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LOW-ENERGY ELECTRON DIFFRACTION AND
WORK FURCTION STUDIES OF ADSORBED ORGANIC MONOLAYERS
fON'TﬂE (100) AND (111) CRYSTAL FACE OF PLATINUM

J. L. Gland and G, A, Somorjai

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

Berkeley, California 94720

ABSTRACT

. The adsorption and ordering eharacteristics of a large group of organic

coﬁpounds has been studied on the p}afinhm (100) and (111) singie crystal
’ surfaces; Low-energy e]ectren diffraction has been used to determine sur-
face structures. Work function change measurements have been made to deter-
mine the charge redistribution which occurs on adsorﬁtion." The mo]ecdlee
which have been-studied are acetylene, aniline, beniene. biphenyl, n-butyl-
benzene, t-butylbenzene, cyanobenzene, 1,3-cyclohexadiene, cyclohexane,
'cyclohexene, cyclopentane, ethylene, n-hexane, mesitylene, 2-methylnaphthalene,
nepthalene, nitrobenzene, propylene, pyridine, toluene, and m-xylene. All
molecules studied adsorb on both the Pt(111) and Pt(100)-(5x1) surfaces and
‘act as e]eétrdn donors to'the metal surface. The adsorbed layers are more
ordered on the hexagonally symmetfic Pt(l]l)'surface than on the square
symmetric Pt(100) surface. Unsaturated molecules generally adsorb on these

crystal faces Ofvplatinum by forming n-bonds with the metal surface,
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Introduction

The adSorption chafacteristics of organic molecules on metal surfaces
is fmportant'in several areas of surface science. The nature of the chemical"
bond between the substrate and the adsorbate and the ordering of the adsorbed
‘organic molecules play important,roles in adhesion, lubrication, énd hydro-
carbon catalyéis. Therefore, we have undertaken a study of the molecular
structure, ordering and interaction of mono]ayers_df several groups of organic
compounds under u]tra-high vacuum conditions on low Miller Index}platinum
crystal surfaces. The shape and the bonding characteristics of the organic
molécu]es»héye been varied systematically so that correlations can be made
between these-properties and their interaction with the metal surface.

The two platinum crystal faces, (111) and (100), that were‘used as sub-
‘strates in this study have six-fold and four-fold rotational symmetry,
respectively. . Thus, we can find out how the atomic suirface structure of the
metal influences the nature of chemisorption of the various organic molecules.
Low-energy electron diffraction has been used to monitor the structure of
the adsorbed layers on the platinum (111) and p1atinum (100) crystal surfaces.
Work functioh changes (WFC) on adsorption have.been used to determine the |
charge transfer that occurs on adsorption. Using thése techniques, we can
obtain answers to thg following questions. Are the adsorbed hydrocarbon
monolayers ofdered? How does the ordering, if any, depend on the symmetry
of the substrate? How does ordering depend on the shape of the adsorbed
mo]ecules? FinaT]y, does work function change (WFC), that measures the net
charge transfer between substrate and adsorbate layers, correlate with the
nature of bonding? The adsorption of molecules with molecular dimensions
smaller than substrate interatomic distances uéual]y.gives rise to the forma-

tion of ordefed adsorbed structures with the rotational symmetry of the



.substrate such that the unit veétors‘of the}overlayer are closely related to

the substrate unit cell vectors.]_’2 Thus in most'cases'local lnteractions
‘between substrate and adsorbate seems to play a dom1nant role in determining
‘the1r adsorption characteristics. However, as the surface density of small

, molecules:is increased adsorbatefadsorbate'interactions often become increasingly
lmportant as evidenced by continuous two dimensional’COmpressions.in'the unit

3 4 - for some of the adsorbates.;

cell size
| Studies of the adsorptlon of large molecules where the molecular size

is larger than the 1nteratom1c d1stances in the substrate is espec1ally
‘interesting because of the poss1b1l1ty.that local1zed-surface atom-adsorbed

- molecule 1nteract1on may not play a dominant role in the interaction between
the. substrate and the adsorbate, Large molecules may interact s1multaneously
with several surface atoms upon adsorpt1on SO that the character1st1cs of

the adsorbed layers may be less controlled by the local substrate bond while
the adsorbate-adsorbate interactionvbecomes more predominant. In the ex-
treme, the 1nteractlon of these large molecules with metal substrates may

be simllar}to5the interaction of large polarizable:rare gas atoms, such as

5,6,7,8 The surface structure of adsorbed

‘xenon with. metal substrates,
xenon at high coverage is 1ndependent of the atom1c structure of the substrate,
We have found that most of the monolayers of organic molecules that were
‘studled did not undergo chem1cal change on these low Millex index platinum
'surfaces dur1ng the adsorpt1on studies, but remained intact so that their
| ordering characteristics and surface structure could readily be studied.
Although our investigations were restricted to adsorption on platinum sur-

. faces, it is hoped that many of our conclusions will be applicable to describe

the adsorption characteristics of organic molecules on other low Miller Index



metal surfaces.

‘Experimenta1  -

A. Techniques | |

A modified Varian LEED apparatus was uséd 1'or'these"stﬁ:udievé'° It is
eduipped'with'éh isolatable 240 1/sec ion pump, a water cooleq titaﬁium sub-
limatron pump and an auxiliary isolatable 8 l/secvfdh pump. Typical ahbient
preésurés for the system are 2 x 10'9 Torr during periods of daily use. A
schem#ﬁic_dfagram of thé vacuum system uséd'is shown.ih Figure 1,

A rotatable capillary wa§ used to introduce all gases onto the crystal
surface-frpm a distance of 5 mm, .This system was uséd éo”fhat the intrp-
duced gases woqu héve_a higher inéidént flux_on the sample shrfaée.than
.the background gases. This was possible since the system is_opéfatedfasva |
flow system during adsorption expériments. Work funcfion changes (WFC,Ad)
caused by adsorption were measured by the Fetarding field method using the
LEED gun as the:e]ectron beam source. The refarding poﬁentia]s wefe used
as an internal'vo]tagé standards for the work function change measurements,
The apparatus was equipped with four grid hemispheriéa] electron optjcé.
Diffraction information wés taken using the'post-acteleration LEED method;
Auger measurements used fo verify the cleéning prdcedﬁres used were taken
using the retarding field method. The details of the apparatus used have
been described in detail elsewhere,” 10 |
B. Procedure |
| Prior to eaéh adsorption experiment the platinﬁm'samples were tféatéd
with flowing oxygen at pfessdres of 1-3x10'5 Torr for 60 minuteévat 1000°C

to remdve carbon impurities on the surface. After termination of the gas
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flow, the system was pumped down and the electron guns were out-gassed and
warmed up before the samples were cooled. Thus, thé éamp]es rémained at
1000°C for a period of 30-45 minutes in vacuum, Measurements of work function
changes made 5 hoﬁrs stabilization period for the LEED gun mandatofy.
Following gun stabilization, the.crystals were heated fo 1000%C for 5 minuteé
in vacuum, The,cryétal surface produced in this manner were clean within

the limits detectab]e by Auger electron_sﬁectroscopy. They displayed the
characteristic Pt(111)-(1x1) and Pt(100)-(5x1) diffraction patterns. The
crystal Were tﬁen cooled for 20-40 minutes in a baékground pressure of

lxlo.9 Torr to a.temperature of 25-40°C. The orgahic vapor was then intro--
duced through the capillary at thé desired pressure, The actual pressure

at the surfacé is approximately 6 times the fecorded'ion gauge reading since
‘the ion gauge used was in the mouth of the ion pump, The WFC and LEED data
data reported at elevated temperatures Weré taken by heating the samples for
10 minutes in flux, then cooling the sample to 20-40°C in flux and taking

the WFC and LEED measurements. This procedure was uéed to assure the
saturation of the surface with the adsorbate.

C. The Low Miller Index Platinum Crystal Surfaces‘

The two platinum crystal surfaces, (111) and (100), have six-fold and
four-fold symmetry respectiVely. In the (111) crystal surface of platinum,
each atom has six nearest neighbors and the structuré is that expected from
the projection of the X-ray unit cell onto the (111) plane, The low-energy
electron diffraction pattern from this crystal face élong with the schematic
representation of its atomic surface structuré is shoWn in Figure 2. The
clean (100) crysﬁa] surface of platinum is reconstructed, i.e., the sur-

face structure is not the one expected from the projection of the X-ray
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unit cell onto the (100) plane. This surface reconstruction has been studied
- in several laboratories and appears to be due to hexagonal distortion of the

W12 1he accurate location of the

surface layer in the (100) crystal face.
atoms in the reconstructed surface awaits surface structure analysis using
low-energy eTgctron diffraction beam intensfties. On adsorption of hyuro-
~carbons., theireconstructed Pt(100)=-(5x1) surface thed relaxes to the Pt(100)-
(1x1) surféce.. However, during several of the expérimen;s, Pt(]OO);(le)
surfécé structure relaxed to the (1x1) surface structure only after adsorption
was complete. >The relaxation of the (5x1) surface stfucture had no apparent
cause. stua]]y it occurred slowly with exbosure at some constant pressure
~ or more rapidly with gentle heating to']OOOC. The important observation is
»that during relaxation of the (5x1) surface structufé, no change oécurréd
in the work.function of the surface. Thus, it appears that no marked change<:
in the charge transfer occurred with relaxation of the (5x1) structure. |
In any event,voné may assume the the hydrocarbon molecule sées four-fold
rotational summetry surface on the (100) crystal facé‘and six-fold rotational
symmetry én the (111) crystal face. The low-energy electron diffraction
patterns of both the clean reconstructed (100) surface that exhibits the
(5x1) surface sfructure and the relaxed (100) surface with the (1x1) unit
cell are sthn in Figure 3 along with schematic representations of their
atomic surface Structure. _

The LEED résu]ts have been reproduced on three different sets ((1]15
and (100) orientation) of single crystal samples cut from different rods for
'benzene, napthalene, pyridine, toluéne. t-butybenzene, aniline, nitrobenzene,
cyanobenzene, ethylene, and acetylene. LEED pbserVations have been made on
two sets of single crystal samples. No significant variations have been

observed if comparisons are made between adsorption experiments carried out

under similar conditions, e.g. pressure, temperature. All other adsorbates

v



~have been studied on é single set of single crystal sampies.

- It has been’shown that stepped surfaces (cut at sohe angle with respect
to the (111) or (100) crystal faces) have chemical reactivities that are
very differeﬁt from those exhibited by the low Miller index (111) and (100)
crystal\faces. These stepped surfaces will readily dehydrogenate many of
the organic molecules studied he;e. Even s]ight misalignment {*2°) of the
low fndex Surfate results in dramatic changes in maghitude of the work
function changé observed on adsorption and dramatically different LEED patterns
are also observed on adsbrption. Thus, extreme.care should be taken to cut
the crystals as accurately as possible to obtain the desired low Miller
index surface, | |
D. Surface Contamination

The LEED patterns and the work function change observations vary with

contamination of the surfaces, Results were difficult to reproduce without
titanium sublimation pumping because-of carbon monoxide contamination of
the p]atinum surfaces at room temperature. The question of the effect of
hydrogen contamination remains unfortuhately unanswered since Auger Spectro-
scopy is not sensitive to hydrogen and the system uséd was not equipped with
a mass spectfometer. We do know that the introduction of 5:1 hydrogen:hydro?
carbon mixture in similar adsorption studies leads to formation of equivalent

LEED patterns for several a‘dsor'bates.]3 In fact ion pumping of hydrocarbons

14

has been shown to produce a substantial amoung of hydrogen. Therefore,

these adsorptjon studies may have been carried out in the presence of some
hydrogen in the ambient. However, the pumping systeh was arranged so that
severe conductance limitation would minimize regurgitation effects. If the
single crystal surfaces are not heated efficiently in vacuum to remove oxygen

which is used for removing carbon the results are not reproducible. Even

14
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slight carbon contamination of the surface leads to irreproducib]e results
and thé work function change observed on adsorption deéréases drastically
in magnitude, - | |
E. Data Ana1ysis |

Analysis of the diffraction information yields only the-tfans]ational'
unit veétors'of fhe adsorbed surface layer, Tﬁe position of the unit vector
in the adsorbed layer relative to the underlying unit vectors has not been
uniquely determined. Likewise, the number of adsorbate molecules per unit
cell has notibeen determined uniquely. Rigorous answers for both of these
questions await the application of structure analysis techniques utilizing
" LEED intensity data. The number of.adsorbate molecules per unit cell has
been approximated using available crystallographic and structural information.
Three additional cfiteria have been employed to facilitate the deduction of
vsurfate strucfure. The first is that change in the number of equivalent
adsorbate molecules per unit cell should not lead to a reduction in the unit
cell size of our proposed structure., The second criteria is that the ad-
sorbed layer §hou1d be close-packed over the surface, in particular, the
surface should not contain large unoccupied areas. Studies of the ordering ’
of small molecules on crystal surfaces clearly indicéﬁes that close-packing
in the adsorbed layer generally occurs. In addition, large reductions of |
surface free energy usually result from uniform spreading of the organic
]éyers on metal surfaces. The third criteria is that the adsorbed layers
should be homoéeneous,‘ Thus, in determining the surface structures we have
assumed that the adsorbed species is predominatly one adsorption type. That
is, the adsorbed layer is not made up of patches with varying composition
and/or bondihg between substrate and adsorbate. This assumption appears
reasonable in 1ight of the reproducibility of our data, but exceptions can-

not be ruled out.v



RESULTS AND DISCUSSION
1. Summary of Exper1menta1 Findings

A1l the organic molecules studied adsorb on both the Pt(]ll) and
'Pt(100)-(5x]) surface, The results of adsorption experiments are shown in
Tables 1 and 2. Ordering in the adsorbed layer was more pronouncéd on tﬁe
Pt(ll])'surfaCe than on the Pt(lOb)-(Sx]) surface. In general, the adsorbed
1ayef 1s_more}0rdered and causes a larger work fdnction change (WFC, a¢) on
adsorption is the incident flux is lower., The work function.decreases with
adsorption for all the ofganic molecules studied., This implies that the
adsorbed molecules are acting‘aé electron donors to the metal surféce.

-~ This might be expected since the metal has a high work function (n5.7 V)]s
and all of the molecules studied are po]am’zable.]6
| The magnitude of the work function change assobiated with the adsorp-

tion of unsaturated hydrocarbons where TT-e]ectrons ﬁake major contributions
to the bonding_is in‘the range of -1.3 to -2.0 volts, Saturated hydrocarbons
that were'sfudied produce much sma]lérvwork function changes, in the range
of -0.9 to 4i,2 volts., The largest work function change was observed during
the. adsorption of pyridine (-2.7 volt) and reflects the large contributibn
of the nitrogen lone electron pair and/or the permanent dipole moment to the
charge transfer°

The work funct1on change on adsorpt1on for most of the molecules
| studied varies approx1mate]y inversely with the first ionization potential
of the adsofbate as shown in Figure 4 and in Figure 5. The data is
scattered, however there many types of molecules represented, some in fact
have sizable permanent dipole moments . | |
| Several compounds undergo pressure dependent transformations (usually

above ]0'6 Torr surface'pressure) on the platinum surfaces studied; in fact

the’transformatibns occur over unexpectedly long time,periods. For instance,
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at a surface'pressure of 10'6 torr typical transformatﬁon times involve
several thousand seconds of exposure. The compound Studied which under-
goeS‘transition-at 209C as indicated by changes in WFC and diffraction
informatton-are benzene, 1,3-cyclohexadiene (benzehe on the surface),
cyc]ohexahe, n-hexane, cyclopentane, and mesitylene. We feel certain that
these transitions are changes in the chemistry of the adsorbate surface
interaction since they occur with only a few of the molecules studied |
‘The driving force for these chemical changes with ihcreased'surface coverage
may be edsorbate-adsorbate repulsive interactions..

Below, we shall discuss the adsorption and ordering characteristics.
of the various hydrocarbon molecules on the low Miller_index platinum surfaces
separateiy and.in some detail. We shall discuss the properties of groups'of_
molecules terther where the similarity of'adsorption behavior warrants such
classification." |

2. The Adsorption of Benzene

a) Benzene on the Pt(111) Surface

| On the Pt(111) surface benzene initia]ly forms a poorly ordered ad-x'
sorbed layer; the WFC on adsorption is -1.8 V. With further exposure the
Pt(lll)-' 4 4l-Benzene structure forms and the magn1tude of the WFC de-
creases (=1.4 V). With further exposure the l g gl structure forms and the
magnitude of the NFC decreases until it reaches a steady state value of
-2 2/
5 5
This correlation between the transformation of the benzene surface

4007,V. The structure forms when the WFC is approximately -1.1 V.

structure and the change in work function suggests that the orientation of
the adsorbed benzene molecules is changing marked]y as a function of 1ncreased
exposure, Another possibility for such a corre]ated-change in work function
and structure_might involve adsorption of a second.]ayer ot benzene. However,

for the case of ethylene adsorption where second layerfadsorption has been
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v reportéd}previously]7 we find the magpitUde of theiWFC_increases with
additibn of a -second layer, Sihce the change in the WFC measured here is
in the opposite direction, it seems unlikely that doub]e iayer adsofption
is occurfing; h

The diffraction information ihdicafes a change in the packing of the
adsorbed'béﬁzenejlayer. A decrease in the deﬁsity (ﬁumber of beﬁzenes per
_unit_surfacé“area) of the a¢sorbed layer during thextransfbrmation is not
possible because of the’high flux (0.5 L/sec) incideht'on the:crystal
throughout éome of these experiments. In fact the OBserthion that higher
incident benzené fluxes cause the transformation ﬁd_occur more kapid]y
indicatés.that the density of the adsorbed 1ayer'is increasing. The work
function change during thé transform&tion indicates thaf‘there is a decrease-
“in the'mégnjﬁudevof the charge transfer occut'ring as the density of the
ddsdrbéd'1§yef'increases. if the'adsorbéd'specieé retained?the Same bdnding

characteristics during the transformation and the coverage is increased,

the magnitude of the WFC would increase. Thds, the increased density

accompanied by a decrease in the magnitude of thé*wFC can only be,eXplained

by assuming the area per adsorbed molecule must bé.decfeaﬁfng. The criteria
for thevtransition are then: \ | :

(1) -Theiarea of the adsorbed species must decrease,'and

(2) Thé'tharge transfer must decrease, .

Kéeping'these criteria in mind a comparison of the WFC observed for
benzene with qther WFC data is'Va]uable. With initial adsdrption of ben=-
zene a WFC of -1.8V occurs. This WFC is slightly larger than the WFC on
adsorption of mesity1ene (-1.7V) a compouﬁé which ié sterically hindered
from interaction in any manner- other than m-bonding. Indeed the WFC on

adsorption fqr'bénzene is. similar to the WFC observed on adSorption of most



-12-
of the simple substituted aromatics studies. (Table 1). These facts support
‘the contention-that-n-bdnding is occurring between behzene and the platinum
surface iﬁ the initial disordered adsorbed state. ‘That is, the aromatic m
e]ecﬁrons,are'éxtensive]y involved in the transfer of chargevbetween the
substrate and adsorbate, |

The final value of the WFC, -0.7 V, corresponds with the WFC observed
at the same pressufe for cyclohexane and cyclopentane (-0.7 V),adsorption;
This indicateé that the binding for these two caseS'(benzene»in its final
adsorbed state and cyc]ohekane,or cyclopentane) is similar, For cyclopentane
or cyclohexane adsorbed on platinum the binding appears to iﬁvo]ve single
dehydrogenation’and subsequent binding of the adsorbate to the substrate
through the dehydrogenated site. | |

A’like]y-model consistent with these criteria énd,the'comparisons made
with the WFC observed on adsorption of other similar compounds is that the
initial adsorﬁed-state involves a benzene adsorbed with its ring at some

small angle or parallel to the surface, 'The final adsorbed state with a

-2 2
5 5

with their rings at some large angle or perpendicular to the surface,

surface structure involves reoriented benzene molecules adsorbed

The initial adsorbed species would be held on the surface by a w-bond

through the aromatic ring similar to the binds in the so-called "sandwich
u]8

compounds, Since the metal surface is highly electron deficient ( ¢Pt =
5.7 v) a large induced dipole would be expected in the adsorbed layer., In

fact, recent UPS studies have shown that benzene adsorbed on the Ni(111)

surface interacts via the formation of a m-d bond.]9 The final adsorbed
state with a 'g g surface structure involves benzene molecules covalently

bonded to the surface with their rings perpendicular or nearly perpendicular

to the surface;  For this type of adsorption to occur, the benzene must



either_]ose a hydrogen or its aromaticity. Recent exchange studies between
' perdeutérobénzene and benzene of Pt films have shown rapid exchange of hydro-
gen and deuterium between these species, These workers postu]ate a dis-

sociation of the benzene (without loss of aromaticity) and‘lbss of hydrogen

atoms to form a single bonded intermediate.20 Thus the adsorbed specie
which gives'the 'g g structure.is most likely a singly dehydrogenated

benzene molecule covalently bonded to the surface'through its dehydrogenated
site. E | | |

This type of reorientation satisfies all the criteria for the trahs-
formation, That is, the initial adsorbed state involves g-bonding. The
surface area occupied by the adsorbed species decreases and the éharge
transfer decreases through the trdnsformatio_n° :The final adsorbed benzehe
'specieiinteracts with the surface in & manner similaf to interaction postu-
lated for Eyc]ohexaﬁe and cyc]openfane, i.€.s a-binding. Using the criteria
mentiohed in the experimental section and the fact that the area per benzene
molecule should decrease through the transition we poStu]ate the benzene

-2 2

structures shown in Figures 6 and 7. The 4 4 structure contains three

bénzene molecules per unit cell (approximately 35.6 32 per benzene molecule).
The "g g structure contains four benzene mo]ecules_per unit cell (approxi-
mately 33.3 32 per benzene molecule). The position of the adsorbaté unit
cell relative to the substrate unit cell is uncertain. However, there is
sufficient eVidehcé to indicate that the postulated number of benzene mole-

cules per unit cell is correct.

-2 2
4 4

a homogeneous intermediate layer as shown with the benzene kings at some

The intermediate

structure shown in “igure 6 may involve either

angle to the surface and partially dehydrogenated. However the apparent

'z 2' diffraction pattern may also be due to the a mixture of patches of'
the "g g structure and some other unknown structure,
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- With gentie-héating in‘flux the benzene structures and the WFC results
suggest that the transformation from y to g bonding may be‘reversible; however,
the adsorbed 1ayef becomes disordered so that structuré]vcorrobofation of this
result by LEED i§1n6t possible. | |
(b) ‘Benzene on fhe Pt(100)-(5x1) Surface

Benzene adsorbed on the Pt(100)-(5x1) surface causes a WFC of =1.6 V
‘and diffuse 1/2 ordér ring-like diffraction features to abpearo With exposure
the magnitude of the WFC decreases (-1.3 V), however;»tﬁe‘diffréction pattern
remains 1afge1y,un¢hanged} The initial WFC suggests'n-bonding.' The value of
the WFC is only slightly lower than the WFC on adsorption%for sévera] othef‘
_simp]e substifutéd aromatics on the (100) surfaces. Initial.adsofptioﬁ may h
invo]vé nbbondihg between the aromatic ring and the surface while the final
state may involve dehydrogenation and O-bonding in combination with some
m-bonding, .The LEED results suggest'that benzene may be singly‘dehydrogenated
since a singly dehydrogenated Spécie adsorbed via the dehydrogenated site has
a size which correlates well with the formation of 1/2 order diffraction
feéture. fhe apparent contradicfionvbetween these results may be caused by
incomplete diffraction information since the diffraction'informationvis.diffﬁse
and hfgher order features may be missing, However, the WFC data indicates that
some sort of trahsitioh is occurring on the (100) surface similar to the transi-
tion on the (1f1)'surface. Detailed interpretationvmust await further
experimentation. “ |
| 3. Naphthalene Adsorptioﬁ
(a) Naphthalene on the Pt(111) Surface

The adsorption of naphthalene on the Pt(111) surface at 150°C causes the
formation of a (6x6) structure, The large WFC on adsorpfion (-=2.0 V) indicates
that a large amount of charge transfer occurs between substrate and adsorbate.

It seems likely that the haphtha]ene'ring system is inquved in the formation
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of a n;bond. that is the ring system is para11e1 or nearly parallel to the
metal surface.: Adsofption of naphthalehe at 25°C causes:the'formation ofva
poorly ordefed'structure (WFC = -1.8 v20.1 V)._ The degree of ordering and
WFC debend on .the exposure rate; the lower the exposure rate fhe better the
order ahd the larger the magnitu@e of fhe WFC, . However, heating any of these
'poofly ordered structures to 1506C causes the appearance of the (6x6) structure
and causes the WFC to approach -2.0 V, These"phenohena seem. to indicate that
naphthalene has low mobility on the surface. The adsorbed layer may order
on heating to 150°C because the mobility of .the adsorbed species increéses;
that is, the poorly ordered surface structure may‘be annealed at higher
temperatdfes. The fact that better order results from low initial exposure
rates~seems.to fhdicate'that better ofdering on the sﬁrface is alsOvéidedvby
slow crysta]lite growth, e.g,, the growth of ordered domains of naphtha]ené.
The_transition-required»for the formation of a (6x6) diffraction pattern may
be either an increqse in domain size or an actual change in the adsorbed
structure involving reofientation of the naphthalene§ on the surface. The
strdcture.shown in Figure 8 was constrgcted with half of the naphthalenes
arbifratily rotated by 90°, _In fact we are certain oh]y that the two scattering
cenfers per unit cell cannot be equivalent., The stfucture proposed in Figure
6 is based on our best estimate of the number of naphth&]enes per unit cell,
The position of the adsorbed unit cell relative to'thé substrate is uncertain.

The adsorption of 2-methylnaphthalene was carried out to test the
hypothesis that naphthalene was adsorbed parallel to the surface. If
2-methy1naphthalene gave the same structure as naphthalene, adSorption parallel
to the surface would have been ruled out. However, 2¥methy1naphtha1ene gave
a disordered adsorbed layer on adsorption therefore the parallel adsorption

model was not dﬁSproved; The WFC on adsbrption of 2-methy1naphtha]ene
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(-2.0V) indiéates that this substance is bound to the surface in a manner
similar to naphthalene.

(b) Naphthélene on the Pt{100)-(5x1) Surface

Néphthalene 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 Y.
Apparent]y-both of'the'compbunds interact primarijy by‘forming m-bonds with
the surface. Diffraction informafion is completely lacking so that this
interpretation is large speculative, | |
4. Pyridine and Dimethylpyridine Adsorption
(a) Pryidfne‘and Dimethylpridines on the Pt(l]]) Surface

Pryidine adsorbed on the Pt(111) surface at 25°C forms a poorly ordered
structure with a characteristic distance two times thé size of the underlying
]attﬁce.» |

Pyridine édsorbed through its nitrogen with the aromatic ring perpendi-
cular to the meté] surface fits nicely into at Pt(111)-(2x2) unit all as shown
-in Figure 9. With this adsorption geometry and a (2x2) structure the WFC
expected %rbm a molecule with a 2.2 D permanent dipole moment would be
Ap = 3.1 Y using the simple Helmholtz formation A4 = (4mop x 3 X ]0']6) Qolts

where ¢ is the coverage in-mo]ecules/cm2

and py is the dipole moment in debye.
The WFC observed on adsorption is -2.7 VY, this agreénent is remarkable since
the simple forh above does not include any mutual depolarization effects.

This agreement:implies that the molecules are adsorbed with their basic nitro-
gens down toward the surface. The hypothesis that the nitrogen lone electron
pair was extensively involved in bonding between pyfidine and the metal surface

was tested by adsorbing 2,6-dimethylpyridine;21® 22

3,5~-dimethylpyridine was
used to check for the influence of other effects od dimethyl substitution
'such as the increased size of the molecule and electron density changes Wi th

methy1l substifution.
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Adsorptiontof 3,5-dimethylpyridine on the Pt(]li)'surface causes a WFC
of =2.3 V; Thfe value implies involvement of the nitrogen lone electron
pair in the boﬁding. 3,5-Dimethylpryidine causes:the appearance of diffuse
1/2 order diffraction features; however, the molecule is too large to fit in a
Pt(111)=(2x2) unit cell, thus the diffraction information apeears to be in-
comp]ete because of poor ordering. . _

Adsorpt1on of 2,6-dimethylpyridine causes a ch of -1 6 4 on the Pt(l]])
'surface. Th1s value of the WFC is significantly smaller than the WFC on ad-
sorption of 3,5- d1methy1pyr1d1ne and is similar to the WFC observed for most
of the s1mp1e subst1tuted aromatics (Table 1). This implies that the nitrogen
~Tone electron pair is not extensive]y involVed in bohding and that m-bonding is
the primary type of interaction which is occurring;. The diffraction pattern
was Observed fdr toluene, m-xylene, and mesitylene compounds which‘are
approximately the same size and which form m-bonds With the surface.

The adsorption of these two'dimethylpyridines‘has'shown that if a
pyridine type'nftrogen is not sterically hindered it interacts strongly with
the surface through its basic nitrogen. B

If the adsorbed pyridine is heated to 250°C, a new structure forms
characterized by one-dimensional order with the uﬁit vector in the overlayer
being three times as long as the unit vectors in the substrate lattice. Tre
proposed structures arevshown in Figure 9. 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 favorab]e geometry for the}nitrogen lone electron pair interaction or
less favdrab]e-orientation of the permanent dipole. }Exchange studies with

pyridine have‘indicated that the ortho position (next to'the nitrogen( is very
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susceptible t6 exchange.23 Therefore, it is.probably that pyridine at high
temperature is singly dehydrogenated and is doubly ad;brbed on the surface
through the nitrogen and a dehydrogénated ortho-carbon as shown in Figure 7.
The cross-section of such a.species is three by one and one-half in terms of
the Pt(111) unit vectors, thus this adsorbed orientation of pyridine could
give rise to.the‘observed diffraction pattern;' The decrease in the magni- -
tude of the WFC is easily explained using this pyridine orientation since the
nitrogen'has a.Iess favorable geometry for interaction with the surface and
the permaneht‘dipole'is no longer aligned perpendicular to the substrate
sUrface. |

(b) Pyridine and Dimethylpyridine on the Pt(100)-(5x1) Surface

Adsorption -of pyridine on the Pt(100)-(5x1) surface causes a WFC of
,32.4_V_indicatihg that the nitrogen's lone electron pair is extensively
involved in the interaction between substrate and adSorbate. .Tﬁis hypothesis
is confirmed by experiments done with 2,6-dimethylpyridine and 3,5-dimethyl-
pyridiné. The WFC on adsorption of 2,6-dimethylpyridine is -1.5 vy indicating
little involvément of the nitrogen 1oné electron pair. Thus it éppears that
pyridine on the Pt(100) is adsorbed with its ring pefﬁendicu]ar or nearfy .
perpendicular to the surface.

With heating. the disordered pyridine layer cauSés.a diffuse diffraction
pattern chardcteristic of a (/2 x /?)R45° structuré.tb form., Pyridine is too
large to fit.in this unit cell, therefore it appears that the diffraction in-~
formation is ihcomplete because of poor order, |

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

A paper dealing with adsorption of cyclohexane, cyclohexene, 1,3-cyclo~

hexadiene, benzene, and the dehydrogenation reactions of the first three

10

compounds on the Pt(111) surface has recently been published, We include
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a more complete description of the adsorption characteristics of these molecules
here so that comparisons can be made between their adsorption and ordering be-

havior on the Pt(111) and Pt(100)-(5x1) surface,

(a) Cyclohexane and Cyclohexene Adsorbed on the Pt(l11) Surface

9 Torr

7

Cyclohexane adsorbed on the Pt(111) surface at low pressure (6x10~
recorded pressure) causes a WFC of -1,2 V., With increased pressure (4x10°
Torr recorded pressure) the magnitude of WFC decreases to 0.7 V and a dis-

ordered adsorbed layer forms, Cyclohexene adsorbed on the Pt(111) surface

-2 2
4 4

that. cyclohexane is not adsorbed in the same manner as cyclohexene. This is,

structure. Thus it seems apparent

causes a WFC of =1.7 V and forms a

cyclohexane is not doubly dehydrogenated and adsorbed:as an olefin at 20°C.
Sing]é dehydrogenatiOn followed byvinteraction with the surface through the
dehydrogénatédYQite seems to be the most likely poSsiEiIity. Usihg this type
vof bonding the transition which occurs at high pressdre'can be easily explained
by examining the availability of several ring orientations relative to the
surface, It dpbears that with increased pressure the adsorbed cyc]ohéxanes
"stand up" with respect to the surface. This transition may be caused by the
repulsive interaction of the adsorbate molecules as the'numbér of adsorbate

molecules per unit surface area increases with increased organic vapor pressure.

-2 2
4 4

The large WFC on adsorption indicates interaction of the g-electrons with the

Cyclohexene forms é structure and causes a WFC of'-l.Z V on adsorption.

metal surface., A possible configuration for the |'§ 2 structure is shown

in Figure 10, ,Thé_structure has been constructed usihg'the critéria and assumptions
discussed in the experimental section., Note that cyclohexene has several possible
. ring conformations; we have used the one with the smallest projected area with-

out éllowing dehydrogenation. The structure allows fairly close approach of

the unsaturated carbon-carbon bond to the metal surface. However, it may be

possible for double dehydrogenation of the cyclohexene to occur and allow even
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closer approach of the unsaturated bond to the surface. This would allow further
reorientation.ahd even smaller éurface_area ber.adsorbate molecules, It would
“also allow o;Sohding between substrate and adsorbate. (In this case thé form-
ation of an acetylenic ﬂ-bpnded surface species seems unlikely without ring |
rupture since a six-membered ring cannot remain intaét 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 reorientatién of
the ring system is occurring without major chemical changes. Ethylene, a
case fof which dehydfogeﬁation of adsorption at 20°C seems likelj, disp]ays
a slow increase in magnitude of the WFC with exposure. However, it may be
possible forfdoublé dehydrogenation of the Cyc1dhéxene to océur and allow eQen
closer approach of the double bond to the surface as well as allowing o-bonding
between substrate and adsorbate. 7_ |

With heating to 150°C in flux, cyclohexane and cyclohexene both cause an
apparent (2x2) surface structure with diffuse diffraction featufes° The magni-
tude of the WFC ihcreases to -1.4 V for cyclohexane and decreases for cyclo-
hexene to -1.5 V. Both adsprbed layers are disordered at 300°C.

The marked increase in the magnitude of theVWFC fdr cyclohexane for -1.7
V at 20°C to ~1.4 V atv300°C indicates that dehydrogéhation is occurring with
heating, The fact that the magnitude of thé WFC does not increase even more
is probably caused by partial decomposition of the édsorbed layer to small
fragments or amdrphous carbon with heatiﬂg. The fdentical diffraction patterns
at 150°C. are further evidence that dehydrogenation of the cyclohexane is
occurring with heating. The small change in WFC value for cyclohexene with
“heating from 20°C to 150°¢C implies that little change is occufring in the
bonding_between the adsorbed layer and the substrate for cyclohexene. Thus

it appears that the apbarent (2x2) cyclohexene structure may be a disordered

‘-4 i‘ surface structure or a

-i i\ surface structure which is unresolved
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by LEED-because of small domain size. The ébparent (2x2) cyc]ohexane'stfucture
may be due to the same sort of disofdered Structﬁre.' The'difference in NFC
values observed at 150° could be explained in assuming that the cyclohexane
structure is méde‘up of approximately one-half cyclohexane (high pressure
form) and one-half cyclohexene; that is, at 150°C the dehydrogenation was
not complete, - |

(b) 1,3-Cyclohexadiene and Benzene on the Pt(111) Surface

1,3-Cyclohexadiene on the Pt(111) surface apparently loses two hydrogens
and is converted to benzene on the surface. 1;3-CyC]ohexadiene causes the

same sequence of surface structures as benzene. Initially the adsorbed layer
-2 20 -2 2
4 4 5 5
structure forms. The WFC values for these three structures are similar to

" forms and with further exposure the

is disordered, then the

" those observed for benzene adsorptioh (£0.1 V). The deviations in the WFC

value can be eas11y explained by cons1der1ng that part of the surface may be
covered with hydrogen from the dehydrogenat1on of 1 3-cyclohexad1en;. In

fact, the transformation takes a significantly 1onger time for 1 3-cyclohexad1ene
than for benzene. This may also be a result of increased surface hydrogen con-
centration fof the 1,3-cycloxédiene éase. For a deiailed explanation of fhe
benzene structures see benzene section of the discussion. In brief; the benzene
first forms‘a n=bond with the surface (disordered surface structure, WFC =

-1.8 ¥) and the final adsorbed state involves a singly dehydrogenated benzene

-2 2
5 5

(c) The Pt(111) Surface and the Mechanism of Cyclohexane Conversion to Benzene

o-bonded to the surface ( surface structure, WFC = -0.7 V).

The Pt(111) surface seems capable of catalyzing the conversion of cyclo-
hexane to cyclohexene at elevated temperatures but not cyclohexane or cyclo-

hexene to benzene. However, 1,3-cyclohexadiene converts to benzene at room
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temperature. _The primary difference between cyclohexane, cyclohexene, and
1,3-cyc]ohéxadiene is adsorption geometfy. Both cyclohexane and cyclohexene
adsorbed on the Pt(111) surface may havé little "contact" with the surface
since they may adsorb in a “standing up" position. That is, several of the
carbons afe far removed spatially from the metal sufface because of the con-
fdrmations of the ring systems, Cyc]ohexadiéne on the other hand is locked
in a planar configuration so that all carbons are in intimate contact with
the surface. In essence the activation barrier for dehydrogenation may be .
reduced drématfca]ly for 1,3-cyclohexadiene because the metal can interact
with the portions of the molecule where dehydrogenation must occur,. This
comes about because the ring system is rigid and the molecule is m-bonded
parallel to fhe surface. For cyclohexane and cyc]ohexene the activatioh
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.

(d) Cyclohexane and Cyclohexene on the Pt(100)-(5x1) Surface

Cyc]ohexane_adsorbed on the Pt(100) surface goes through a transition
with increasihg organic pressure similar to that observed on the Pt(111)

9

surface. Adsorption ot low pressure (6x10°° Torr record pressure) causes a

WFC of -0.75 V while the (5x1) surface structure reméins. Increasing the

7 Torr recorded pressure) causes the magnitude

cyclohexane pressue (to 4x10°
of the WFC to decrease and also causes the (5x1) surface structure to
disappear and a diffuse (2x1) diffraction pattern to form, Cyclohexene

~ adsorbed on the Pt(100)-(5x1) surface causes the disappearance of the (5x1)
and the appearance of a diffuse (2x1) surface structure; the WFC on adsorption

is ~1.6 V., Even though the diffraction patterns are similar, the large
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difference in the WFC indicates a markedvdifferenée in the bonding char-
acteristics between substrate and adsorbate for the two cases. The similar
diffraction.pétterns may indicate Simi]ar geometries.of adsorption for the
two adsorbates, however, cyclohexane is not adsorbed as a doub]j_dehydro-
genated olefinic spécies at room temperature. Single ‘dehydrogenation followed

by interaction with fhe surface through the déhydrogenategisite seems to be
the most lfke]y possibi]ity. The transition which occurs with cyclohexane
adsorptibn'méy be rationalized by considering possible ring orientations
re1ative to the mefa] ;Qrface. It appears that with increased pressure the
adsorbed cyclohexane molecules "stand up" with respect to the metal §urface.
This transition may be caused by repu]sive interaction between adsorbates
as the density (number of adsorbates ber unit surface'area)lin.the adsorbed
. layer increaSes with increasing.organic.vapor preséure. The large WFC on
adsorption (~1.6 V) of cyc]ohexené‘imp]iés‘that m-bonding is occurring between
substrate ‘and adsorbate. | |
With heating in flux to 150°C both cyclohexane and Cyc]ohexene cause the
formation of a streakedv(2x1) diffraétion pattern, The magnitude of the WFC
increases to.-1.2 V (from -0.4 V) for cyclohexane ahdrdecreases s]ightly for
cyclohexene to -1.5 V. With further heating to 300°C the magnitude of the.
WFC increases slightly for both cyclohexane (-1.5 V) and cyclohexene (-1.6 V).
The marked increase in the magnitude of the WFC for cyclohexane from
-D.4 V to -1.5 V at 300°C indicates that‘dehydrogehation in occurrihg with
heating, The fact that the WFC values are very similar at 300°C indicates
that a large portion of the adsorbed Cyclohexane layer is adsorbed in the
same mannef_as cyclohexene at 300°C. In fact the identical ordered structures
observed at ]50°C indicate that the adsorption geometry is similar for these

two compounds at 150°C. Thus it seems that at elevated temperatures cyclohexane
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| may be converted to cyclohexene,

(e) Adsorption of 1,3-Cyclohexadiene and Benzene 6n the Pt(100)-(5x1) Surface

Adsdrptfon of 1,3—éyclohexad1ene on the Pt(lOO)?(5x]) surface causes a
WFC and-diffréction pattern very simi]ar'té those caused by benzene adsorption.
on this surfaté. Benzene causes an initial WFC of'?1.6 V which decreases to
-1.3 V with exposure. 1,3-Cyclohexadiene causes an initial WFC of -1.7 V
which decfe;Ses to -1.4 V with exposure. Both aésofbates cause surfacer
structures with a periqdicity twice the underlying 1atticé. Thus,- it appears

that 1,3-cyclohexadiene is converted to benzene on the Pt(100)-(5x1) although

the evidence is certainly not as detailed aS‘the'data on the Pt(111) surface.

~(f) The Pt(100) Surface and the Mechanism of ConVersion of Cyclohexane to

~ Benzene

~vThe Pt(]OO) surface seems capab]é of catalyziné the conversion of cyclo-
hexane to cyclohexcnc at elevated temperature but_ggg the conversion of
cyclohexane or cyclohexene to behzéne. ‘However, 1,3-cyclohexadiene is con-
verted to beniene at room temperaturg. The primafy_difference between
cyclohexane, cyclohexene, and 1,3-cyclohexadiene aﬁhears to be'édsorption
geometry. 1,3-Cyclohexadiene adsorbes parallel td the surface because the
ring is rigid_ahd w-bonding occurs, The éase with which conversion of 1,3-
cyclohexadiehefto benzene takes place may be explained because the portion
of the molecule which must be dehydrogenated is inrc10$e proximity of the —
metal surface. The activation barrier for cyc]ohexane and cyclohexene appears
to be high because the molecules "stand up" with high pressure (10'6 Torr
surface pressure) and the part of'the molecule which must be dehydrogenated
is some distance from the surface. | B

Judging So]ely from WFC results it appears that,the‘Pt(loo) surface is

a better catalyst for the reaction cyc]ohexane->cy¢10hexene.than the Pt(111)

surface. The (111) surface may be less selective ahd more reactive (leading



to decomposition of the reactant) or sfmbly less reactive since the WFC

results indicate only that the Pt(lOO) surface is covered by a larger

portion of cyc]ohexene than the Pt(]jl) surface at 150°C and 300°C.
.6+ Adsorption of Substituted Aromatic Molecules

The surface structures formed on adsorptlon of subst1tuted aromatic
molecules are more ordered on the Pt(l]l) surface than on the Pt(]OO) (5x1)
surface. The aromatic molecules which have small substituent groups or high
rotational Symmetry form more ordered overlayers under the experimental
conditions employed. Thus, the shape of‘the adsorbate molecules and the
"rotational symmetry of the suBstrate determines the'degree of ordering
which ocCurs.in the adsorbed layer;

We have also found that the WFC on adsorptioﬁ'ahd thevdegree of ordering
in the overlayer varies with the-initial rate of growth of the adsorbed
iayer which can be varied by changing .the incideht.vapor flux. The slower
the rate of growth (smaller the ihcident‘f]ux), the 1arger the WFC change
and the hore ordered the'overlayer for substituted aromatfcs. These
observations seem to indicate that Qith low incident Vabcr flux the density
of the adsorbed layer may be 1ncreased because of more efficient packing in
the ordered over]ayer. With s]ow growth rates, the size of the ordered
domains is being increased in the adsorbed layer, 1ead1ng to an increase in
the density df surface sites occupied'by the'adsorbate.

Both of;these observations. (1: High symmetry promotes ordered surface
structure formation, and 2, Slow growth of thetadsorbed layer promotes ordered
structure formation), can be explained by a simple model of ordering for
adsorbed aromatfc systems on Pt surfaces. Ordered_adsorption for these large
molecules may proceed by a two-steb mechanism, Initially the aromatic mole-

“cules may adsorb on the surface in a disordered fashion, The second step
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involves Ofdering of the adsorbed layer and 1nd1cates'the‘importaoce of
surféce diffuoion (either translational or rotationa]) in this ordering
process. If.thé adsorbate has a shape which approximotes a circular cross-
section, the reorientation into ordered layers is less difficult than re-
oriéntation of adsorbates with bulk side groups.  Slow deposition of the
- overlayer é119&s adsorbed molecules more reoriehtatioh time before they
.becomevlocked_fnto place by a large number of neighbors, This_typé of
ordering shou]d,be distinguished from ordering caused by,site’adsorption.

Site adsorption involves adsorption into a specific surface site 15 a specific
orientation, Ordering‘results because the surfacé sites are ordered. During
site adsorption, adsorption and ordering occur simultaneously.

The WFC observed on adsorption ranges from -1.4 ¥ for nitrobenzene to
-I;B-V for aniline. Charge tranéfgr of such magniﬁude indicates extensive
interactions of the aromatic systems with the substrate.

The interpretation of the diffroction information in these studies has
been Comp]icated by the absence of well-defined diffraction feétures. The
~ diffraction features may be characteristic of the size and orientation of
the unit ce]l}in the ordered adsorbed layer or théy‘may be characteristic of
a rcoincidence distance'between the adsorbed layer of'they may be character-
istic of a coincidence distance between the adsorbed lattice and the sub-
strate lattice. Studies invoiving ordered adsorption of organic molecules
- on single crystal platinum surfaces have indicated»thot either situation may
occur. 'Soecificalfy, benzene forms coincidence lattices on the Pt(111) surfoce
~ while naphthalene forms a structure for which mo]eculér size is easily related
to the unit mesh determined from the diffraction paftern. With these facts
in mind, we have used the available chemical inform&tion. mo]ecular'dimenSions,
the observedAWFC and the diffractioo informafion tooona]yze the nature of the

interaction between adsorbate and substrate.
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a. Joluene m-xylene, Mesitylene, t-Butylbenzene, and n-Butylbenzene Adsorption |

on_the Pt(111) Surface

“ Work function change, The maximum WFC observed on adsorption for these

compounds range from -1,5 V for n-butylbenzene to -1.8 V for m-xylene. This
large eiectfon transfer from the adsorbed molecules to the metal substrate
implies thét the polarizabie L é]ectrons are involved extensively in the
interaction between adsorbate and substrate. Thevsimilafity of the WFC on
adsorption fof this family of compounds also indicates that the primary
1nteractf0h occurs beterrn the aromatié T system and the substrate surface
since the benzéne ring is the only structural entity common to all molecules.
in the series, If the aromatic m system is the prihary interaction center,
it follows that the adsorption geo@etry should be similar for this family of
compounds. In the absence of dehydrogenation the arohatic systems would be
expected to adsorb parallel or nearly parallel to_fhe}substrate surface so
that the aromatic m system could efficiently intefact with the substrate
surface. |

That these aromatic systems are adsorbed paraliel or nearly parallel to
the surface is further supported by the results of the mesitylehe adsorption
studies carried out at low pressure (10'9 Torr). Each aromatic hydrogen in
mesitylene has adjacent methyl groups. Since methyl groups are known to
deaétivate the exchange of adjacent hydrogené in~hydrogen-deuterium éxchange
studies, there should be little chance for dehydrogenation of the aromatic
hydrogens aﬁd.%or subsequent interaction of the dehydeogenated site with the
surface to form 0 (electron pair) bonds, Excluding demethylation, the only
alternative for interaction appears\to be w-bonding with the substrate surface.
That is, mesitylene should be fairly inactive toward any type of‘interattion

except T-bonding. The fact that its WFC on adsorption is similar to the WFC
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.of other aromatic adsorbates supports our coﬁtention that the primary inter-
action occurs via w-bonding. | |
n-Buty]benzene induces the smallest NFC.on adsorption; the WFC on ed-
sorption also depends markedly on the grbwth rate of the adsorbed layer.
Both of these'effects are caused by the presence of the long side chain which

makes efficient packing in the surface plane difficult.

Diffractibn-studies. The diffraction patterns observed for this family
of compoundsifndicéte poor ordering of the adsorbed layer. For the series '
toluene, mAXylene. mesitylene adsorbed at room temperature, sﬁreaked diffraction
features appear af 1/3. 1/2.6. 1/3.4 of the distance between the (00) beam and
the first order platinum featureé. The unit cell size implied by these
‘ sireaked features does not correlate with the molecular size of the adsorbed
species.since they are listed in order of inéreasihgisize above (the distance
to the first order diffraction shou]d vary inversely;with the size of the unit
cell). HoWever, the diffraction.patterns become better ordered in the series
toluene, m-xylene, mesitylene. t-Butylbenzene and n-butylbenzene on the
other hand fdrm'diéordered adsorbed Tayers. Thus,lit appears that large
® -bonded adsorbed molecules of the same rotatione] mu]tip1icity order more
easily in the absence of long side-chains. |

Detailed information cencerning molecular orientation cannot be extracted
from the diffraction patterns since poorly ordered.layers are formed, Howeyer,
it seems worthwhi1e to point out that tolgene adsorbed parallel to the surface
fits into ther(3x3) unit cell observed while m-xylene .and mesitylene do not
fit into the (2.6x2.6) and (3.4#3.4) unit cells, respectively, which can be
deduced from,the-diffraction features. The_Pt(lll)-(4x2)4toluene structure

which forms at ]50°C does not have a large enough‘unit cell to accommodate



QU 043035 | 0

- =29~
toluene adsorbed parallel fo the surface even though thé WFC observed seems
to support this adsorption geometry. HoweQer, for all casés-mentioned above
thé diffraction'features are diffuse since the layers were poorly ordered;
therefore, caution must be exercised in attempting to deduce much structural

information.

-be Toluene, b-Xylene, Mesitylene, t-Buty]beﬁzene,,and n-Butylbehzene

Adsorption on the‘Pt(loo)-(le) Surface

Work function change. The maximum WFC observed on adsorption for these

compounds range from r];S‘V for n-butylbenzene and mesitylene to -1.75 V for
t-buty]bén;ene, Again, the large amount pf eléctron'transfér, the simi}arity
~of the WFC fdr mesitylene adsorbed at low pressurés is similar to the WFC
observed for the other compbﬁnds in the series iﬁdicates that the'interaction
B occurs_prediminantly between the metal and the w g]ectron cloud of the
adsofbate. _ ‘ |

| The WFC 0n adsorption of n-butylbenzene depends markedly on the growth
rate of the adsorbed overlayer. It appears that this is due to the long
side chain which makes reorientationAof the adsorbed molecules difficult.

Diffraction studies. Ordered adsorption on the Pt(100)-(5x1) surface

seems to be correlated with the persistence of_the (5x1) surface structuré"
for these large T-bonded adsorbates. That is, if the (5x1) surface structure
remains detectable after adsorption the adsorbed layer will be fairly well-
ordered. On adsbrption of toluene, m-xylene, and mésitylene. streaked 1/3
order diffraction features appear which cérexist with the diffraction features
due to the (5x1) surface structure. Upon gentle_heét treatment, both the

(5x1) surface structure and 1/3 order streaks disappear leaving a (1x1) pattern
with increased background intensity. On adsorption n-butylbenzene initially
causes the apbearance of diffuse streaked 1/3 order features_a]ong with a

decrease in the intensity of the diffraction beams due to the presence of the
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the (5x1) surface structure. With continued exposure both the (5x1) surface
strutture and‘the 1/3 order streaks are replaced by a (1x1) pattern with"
incréased béckground intensity 1ndicating disordered adsorption, t-Butyl-
behzene'forms a disordered overlayer on adsorption and'the (5x1) surface
structure reverts to a (1x1) structure with high background intensity. During' :
this order-disorder transformation in the adsorbed 1ayer while theishbstrate
surface strucfure is also changing from (5x1) to'(lxi), no s{énificant work
function chahge takes place.

The (5x1) surface structure may be due to the formation of a héxagonal
platipum overlayer oﬁ top of the square surface uhit cell expected by pro-

1,12 ‘This model explains

jecting the bulk structure onto the surface plane.
thevobserQed ofder—disorder transformation upon changes of substfate

structure sinée a heXagona] surface (even one formed Sy reconstruction)

might be expected to yield more ordered overlayers, It should be nbted that
several ordered surface structures have been:observed on the Pt(100)-(1x1)
surface even though the (5x1) structure has relaxed.. We'haVe observed
structures for CO, ethylene, acetylene, benzene, and pyridine on the Pt(100)
-(1x1) surface structure. These molecules appear to order via the one-step
site mechanism, That is, the adsorption occurs with the molecules in avspecific
orientation at a spécific surface site. The bonding arguments made for CO, .

ethylene and acetylene by other authors24s 25, 26

sdpporfs 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), a

During the adsorption of mesitylene at high préssure (4x10°
pressure induced transition occurs on both low index platinum surfaces. The
WFC decreases, and the LEED pattern becomes markedly different (on the Pt(111)

a disordered layer forms; on the (100) surface the (5x1) structure converts
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to the (1x1)). A change in the nature of interaction between the substrate
and adsorba£e is occurring which depends on the incident Vapor flux. A com-
parison with the results obtained for benzéne seems to indicate that aw ~+ o
bond trahsition may be occurring, This may be due td demethylation of the
 arométic riﬁg and $ubsequent interactibn_with the'shrface-tﬁrough the de-
methylated carbon site or dehydrogenation of a methy]-groub and interaction
of the substrate with the dehydrogenated sité. ' | | | “

Ce Aniline, Nitrobenzene and Cyanobenzene Adsorption on the Pt{(111) Surface

WOrk'fdnétfqn change. The WFC observed on adsorption of ani]ine, nitro-

ben;ené, and-cyanobenzene are -1,8 V, -1.5 V and -1.6 V, respectively. The
similarity of wFC within the series and also the similarity to the WFC on
adsorption of;the other hydrocarbons studied supports the contention that

these molecules also interact primarily by forming'é x bond with the édb-

strate surface, That ic, they adsorb with the benzene ring para]]ei or

nearly paral]ef to the surface. Nitrobenzene appeafs to decompose in the
e]eqtron_beamkﬁhen'adsorbed on the Pt(111) surface since the WFC and diffraction
pattern both'change with e]ectrdhlbeam exposure at moderate voltages (30 V).

Diffraction~$tudies, The diffraction patterns observed on adsorption

are poorly ordered for this group of compounds.’ A]] three mdlecu]és cause

the appearancé.of 1/3 order features in the diffraction pattern. Aniline
adsorption gives rise to streaked diffraction features_at 1/3 order along
with streaks'extending radially to (1/2 0) positions; This diffraction
pattern'séems to be thevresult of a poorly ordered-complex structure,
Adsorption of nitrobenzene and cyanobenzene cause the formation of diffuse

1/3 order diffraction features. Both of ‘these mo]eéu]es, adsorbed with their
benzene ring Pafallel to the'metal.surféce. fit into a (3x3) unit cell.

‘However, the diffraction patterns indicate a great deal of disorder in the
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adsorbed layer and the diffuse diffraction features might obscure much
information necessary to interpret the surface structures.

d. Aniline, Nitrobenzene and Cyanobenzene on the Pt(100)-(5x1) Surface

Work function change. The WFCs on adsorption of aniline, nitrobenzene

and cyanobenzené are -1.75 V, -1.4 V and -1.5 V, respectively. The similarity
of the WFC within the series and the similarity to the WFC on adsorption of

- the other hydrocarbons studied suppdrt; the éontention that theée molecules
a150~interact'primarily by forming a ﬁ bond with the substrate surface., We
expect the mo]ecules to be adsorbed with their benzene ring parallel or
nearly parallel to the substrate sdrface. throbenzene adsorbed on the
Pt(100)-(5x1) surface is not as sensitive to electron beam exposure as the
overlayer on-the_Pt(l]]) surface. 'Apparently small changes in the inter-
action betweer. substrate and adsorbate can marked]y affect the electron beam

sensitivity-of the adscrbed layer.

Diffraction studies. These compounds form djsordered overlayers on
~ adsorption, |
7. Acetylene, Ethylene, and Propylene Adsorption

(a) Acetylene, Ethylene, and Propylene on the Pt(111) Surface

A substantial body of experimental data exists concerning ethylene and

24’25f26 A recent paper by

acetylene adsorption on the Pt(111) surface.
Weinberg, Deans, and Merri]]zs reviews the relevant data and proposes a
detailed adsorption model for ethylene and acety]ene.oh the Pt(111) surface:
In short, they cbnc]ude that ethy]ene is adsorbed dissociatively, while
acetylene remains intact on adsorption and that both form a (2x2) surface
structure. There is a second layer of reversibly adsorbed ethylene on top

of the dissociatively adsorbed first layer. This reversibly adsorbed

éthy]ene desorbs_at 100°C. The hydrogen resulting from ethylene dissociation
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desorbs at 200°C .and thé adsorbed layer ofvacetylenic residue consolidates
above this temperature, They also cbnclude that the adsorbed acetylene (2x2)
structure is not stable with respect to further acetyTene exposure since
more acéty?ene may adsorb in vacant fnterstitia]'sftes and cause the adsorbed
layer to become disordered. Howeyer the (2x2) structure that forms upon the
adsorption of_ethylene is stable to acetylene exposure since the.diSSOciated
hydrogens bloék'the interstitial sites.

We have-been able to reproduce these findings in our studies of acetylene
adsorptidn.' The adsorption of acetylene on the Pt(111) surface induces the
formation of a (2x2) sturface structure. The acetylene (2x2) structure
rapidly becomes disordered with further exposure to acety1ene flux (completely
disorderad wifh'940L). Our studies of the adsorpfjon>of ethylene yield some-
what different results, We have found that ethy]éne adsorbs on the Pt(11%)
face at 25°C inva disordered manner. Ordering occurs readily, however, upon |

impact by the incident electron beam and a (2x2) surface structure forms

with the same properties as described by'other workers; The (2x2) surface
structure was not affected by further exposure to'ethy]ene f]ux. The WFC
observed for'the acetylene (2x2) structure is =-1.5 V and the WFC obser?ed
with adsorbed ethylene that'was ordered by the incident electron beam is
=1.5 V. The similarity of the WFC 6n adsorpfion and the Ioo vs eV curves
are clear indications that in the adsorbed state theSe}surface structures
are identicé]. Thét is, on e]éctron impact, the adsorbed ethylene dissociates
into acetylene and two adsorbed hydrogens while acetylene adsorbs without
dissociation. The two adsorbed struct&res may behave in a different manner
with exposure to flux because the hydrdgen on the surface from dissociation
of the ethy]ene.may inhibit further adsorption of ethylene which might cause

the adsorbed Tayer to become disordered. This hypothesis is born out by the
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WFC results. As the (2x2) acethylene structure is exposed to further 5cety1ene
flux, the pattern becomes that expected from a diﬁordered layer and the magni-
tude of the WFC-slow1y increases to -1.65 V indicatiﬁg an increase in the
density of adsorbed species on the surface. Further exposure of the (2x2)
structure obtéihed by electron impact dissociation of ethylene to ethylene
flux results in no change in the work functioh.indicating nd change in the
density of the adsorbed layer. With heating in vacuum the.density of the
adsorbed.acetyleng layer remains essentially consfant_up to ]50°C (the highest
temperafure-used) as indicated by no vafiétion of the WFC. However, the
density of fhe adsorbed ethylene layer decreases markedly with heating in
vacuum above IOOOC as indicated.py a marked decrease -in the magnitude of

25attr1’bute this low temperature de-

the WFC. weinberg, Deans, and Merrill
. sorption to a second layer of reversibly adsorbed ethylene which is adsorbed
on top of the'acetylene first layer.

Heatiqg:the adsorbed acetylene layer in flux up tQ approximately 150°¢
causes a maximum to occur in the magnitudelof the WFC (-1.8 V) ‘indicating an
increase in density of the adsorbed layer. Heating the adsorbed ethylene
layer in flux casﬁses a maximum.in the magnitude»ofrthe WFC of -1.7 V at
approximately 250°¢C indicating an increase in the density of the adsorbed
layer. These increases in'density may be caused by increased surface mobility
which may result in increased packing efficiency. . Hydrogen is known to desorb
from ethylene covered Pt(111) surfaces'at approximately 2000C.22’ 23 Thus the
presence of surface hydrogen for the adsorbed ethylene case appears to limit
- the adsorbate surface density until substantia] hydrogen desorption has
occurred.. Propylene adsorbed on the Pt(111) surface causes the formation of
a (2x2) structure; the WFC on adsorptionvis -1.3 V.. The I, Vs eV curves

suggest that propylene is dissociated to acetylene upon adsorption at 20°c.
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The discrepancy between the WFC results found by Morgan and Somorjai24
and those found in the current study can be explained by considering the
differénces_in experimental procedures'and'equipment used. The work of
Morgan and Somorjai was often performed on samples which were cleaned only |
by heating between adsorption exberiments. This procedure produces carbon
contaminated surfaces which do not adsorb as‘much,gas as c]eanﬂsurfaces
therefore the magnitude of the WFC observed on_adsorption would be expected
to be smaller. than the WFC observed with adsorption on a clean surface. The
system used had a high CO background since Ti sub]imétion pumping was not
employed and in these early studies Auger e]éctron_spectroscopy, to check sur-
face cleanliness, was also not available. Carbon monoxide is known to displace

24

adsorbed olefins,”" displacement would also lead to a reduction in the WFC

observed,.

(b) Acetylene, Ethylene, and Propy]ehe Adsorbed on the Pt(100)-(5x1) Surface '

The adéorption of ethylene or acety]ene on tﬁe Pt(100)-(5x1) surface
cauSes.the formation of a (/2 x /?)R45° surface sfructure. The WFC on ad-
sorption is ~1.65 V for acetylene and -1.2 C for ethylene. The WFC values
seem to indicate that these molecules adsorb as distinct chemical species.
That is, it appears that ethylene adsorbs associativé]y at 20°C on the Pt(100)
-(5x1) surface. |

The diffraction pattern resulting from the (v2 x v2)R45° surface structures
have diffuse (1/2. 1/2) diffraction features but we11-defined (10) features.
The broadening of diffraction features results from the existence of adsor-
bate domain boundaries.-24 The structure of certain types of antiphase domain
boundaries can be simply related to the symmetry of the adsorption sites

25

occupied by adsorbate molecules on the surface. The type of broadening

observed for ethylene and acetylene implies that adsorption is occurring in
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a four-fo]dfsyhmetry site. An analysis for (/2 x Z2)R45% structures on
square symmetricvsubstrate unit cells has been reported by R; Le Park.27

Heating'the adsorbed acetylene layer in flux td abproximate 150°C causes
a'slight'maximum to occur in the magnitude of the WFC (-1.7 V) indicating a
siight indreésexin the density of the adsorbed 1ayereand/or'partia1 dehydro-
genationddf'the_adsorbed layer. Hydrogen is knowh to desorb from ethylene
covered Pt(]OO)-(Sx]) surfaces at appr'oximate]y2000(:;]2 thefdesdfdtion of
hydrogen 1mp11es part1al dehydrogenation of the adsorbed ethylene. Since
desorption of hydrogen is occurr1ng, an increase in the density of the
adsorbed layer could be easily accomplished by further ethylene adsorption
from the gas phase. The similarity of the WFC va]des et 250°¢C (-1.65 for
acetyfene and -1.5 V for ethylene) seems to indicéte'that the adsorbed
layers are similar after heat treatment. | |

Propylene adsorbed on the Pt(100)-(5x1) surface causes the appearance
of diffuse 1/2 order streaks and a WFC of -1.2 V. This seems to imply
partial dissociation of propylene since the WFC results are identical with
those observed.for ethylene adsorption.

The discrepancy between the WFC reported here and those reported byv

24 may be due to the fact that in earlier work cleaning

Morgan and Somorjai
was carried out between adsorption 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. Again; in these
early studies Auger electron spectroscopy was not available to test the
cleanlinesﬁ.of the surface prior to adsorption.

8. Adsorption of Aliphatic Molecules on the Pt(111) and Pt(100)-(5x1) Surfaces

Cyclohexane, n-hexane, and cyclopentane adsorb on the Pt(111) surface at

20%C with organic vapor fluxes in the range 10'8 Torr to 10'6 Torr, All
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three compounds undergo an organic vépér pressure induced transitions during‘
which the magnitude of the WFC decreases, Comparison of the WFC data on
adsofptign of similar olefins (cyc]ohexene, and cyclopentene) at 20°C shows
that théfadsokbed state of theﬁe aliphatic molecules is certainly different
than fhe adsorbed state of the olefins., That is; these compounds do not
become déub]y dehydrogenated and adsorb as olefins. With 1ncreased'temperature
cyc]ohexanevand hexane (cyclopentane was not studied) apparehtTy become at
least partially dehydrogenated as evidenced by the fact that the magnitude
of the WFC;increases and goes through a maximum above 200°cC.

Experiments below room temperaturé should be carried out to ascertain
the presence of a complete mono]ayer28 in case of the predominance of weak

“dispersion force interactions between adsorbate and the metal surface.28
Monolayer or'hear monolayer coverage is necessary to interpret the observed
work function changes in terms of net charge transfer since WFC is not only
dependent on the nature of the Surface chemical bond but also on the coverage.
Also, thé Tow surface temperature experiments reduce the possibility of
dehydrogenation'since many of the saturated hydrocarbons are known to dehydro-
genate oh platinum at elevated temperatures.

Several explanations of the transition which occurs with pressure are
possible. It seems Tikely that the final sfate invO]vés a molecule adsorbed
perpendicu]ar or nearly perpendicular to the metal surface. The low pressure
adsorbed state may involve either a physisorbed molecule adsorbed parallel
to the surface or singly dehydrogenated moiecu]es covalently bound to the -
surface but adﬁorbed parallel or nearly parallel to'the metal surface.
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FIGURE CAPTIONS

A schematic diagram of the ultra-high vacuum system and gas
manifold used in the adsorption studies.

-Low-energy electron diffraction pattern and schematic representation

of the Pt(111) face.
(a) Diffraction pattern from the Pt(100)-(5x1) structure,

(b) Schematic representation of the (100) surface with a hexagonal

overlayer,

’(c) Diffraction pattern from the Pt(lOO)-(1x1) surface.,

(d) Schematic representation of the (100) surface.

‘The maximum work function change on adsorption versus the first

ionization potential of organic molecules adsorbed on the Pt(111)

surface,

The maximum werk function change on adserption versus the first
jonization potential of organic molecules adsorbed on the

Pt(111)-(5x1) surface.

A diffraction pattern resulting from the Pt(111)- 'z 2 Pbenzene

structure with a schematic diagram of the unit:cel] 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 conVenience; it may be rotated
by some angle relative to the surface;' A1l dimensions are in
Xngstroms. | |

Diffraction patterns taken at several_vo]tages for the Pt(111)-

2 2 -benzene structure (pattern A contains the first-order

5 5 _
platinum diffraction features) and a schematic diagram of the unit
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FIGURE CAPTIONS (contd.)

Figure 8.

Figure.g.

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 positibn of the unit cell
relative to the substrate unit cell is uncertain. A1l dimensions
are in Rngstroms.

A diffraction pattern and schematic diagram of the Pt(111)-(6x6)-

naphthalene structure with a probably arrangemeht of naphthalene

molecules in the unit cell. The angle of rotation of one set of
parallel naphtha]ené_mo]ecules with respect to the other set is
anertain. The positfon of the unit cell relative to the sub-
strate unit cell is also uncertain. Al]'dimensions are in
angstroms.

A schematic diagram indicating the orientation of adsorbed

_ pyridine on the Pt(111) surface. The oriéntation shown for the

Figure 10.

Pt(111)-(2x2) structure correlates with the adsorption data at
20°C. The orientation shown for the Pt(]l])-(3X].5) structure |
correlates with the adsorption data at 250°C and corresponds,to'a
single dehydrogenated pyridine adsorbed through both its nitrogen

and the dehydrogenated ortho site.

A schematic diagram indicating a possible orientation of cyclo- .

hexene on the Pt(111) surface. The carbon-carbon double bond is

near the surface.
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Table 1

and Structural Infornation for Adsorptfon of Organfe Compounds
on the Pt(111) and Pe(1C0)~(5%1) Surfaces

Pe(111) Pt (100)-(51)
Work Function Work runcllo;\ ] }
. Te Change Adsorbate Change 2:::::::: Adeorbate
Adsorbate .:’ Diffraction Features afte Diffraction Features
‘ Press WFC lor Surface Stiucture| Press WFC Ad L; alof Surface Structures
(Torr) {(Volts) (Torr) [(volrg)|A950mPE10
20° | a0 |- 1. PEEN o0 oes | oy | /7 < Srese
Acetylene 20° nw" - 1.6% disordered
AN {10 min) *
150°_ | o107 |- 1.8 dtsordered 077 1oy | x| (/2 x /Dmrest
: -8 Streaks at 1/3 order -8 . :
Aniline 20° 1=10 ~ 1.8 diffuse (1/2 0) 1x10 - 1.75 (1x1) disordered
features . .
o -7 ) -7 d1ffuse ving-ltke
v 20" 6'19 - 1.8 poorly ordered 10 - 1.6 {ix1) 1/2 order stresk
Bentene - 20° w1077 [- 1.4 -i : )
(5 min) . !
-7 -7
o 4x10 -2 2 3x10 X diffuse 1/2 order
20° 1o mmy|” 7 l s s @hesy |71 ] D e
Bipheoyl 20° 1"10-9 - 1.8% vetyvpoorly ordered ZM()’9 - 1,8 (1x1) dlsordérzd
a-Butylbenzene 20° B"lo-’ - 1.5 asordered gx107? |- 1.5 (1x1) disordered
:-!utylbcnzine 20° 5*10'8 - 1.7 disordered S"l!)'8 - 1.7% (1x1) disordered
S R dtffuse (1/3 0) -8 fatne
Cysnobenzéne 20 1x10 - 1.6 features 10 - 1.5 “(5%1) disordered
20° | 2078 |- 1.75 | poorly ordered 20078 |- 17 | qyy | 48ffuse 172 order
-8 -8
. %10 -2 2 2%10 ; d4ffuse 1/2 order
1,3-Cyclohexadiene 20°C Qnry |~ 1.3 4 ﬁl ane) |- 1.6 (1%1) stresk
~7 : -8 .
. x10 -2 2 2x10 diffuse 1/2 order
20°¢C (S krs) |~ -8 I 5 SI (5 hrs) |~ 1.4 (1) streak
20° 6"10—9 - 1.2 J(1%1) lov background 6"10'9 - .15 (5<1) low background
. -7 ~7 diffuse streaked
Cyclohexane 20 txo " «7 |very poorly ordered | 410 - (1) (2x1) pattern
- - ked (2x1
1500 | 4x1077 |- 11 spparent (x2) | 4ao” fo 12 | ey | Biresked (°1)
300° | 4x2077 |- 2.4 disordered a0l a5 | @x) | atsordered
00 | ex107? |- 17 |f fl 6107 |- 16 | quay | $iffuee (1/20)
Cyclohexane . v
= - treaked (2x1
1500 [ 6x1077 |- 16 | apparenc (xn) [ exa077 [ s | ay | 2resked (R
20* a0~ |- .95 |(x1) low background m107% |- L4 (5x1) low background
Cyclopentane
- . 1o-? -7 di1ffuse features
. 1 20 4x10 - disordered 4x10 - (1x1) at 1/2 order
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Table 2

Yotk Punction Changes and Structural Inforcacton for Adsorption of Organic Corpounds
on the Pe(l1l) and Pe(1CI)-(5%1) Surlfaces

Pe(11Y) . Pz (100)-(5*1)
Work Function York Funztion Substrat
. Tea Change Adaorbete Change S: strate Adsorbate
Adsorbata 'C’ Diffroction Features : :::::" Diffraccion Features
Press VFC lor Surfaze Structure| Prass VFC Adworpeionl®F Sucface Structures
{Yorz) |(volts) (Torr) [(Volts) 4
200 | axio”® [ as | dtfuse (11200 0B o L ) | (/T x /Dwese
Sthylens features .
2500 | a0t {1 dteorderad 1m0 {1 | ) | eteorderes
Craphitic 0y - ringlika diffraction - ) ringlike di(fnc('-oa
Overlayer 950 1.1 features 1.0 Q) features
. . X 20° 3‘10-_’ - 1.1 disordered 5"10-' - .8 ) {1x1) disorlered
B 8 ) -8 .
$x%10 x1 .
p-Hexane 20° €3 hes) - .9 disordered (: h?a) - .6 (1«1) dteordecad
2s0° | s=07% |- 15 dtaordered $107% §-'1.2 | @) | dtsordered
-8 . Sereaks at 1/3.4 .8
20° &4x10 - 1.7 order diffuse 4x10 -1 (51) 1/3 order streaks
Rositylens €2/3.4 0) features -
. 20" | 4x1077 [- .33 | dteorcered o0l =12 | @) | dtsordered
-] - -9 faint -
oyt bl 200 | 6x107 |- 2.0 [very poorly ordered | 4x1077 |- 1.8 | (0} [ dtsordered
Maphthalens 200 | 941070 - 1.95 | wpparent (1) | 9x107 [- 2.2 ] <) | dteorcurcs
100§ ox0™? |- 2.0 (6<8) 9x107% {- .65 | Qx1) | dtsoraered
-9 dtffuse (1/) 0) .9
Bitrobenzene 20* 9$x10 - 1.3 fustures {pattern | 9%13 - 1.4 (11) disorlered
eslectron bean .
seasitive)
. s (2x2) (pattera s 1/2 ordar streas
. NAdl PR W leczron beaz 2%307° {- 1.2 1<1) (pattern electran
hogylem 20 2x10 1.3 - ::nzlvt\i“) : - § beam sensleive)
. 20* | 11078 |- 2.7 "“::::ufi:‘ 9 | ix1078 |- 2.4 =) d1socdered
Pyridine well defined strecaks
2500 | 101078 |- 107 at 173, 213, 3 | 1078 - (1x1) (/7 x /T)545°
ordac . .
= streaks a° 1/)
20° | 12107 |- 1.7 |atreaks at 1/3 order| 1n10 Y l-ass | Gsen) order
Toluene 150° 1'10-9 - 1.65 (“x2) 1:10" - 1.5 (1x1) disordered
- k 1/2.6 7 -8 streaks at 1/3°
oXylene 200 | =108 foa.s [SUTOCRS AT 1ra07® 1o 1es [ ey | 205

~
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LEGAL NOTICE 2

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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