic layers plays a large role in adhesion, friction, wear,
lubrication, corrosién, and catalysis.

The properties of adsorbed layers depends dn the inﬁeraction
between the»édsorbed molecules and the metal. This thééis 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(111) and Pt(100)-(5%1) crystal sﬁrfaces. Work function changes
. (WFC, Ad) oﬁ adsorption have been used to determine thé charge transfer
. occurring on adsorption. Both the charge transfer which oqcufs”on
adsorption.and the structures formed have been used to obtain informa-
tion about the nature of the interaction between the oréanic 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 Diffraction studies. Many of the molecules commonly used as
adsorba;es t6 date were small, with molecular dimensions iess than the
interactomic distance in the sﬁbstraté. These adsorbed molegulés can
form structures with the fotational symmetry of the substrate such
that the unit vectors of.the surface structure are closely related
to the substrate unit vector:.l"2 For large molecules with dimensions

several times larger than the substrate interatomic distance, ordering



on the surface may depend on the substrate characteristics in a more
complex manner. Large molecules may interactISiﬁultanéously with a
large number of surface étoms, 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 In this case we see a pre-

substrate rotational symmetry.
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 ohISingle Crystal Surfaces

Low Energy Electron Diffraction (LEED) caﬁ be used to determine
the pefiodicity of single crystél sample surfaces. Auger Electron. |
Spectroécopy (AES) can be used as a sensitive means to determine the
composition of sﬁrfaces. These two techniques combined in an ultra-
high vacuum system (pressure < 10_8 Torr) allow one to perform
experiments on clean, well-ordered single crystal-surfaces over
reasonable experimental time periods. Somorjail’2 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.

R S
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A significant amount of adsorption work has been done on platinum
single crystal surfaces although some of the early work suffered from

the absence of surface analysis by AES. Tucker7 studied the adsorption

of CO and O2 on the Pt(111), Pt(100) and Pt(110) 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 HZ’ NZ’

N,0, 0,, €0, CO,, CH,, C,Hy, C,H, and C,H, on the Pt(100)-(5x1)

2’ 274

surface using LEED. They found that CO, H2, C2H2 and C2H4 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, CZHZ’ C2H4, C3H6, 1,3-butadiene and the

isomeric butenes adsorbed on the Pt(11l) and Pt(iOO)—(le) surfaces.
They conclude that the olefins m-bond to the metal surface via their
uﬁsaturated carbon~-carbon bond and that the molecules form more orderly
overlayers on the hexagonal Pt(11ll) surface. Smith and Merrili10
'sfudied the adsorption of ethylene on the Pt(11ll) 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. Clarke, Mason, and Tescarill
have carried out LEED and high resolution Auger studies of carbon
monoxide, ethylene, vinlehlotide, vinylfluoride, 1,1 difluoroethylene,
butadiene;vpropene 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



platinum into carbon monoxide. They also carried out detailed analysis
of the LEED diffraction information £6r carbon monoxide adsorption
anﬂ concluded that there are two adsorption types (tefminal and.bridged
adsorption types). They also concluded that the Auger transition:
energies provide no general evidence for '"chemical shifts' but tﬁat
chemisorption leads to significant modification of some Auger transition
probabilities invol?ing platinum valence electrons.

Bonzel and Ku12 have studied thé adsorption of CO and 02 on the
clean Pt(llO)-(lXZ) surface uSing LEED, Aﬁger, and mass spectrometry.

Their primary concern, however, was the oxidation of CO by 0, using

2

the Pt(110) surface as a catalyst. They found that that reaction proceeds

on the Pf(llO) surface, but the mechanism depénds on the reaction
conditions used.

Bonzel and Ku13 have also studied the adsorption of sulfur on the
Pt (110)-(1%2) 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.

Weinberg, Lambert; Comrie, and Linnéttl4 studied the adsofption
of oxygen on the Pt(111l) surface. They concluded that the initial
éticking'coefficient for oxygen on Pt(111) is approximately 7>.<10.7 and
that carbon contamination causes larger sticking coefficients.. A
theoretical model (CSFO-BEEBO) is applied which correlates well with

the experimental results,




Weinberg and Merrill15 have reviewed the data for hydrogen
adsorption on the Pt(lll)lsurface. They oufline the CSFO—BEEBG model
and apply it successfully to the interaction between hydrogen and the
Pt(111) surface. |

Weinberg, Deans and Merrill16 have étudied the adsorption bf
ethylene and acefylene on the Pt(111) 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.

Laﬁg, Joyner, and Somorjai17 have used LEED to study the adsorption
of hydrogen, oxygen, carbon, carbon monoxide, and ethylene on two
high index platinum surfaces identified by the Miller indices (977) aﬁd
(755) or Pt(S)-[9(111)x(111)] and Pt(S)-[6(111)x(100)]. These
‘ high.iﬁdex surfaces have a regular array of monatomic height steps
with low index terraces separating the steps.18 In the nomenclature
- given for stepped sur'faces18 the Pt(S)~-[6(111)x(100)] 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 éf adsorption on these
stepped surfaces is.markgdly differeﬁt 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 sevefal ordered structures on these high index surfaces. (Carbon

forms a disordered graphite overlayer on the low index surfaces) .



Joyner, Lang; and Somorjai19 studied the reaction n-heptane t§
toluene on several single crystal platinum surfaces using LEED énd
mass spectrometfy. The reaction was studied on the Pt(111),
Pt(S)-[6(111)x(100)], and the Pt(S)-[5(100)%(111)] surfaces. They
found that the reaction proceeds dn the stepped surfaces but not the
iow index surfaces and correlate the activity with the formation of
ordered éarbon overlayers. |

Baron, Blakely, and Somorjai20 have studied the adsorptioh of
n-heptane, toluene, benzene,.ethyleﬁe,<and cycldhexane on four stepped
platinum surfaces (the Pt(S)-[9(111)x(100)], Pt(S)-[6(111)x(100)],
Pt(S)-[7(111)%x(310)] and Pt(S)—[&(lll)x(IOO)]j using LEED} Thé
[4(111)*(100)] surface 1is unstable ana facets in the presence of
hydrocarbons and hydrogen. The chemisorptioﬁ»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(111)x(100)] and
[6(111)x%(100)] crystal faces form mostly ordered overiayers while
disordefed carbonaceous layers are formed on the [7(111)%(310)] surface
which has a high concentration of kinks. A simple model is proposed
to accoﬁnt for the characteristics of these surfaces.

Berﬁasek, Siekhaus and Somorjai21 have studied the hydrogen-
deuterium exchange reaction over the Pt(111) and Pt(S)[9(111)x(111)]

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(111)%(111)] catalyzes the exchange

. reaction at all temperatures used. Further work is underway to




determine the details of the reaction_mechanisﬁ on the Pt(8)-[9(111)-
(111) ] sﬁrface.

Recént studies by Blakely, Baron and Somorj-ai22 have shown that
ordered carbonaceous surface structures are important in hydrocarbon
gatélysis.

Recént studies by Deville and Somorja123 using Auger and LEED
to sfudy acetylene, isobutylene, bufadiene, cYclohexane, benzene,
naphthalene; n-heptane and carbon monoxide adsorption on the Pt(11ll)
surface have shown tﬁat an inner shell Auger transition of platinum
(NNN) is shifted by larger amounts with increasing unsaturation in
the adsorbate. Benzene adsorbed on the Pt(111l) sufface gives shifts
of the opposite sign with respect to clean platinum when compared to
the otﬁer compouqas studied. The ordered structure observed on
adSorptidn;agree witﬁ those found in this study.

Several adsorption éxperiments have been reported concerning
adsorption of large organic molecules on low index nickel single
crystal surfacés, Dalmar-Imelik and Bertoline24 studied benzene and
‘cyclohexane adsorption on the Ni(110) and Ni(111) surfaces using LEED
and mass spectrometry. They conclude that adsorption on the Ni(110)
surface causes dissociation of both molecules. Benzene ana cyclohexane
adsorbed on fhe Ni(111l) surface remain unaltered up to a surface
temperature of 180°C. |

Edmonds, McCarroll, and‘Pitkethly22 have studied benzene adsorption
on the Ni(100) and Ni(lll)vsurfaces. They conclude that the benzene

adsorbs without loss of hydrogen with its ring parallel to the (111)



face, bpt the benzene‘abpears to be compressed on the (100) surface
which may spggest loss of aromaticity.

Maire, Anderéoh, and Johnson23,have studiéd 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 moiecules adsorbed on all of the low index nickel
surfaces dissociate into CH ‘uﬁits on adsorptidn. The adsorbates

2

act as electron donors to the metal surface.

2. Adsorption on Polyerystalline Surfaces
A review of polycrystalline adsorption work for metal surfaces
would encompass several volumes. The interested reader is referred

27,28,29 However, there

to several books which address this subject.
are several topics which are particularly relevant‘to the wofk contained
in this thesis. The adsorption of arom#tic compounds on metals has
received considerable attention in the bast becaﬁse of the importance

of aromatic coﬁpounds.

Bond devotes a chaptef in his book to the adsorptioh of various
types of aromatic compounds.27 Moyes and Wells in a recent review‘
concentrate on the adsorption of benzene on metal surfaces.30 Garnett31
reviews hpmogeneous and heterogeneous exbhange data for é series of
unsaturated and aromatic hydrocarbéns and explores the mechanistiec
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 T-complex adsorption model.



C. Surface Characterization

1. General Introduction

Somorjai33 has reviewed the techniques_cémmonly,used for the
characterization of surfaces. Surface Science34 has recently devote&
aﬁ issue to a selection of review articles concerning methods of
surface characterization ranging from Low Energy Electron Diffraction
to Scanning Electron Microscbpy. An brief iﬁtroduction to the primary
techniques used in this work will now be made.

2. Low Energy Electron Diffraction

The diffraction of 1ow7energy electrons was first observed by

35,36 in an experiment which confirmed the

.Davisson and Germer in 1927
wave hypothesis of De Broglie. It was confirmed that the distribﬁtion
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
yv=h_h _ h __h _ [150.4'
P W oR )1/2 2meVp Vf
P
where

V_ = the accelerating voltage applied to the incident electrons

p
h = Plank's constant.
p = the momentum of the electrons

m = electron mass
Ep = eVp = the energy of the incident electrons

e = the electronic charge
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and that the séétﬁering occurred from thé pertodic lattice of the
surface atoms as if it were a two—dimensional diffraction grating.

Unlike éomparable wavelength X-rays which penetrate deeply into
the bulk of the solid, low energy electrons'0< 500 V) have a large
scattering cross section, and thus a substantial fraction of the incident
beam 1s backscattered from the first few layers of the surface. Therefore
these backscatteréd_electrons.are a valﬁable probe of surface properties
From thé diffraction information the size and shape of the surface uﬁit
cell can be easily determined using simple 2-dimensional grating
equations. However, the orieﬁtation of the basis setrof surface atoms.
or molecules with respect to the unit cell and the perpendicular distance
between the outermost layers cannot be uniquely determined using a
éimple two dimensional analjéis. 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 déta must then be matched with experimentally measured intensi-
ties for ﬁhe various diffraction beams. - |

Kinematic or siﬁgle scattering theory used in X-ray and neutron
diffraction work is inédequﬁte for the caiculation of diffracted
intengities since the large scattering cross section of low energy
electrons mﬁkes 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

-



,
.
o
Rz
<
£,
RN
£l
Pt
Cﬁ
-
;
-
&S
%\:

—i1-

theoretical calculations with experimental data. Duke, Tucker, and

39 Martin and

| Larramore;37 Marcus, Jepsen and Jona,38 Tong and Rhodin,
Somo::'jaiz’z0 have all demonstrated that their procedures reproduce the
exﬁerimental results for the low index faces of face centered cubic
aluminum.4 Pendry41 working primarily with nickel, has also had
substantial success in matehing experimental intensity data. Several
_review papers have been published concerning the calculation of LEED
intensities.42’43
Thévrelationship between an»array of scattering centers and the
corresponding:diffractibn.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 1(k'T - wt).

where A(r) 1s the amplitude at a point-f, A(o) the amplitude at an

origin,“ﬁ the wavevector and w the angular frequency. The wavevecfor
i is felated to the Waveléhgth and energy of the incident beam by the
equqtion

2m

27 (2mE )1/2
m

x| = =
The condition of elastic scattering requires that [k'lz = lk°]2
where

|k°|‘ wavevector of the incident beam

o

||

wavevector of the scattered beam
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The two dimensional diffraction conditions are

+' - +° -> .
ki, =X+ Gy (k)

where
Ikﬁ ] = component of the incident-wavevectbr parallel to the
surface
Ikl | = component-éf the sqattered wavevector parallel to

the surface

IGﬂl(h’k)l = the set of recriprocal lattice vectors which

describes the regular two dimensional scattering

arfay
If the regular two dimensional scattering array is described by
the basis vectors Z and g with a unit vector ; perpendicular to the
plane formed by'thé intersection of the vectors Z and g and pointing
into the solid.
The set of reciprocal unit vectors is determined by the equation
hbx2) |, k(2xa)

> > A > > A
a-bxz a‘b z

E."; (h,k) = 2

where h and K are integers. For a more complete review of kinematic
"scattering theory.the reader is referred to the literéture.4

3. The Work Funétion 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

measuring them.45’46’47 A brief synopsis of the definition of work

-t
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function and the cause of work function.changgs on adsorption is
"presented here for the sake‘of completeness. The material has been
extracted from several primary references.45’4_6’47

The electrochemical potential_ﬁ of electrons in a metal is
dgfined as (6A/86n)T,V where A = E-fS 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, An, isothermally from infinity at rest into
the constant volume V. Since one can change thevpotential of the
interior of.a conductor by changing the charge distribution outside the
'éonductor, ﬁ 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
(A®) of the volume of metal will alter the elect;ochemica; potential
by -e(Ad) where -e is the électronic charge. ‘This effect can Ee iéolated
by defining a new quantity ﬂ, the chemical potential, as ﬂ =qu+ e®inner
where Qinﬁer is the electrostatic potential iﬁside the volume of metal
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 thé electfochemical potential of
an electron inside the surfaée‘and its electrostatic energy -ed :

outer

at a point outside the metal where the electron is removed from
4

significant surface interactions (~ 10" cm).
o _B__ 1l ,
¢ = Qouter e outer e (u eq>inner)
-= . i E;
¢ Qinner ®outer e
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The expression <®inner - @outer)'represents the potential difference

between the inside and outside of the conductor and depends on the
condition of the surface and the structure of the métai. The_chemical
potential ﬁ is independent of the state of the surface.

The work function is dependent on the difference in potential
.Between the interior of the métal 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 chaﬁgé in electrical potential caused by
the redistribution of chargé at the surface. Consider a sheet of
" uniformly chérged‘particles each with charge q such that the density
of chafged.species is equal to 6. A negative test charge q' expefiences
a force 1F| = 2m9qq' if the test charge is far enoughvaway from the
charged sheet so that the charge éan 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 considervtwo oppbsitely ‘
charged sheets separated by a distance d with opposite But equal charge
densitiés (q0) the test charge q' expefiences a force only when it is
between the two charged sheets., The repulsive and attractive.
interactions are additive between the plates{therefdre the force
experiénced is F' = 4mbqq'. Moving the test charge from one plate to
the other changes the energy by AE = 4ﬂ6qq'd, This mgans that between
the two sheetsvand in general between all points on opposite sides of
the charged sheets there is a change in potenfial AV = * 4mwOqd. If

we condider the arrangement of two planes to be a single dipolar plane
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whiéh cqntains 0 dipoles per square centimeter each with a moment

M ; qd then the change in potential is AV = % 47éM. Therefore>if a

| dipolar layer‘is_adsorbed parallel to the surface the work

function (¢) will be altered by an am.ount.i 4mOM. The minus sign

is appropriéte when'the positive end 6f 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 élements, not homogénéously charged layers. Since the dipoies
are discrete there is a dépdlarizing field at the posi;ion of a given
dipole arising from the surrounding dipoles. This depolarization
effect is includedrin the Topping formula for an array of point
dipole348 |

/3,

Ab = 4mM B/ (1 + 90823y

where Mo is the dipole moment perpendicular to thé surface in the limit
of zero coverage, 0 is the polarizability and 6 is the density of
adsorbed atoms or molecules. For comparison with experimental data

Schmidt and Gomer49 have modified the equation above to

o ) |
5 G+ D
| 1 1
- where
- (dhey o _
C; = Caplo=o = 4™,n,
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c, = 9om 3/2, =n/n, andn = 3.9x101%
o o} [o]

of the Topping model is then easily determined by plotting 6/Ad

atoms/cmz. The validity

against 93/2, The linear behavior of this characteristic determines
whether the model is applicable dr nbt. Schmidt and Gomer apply the
model to potassium adsorption on several tungéten surféces. Palmberg
has also shown that this modei is aﬁplicable for adsorption of xenon

on Pd(100).>°
51,52,53

Several papers by MacDénald aﬁd Barlow have preseﬁted a
more complete theortical development for the work function change
expected on adsorption of polarizablevpolar'and/or polarizable ionic
specieé. The difficulty with the development is that there are a
number of éaramete:s which -cannot be easily evaluated either
theoretically or experimentally. MédDénaldmand Barlow53 define a
quantitity J = a/63 where o is the polarizabilit& and B is the distance
between‘the electrical center of the adsorbed dipoles and the conducting
"surface; 8 might be approximated 5y the radius of the adsorbed atom

or molecule. For valueé of J 2 4, non-physical poles occur in'the
expression for Ad, the work function change. They conclude that 'For
any adsdrbed element for which we might expect J = 4 in the adsorbed
state, we must either concdtude that the atom of moleculé in question
" becomes wholly or partly ionized on adsorption, or that the high
fields polarizingvthe discrete elements reduce fts polarizability
sufficienfly that the above catastrophe does-nof happen.” The plots

of work fuhction change (A¢) versus coverage which result from the

variation of J show maxima in Ad at small values of 6(< .3) for J



values larger than two. Fér benzene adsorbed parallel to the metal
surface, o ~ 1,23x10—23 cm354 and B < 1.7><10_8 cm (see Appendix 1)
therefore J 7.2.5 for the largest reasonable distance between substrate
and adsorbate. Benzene, and in fact most of the molecules studied
‘in this thesis could eﬁsily have J values greater than four. Benzene
has a maximum in its work function change versus exposure curves,
however the makimum occurs after considerable exposure; thus if benzene
has a high sticking coefficiéﬁt up to monolayer coverage there is
little similarity between this prediction and the observations.

The application of work_function cﬁange 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

surfacé and the adsorbed layer.
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ITI. 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.
Typical ambient pressures for the system are 1 to 2><10_9 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 preésure 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

pressure, p, by the equation1

T
b

39+7.08 (T/M)1/?

P >
Torr ~

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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IT-1. a) A photograph of the single crystal samples and the gas
inlet capillary. b) A photograph of the single crystal samples
showing a profile of the dual sample mount and the gas inlet
capillary. c¢) A photograph of the vacuum chamber (notice the

hot samples) and the gas manifold used for liquid and solid samples.
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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 c¢hamber.] 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> P .
13 4 L410n Y2

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, Elec¢tron Diffraction Optics

The aﬁparatus was equipped with a Vérian four-grid LEED optics
which uses the post acceleration technique to display the diffraction
patterns on a fluorescent scréen. The electron beam is produced by
an indirectly heated bariated nickel cathode. An electrostatic lens
focuses the beam which operétes in voltage range 10 to 500 V with a
nominal dispersion éf .2 V. The grid assembly allows only the elastical-
1y scatteréd electrons to penetrate and be accelerated into the
fluorescgnt‘screen. Th; 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 potentiai, thus they repell the inelastic
electrons which have lost eneréy 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 electroné, éfter going
through the grid aésembly 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
;hrough the front window of the vacuum chamber. The>diffraction
patterns were photographed using a Crown Graﬁhic 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 patterms.
Long photographic exposures are required becdause the electron current
produced by the electron gun was decreased since the electron gun
Was deliberately poisoned by heating in acetyleﬁe to 10-4 Torr. The
poisoning Waé done so that the electron emission of the gun would be
stable during exposurés to organic vapér flux (at 5><10—7 Torr) and

work function change measurements could be taken.

B. Samples and Sample Preparation

1. Platinum Single Crystals

The piatinum single érystals used in these studies were electron
'_beam zone refined samples ﬁurchased from Materials Research Corporation.
They were aligned (* .5°) using the Laﬁe back reflection technique,
spark cut ahd polished with a series of abrasives. The final polish
was carfied our with 0.5y A1203 powder. Théy were etched for 30 minutes

in 1:1 diluted aqua regia at 100°C immediately prior tb insertion

into the vacuum system. The samples are discs 6 mm in diameter with .



-26-

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 ﬁhét the position
Qf the éample would be constant with repeated heating and cooling

and so that the samples would be the hottest pért of the system. Two
samples were mounted back to back on separate polycrystalline holders.
Thus LEED 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 simultanéously on both crystal faces. Direct current
resistance heating has been used. At a températUré of 1000°C
(approximateiy 120 to 140 amps heating current) the crystals had 5°
temperature gradients across théir surfaces while the two sample
surfaces were within 20° of each other (temperatures taken with a
célibrated dptical pyrometer). Temperatures quoted herein were
measured with a platinum/plafinum—loz rhodium thefmocouple spot

welded to the top edge of the Pt(100) sample.

2. Gas Samples

Oxygen used for cleaning was research grade O2 (99.997%) used
without further purifaction. The organic adsorbates used were specified
as 99% pure by the manufacturer (Typically Baker anal&zed grade),
and usedeifhout further pﬁrification. They were degassed by alternate
freezingrand 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 éimple glass inlet system with
teflon valves. When changing gdsorbates‘the inlet system has been
cleaned by a combination of three methods. The first involved heating
the inlet system to 100°C and floﬁing dry nitrogen at atmospheric
pressure through the inlet system and venting the nitrogen into a
ﬁood for several hours. The second step involved pumping on the
inlet system with the auxiliary ion pump untilbpressures less -than
10—6 Torr were attained. The inlet system was then rinsed repeafedly
(a minimum of three times) by filling the inlet_system with the
adsorbate to the Qapor pressure of the aasorbate and then pumping the
inlet system out with eithef the auxiliary ion pump (for low vapor
éfessure compounds) or a sorption pump (forvcase where the vapor
pressure > .1 Torr). As a further precaution the inlef 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 ﬁeasured using a variation
of the retarding field method as outlined by Chang.3 A schematic of
the syéﬁem is‘shown.in Fig. II-3. Essentially the WFC measurement
was made by combaring the contact potential between the electron gun
and the sample before and aftér adsorption. The wofk function
reference was obtained befofe adsorption by recording a group of
'current'thfough the cfystal (ic) versus cathode voltage (Vc) curves

.for a series of bucking voltages (Vb) as shown in Fig, II-4. The
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Fig. II- 3. A schematic diagram of the system used for work function
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Fig. II-4. A typical set of current through the crystal (ic)
versus cathode voltage (Vc) curves taken at a series of
“bucking voltages (VB) before and after adsorption of
t-butylbenzene of the Pt(111) surface. The gain for this

‘ ' . 1.380 _
particular set of curves is 1.353 = 1.020.
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bucking voltage is a negafive voltage:applied Between the sample and
ground. The same set of measurements were made after adsofption. The
voltage difference between a parallel sét of.curves (for the same
bucking voltage) before an& éfter adsorption is the uncorrected.work
func?ion change A¢' as shown in Fig. II-4.

Data was taken for a series of bucking voltages béth 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 segﬁential addition
of batteries so that the bucking voltage could be easily changed by
integer multiples of 1.353 V. as shown in Fig. II-3. Initially the
bucking voltages wéré measured directly using a calibrated four
digit digital voltmeter;. the difference between adjacent bucking
voltagés is AVb actual (1.353 V for new batteries). The bucking
voltages were then connected between the crystal and ground. A series
of parallél current tﬁrough the crystal (ic) vs cathode voltage (Vc)
curves were then taken with a series oflknown bucking voltages
(Fig. II-4).vahe distance between these parallel curves is measured
~and tﬁis is AV% ekperimental (it would be 1.353 if the gain of the
system were unity)f For the example shownvin Fig. II-4 the average
AVb experimental beéfore adsorption = 1.380 V, thg average AVb
experimental after adsorption = 1.381 V. The gain of the system is

defined as . Avb experimental

AVb actual



Since ﬁhe samples-are conductors wevknown the voltage changes
introduced by the bucking voltage changes arebactual surface potential
changes. The measured‘AVb éxperimental is divided by the gain to
yield AVb actual. Likewise all values of the WFC reported here have
been divided by the gain. Typically foert(ill) the gain = 1.03,
for Pt(100) gain = 1.08, however the measured gain vafied 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 cfystal woula be minimized. However a gain
of unity could not be achieved in this configuration as was the case
in the studies by_Chang.3 The gain depends on thé 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 géin is a characteristic of the system geoﬁetry and thus remains
constant during adsorption. 1In 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 precisély. The Varian LEED gun ﬁas‘used
for the WFC measurements but the voltages on the gun elements and
the filament hééting current are supplied by auxiliary regulated
power supplies stable to .27% over éeveral days. The electron gun
was.also aeliberately aged (poisoned) by heating in acetylene at

10_4 Torr for several hours. This aging was necessary so that the
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electron emission of the gun would remain stable during exposures to
6rganic vapor_flux at 5><10_7 Torr. The stability of the gun was
confirmed by running a long low pressure exposure of acetylene

(l><10—8 Tdrr) to produce a stable surface. The pressure was then
increased to 6><10_—7 Torr with no change in recorded wofk function
indicating gun stability. The current measurements were taken using

a Keithley Electrometer Model 610B. Typically data was collectedbat
bucking vqltages of - 1.353 V‘to - 8.118 V since the gain was generally
constant over thié voltage range and Vc versus ic curves were parallel
for the above bﬁcking voltages over a typical current range - 2X10—8a
to - 1.0810—7a. The cafhode voltages,_Vc, used ranged from - 7 V to

- 25 V. During éalibration periods for eacﬁ experimental setup, data
was taken by plotting the cathode voltage (Vc) versus current to the
crystalj(ic) curves for a series of.bucking voltages before and aftef
adsorption using an X,Y recorder. A_typicall.ic vs Vb curve 1s shown
in Fig. II-4. Data was taken in general, by recording the voltage

Vc required to achieve a given current (usually 5810-8A) using 4 digital
voltmeter and a time base recorder tb measure Vc for a fixed bucking
voltage usually 2.606 V. An éutomatic system controls Vc.so that the
current to the crystal was constant. This method alléws a continuous
nmnitoringvof work function during adsorptionandsubsequenf 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 cfystal surface. Gain measurements were taken before

and after each adsorption by measuring a series of cathode voltages



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 Vc'vs ic

"is effected by changes in the seconda?y emission characteristic of

" the surface; no sqch 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 3><10'-5 Torr for 60 minutes
at 1000°C to remove the carboﬁ'impurifies present on the surfacé.
Duringlthis treatment the cépillary 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
l>.<10_8 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
_éllowed 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 Augef electron spectroscopy as shown in‘Fig. I1-5.
The crystai surfaces produced displayed the characteristic Pt(lll)-(lxl).
and Pt(iOO)-(le) diffraction patterns. The crystals were then
allowed to cool to 25-40°C in é background pressure of 1><10_9 Torr.
The cooling takes approximately 20 to 40 minutes. The organic vapor flux
was then introduced at the desired pressure. During the coursé of the
experiments each surface was alternately exposed to the incident flux
for the same time périéd. The condition of the surface not being
exposed at the time was monitored by LEED and WFC measurements. That
is, the cépillary gas iniet was positidned in back of the set of
crystals with respect to the electron gun and the gas flowéd over
the sample surface‘not being examined by WFC or LEED.

The WFC and LEED data repofted at elevated temperatures were
taken by heating the samples for 16 minutes in flux and alternately
exposing'bdth surfaces to the flow of gas. The heating was followed
by cooling to 20-40°C (15-20 min) in vapor flux (exposing both éides
alternately). After the cooling period LEED and WFC measurements
were takén. ~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 acefylene. LEED observations
haﬁe been made on two sefs of single érystals for cyclohexane,
cyclohexene, cyclépentané, cyclopentene. The WFC results for thg

above set of compounds have been taken on two sets of single cfystal
samples. No significant variation was.observed between different single
crystal samples if comparisons were made between adsorption runs under
similar conditions (i.e., pressure, teﬁperature). ‘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 contamiﬁation of the Pt crystal
surfaces at room témperature. If the single crystal surfaces are
not heated sufficiently in vacuum to remove adsorbed oxygen (used for
rémoving»carbon) the results are not reproducible. Even slight carbon
contamination of the surface leads to irreproducible results. With
carbon coﬁtamination the WFC observed on adsorption decféases 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
increases in magnitudé and the LEED patterns observed are altered.4’5

Experiménts have indicated that that adsorption at higher pressureé
(10-7.Torr) may cause marked changes in the interaction between

substrate and adsorbate.
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III. RESULTS

A. Introduction to Results

1. Generalizations

A1l organic compounds studied adsorb on both the
Pt(111) and Pt(100)-(5X1) surfaces. The results of adsorption are
shown in Table III—I, In general the adsorbed layer formed is more
ordefed on thé Pt(111) surface than the Pt(100)-(5X1) surface. In
general‘thé adsorbed layer is more ordered and causes a larger work
function change (WFC, A¢) on adsorption if the incident flux rate is
lower. All compounds studied act as.electron donors to the Pt
surfaces.

Several compounds undergb pressﬁre dependent transformations
(usually above 10f6 Torr surface pressure) on the plétinum surfaces
studied; in fact the transformatioﬂsvoccﬁr over unexpectedly long
time périods. For instance at a surface pressure of épproximately
_ 10-6 Torr typical transformation times involve>several thousand
seconds of exposure, The‘compounds studied which undergo:tfansitions
. at 20°C as indicated by changeé in WFC and diffraction information are
benzene, 1,3'cyclohexadieﬁe (benzene on. the sﬁrface) cyclohexane,
n-hexané, 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

. -



TABLE III-1.

o

L

Work Function Changes and Structural Information for Adsorption of Organic Compounds

on the Pt(111) and Pt(100)-(5%1) Surfaces

Pr(111) Pt (100)-(5%1)
Work Function Work Function Subisteat
Te Change Adsorbate Change St - :B = Adsorbate
Adsorbate ,Z'p Diffraction Features :lgieure Dif fraction Features
Press WFC |or Surface Structure| Press WFC Ades t;o or Surface Structures
(Torr) |(Volts) (Torr) |(Volts) Tpldon,
20° | 1x1078 |- 1.5 (2x2) 4x107 |- 1.65 | (x1) | (/Z x VDR4s®
Acetyl e | 22070 | disordered
cetylene (10 min) . sordere
150° | ax10”’ |- 1.8 digordered ax10”’ |- 1.7 (1x1) (/Z % /D)R4S®
-8 Streaks at 1/3 order -8
Aniline 20° 1x10 - 1.8 diffuse (1/2 0) 1x10 = 1,35 (1x1) disordered
features
° =7 | =7 |.. diffuse ring-like
20 4%x10 1.8 poorly ordered 3%x10 1.6 (1x1) /5 ordey streik
Benzene 20° 10"1()-7 - 1.4 -;‘: Zl
(5 min)
~7 -7
& 410 . -2 2 3x10 L diffuse 1/2 order
20° |40 min)|~ -7 ’ 5 5’ @ore) [T13 | @D | ek
Biphenyl 20° 2><10_9 - 1.85 |very poorly ordered 2>(10_9 - 1.8 (1x1) disordered
n-Butylbenzene 20° 8"10_9 - 1.5 disordered ﬁxl().9 - 1.5 (1x1) disordered
t-Butylbenzene 20° SXIO-B = L7 disordered 5><10-8 - 1.75 (1x1) disordered
a ~ai [ diffuse (1/3 0) -8 faint
Cyanobenzene 20 1x10 1.6 foatines 1x10 - 1.5 (5%1) disordered
5 -8 -8 diffuse 1/2 order
20 2x10 - 1.75 poorly ordered 2x10 - 1.7 (1x1) stwerk 3
-8 -8
o 2x10 -2 2 2x10 diffuse 1/2 order
1,3-Cyclohexadiene| 20°C o |- 1.3 4 4| ho |- 1.6 (1x1) Stresk
= -8
o 3x10 -2 2 210 . diffuse 1/2 order
0% |5 hrey |= +8 ‘ 5 5’ Ghrsy [T 14| D gereak
20° 6"10-9 S R (1¥1) low background 6"10-9 - .75 (5%1) low background
20° | 41077 |- .7 |very poorly ordered | 4x1077 |- .4 (1x1) ‘gf(f““ Stykaked
Cyclohexane ) PaEtErn
-7 -7 streaked (2%1)
150° 4%10 - 1.1 apparent (2x2) 4%10 - 1.2 (1x1) pattern
300° | 4x107 |- 1.4 disordered 1077 |- 1.5 | (1x1) | disordered
20° | ex1077 |- 1.7 ’f §| par? [« 1.8 | iy | BEEEE QIRD)
Cyclohexene . eatures
5 -7 -7 streaked (2x1)
150 6%10 - 1.6 apparent (2X2) 6X10 = A8 (1x1) pattern
20° %107 |- .95 (1%1) low background 71070 |- .4 (5%1) low background
Cyclopentane
° =1 -7 diffuse features
20 4x10 - W7 disordered 4%10 = &3 (1x1) at 1)2 order
° -7 diffuse streaked
Cyclopentene 20 - - — 2x10 - 1.4 (1x1) (1/2 0) features
2,6-Dimethyl- 6 ~8 I diffuse 1/3.2, =8 {_ faint
pyridine 20 4%10 1.6 59,3 veder Btveaks 4X10 1.5 (5%1) disordered
3,5-Dimethyl- % -8 diffuse 1/2 -8
g PyrLidine 20 6%10 - 2.3 seder streak 6x10 - 2,2 (1x1) disordered
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TABLE III-1 (Cont.)

Work Function Changes and Structural Information for Adsorption of Organic Compounds

on the Pt(111) and Pt(100)-(5%1) Surfaces

Pt(111) Pt (100)-(5%1)
Work Function Work Function Substrat
Tem; Change Adsorbate Change Stru :. * Adsorbate
Adsorbate °Cp Diffraction Features if:eure Diffraction Features
Press WFC |or Surface Structure| Press WFC Adso t;an or Surface Structures
(Torr) |(Volts) (Torr) |(Volts) i
20° | 1xa078 |- 15 | Hffuse (/200 | 40078 |y | x| /2 x /DRAS
Ethylene _8 -8
250° 1x10 - 1.7 disordered 1x10 - 1.5 (1x1) disordered
Graphitic ° - ringlike diffraction ringlike diffraction
Overlayer 950 T features - 1.0 (ax1) features
20° | sx107® |- 1.1 disordered sx107® |- .8 (1x1) | disordered
-8 -8
.4 o | 5x10 5x10
n-Hexane 20 S nze) |” 9 disordered by |° .6 (1x1) disordered
250° | sx107® |- 1.5 disordered 5x1078 |- 1.2 (1x1) disordered
° -8 |_ diffuse (1/3 0) and -8
Isoquinoline 20 6%x10 1.9 (2/3 0) features 6%10 =2 (1x1) disordered
8 Streaks at 1/3.4 8
20° 4x10 - 1.7 order diffuse 4X10 - 1.7 (5%1) 1/3 order streaks
Mesitylene (2/3.4 0) features
20° 10‘10_7 - 1.35 disordered b>(m"7 - 1.2 (1x1) disordered
2-Methyl- ° -8 -9 faint
naphthalane 20 6%10 - 2.0. |very poorly ordered | 4x10 - 1.6 (5%1) disordered
Naphthaless 20° 9x10™° |- 1.95 apparent (3x1) 9x10™° |- 1.7 (1x1) disordered
150° 9’<10-9 - 2.0 (6%x6) 9"10'9 - 1.65 (1x1) disordered
20 diffuse (1/3 0) i3
Nitrobenzene 20° 9%10 - 1.5 features (pattern | 9%10 - 1.4 (1x1) disordered
electron beam
sensitive)
Piperidine 20° 8’<10_B - 2.1 disordered 8><10"8 - 2.05 i;::; disordered
8 (2x2) (pattern 8 1/2 order streaks
Propylene 20° 2x10 = 1.3 electron beam 2x10 - 1.2 (1x1) (pattern electron
sensitive) beam sensitive)
20° | 11078 |- 2.7 diffuse (1/2.0) | 1078 |- 2.4 | (ax1) | dtsordered
eatures
Eyridine 8 well defined streaks _8
250° 1x10 - 1.7 at 1/3, 2/3, 3/3 1x10 - (1x1) (/2 x V2)R45°
order
diffuse (1/2 0)
™ =1 features (pattern -8 diffuse (1/2 0)
Pyrrole 20 6x10 1.45 election beai 6x10 - 1.6 (1x1) faatiras
sensitive)
3x1078 . (5%1) diffuse 1/3 order
-8 diffuse 1/3 order | (6 ™M) mExeaky
Quinoline 20° 3x10 - 1.45 -8
streaks R =g (1x1) | disordered
(14 min) =
Styrene 20° 6><1(J-8 - 1.7 |streaks at 1/3 order 6><10_B - 1.65 (1x1) very poorly ordered
20° | 1x207 |- 1.7 |streaks at 1/3 order| 1107 |- 1.55 | (sx1) | 2Ereake ax 1/3
Toluene _9 _9
150° | 1x107 |- 1.65 (4x2) 1x1077 |- 1.5 | (1X<1) | disordered
g -8 streaks at 1/2.6 -8 streaks at 1/3
m-Xylene 20 1x10 - 1.8 Svder 1x10 - 1.65 (5x1) oEdar
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identified by two indices (for instance (1/2 0)) 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(100) surface with four first order
diffraction features (10), (01), (10) and (0I) the identification
"(1/2 0) features" denotes four diffraction features, (1/2 0), (0 1/2),
(172 0) and (0 1/2). On the Pt(11ll) surface with six first order
diffraction features (10), (01), (il), (10), (0I) and (1I) the same
name "(1/2, 0) features" refers to a set of six features (1/2 0),

(0 1/2), (172 1/2), (172 0) (0 I/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 (2%X2) 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 23 and 2b where 4 and
ﬁ 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 v28, /Eg rotated 45° with respect
to a and G. 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

- 232 2b -2 2

i or
43 4b 4 4



<dy

has a unit cell defined by the row vectors (—2§,2€), (48, 4b). The

underlying unit cell is described by the matrix

1a ob 1 0
or
0a 1b 0 1

or the row vectors (13, Og), (0a, lg).

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 WFC 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 in vacuum were done in the same manner but in the absence
of organic vapor flux.
2. Results

Acetylene adsorption

Acetylene adsorbed on the Pt(111) surface causes the appearance
of a (2x2) surface structure. The structure is well defined at low
exposures (less than 90 sec at 6><10_9 Torr recorded pressure or

approximately 4L), but becomes less defined with increasing exposure.
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The WFC accompanying the (2X2) structure is ~ -1.5 V. All. evidence of a
(2x2) structure disappears with 10 minutes exposure at a recorded
pressure of 1X10_8 Torr (approximately 40L). 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 -1.8V 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(100)-(5%X1) surface causes the
appearancé of a streaked (V2 x V2)R45° surface structure and the
rapid disappearance of the (5%X1) 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 -1.65Vas shown in Fig. III-4. On heating in flux
the WFC decreases and goes through a minimum value of -1.7¥ at 150°C;
as shown in Fig. ITI-5 with further heating the magnitude of the WFC
decreases. With heating the (Y2 X v¥2)R45° remains through approximately
150°C whether heated in organic vapor flux or in vacuum.

Aniline adsorption

Aniline adsorbed on the Pt(11ll) 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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Fig.

ITI-3. The diffraction pattern resulting from acelytene
adsorption on the Pt (100)-(5x1) surface showing the first order

Pt diffraction features.
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Fig., III-6. The diffraction pattern resulting from aniline adsorption
on the Pt(1l1l) surface showing the first order platinum diffraction

features.
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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
the WFC to decrease as shown in Fig. III-8.

Aniline adsorption on the Pt(100)-(5%X1) surface causes the
diffraction features characteristic of the (5%X1) 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 the 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(11l) surface forms a poorly ordered

layer. Continued exposure to organic vapor flux causes the appearance

of the diffraction pattern resulting from the Pt(111)- _Z Z "
Benzene structure (Fig. III-10a). With continued exposure this
structure changes to the Pt(lll)—'—§ gl - Benzene structure. The
diffraction pattern resulting from this structure is shown in

Fig. III-10b. The transformation from the —Z Z structure to the
'—g g structure occurs in absence of further exposure to organic
vapor flux, but the transformation is very slow (™~ 10 hours). The
original transformation from a poorly ordered structure to the _Z 2'

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

hexagonal symmetry of the diffraction patterns occurs because
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six to yield approximate surface pressures.

The indicated pressure should be multiplied by at least
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Fig., III-10. The diffraction patterns and corresponding work function

Fig.

Fig.

changes resulting from adsorption of benzene 6n the Pt(111)
surface at 20°C. The indicated pressure should be multiplied by at

least six to yield approximate surface pressures.

ITI-10a. The diffraction pattern from the Pt(lll)—t_Z‘ Z" -
Benzene structure.
III-10b. The diffraction pattern from the Pt(lll)—'_g gl - 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. III-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

-2 2
4 4

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

-2

5 5
to ~ -1.0'V. The time required for the WFC to reach its steady state
-2 2
5 5

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

ordered structure appears at a WFC value of - 1.4 Vslightly

structure forms after the work function change has increased

value and for the structure to appear is dependent on the

reach the steady state WFC and structure increases.

-2 2
5 5

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

- Benzene structure in vacuum or

Heating the Pt(111)-

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 -1.0vVand

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

(A¢ = =-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 -.7.V.
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Benzene adsorbed on the Pt(100)-(5%1) causes the (5X1) 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)—beﬁzene 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(1ll) surface causes an increase in
the background intensity and extremely faint high order streaks appear.
The WFC on adsorption wasvapproximately -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(100)-(5%X1) surface caused a slow
disappearance of the (5X1) surface structure (1 hour at a recordéd

9

organic pressure of 2X10 ° Torr) and an increase in the background

intensity. The WFC on adsorption is -1.8 V and depends on the initial



Fig. IIT-11. The diffraction pattern and work function change resulting
from benzene adsorption on the Pt(100)-(5%x1) 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(111) surface at 20°C. The indicated pressure should be

multiplied by at least six to yield approximate surface pressures,



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(11ll) surface forms a very
poorly ordered adsorbed layer. Adsorbed layers formed athigh incident
fluxes (1.2><10—8 Torr recorded pressure) are completely disordered. A
diffraction pattern taken after 6 minutes exposure af 8><10_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
pressure.of 8‘><10_9 Torr. That is,the WFC on adsorption is -1.5'V
(Fig. III-15) the WFC depends markedly on the initial incident wvapor
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(100)-(5X1) surface causes
the appearance of very faint high order streaks which disappear with
continued exposure. The (5%X1) 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
12 minutes exposure at 8><10—9 Torr recorded pressure. The WFC on

adsorption is -1.5 V(Fig. IIT-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(100)-(5%X1) surface. The indicated pressure should be

multiplied by at least six to yield approximate surface pressures.



Fig.

Fig.

III-14a. The diffraction pattern resulting from n-butylbenzene
adsorption on the Pt(100)-(5%X1) surface.

III-14b. The diffraction pattern resulting from n-butylbenzene
adsorption on the Pt(11ll) surface. (6 minutes at a recorded

pressure of l.2><10-8 Torr)
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Fig. ITI-15. The work function change on adsorption of
n-butylbenzene on the Pt(11l) 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-16. The work function change as a function of temperature for n-butylbenzene
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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 adsorbed layer
remains disordered. The WFC 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(11ll) surface causes
the formation of & 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 (1X1) surface structure with high
background intensity are observed (after 4 hours at a recorded pressure
of 5X10_8). The WFC on adsorption is approximately -1.7V as shown
in Fig. III-18; however, it depends on the initial incident flux. Ad-
sorption experiments have been run at a pressure of 4X10—7; 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
80°c.

The adsorption of t-butylbenzene on the Pt(100)-(5%X1) causes the
disappearance of the (5X1) substrate structure and an increase in the

background intensity (20 minutes at a recorded pressure of 6X10—8);
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Fig. III-18. The work function change on adsorption of t-butylbenzene
on the Pt(111) 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
experiments have been run at pressures up to 4><10_7 Torr; no unexpected
behavior was observed for either the WFC or diffraction results. With
stepwiseAheating 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. ITI-19.

Cyanobenzene adsorption

Adsorption of cyanobenzene on the Pt(111l) surface causes the
appearance of diffuse (1/2 0) diffraction features (Fig. III-21).

The extra diffraction features slowly become less prominent during
continued exposure (gone in 2 hours at 2><10_8 Torr). The WFC on
adsorption is approximately -1.6 V (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(100)-(5%1) surface causes
an increase in the background intensity and a slow decrease in the
intensity of the (5%X1) diffraction features (gone after 90 min. 2><10-8
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
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Fig. ITII-21. The diffraction pattern resulting from cyanobenzene
adsorption on the Pt(111) surface showing the first order Pt

diffraction features.
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1,3-Cyclohexadiene adsorption

1,3-Cyclohexadiene adsorbed on the Pt(11l) initially forms a

poorly ordered layer. Continued exposure causes the appearance of

the —i' 2 structure as shown in Figs. III-25a and III-25b. With
continued exposure this structure slowly changes to the —§ § 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
-2 2
4 4
value of ~ -1.3 Vafter the minimum work function has been passed.

-2 2
5 5

structure appears at a WFC

(~ -.8V). The initial ordered l

The second ordered structure ' forms after the work function
has increased further.

1,3-Cyclohexadiene adsorbed on the Pt(100)-(5%1) surface‘causes
the (5X1) 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-cyclohexadiéne-adsorption on the Pt(11l) and
Pt(100)-(5%X1) 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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ITI-25a. The diffraction pattern resulting from the 1,3-cyclohexadiene
-2 2
4 4

ITI-25b. The diffraction pattern resulting from the 1,3 cyclohexadiene
|-2 2

structure on the Pt(11l) surface.

4 4
diffraction features..

structure on the Pt(11ll) surface showing the first order Pt

ITI-25c. The diffraction pattern resulting from the l,3-cyclohexadiene
-2 2
55

ITI-25d. The diffraction pattern resultihg from the 1,3-cyclohexadiene
-2 2

55
diffraction features.

structure on the Pt(11ll) surface.

structure on the Pt(11l) surface showing the first order Pt



Fig. III-25 (a, b, ¢, & d).
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Fig. IIT-26. The work function change on adsorption of
1,3-cyclohexadiene on the Pt(11l) 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 resulting from
1,3-cyclohexadiene adsorption on the Pt(100)-(5%1) surface

showing the first order Pt diffraction features.



(volts)

Work function change

-82-

T 1 T 1 T 1 © 1T ° T T 1
|, 3— Cyclohexadiene on Pt (100)

e 2x10" 8 torr

® 3x1077 torr

~ 0.6 =i

el 0 by Ly ]y,
@) 20 40 60 80 100 120 400

Exposure time (min)

XBL737-3339

Fig. I1I-28. The work function change on adsorption of 1,3-cyclohexadiene
on the Pt (100) 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

Cyclohexane adsorption on the Pt(11l) surface at 20°C and with
low incident wvapor flux (6><10_9 Torr recorded pressure) causes little
change in the diffraction pattern observed. The WFC on adsorption is
-1.2'Vas shown in Fig. III-29. With increased organic vapor flux the
WFC becomes —,7 Vand 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. ITI-29. With
gentle heating to 150°C the adsorbed layer forms an apparent (2%2)
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(100)-(5%X1) surface at 20°C at low incident organic wvapor
flux (6><1O_9 Torr recorded pressure) the (5X1) surface structure
remains and the WFC is -.75 V (Fig. III-32). With increased organic
vapor flux (l+><10_7 Torr recorded pressure) the (5%X1) 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
(2X1) 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
(Ap = -1.5.y)as shown in Fig. ITII-33. Further heating in flux to

600°C causes the magnitude of the WFC to decrease progressively.



-84~

( volts)

Work function change

T T T 1T T T T T T 7
Cyclohexane on Pt (Ill)
=] -9 torr -
= gl }sequentiol
= - o 6x1077 torr o
=02 e 2x1078 torr -
~ © A4x1077 torr -
-0.4 —
-0.6 > -~
- PAY i 5}
o Z&lyﬁ 0
-0.81- R A n
e A O l
B % A o
- .0 N " A o —
- A O -
O
=1 2 b.o..°’ ®5 o —
— —
-1.4+ -
- | B —
= B I N S N SN T SN S B
O 40 80 120 160 200

Exposure time (min)

XBL737-3348

Fig. ITI-29. The work function change on adsorption of cyclohexane
on the Pt(111) 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(11l) surface after heating to 150°C.

Fig. III-30b. The diffraction pattern resulting from an adsorbed layer
of cyclohexane on the Pt(100)-(5X1) surface after heating to
150°¢,
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Fig. III-31. The work function change as a function of temperature
for cyclohexane adsorbed on the Pt(111) surface. The indicated

pressure should be multiplied by at least six to yield approximate
surface pressures.
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Fig. III-32. The work function change on adsorption of cyclohexane
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Fig. ITI-33. The work function change as a function of temperature
for cyclohexane on the Pt(100)-(5%x1) surface. The indicated
pressure should be multiplied by at least six to yield
approximate surface pressures.
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Cyclohexene adsorption

Cyclohexene adsorption on the Pt(111) surface causes the formation

2 2
4 =2

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

of the ordered Pt(111)~- - Cyclohexene structure as shown in

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 (2%X2) 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. ITI-36.
Cyclohexene adsorption on the Pt(100)-(5X1) surface causes the rapid
disappearance of the (5%X1) structure.. The pattern which appears has
diffuse extra order diffraction features at the (1/2 0) position as
shown in Fig. IIT-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 (2xI) pattern appears.

The streaks-in: the diffraction 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 dependénce 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(111l) surface at 20°C.

Fig. III-34b. The diffraction pattern resulting from cyclohexene
adsorption on the Pt(111l) surface at 20°C.showing the first order

platinum diffraction features.
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Fig. I1I-34 (a & b).

XBB 737-4302
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Fig. III-35. The work function change observed on adsorption of

cyclohexene on the Pt(111) 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-36. The work function change as a function of temperature
for cyclohexene adsorption on the Pt(111l) surface. The indicated

pressure should be multiplied by at least six to yield approximate
surface pressures.
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Fig. III-37. The diffraction pattern resulting from cyclohexene
adsorption on the Pt(100)-(5%x1) surface at 20°C showing the

first order Pt diffraction features,
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Fig. III-38. The work function change on adsorption of cyclohexene
on the Pt(100)-(5%1) 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(100)-(5%X1) 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 7><10_9 Torr
causes little change in the diffraction pattern; the WFC on adsorption
is -.95V. With increasing organic vapor pressure (recorded pressure
4><10_7 Torr) the WFC observed increases to -.7Vas shown in Fig. ITI-40.
The background intensity observed in the diffraction pattern increases
markedly with this increase in pressure.

Cyclopentane adsorbed on the Pt(100)-(5%X1) at low organic vapor
flux (recorded pressure 7><10—9 Torr) causes little change in the
- diffraction pattern. The WFC observed is -.4W. With increased
pressure (l+><10-7 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 (2X1) structure. The streaks run perpendicular
to the (10) direction as shown in Fig. III-42.

Ethylene adsorption

Ethylene adsorbed on the Pt(1ll) 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 -1.5Vas shown in Fig. III-43., With heating in flux the WFC
decreases and goes through a minimum value of -1.7WVat 225°C as shown
in Fig. ITII-44. With heating in vacuum the magnitude of the WFC

decreases with progressive heating above 100°C Fig. III-44. The
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Fig. III-40. The work function change on adsorption of cyclopentane
on the Pt(111l) surface at 20°C. The indicated pressure should
be multiplied by at least six to yield approximate surface

pressures.
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III-41, The work function change on adsorption of cyclopentane
on the Pt(100)-(5%X1) surface at 20°C. The indicated pressure
should be multiplied by at least six to yield approximate
surface pressures.
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The diffraction pattern resulting from an adsorbed

Fig, ITI-42.
layer of cyclopentane being heated to 150°C showing the

first two sets of platinum diffraction features.
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ITI-43. The work function change on adsorption of ethylene
on the Pt(111l) 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
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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(100)-(5%1) 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 (V2 X V2)R45° surface structure. The diffraction
pattern resulting from the (5X1) surface structure disappears during
this ordering process. The WFC on adsorption is -1.2 Vas 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. ITI-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(11l) surface causes the
formation of a disordered adsorbed layer. The WFC on adsorption is
-1.1Vwith initial adsorption at a recorded pressure of 5><10-8 Torr
(Fig. III-47). With continued exposure to organic vapor flux the
magnitude of the WFC decreases to -.9 V(5 ﬁours at a recorded pressure
of 5X10_8). With heating by steps in flux to 250°C the WFC becomes

-1.5V; however, the adsorbed layer remains disordered.
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Fig. III-45. The work function change on adsorption of ethylene on
the Pt(100)-(5%X1) surface at 20°C. The indicated pressure
should be multiplied by at least six to yield approximate
surface pressures.
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Fig., ITI-46. The work function change as a function of temperature for
ethylene adsorption on the Pt (100)-(5%x1) surface. The indicated
pressure should be multiplied by at least six to yield approximate
surface pressures.
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Fig. ITI-47. The work function change on adsorption of n-hexane on
the Pt(111) surface at 20°C. The indicated pressure should be
multiplied by at least six to yield approximate surface pressures,



~108-

Adsorption of n-hexane on the Pt(100)-(5%X1l) surface causes the slow
disappearance of the (5%1) (70 minutes at a recorded pressure of
3X10-7) surface structure and an increase in the background intensity.
The WFC on initial adsorption at a recorded pressure of 5><10-8 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 V, however the adsorbed layer

remains disordered.

Mesitylene adsorption

Mesitylene adsorbed on the Pt(11l) 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 (~ 4><10_7 Torr recorded
pressure) causes the formation of a disordered adsorbed 1éyer 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 on the Pt(100)-(5%X1) surface causes the
appearance of streaked diffraction features at 1/3 order while the

diffraction pattern resulting from the (5%X1) surface structure remains
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should be multiplied by at least six to yield approximate
surface pressures.



-110-

Fig. ITI-49a. The diffraction pattern resulting from mesitylene

Fig.

adsorption on the Pt(11l) surface at 20°C.

III-49b. The diffraction pattern resulting from mesitylene
adsorption on the Pt(111l) surface at 20°C showing the first

order Pt diffraction features.
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Fig. III-49 (a & b).
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as shown in Fig., III-52. The (5%X1) surface structure and streaked
features are stable to exposures longer than 2 hours at a recorded
pressure of 2><10_8 Torr. The WFC on adsorption is -1.5V as shown
in Fig. III-53. Adsorption at higher pressures (4X10—7) causes the
formation of a disordered adsorbed layer, the (5%X1) surface structure
disappears and the WFC (-1.2V) is less than that observed with low
pressure adsorption. Heating above 150°C in flux causes the extra
diffraction features and the (5X1) 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(111) surface causes the
formation of a poorly ordered adsorbed layer. dn 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)-(5%1) surface
causes an increase in the background intensity and a decrease in the
intensity of the diffraction pattern caused by the (5%X1) surface
structure. The (5%X1) structure disappears with heating of the surface

to 100°C. The WFC on adsorption is approximately -1.6V and depends
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Fig, III-52. The diffraction pattern resulting from mesitylene

adsorption at low pressure on the Pt(100)-(5%1) surface.
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Fig. III-53. The work function change on adsorption of mesitylene on
the Pt(100)-(5x1) 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-54. The work function change on adsorption of 2-methylnaphthalene
on the Pt(111l) 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. ITI-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 =2.0V. ‘The initial value of the WFC does not change with continued
exposure. When adsorbed at room temperature naphthalene forms an
apparent (3X1) 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 adsorétion;. 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(100)-(5%1) surface causes
the rapid disappearance of the (5X1) surface structure and an increase
in the background intensity. The WFC on adsorption is =-1.75V but
is sensitive to 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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Fig. III-55. The work function change on adsorption of 2-methylnaphthalene
on the Pt(100)-(5%1) surface at 20°C. The indicated pressure should
be multiplied by at least six to yield approximate surface pressures.
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III-56. The diffraction patterns and corresponding work function
changes as a function of temperature resulting from adsorption of
napthalene on the Pt(1l1ll) surface. The indicatéd pressure should
be multiplied by at least six to yield approximate surface

pressures.

IIT-56a. The diffraction pattern resulting from naphthalene
adsorption at 20°C on the Pt(111l) surface showing the first order
Pt diffraction features.

III-56b. The diffraction pattern resulting from heating an adsorbed
naphthalene layer to 150°C or by adsorption at 150°C on the Pt(11l)

surface. The first order Pt diffraction features are visible.
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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 -1.5V (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
to a 30 Velectron beam at 2><10_6 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) positiomns).
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(100)-(5%1) surface causes the
(5%1) 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. I11I-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. ITII-61. With heating in

vacuum the magnitude of the WFC decreases with heating above 90°C.
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Fig. IIT-60. The work function change on adsorption of nitrobenzene
on the Pt(11l) surface at 20°C. The indicated pressure should

be multiplied by at least six to yield approximate surface pressures.
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Propylene adsorption

Prolylene adsorption on the Pt(11ll) 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 -1.3V as 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(100)-(5%X1) surface causes the slow

9

disappearance of the (5X1) structure (1 hour at 6X10 ° Torr recorded
. pressure). The diffraction pattern after relaxation of the (5X1)
surface structure contains diffuse 1/2 order streaks. The WFC on
adsorption is -1.2 Vas shown in Fig. ITI-65. The WFC does not depend

on the degree of ordering of the adsorbed overlayer.

Pyridine adsorption

Pyridine adsorbed on the Pt(111l) 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>f1uxes 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 diffraction pattern resulting from propylene
adsorption on the Pt(111l) surface at 20°C showing the

first order Pt diffraction features.
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Fig. III-64. The work function change on adsorption of propylene
on the Pt(111) surface at 20°C. The indicated pressure should be
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Fig. III-67. The work function change on adsorption of pyridine

on the Pt(111l) 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(1l1ll) surface to pyridine at 250°C.

Pyridine adsorbed on the Pt(100)-(5%X1) surface causes a rapid
disappearance qf the (5%X1) 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 in organic vapor flux causes the appearance of a poorly
ordered (V2 x V2)R45° diffraction pattern.

Toluene adsorption

Toluene adsorbed on the Pt(11l) 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 wvapor flux. Adsorption experiments
have been carried out at recorded pressures up to 3><10_7 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 (111)-(4x%2)-
toluene structure forms. The diffraction patterns observed are
shown in Fig. III-69c and d. The WFC does not appear to be effected
by feordering 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
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ITI-69a. The diffraction pattern resulting from toluene adsorption
on the Pt(111) surface at 25°C.

III-69b. The diffraction pattern resulting from toluene adsorption
on the Pt(111) surface at 25°C showing the first order Pt

diffraction features.

IIT-69c. The diffraction pattern resulting from 160°C heat

treatment of the surface and adsorbed toluene.

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-69 (a,b,c, & d).
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Fig. ITI-70. The work function change on adsorption of toluene on
the Pt (111) 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(100)-(5X1) causes the appearance of
1/3 order streaks in the diffraction pattern while the (5%1) 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 (5%X1)
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 (5X1) surface structure
and the 1/3 order streaks fade slowly until the pattern becomes a(1X1)
with high background intensity (90 min at 1><10_8 Torr recorded pressure)
during this transformation the WFC remains -1.55 V (Fig. III-73).
The WFC on 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 diffraction pattern resulting from toluene
adsorption on the Pt (100)-(5x1) at 20°C.
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Fig. ITI-73. The work function change on adsorption of toluene on
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Fig. III-74. The work function change as a function of temperature

for toluene adsorption on the Pt(100)-(5x1) surface. The indicated
pressure should be multiplied by at least six to yield approximate
surface pressures.
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Metaxylene adsorption

Adsorption of m—xylene on the Pt(1ll) 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 wvapor 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. ITI-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(100)-(5%X1) surface causes the
appearance of 1/3 order streaks while the (5X1) 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 (5X1) structure. Both the diffraction features
resulting from the (5X1) surface structure and the 1/3 order streaks
fade slowly until the pattern becomes a (1X1) with high background
intensity (90 min. at a recorded pressure of 1><10_8 Torr). During
this transformation the WFC remains -1.65 V (Fig. I11-78).

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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III-75a. The diffraction pattern resulting from m-xylene
adsorption on the Pt(11ll) surface at 20°C showing the first order
Pt diffraction features.

ITI-75b. The diffraction pattern resulting from m-xylene
adsorption on the Pt(100)-(5%X1) surface at 20°C.
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ITI-76. The work function change on adsorption of m-xylene
on the Pt(11l) surface at 20°C. The indicated pressure should
be multiplied by at least six to yield approximate surface
pressures.



(volts)

Work function change

-02

-04

-06

-0.8

Fig. III-77.

Pt (111) =

e 1x10™ % torr |

x 2x 1078 torr

] ]

M — Xylene on
9
X
° - X %
] | | |
50 100 150 200

Temperature (°C)

250

XBL734-2686

. 300 350

o

I I I I

. M- Xylene on Pt

1 | | |

I T
(100) .

e Ix 10 "8 torr

x 2x10°% torr

-6YT1-

| l

O._
T =02k
-0.4

v

S

> -o6l

(]

o

S -0.8F

o

(8]

=

S -l.0F

b

c

o
-1.2F

X

(]

2 4L
-1.6
-1.8F

0

50 100 150 200

250 300 350

Temperature (°C)

XBL734-2685

The work function change as a function of temperature for m-xylene adsorbed on
the Pt(111l) and Pt(100)-(5%x1) surfaces.

The indicated pressure should be multiplied by

at least six to yield approximate surface pressures.
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surface pressures.



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 (100)-(5%1) surface causes
the (5X1) 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(111) surface.

2,6-Dimethylpyridine adsorption

Adsorption of 2,6-dimethylpyridine on the Pt(11l) 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. . T
Adsorption of 2,6-dimethylpyridine on the Pt(100)~-(5X1) surface

causes an increase in the background intensity along with a decrease

in the intensity of the diffraction features caused by the (5X1)

surface. The WFC on adsorption is -1.5 V. Experiments at elevated

temperature caused severe electron gun poisoning.

3,5-Dimethylpyridine adsorption

Adsorption of 3,5-dimethylpyridine on the Pt(111) surface causes
the appearance of a diffuse streak at 1/2 order. The WFC on adsorption
is -=2.3 V. With gentle heating to 100°C the adsorbate produces some
unknown substance which poisons the electron gun severely even
though the pressure was 2><10_9 Torr.

Adsorption of 3,5-dimethylpyridine on the Pt(100)-(5%1) surface
causes the slow disappearance of the (5X1) surface structure (4 mindtes
at 4><10_7 Torr recorded pressure). The work function change on adsorption
is =2.2 V. Experiments at elevated temperature cause severe electfon
gun poisoning.

Isoquinoline adsorption

Isoquinoline adsorbed on the Pt(111) 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



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(100)-(5%1) surface causes the
slow disappearance of the (5%X1) surface structure (6 minutes at
6X10_8). While the (5X1) remains, faint high order streaks are visible
in the diffraction pattern parallel to features produced by the (5%1)
surface structure. After disappearance of the (5X1) 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(11ll) 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 6n the Pt(100)-(5%X1) 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 (5%1) diffraction
pattern becomes less intense ((5%X1) gone at 15(0°C) and the background
intensity becomes progressively more intense. With heating the

magnitude of the WFC decreases.
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Pyrrole adsorption

Pyrrole adsorbed on the Pt(111l) surface causes the appearance
of diffuse new diffraction features at the (1/2 0) positions. The
WFC on adsorption is -1.45 V. With heating by stepé to 200°C in
vacuum the diffraction pattern has a uniform high background intensity
indicative of a disordered overlayer.

Pyrrole adsorbed on the Pt(100)-(5%X1) surface causes the rapid
disappearance of the diffraction pattern due to the (5X1) surface
structure. New diffuse 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(111l) surface causes the appearance
of a diffuse streak at 1/3 the distance between the (00) and (10)
platinum features. The WFC on adsorption is -1.45 V. With heating
in vacuum the extra diffraction features are gone after 120°C heat
‘treatment; as the extra features disappear the background intensity
increases. With heating by steps to 200°C in vacuum the WFC decreases
with increasing temperature.

Quinoline adsorbed on the Pt(100)-(5X1) surface causes the slow
disappearance of the (5%X1) surface structure (14 minutes at a recorded
pressure of 3><10_8 Torr). While the (5X1) persists diffuse streaks
appear at 1/3 order; the streaking is parallel to the direction of

the diffraction features which occur because of the (5%X1) surface



structure. As the (5X1) 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(11l) 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(100)-(5%1) surface causes the slow
disappearance of the (5X1) surface structure (10 minutes at 6X10-8).
The diffréction pattern observed after relaxation of the (5%X1) 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(111l) and
Pt(lOO)—(le) surface. Ordering in the adsorbed layer was more
pronounced on the Pt(111) surface than on the Pt(100)-(5%1) 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)_l’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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Table IV-1. Ionization Potential and maximum work function changes
for Organic molecules adsorbed on the Pt(100)-(5%x1) and Pt(111)

surfaces.
Maximum Work Function
Ionization Change Observed (Volts)
Name Formula Potential., Pt (111) Pt (100)
(Volts) :

Acetylene C2H2 11.4 -1.65 -1.65
Aniline .C6H7N 7.7 -1.8 -1.75
Benzene C6H6 9.2 -1.8 -1.6
Biphenyl C12H10 8.3 -1.85 -1.8
n-Butylbenzene ClOH14 8.7 -1.5 -1.5
t-Butylbenzene C10H14 8.7 -1.7 =1.75
.Cyanobenzene C7H5N 9.7 -1.6 -1.5
Cyclohexane C6H12 9.9 -1.2 ' - .75
Cyclohexene C6H10 8.95 -1.7 -1.6
Cyclopentane CSHIO 10.5 - .95 - .4
Cyclopentene C5H8 9.0 -— -1.4
2,6-Dimethylpyridine C7H9N 8.85 -1.6 -1.5
3,5-Dimethylpyridine C,H/N *8.85 o =2.3 -2.2
Ethylene C2H4 10.5 -1.5 -1.2
n-Hexane C6Hl4 10.2 -1.1 - .8
Mesitylene Cng2 8.4 -1.7 -1.7
2-Methylnapthalene CliHlO 8.0 -2.0 -1.6
Naphthaléne C10H8 8.1 -1.95 -1.7
Nitrobenzene C6H5NO2 9.9 -1.5 -1.4
Piperidine CSHllN ' 9.0 -2.1 -2.05
Propylene C3H6 9.8 -1.3 -1.2
Pyridine CSHSN 9.2 -2.7 -2.4
Pyrrole C,H.N 8.2 -1.45 -1.6

475
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Maximum Work Function
Change Observed (Volts)

Ionization
Name Formula Potential Pt(111) Pt (100)
(Volts)
Quinoline C9H7N 8.3 -1.45 -1.7
Styrene C8H8 8.5 -1.7 -1.65
Toluene C7H8 8.8 -1.7 -1.55
m-Xylene C8H10 8.6 -1.8 -1.65

*
( assumed to be the same as 2,6-dimethylpyridine)

Tfrom J. L. Franklin, -J. G. Dillard, H. M. Rosenstock,-J. T. Herron,
K. Draxl, and F. H. Field, Tonization 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(100)-(5%X1) surface structure
relaxed to the (1x1) surface structure after adsorption was complete.
The relaxation of the (5X1) 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 (5X1) surface structure no change occurred in the work function
of the surface. It appears that no marked change in the charge ;ransfer
occurred with relaxation. Thus the binding between substrate and
adsorbate remains largely unchanged with relaxation of the (5X1)

- surface structure. For cycloyexane and cyclopentane, increased
organic flux caused the (5%X1) 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 adsérbed 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 develdpment
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

|—2 2 unit cell could accommodate two benzenes in equivalent positions
the unit cell might be reduced to -g § . The second criterion is

that the adsorbed layer must be close packed over the surface. In

~particular the surface should not contain large uhoccupied 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

and/or binding between substrate and adsorbate. This assumption seems

reasonable but is not necessarily true.

B. Benzene Adsorption

1. Benzene Adsorption on the Pt(111) Surface

With adsorption on the Pt(1lll) surface, benzene forms a poorly

ordered adsorbed layer; the WFC on adsorption is -1.8 V. With
-2 2
4 4
magnitude of the WFC decreases (-1.4 V). With further exposure the
-2
5 5

it reaches a steady state value of -.7 V. The

further exposure the Pt(111)- -Benzene structure forms and the

structure forms and the magnitude of the WFC decreases unit

structure forms

-2 2
5 5
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 éhange in work function and structure might involve adsorption
of a second layer of benzene. However for the case of ethylene
adsorption where second layer adsorption has been reported previously4
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 dénsity (number
of benzenes per unit surface area) of the adsorbed layer during the
transformation is not possible because of the high flux (.5L/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 adsorbed layer
increases. If the adsorbed species retained the same bonding
characteristics dufing 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




-164~

explained by assuming the area per adsorbed molecule must be decreasing.

The criteria for the transition are then:

1) tﬁe 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 hindered from interaction in any manner other
than T-béonding. 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 T-bonding is occurring between benzene and the platinum
surface in the initial disordered adsorbed .state. That is, the
aromatic T 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. TFor 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 T-bonding
and the final adsorbed state involves dehydrogenation and O-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
_§ § surface structure involves reoriented benzene

molecules adsorbed with their rings at some large angle or perpendicular

state with a

to the surface.

The initial adsorbed species would be held on the surface by a
m-bond through the aromatic fing similar to the bonds in the so called
"sandwich compounds".4 Since the metal surface is highly electron

deficient (¢, = 5.7 V) a large induced dipole would be expected in
Pt

-2 2

5 5

structure involves benzene molecules covalently bonded to the surface

surface

the adsorbed layer. The final adsorbed state with a

with theilr 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)

and loss of hydrogen atoms to form a singly bonded intermediate.5

-2 2
5 5

likely a singly déhydrogenated benzene molecule covalently bonded to

Thus the adsorbed specie which gives the structure is most
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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 T-bonding.
The surface area occupied by the adsorbed species decreases and the charge
transfér 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., O-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

'_Z 2 structure contains three benzene molecules per unit cell
(approximately 35.6 A2 per benzene molecule). The _§ § structure

contains four benzene molecules per unit cell (approximately 33.3 Az
per benzene molecule). The position of the adsorbate unit cell relative
to the substrate unit cell is uncertain. However, there is sufficienf
evidence to indicate that the postulated number of benzene molecules

per unit cell is correct.
-2 2
4 4

either a homogeneous intermediate layer as shown with the benzene

The intermediate structure shown in Fig. IV-3 may involve

rings at some angle to the surface and partially dehydrogenated.

However the apparent —z 2 diffraction pattern may also be due to
a mixture of patches of the _g § structure and some other unknown

structure.
With gentle heating in flux the benzene ‘structures and the WFC

results suggest that the transformation from T to 0 bonding may be



Fig. IV-3. A diffraction pattern resulting f?om the Pt(111)- l-z Z’ ~
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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Fig. IV-4. Diffraction patterns taken at several voltages for the

Pt(111) - l'§ §

first order platinum diffraction features) and a schematic diagram

- benzene structure (Pattern A contains the

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 adsofbed layer becomes disordered so that

structural corroboration of this result by LEED is not possible.

2. Benzene Adsorbed on the Pt(100)-(5%X1) Surface

Benzene adsorbed on the Pt(100)-(5%X1) 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 T-bonding. The value of the WFC is only slightly lower than

~the WFC on adsorption for several other simple substituted aromatics
on the(100)surface. Initial adsorption may involve T-bonding between
the aromatic ring and the surface while the final state may involve
dehydrogenation and O-bonding in combination with some T-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(111l) Surface

The adsorption of naphthalene on the Pt(11l) surface at 150°C
causes the formation of a(6%6) 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 naphthalene
ring system is involved in the formation of a m-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 (6%6) 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(6%6)
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(1ll)-
(6%X6) -naphthalene structure with a probable arrangement of
naphthalege 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 ﬁaphthalenes 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 pbsition of the adsorfed:unit cell relative to the substrate
is uncertain. | |

The adsorption §f 2~methy1naphthalene-was carried out to test
the hypothesis.that naphthalene was adsorbed parallel to the surface.
If 2-methylnaphthalene gave fhe same structure as naphthalene,
adsorption parallel to the surfacé would héve‘been ruled out. However,
2-methylnaphthalene gave a disordered adsorbed layer on adsorption
therefore*the paral1al adsorption -model wa34nd£ disproved. The WFC on
adsorption of 2-methylnaphthalene (—Z.O_V)'indicates that this
suﬁstance is bound to the surface in a manner similar to naphthalene.

2. Naphthalene Adsorbed on the Pt(100)-(5X1) Surface

Naphthalene adsorbed on the Pt(100) 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 ﬂ—bbnds with the surface. Diffraction information is completely

lacking so that this interpretation is largely speculative.

D. Pyridine and Dimethylpyridine Adsorption

1. Pyridiné and Dimethylpyride Adsorption on the Pt(111) Surface
Pyridine adsorbed on the Pt(111l) surface at 25°Cvfofms a poorly

ordered strudture 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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7777

Pt (I11)-2x2 " Pt (111)-3x1.5
Pyridine

XBL737- 3431

Fig. IV-6. A schematic diagram indicating the orientation of adsorbed
pyridine on the Pt(111) surface. The orientation shown for the
Pt (111)-(2x2) structure correlates with the adsorption data at
20°C. The orientation shown for the Pt(111)-(3x1.5) 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 éair must be involved in the bonding. Pyridine adsorbed
through its nitrogen with the afomatic ring perpendicular to the
.metal surface fits nicely into a Pt(ill)—(ZXZ) unit cell as shown

in Fig. IV-6.

With this adsorption geometry the WFC would be expected td’Be
large since the molecule has a 2.2 D permanant dipole which wouid be
aligned with its positive end away from the subst:ate. That is, the
large WFC may be due to éctual-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 pyridiné and the metal surface was tested
by adsorbing 2,6-dimethylpyridine and 3,5-dimethylpyridine. The
nitorgen lome electron pair is sterically hindered from interaction
with the surface in 2,6—dimethypyridiné;6’7 3,5-dimethylpyridine
was used to check fof the influence of other;effects of dimethyl
substitution such as the increased size of theAmolecule and electron
density changes with methyl sﬁbstitutiop.

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—Dimethy1pyridine causes the
appearaﬁce of diffuse 1/2 order diffraction features; howéver, the
_molecule.is too large to fit in a Pt(lll)-(Z*Z) unit cell, thus the

diffractioh information appears to be incompléte because of poor ordering.
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Adéorption of 2,6-dimethylpyridine caﬁses a WFC of -1.6 V on the
Pt(lll) surface. This value of the ch is significantly smaller than
the WFC on adsorption of 3,54dimethy1pyridine 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 involvedrin-bonding and that m-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 T-bonds
with the surface.

The adsorption of these two dimefhylpyridines Hasvshown that if
a pyridine type nitrogen is not sterically hindered it interacts
strongly with the'éurface_and causes adsorption of the aromatic ring
ﬁerpendicular to the subgtrate surface.'bThis évidenée supports»the
hypothesis that pyridine interacté with the surface through its basic
nitrogen. B

If the adsorbed pyridihe is heated to 250°C, a new structure
forms characterized by one dimensional order with the unit vector in
the overlayer bging three times as 1§ng as the unit vectors in the subs'-
strate lattice. The diffraction paftern 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 palr interaction



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 ex”change.8 Therefore it ié
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 (111)
‘unit vectors and thus this adsorbed orientation of ﬁyridiﬁe céuld give
fise to tﬁe observed diffraction pattern. The decrease in the
‘ magnitude of the WFC 1is easily explained using this pyriaine orientation
since the nitrogen has a less favorable geometry for interactidn with
the surface and the permanent dipole is no longer aligned perpendicular
to the substrate surface.

2. Pyridine and Dimethypyridine Adsorption on the Pt (100)-(5%1)
Surface

Adsorption of pyridine on the Pt (100)-(5%1) 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 coﬁfirmed by experimenté done with 2,6?dimethylpyridine
and 3,5-dimethy1pyridiné. The nitrogen lone pair is sterically hindered
from interaction with the surface in 2,6-dimethylpyridine. The WFC
on adsorption of 3,5—dimethy1pyridine»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(100) 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 (Y2 X V2)R45° structure. Pyridine is too large td fit in
this unit’'cell, therefore it appears that the diffraction information

is incomplete because of poor order.

E. Cyclohexane, Cyclohexene, 1,3-Cyclohexadiene and Benzene Adsorption

1. Cyélohexane and Cyclohexene Adsorbed on the Pt(111) Surface

Cycldhexane adsorbed on the Pt(11l) surface at low pressure
(6><10_9 Torr recorded pressure) causes a WFC of -1.2 V. With increased
- pressure (4XI0_7 Torr recorded pressure) the magnitude of WFC decreases

to -.7 V and a disordered adsorbed layer forms. Cyclohexene adsorbed
' -2 2
4 4

structure. Thus it seems apparent that cyclohexane i8 not adsorbed

on the Pt(1lll) surface causes a WFC of -1.7 V and forms a

in the same manner as cycléhexene. 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 bé,the most.likely possibility. Using this type of boﬁding
the transition which occurs at high'pressure can be easily‘explained

by examining the availability of several ring orientations relative

to the sufface. It appéars that with increased pressure the adsorbed
cyclohexanes "stand up" with réSpect 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

-2 2
4 4

structure and causes a WFC of -1.7 V on édsorption. The large WFC on

with increased organic vapor pressure. Cyclohexene forms a

R



adsorption indicates interaction of the T-electrons with the metal
| -2 2
4 4

in Fig. IV-7. The structure has been constructed using the criteria

surfacé. A possible configuration for the

structure is shown

and assumptions discussed in Section IV-A-2. Note that cyclohexene

has several possible ring conformations; we have used the one with

the smallest projécted area‘without'allowing dehydrogenation. The
structure allows fairly ;losé approach of the unsaturated carbon-carbon
bond to the metal surfaée. 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
fur;her reorieﬁtation and.even smaller surface area per adsorbéte
molecule, It wouid'also allow O-bonding betﬁeen substrate and adsorbate.
(In this Case-the formation of an acetylenic T-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 reoriéntation of the ring system.
is occurring without major chemical changes. thylene, 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 cyclohexeﬂé’to occur

and allow even closer approach.of the double bond to the surface as

well as allowing O-bonding between substrate and adsorbate.
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With heating to 150°C in fluk, cyclohexane and cyclohexene both
 cause an apparent (Zxé) surface structure with diffuse diffraction
features. The magnitude of the WFC increases to ~1.1 V for cyclohexane
and decreases for cyclohexene to -1.6 V. With further heating to
300°C the magnifude of the WFC increases to ~1.4 V.for cyclohexane
and decreases for cyclohexéne 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 incréase 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
Nevidencenthaﬁ dehydrogenation of the cyclohexane is occurring with
heating. The small change in WFC value for cyélohexene with heating
from 20°C to 150°C implies that little change is occurring in the
bondihg between the adsorbed layer and the substrate for cyclohexene.
Thus if appears that the apparent (2X2) cyclohexene structure may be

surface structure or a surface structure

-2 2 -2 2
4 4 4 4

which is unresolved by LEED because of small domain size. The apparent

- a disordered

(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

Cyclohexehe; that is, at 150°C the dehydrogenation was not complete.



© -184-

2. 1,3-Cyclohexadiene and Benzene Adsorbed on the Pt(11ll) Surface
1,3-Cyclohexadiene on the Pt(11l) 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

the adsorbed layer is disordered, then the -z 2 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 paft of the surface may be covered with hydrogen'from'

.the dehydrdgenation<1f.1,3-cyclohexadiene. In fact the transfqrmation

takes a significantly 1ongef 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. 1In brief
the benzene first forms a T-bond with the surface (disordered surface
structure, WFC_=.-1.8 V) and the final adsofbed.state'involves a

singly dehydrogenated benzene O-bonded to the surface ( surface

2
5 5
structure, WFC = -.7 V)

3. The Pt(l11l) Surface and Cyclohexane Conversion to Benzene

The Pt(111) 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 cyclohexeng adsorbed on the Pt (111)



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 metai surface because of the
conformations of the ring systems. Cyclohexadiéne on the other hand

is locked in a planar configuration.so that all carbons are in intimate
contact with the surface. 1In essence the activation barrier for
dehydrogenation is reduced dramatically for i;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 fhe molecule is T-bonded pa?allel to the surface. For
cyclohexane and cyclohexéne the activation barrier is increased at
high pressure (10—6-Torr surface pressure) since the molecules

"stand up" on the surface because of repulsive interaction between

adsorbate molecules.

4. Cyclohexane and Cyclohexene on’theAPt(IOO)-(le) Surface
Cyclohexane‘adsorbed on the Pt(lOO) surface goes through a
transition with'increasing organic pfessure similar to that observed
on the Pt(111) surface. Adsorption at low pfessure (6><10—9 Torr
recorded pressure) causes a WFC of -.75 V while the (5%X1) surface
structuresremains. Increasing the cyclohexane pressure (to 4><10-7 Torr
recorded pressure) causes the magnitude of the WFC to decrease and also
.causes the (5%1) surface structure to disappear and a diffuse (2x1)
diffraction pattern to form. Cyclohexene adsorbed on the Pt(100)-(5%1)
surface causes the disappearance of the (5X1) and the appearance of

a diffuse (2X1) 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 tw; cases. The similar dif-
fraction patterns may indicate similar geometries of adsorption for
the two adsorbates, however, éyclohexane is not adsorbed as a doubly
dehydrogenated olefinié species at room temperature. Single dehydrogenation
followed by interaction with the surface thrbugh the dehydrogenated site
seems to be the most likely possibility. The transition which occurs
with cyclohexane adsorption may be rationalized by considering possible
4 ring orientations relative to the metal surface. It appears that with.
increased ﬁressure the adsorbed cyclohexane molecules 'stand up" with
respect to the metal surface. This transition may be caused by. repulsive
ipteraction<between~adsorbates.as the .density (number of adsorbates per umnit
surface area) in.the adsorbed layer increases with increasing organic
vapor pressuré. The large WFC on adsorption (;1.6 V) of cyclohexene
imples'that T-bonding is occurring between substrate and adsorbate.

With heating in flux to 150°C both cyclohexane and cyclohexene
" cause the.formation of a streaked (2x1) diffraction pattern. The
magnitude of the WFC incréases to ~1.2 V (from -.4 V) for cyclohexane
and decreases slightiy for cyclohexene to ~1.5 V. 'With further heating
to 300°C the magnitude of tﬁe WFC increases slightly for both
cyclohexane (-1.5 V) and cyclohexene (~1.6 V).

The ﬁarked increase in the magnitude of the WFC for cycléhexane
“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 similér
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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 a£ 300°C. 1In

fact the identical ordered structures observea at 150°C indicate that
the adsorption geometry is similar for these two compounds at 150°C.
Thus it seems that at eievated4temperatures cyclohexane may be converted
to cyclohexene.

5. Adsorption of 1,3-Cyclohexadiene and Benzene on the Pt(l00)-(5X1)
‘ Surface

Adsorption of 1,3-Cyclohexadiene on the Pt(100)-(5%X1) 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 wﬁich'decreases td -1.3 V with exposure. 1,3-Cyclohexadiene
causes an initial WFC of -1.7 V which decreases to -1.4 V witﬁ 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(100)-(5%1) although the evidence is certainly not
as detailed as the data on the Pt(111) surface.

6. The Pt(100) Surface and the Conversion of Cyclohexane to Benzene

Thé‘Pt(lOO) surface seems capable of catalyzing the conversion
of cyclohexane to éfélohexene'at elevated temperature but not the
conversion of cyclohexane or cyclohexene to benzene, However,
l,3—cycloﬁexadiene is converted to benzene at room temperature. The.
primary &ifference between cyélohexane, cyclohexene and 1,3-cyclohexadiene
_appears .to be-adsorption geoﬁetry. 1,3 Cyclohexadiene adsorbé parallel

to the surface because the ring is rigid and T-bonding occurs. The
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ease with which convérsion'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 cycldhéxane and'cyclohexane appears to be high
because the molecules "stand up" Wwith high pressure (1‘0'-6 Torr surface
pressure) and the part of the molecule which must be dehydrogenated
is same.diétance from the surface. |

Judging solely from WFC results it appears that the Pt(100)
surface is a better catalyst for the.reaction cyclohexane > cyclohexenem
than the Pt(111) surface. The (111) surface may be iess selective
and more reactive (leading to decomposition of the reactant) or simply
less reactive since the WFC results indicate only that fhe Pt (100)
surface is covered by a larger portion of cyclohexene : than the Pt(111)

surface at 150°C and 300°C.

F., Adsorption of Substituted Aromatic Molecules

1. Generalizations

The aromatic molecules which have small subétituent groups or high
rotational symmetfy 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 sufface 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 keither
translational or rotafional) in this ordering process. If the adsorbate
has a shape which approximates a circular croés section, reorientatién
into ordered layers is less difficult than reorigntation.of adsorbates
with bulky sidé groups. Slow deposition of the overlayer allows
adsorbed molecules more reorientation time before they become locked
into place by - a large nuﬁbér'of néighbors. This type of ordering
should be distinguished from ordering caused by site adsorption. Site
adsorptidn‘involves adsorption into a specifié surface site in a
specific orientation. Ordering results becauée the surface sites are

ordered. During site adsorption, adsofption and ordering occur



simultaneously.

The WFC observed on adsorption ranges from -1.4 V for nitrobenzene
to ~1.8 V for aniline. Charge transfer of éucﬁ magnitude indicates
extensive interactions éf the aromatic 7 systems with the substrate.

The interpfetation 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 cgll in the ordered adsorbed layer or they may
be chéracteristic 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(111) 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 énd substrate,

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

é. Work function change. The maximum WFC_oBserved on adsorption for
these compounds range from —1.5 V for n—Butylbenéene to -1.8 vaor
m-xylene. This large electron transfer from the adsorbed moleculeé to

- the metal‘substrate implies that the polarizable T 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
T system and the substrate surface since the benzene riﬁg is the only
structural entity common to all molecules in the series. If the
aromatic T 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 adsdrbcparallel or nearly parallel to the substrate surface éo that
the aromatic T 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
mesitylene adsorption studies carried out ét low pressure (10_9 Torr).
Each aromatic hydrogen in mesitylene has adjaéent methyl groups. Since
methyl groups are known to deactivéte the exchange of adjacent hydrogens
in hydrogen-~deutérium exchange studies, there shouid be little chance
for dehydrogenation of the aromatic hydrogens and for subsequent
interaction of the dehydrogenated site with the surface to form O
(electron pair) bonds. Excluding demethylation, the only alternative fbr
interaction appears to be ﬁ-bonding with the substrate surface. That
is, mesitylene should be fairly inactivectoward any type of interaction
except T-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 m-bonding.
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N-butylbenzene induces 'thg smallest WFC on adsorption; the WFC
on adsorption also depends markedly on the growth rate of the‘adsorbed
layer. Both of tﬁese 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—xyiene, mesitylene adsorbed at room temperatﬁre,
étreaked 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-bf the adsorbed species since they are 1isted in
order of increasing size above (the distance to the first orderxr
diffraction should var& inversely with the size 6f the unit cell),
However, the diffraction patterns become better ordered in tﬁe series
toluene, m-xylene, mesitylene. T-butylbenzene and‘n—butyibenzene on
the other hand form disordered adsorbed layers. Thus, it appears that
large‘ﬂ—bonded adsorbed molecules of the same rotational multiplicity
order more eaéily in the absence of long side-chains.

Detaiied information concerning molecular oriéntation cannot be
extracted from the diffraction patterns since poorly 6rdered layers
are formed. However, 1t 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 (2.6%2.6) and
(3.4X3.4) unit cells, respectively, which can be deduced from the
diffraction features. The Pt(111)-(4%X2)~toluene structure which forms

at 150°C does not have a large enough unit cell to accommodate toluene
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adsorbed paréllél to the surface even though the WFC observed seems to
- support this adsbrption geometry. However, for all cases mentioned
above the diffraction features are diffuse since the léyers were poorly
ordered; therefore; caution must be exercised in attempting‘to deduce
much structural information.

3. Toluene, b-Xylene, Mesitylene, t-Butylbenzene, and n—Butleenzene
Adsorption on the Pt(100)~(5x1) 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 similarit& of the WFC on adsorption for the entire
sefies, 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 T electron cloud of the adsorbate.

The WFC on adsorption of n;butylbenzene.dépends mérkedly on the
growth rate of the adsorbed overlayer. It appears that this is due
to the 1ong‘side chain which makes reorientation of the adsorbed

molecules difficult.

b. Diffractiﬁn Studiés; Ordered adsorption on the P;(lOO)—(SXl)
surfaée seems to be correla;ed with the persistance of the (5%1)
surface:structure for these 1éfge T-bonded adsorbates. That is, if
the (5x1) surface structure rémains.detectéble after édsorption thé
adsorbed_layer will be fairly well-ordered. On adsorptioﬁ of toluene,
m-xylene, and mesitylene; streaked 1/3 order diffraction features

appear which co-exist with the diffraction features due to the (5%X1)
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surface structure. ﬁpon gentle heat treatment, bbth the (5X1) surface
' structure ﬁnd 1/3 order streaks disappear leaying a (l*l) pattérn with
increased background intensity. On adsorption n—bﬁtylbenzene 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 (5X1) surface structure. With continued exposﬁre both
the (5X1) surface structure and the 1/3 order sfreaks‘ére replaced by
a (lxlj pattern with increased background intensity indicating
disordered adsorption. T—butylbénzene forms a disordered overlayer
on adsorption and the (5X1) surface structure reverts to a (1x1)
sturcture with high,background_intensity. During this order-disorder
transformation in the adsorbed layer whiie the substra;e surface
structure is also changing from (5%X1) to (1X1), no significant work
function change takes place. | |

The (5%1) sufface structure may be due to the formation of a
hexagonal platinum overlayer on top'of the square surface unit cell
expected by projecting the‘bulk structure onto the surface plane.g’lo’11
This model explains éhe observed order-disorder trans¥ormation upon
changes of substrate structure since a hexagonal surface (even one
formed by reconstruction) might be ekpected to yield more ordéred
overlayers. It should be noted that several ordered surface structures
have beén observed on the Pt(iOO);(lxl) surface even though the (5%1)
structure has relaxed. We have observed structures for CO, ethylene
acetylené, benzene, and pyridine on the Pt (100)-(1x1) 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,

ethylene and acetylene by other aﬁthorslz’l?”14

supports this contention.
Benzene and pyridine appear to interact with the (100) via the formation
of an electron pair bond to the Pt(100) surface.

7 Torr),

During the adsorption of mesitylene at high pressure (4x10~
a pressure induced transition occurs on both low index platinum
surfaces. The WFC decreaées, and the LEED pattern.becomes markedly
different (on the Pt(111) a disordered layer forms; on.the.(100)
| surface the (5x1) structure converfs to the (1x1)). ‘A change in thé
nature of inferaction between the substrate and adsérbate is occurring
which depends on the incident vapor flux, A comparison with the results
obtained for benzene seems to indicate that a ™ + ¢ bond tfansition 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 on the Pt(111).
Surface ' '

a. Work function change. The WFC observed on adsorption of aniline,

nitrobenzene, and cyanobenzene afe -1.8V, -1.5V and -1.6 V, -
respectively. The similarity of WFC withiﬁ 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 m 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(111l) 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 pobrly ordered for this group of compounds., All three molecules
cause the appearance of 1/3 order features'in the diffraction pattern.
Aniline adsorption gi?es rise to streaked diffraction features at{1/3
order along with.stfeaks extending radially to (1/2 0) positions. This
diffraction pattern seems to be the result éf a poorly ordered complex
structure. Adsorption of nitrobenzene and cyanobenzene cause the
formation of diffuse 1/3 ordér diffraction features. Both of these
molecules, adsorﬁéd with their benzene ring parallel to the metal
surface, fit into a (3%3) unit cell. However, the diffraction patterns
indicate a great deal of disofder in the adsorﬁed layer and the
diffuse diffraction features might obscure ﬁuch information necessary
to interpret the surface structures.

5. Aniline, Nitrobenzene and Cyanobenzene Adsorption on the'Ptﬁ;OO)—(le)
Surface : '

a. Work function change. The WFC's on adsorption of Aniline,

nitrobenzene éﬁd cyanobenzene are ~-1.75 V, -1.4 V and -1.5 V,
vrespectively. The similarity of the WFC within the series aﬁd the
éimilarity to the WFC on adsorption of the other hydrocarbons studied
supports the contention that these molecules also interact primariiy

by forming a 7 bond with fhe substrate surféce.: We expect the molécules
“to be adsorbéd with their benzene riﬁg parallel or nearly parallel to

the substrate surface. Nitrobenzene adsorbed on the Pt(100)-(5x1)
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surface is not.as sensitive to electron beam exposure as the overlayer
" on the Pt(111) surface. Apparently small changes in the interaction
between éubstrate and adsorbate can markedly affect the electron beam
sensitiGity of the adsorbed layer.

b. Diffraction Studies. These compounds form disordered overlayers

on adsorption.

G.. Acetyleme, Ethylene, and Propylene Adsorption

1. Acetylene, Etliylene and Proplyene Adsorbed on the Pt(11l) Surface

A substantial body of experimental data exists concerning ethylene

12’13f14 A recent

and acetylene adsorption on the Pt(lll) surface.
paper by Wéinberg,'Deans and Merril13 revie&s the relevant data and
proposes a detailed adsorption model for ethylene and acetylene on the
Pt(111) surface. In short they condélude that ethylene isvadgorbed
dissociatively, while acetylene remains intact on adsorption and that
béth form a (2%2) surface structure;“-There.is;a:second,layer;ofais;
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 écetylenic-residue consolidates above this
temperature. They also conclude that the adsorBed acetylene (2x2)
structure is not stable with respect to acetylene exposure since more
bacetylene may adsorb -in vaéant interstitial sites and cause the

adsorbed layer to become disordered. However the ethylene (2x2)

structure is stable to acetylene exposure since the dissociated



~198-

hydrogens block the interstitial sites.

The results of the present experiments do not contradict any of
the above conclusions. 'Iﬁ fact several new experimental facts'support
various conclusions made above.

The adsorption of ethylene and acetylene on the Pt(111) surface
induces the formation of a (2x2) surface strugture. The acetylene
(2x2) structure rapidly.becomes disordered with further exposure to
acetylene flux (completely disordered with ~ 40L). The ethylene (2x2)
sufface structure was not affected by further exposufe to ethylene
flux. The WFC observed for the acetylene (2x2) structure is -1.5V
and the WFC observed with ethylene adsorptionvis -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 aﬁd two adsorbed hydrogens while
acetylene adsorbs associatively. The two adsorbed structures may
. behave in a different manner with exposure to flux because the hydrogen
on thé surface from dissociation of the ethylene ﬁay 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) acetyiene structure is exposed to further acetylene flux, the
pattern becomes that expected from a disordered layer and the magnitude
of the WFC élowly increases to -1.65 V indicating an increase in the
density of adsorbed specieé on the surface. Furthef exposure of the
ethylene'Structure to ethyléne flux results in ﬁo change in the work

function indicating no change in the demsity of the adsorbed layer.
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With heating in vacuum the aensity of the adsorbed acetylene layer
remains esseﬁtially 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 decréases markedly with heating in vacuum
above 100°C as indicated by a marked decrease in the magnitude of the
WFC. Weinberg, Deans and Merril13 attribute this low tempefature
desorption to a second 1ayer_§f reversibly adsorbed ethylene which is
adsorbed on fop of the acetylenic first 1éyer.

Heating the adsorbed acetylene layer in flux up to approximatély
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 adsérbed ethylene layef 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 ethyleﬁe covered

12,13 Thus the presence of

Pt(11l) surfaces at approximately 200°C.
sufface-hydrogen for the adsorbed ethylene case appears to limit the
‘adsorbate surféce density until substantial hydrogen disorption has
occurred. Propylene adsorbed on the Pt(l1ll) surface causes the
formation of a (2x2) structure; the WFC on adsorption is -1.3 V. These
results suggest that propylené 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 denéity of the adsorbed layer is the
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same (one molecule per (2x2) unit céll). In fact propylene just fits
into a (2*2) unit cell (using 1.2 A for the Van der Waals radius of

H and 2.0 A for the Van der Waals radius of CH Thus it appears

3)'
that propylene may adsorb intact on the Pt(111l) surface at 20°C.

The discrepancy between the WFC results found‘by Morgan and
S_omorjai12 and those found in the current study can be explained by
_considering the differences in experimental procedures and equipment
used. Thé work of Morgén and Somorjai was often preformed on samples -
which were cleaned only by heating between adsorption experiments. 
" This procedure produces carbon contéminated sprfaces which do not
adsorb as much gas as clean éurfaces thérefore the magnitude of the
WFC obsgrved on adsorption would be expected to be smaller than the
WFC observed with adsorption on a clean surface. The syétem used had
a high CO backgroﬁnd since Ti sublimation pumping was not employed.
Cérbon mbnoxide is known to displace adsorbed olefj.ns,:12 displacement

‘would also lead to a reduction in the WFC observed.

2. Acetylene, Ethylene and Propylene Adsorbed on the Pt(100)-(5%1)
Surface ' '

The adsorptién'of ethylene or acetylené on the Pt(lOb)-(le)
surface causes the formation of a (V2 x V2)R45° surface structure.
The WFCAén adsorpfion is =1.65 V for acetylene and’-1.2 V for ethylene.
The WFC values seem to indiéate that these molecules adsorb as distinct
chemical species. That is, it appéars that ethylene adsorbs

associatively at 20°C on the Pt(100)-(5%1) surface.
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The diffraction pattern resulting from the (V2 x V2)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 éf antiphase domain boundaries can be simply related
to the symmetry of the adsorption sites occupied by adsofbate molecules
on the surface.15 The type of broadening obserVed for ethylene and
“acetylene implies that adsorption is occurring in a four-fold
symmetric site. An analysié for (V2 X V/2Z)R45° structures on square
' symmetric substrate unit cells has been'done by R. L. Park.15

Heating fhe adsorbed acetylene layer in flux ﬁo 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
layef. Heating the adsorbed ethylene layer in flux to 250°C causes
a ﬁaximum to occur in the magnitude of the WFC (~1.5 V) indicating
vaﬁ increase in the density of the adsorbed layér and/or partial
dehydrogenation of the adsorbed layer. Hydrogen is known to desorb
from ethylene covered Pt(lbO)—(le) surfaces at approximately 200?0;12
the desorption of hydrogen iﬁplies partial dehydrogenation of the
adéorbed ethylene. Since desorption Qf hydrogen is occurring, aﬁ
increase in the density of the'adsorﬁed layer could be easily
accomplished by further ethylené adsorption from thevgas 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(100)-(5%X1) surface causes the
éppearance 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 Somorjail2 may be due to the fact that in earlier work
cleaning was carried out between adsorﬁtion runs by heating the surface

in vacuum, which is now known to produce carbon contaminated surfaces.

Carbon monoxide displacement .of adsorbed olefins+may also-have occurred.

H. Adsorption of Nitrogen Containing Heterocycles

1. Generalization Resulting from Work Function Changes for Nitrogen
Heterocycles Adsorbed on the Pt(111) and Pt(100)-(5%1) Surfaces

The compounds studied fall into two groups when viewed in terﬁs
of work function changé observed on adsorption. The first group
appears to interact with the Pt surfaces primarily by forming a
T bond; these compoﬁnds cause a WFC on édsorptioﬁ approximately -
inversely proportioned to their respective first ionization potential.
?yrrole, quinoline, isoquinoliﬁe, and 2,6-dimethylpyridine are
members of this group.. Therefore these compounds appear to be adsorbed
pérallel of nearly parallel to the metal surface. These cqmpounds have
permaﬁent dipoles rénging from 1.6 D fo 2.8 D which if aligned
perpendicular to the surface might cause unexpected work function

changes.
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The remaining‘compounds ﬁyridiné; piperidine, and 3,5-dimethy1pyridine
apparently.intefactrwith the surface via their basic nitrogen since they
. cause 1arge work function changes on adsorption; That 1s, these

compounds are better electron donors than expected from the magnitude
of their ibﬁization.potential. As mentioned in the pyridiné section
~ (IV-D) the large WFC may be due to actual éleétron 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
thé adsorptioq geometry involves adsorption thrdugh the basic nitrogen
| with the ring system aligned perpendicular or nearly perpendicular
to the metal surface.

2. Nitrogen Heterocycles Adsorbed on the Pt(111) Surface

Pyridine and the dimethylpyridines adsorbed on the Pt(111) 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 ﬁetal surface and interact

>with fhe meta1 surface primarily through their basic nitrogens.
Interaction of 2,6~dimethylpyridine occﬁrs through the formation of a
T bond with the metal sﬁrface since the basic nitrogen is sterically
hindered from intéracticn with the metal surface by two adjacent
methyl groups.

The diffraction patterns resulting from adsorption of quinoline
ahd-isoquinoline on the Pt(111) sufface at 20°C are similar to the
.diffraction pattern resulting'ffom naphthaléne adsorption at 20°C.

The WFC on adsorption of isoqﬁinolihe (—1.9_V) is also similar to
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the WFC observed_on naphthalene adsorption (-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 isoquinolinersupport the contention that these compounds intéract
with the surface primarily via m-bonding. The WFC-observed on adsorption
of quinoline suggests that other effects may bé‘occurring;vmore.

complete experimental work is necessary before detailed interpretations
can be made.

The WEC on'adsorptioﬁ of pyrrole (-1.45 V) indicates that pyrrole

" is interacting with the surface in a different manner than pyridine. Thé
lone electron pair of the mitrogen is delocalized into the electrbn deficient
aromatic system in pyrrole, therefore the nitrogen is not as basic
(electron rich) as the nitrogen in pyridine. The WFCAobserved for
pyrrole is similaf t§ the WFC observed on adsorption of many substituted
aromatic eompounds. Thus it seems likely that the primary interaction
occurs via m-bonding between the aromatic T electrons and the metal
surface. This type of interaction implies adsorption parallel or
neérly parallel to the metal surface. The &iffractioﬁ pattern resulting
from’pyffole adsorption displays very diffuse half order features,

thus the diffraction pattern cannot be interpreted unambiguously.

The adsérption of piperidine.on the Pt(11l1l) surface causes a large

WFC (~2.1) implying thét the nitrogén lone pair is involved in the.
interaction bgtween the adsorbate and substrate, Comparing the
piperidinevresult with the analogous hydrocarbon, cyclohexane, which

causes a WFC of -1.2 V on adsorption accentuates the importance of



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 onlthe'Pt(IOO)é(le) Surface.
Pyridine and the dimethypyridinesvadsorbed on the Pt(100)-(5%1)
surface have been discussed in detail in section IV-D. 1In brief the
results fof 20°C-édsorption'show that pyridine and 3,5—dimeth§1pyridine
-adsorb ferpendicular or nearly perpendicular to the metal surface
.and interéct with the metal surface primarily through their basic
nitrogens.‘ Ihﬁeraction of 2,6—dimethylpyridine occurs through the
formatioﬁ of a m bond with the metal surfaéevsince the basic nitrogen
is sterically hindered from interaction with the surface by two adjacent
methyl groups. |
The-WFC observed for ddsorption‘pf,qﬁinoline—on Pt (100)~(5x1)
surface: (-1.7 V) 'is equal to the WFC on adsorption of naphthalene
(-1.7 V) Ehis,implies_that both interact with the surface in a similar
mannef and 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 substtrate and
#dsofbate 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 adsorbéd

layers of these compounds appear to be disordered.
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Pyrrole adsorption on the Pt(100)-(5%1) surface causes a WFC of
=1.6 V. Pyrrole has an electrén déficient nitrogen since the nitrogen's
lone electron pair‘is delocalized into.the-aromatic ring.  Since the
nitrogen is not Qery'basic the primary interaction mighf be expec;ed'
to occur between the T electrons and the electrén deficient metal
Qurface. Sincé the value of the WFC observed is similar to the WFC
on adsorption of many of the substituted aromatics .is seems likely
fhat the primary interaction is T-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 (100)-(5%X1) 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)-(5%1) Surfaces

Cyclohexane, n~hexane, and cyglopentane adsorb on the Pt(111)
surface at 20°C with organic vapor fluxes in the range 10-8 Torr to
10-6.Torr. All three compound dndergo 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 (cyélohexene, and cyclopentene)
at 20°C shows that the adsofbed state of these aliphatic moleéules is
cértainly 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

-



was not studied) apparently become at least partially dehydrogenated
as evidenced by the facf'that the magnitude éf the WFC increases and
goes through a maximum above 200°C.

The binding involved between these aliphatics and the metal surféce
with 20°Cvadsorption may involﬁe single dehydrogenation followed by
tovalent bonding and/or Van der Waals type interaction coupled with
- charge-transfer interaction. The resolution of this questfon 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'éxperimehts by L. A. Firment in this laboratory
have shown that propane adsorbs on both of these Pt surfaces at 20°C
in the pressure rang 10—8 to 10—6 Torr.16 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. [On
graphitized éarbon black a substrate for which physisorption predominates
vthe héat of adsorption fof hexane is -11.8 kcal/mole; 17 for propane
the heat of adsorption is -5.9 kcal/mole.l7] The possibility of -
dehydrogenation is supported by the observation that at elevated
temperature these compounds are known to dehydrogenate..on platiﬁum;

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 paréllel 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.
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APPENDIX

The geometry of some of the moleculeé studied are shown in Figs. A-1
through A-12. The internuclear distances and bond angles used were
taken from a compilation of structures published by the Chemical
| Sociéty.* The van der Waals radius used for hydrogen is 1.2 At
and for the methylbgroup is 2.0 AT. The thickness of the aromatic
ring System is taken as 3.4 AT. These radii are typical of intermolecular
distances in organic solids ahd have been used as upper limits for the

--intermolecular distance between adsorbed molecules,

*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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All measurements in A
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Aniline

XBL737-6383

- Fig. A~1. The structure of aniline with van der Waals

fadii shown.
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Y
Benzene
| XBL7211-7286

Fig. A-2. The structure of benzene with van der Waals
* : .
radii shown,

(* = All dimensions are in Angstroms)
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All measurements in A

N - Butylbenzene
(one of the possible flat configurations)
XBL 737- 6382

Fig. A-3. The structure of n—butylbenzeneIWith van der Waals

radii shown.
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T- Butylbenzene |
XBL737-638|

Fig. A-4. The structure of t-butylbenzene with van der Waals

radii shown.
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o
All measurements in A

Cyonobenzene
| XBL737- 6385

Fig. A-5. The structure of cyanobenzene with van der Waals

radii shown.



- Cyclohexene
(one of the possible orientations)

XBL737-1529"

Fig. A-6. The structure of cyclohexene with

van der Waals radii shown.



-218-

' o
All measurements in | A

8.14 -

Mesitylene

XBL737-6380

Fig. A-7. The structure of mesitylene with van der Waals

radii shown.
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Naphthalene
XBL 721t-7289
Fig. A-8. The structﬁre of naphthalene with

*
van der Waals radii shownm.

(* = All dimensions are in Angstroms)
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Nitrobenzene
XBL 737-6384

Fig. A-9. The structure of nitrobenzene with

van der Waals radii shown.
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3.82 6.52
Y
Y
Pyridine
XBL 7211-7285

S : ‘ *
Fig. A-10. The structure of pyridine with van der Waals radii shown.

(* = All dimensions are in Angstroms)
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All measurements in A

Toluene

XBL737-6378

Fig. A-11. The structure of toluene with

van detr Waals radii shown,



All me%surements
in A

M-Xylene. |
: _XBL 737 6379

Fig. A-12. The structure of m-xylene with van der Waals

radii shown.
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