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| The Structure'of Adsorbed Gas Monolayers

J. C. Buchholz and G. A. Somorjai

‘Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Chemistry, University of California, |

Berkeley, California 94720

. | Abstract
- The study of the structure of.édsorbed Qas mono]ayers on single
'cnysial_surfaces is revieWed; Thé various intéraction energies invo1ved
in adsdrption'are discussed to indicate whyiofdered adsorbed monolayers
 ,aré so common. Thé_ﬁatdfevof the substrate-adsorbate bond is discussed
ih the light of surface crysta]]ogfabhy_régu]ts'for'sfmplé adsorbed
léyérs.v Studies of the structure'of-more comp]icated adsorbed layers -
;such as adSorbed hydrocarbons, three-dimensibha]’surface layers and
coadsorbed gas structures, as well as the;efféct of surface defects such

"as steps, are also discussed. .
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One‘of'the most‘exciting observations of 1ow-energy-e1ectron diffraction
(LEED) stud1es of adsorbed mono]ayers on low M111er Index crystal surfaces
is the predom1nance of ordering within these 1ayers. These stud1es have
observed a large number of surface structures'formed upon adsorption of a
large'number of atoms and molecules on a variety of se]id surfaces. |
Cbnditions range from Tow tempefature inert gas physisorptibn to chemi-
sorption'of reective gases‘and hydroca;bbns at room teﬁperature_and above.

A 1isting of over 200 adsorbed surface structures;'mostiy of small molecules
édsorbed on low Mil]er,lndex.surfaces, can be found in a recent reyiew.]

The existence of drdered chemisorbed layers at room temperature and
above'demohstrates the importance of sfudies of the stfucture of adsorbed
gas mono]ayers since even at the temperature of catalyelc react1ons on the
surface, the reactants may see an ordered adsorpt1on layer on the surface
which controls the reaction. “From studies of the structurevof such layersvv

one hopes to obtain sufficient information to understand the}surface

chemical bond and its relation to surface chemistny;_‘

~ Ordered Surface Structures

The reason for the -predominance of ordering can be understood by
vcbesidering the magnitudes of the various “interaction energies invo]ved
in adsorption.ﬁ Thevheatqu adsorption AHads determines the surface covefan
which exists for given experimental coﬁditions. The coverage R far from
the adsorption of a comp]ete mono]ayer can be wr11ten | |
o= TF | ..e_._ )
where T is the residence time and F is the ineidenq flux which, for a

pressure P is

6 8 ? Pk 000
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F (mo]ecu]es/cm2 sec) = 3.52x10%% —%ﬁ%%§;2 (2)

The residence time can be expressed as
/RTI (3)

where T is related to a period of vibration of a surface atom and T, is

T=T, exp[AHads
~ the substrate~temperature;l The adsorption of rare gases, such as xenon
_and argon, which have low heats of adsorption ( 2-8 kca]/mole), has been
,successfu]ly studied at the Tow pfessures, thus Tow fluxes, required for
LEED st:udie‘s{(<'l0'4 torr) by using substrate temperatures in the range of
10 -.78 K. Molecules which chemisorb however (AHad;_Z.IS kcal/mole) can
‘be studied'af.room fgmperature and above at:much 10Qer pressufes (<10'9,
torr). ‘ _

The heat of adso}ption is in general‘a functioh'bf surface coverage
due to mo]ecu}ar.interactions within the adsorbed layer. The chénge fn -
ihe heat of adsorptibn with coverage indicates whefher the molecular
interactions within the 1ayer are attractive of rgpu]siye. Adsorbate-
substrate éystems thet have predominantly repulsive'interactfons between
adsorbed molecules in the monolayer, such as carbon monoxide adsorbed on
: pa]ladium,z show a decrease'in the heat of adsofption with increasfﬁg
coverage. Such systems qftenlshow a disordered éurface structure up to a
éritical coverage at which point "pressuré" within the_]ayef brings about

ordering. From measurements of AHad versus coverage fhe strength of the

s

intermolecular interaction within the layer can be determined. Systems

which have predominantly attractive interactions within the monolayer
generally grow by an island growth mecnanism. Adsorbad atoms tend to

cluster giving regions of ordered adsorbate structurs surrounded by bare

substrate. Additional molecules adsorb around the adges of these "islands”

~
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causing grohth‘fo.take p]ace; In this case, since évery adsorbed atom'
(after the Firstrfew in the nuc]éus) isvadded in the.same atomic environ-
ment, thé heat of adsorptioh does hot change with cerrage and no 1nfor-i 
- mation concern1ng the adsorbate-adsorbate 1nteract1on AEa a; is thus |
available. For many systems,’ such_as oxygen and hydrogen on tungsten,

._thé heat of édsorption‘is much 1ar§er,than AEa_a'so thaﬁ as thé temperaturé
is incréaSed,}the surféce strhcturerdiSOrders Withoutldesorption taking
place, In thesé cases informatibn concerning the adsorbate-adsorbate

: interactfon can be obtained from énalysisrbf these order-disorder
transitions.>*? For Systemsvthat have been studied in this way the
attractive interaction is about 10% of the heat of adsorption.

Although the strength of the adsorbate-adsorbate interaction deter-
mines whether an ordered siructure with periodicity different thén the
substrate can exist, the actual formaﬁion of that structure requires
 sufficient mobility of the adsorbed atoms on the surface. Thus the
diffusional barrier AEd must be sufficiently small thét‘adsorbed moleculas
can have enough thermal energy to migrate from site to site without
desorption. Fortunatelj AEd is generally suff1c1ent1y small, althougn
temperatures above room‘temperafure are sqmet1mes required to 1nduce '

order1ng, for exanp]e, for naphtha]ene on Pt(111). 5

Observat1on of Surface Structures by Low-Energy. t]ectron D1TfraCu1on

The d1frract1on,pattern observed in LEED.d1rectly reflects Lhe
symmetry of the sUrface; that is,'the size.and shape of the surface unit
mesh. The.difffaction battern is.the image of the'recioroca] lattice of
the surface structure wn1ch is d1rect1y re]ated to tha real space unit
mesh, A change in the surface unit mesh, as genera]ly takes place upon

C6Z2io0pRrofgoop
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adsofption,-gives rise to a corresbonding change in the observed diffraction
pattern. This is illustrated in Figure 1 whiéh shows a diffraction pattern
for a clean Pt(111) surface and the pattern with adsorbed propyne.
"Figure 2 shows the unit me;h responsib]e for the.diffraction patterns in
~ Figure 1 superimposed on a model of the Pt(]]l) surface., No information
concerning the location of the acetylene molecule within this unit mesh is
fndicated since this information requires an additional analysis of‘the
diffraction spot intensities which will be discussed in the next section.
There are two systems in use to denote the unit mésh formed on
adsorption} The first system, originally proposed-by WOod,6 is probably
the most commonly. used and can bé app]iéd totsyStems in which the angle
between the vectors a and b is the samevfpr the adsorbed structuré as for.
the substrate. The structdré is labeled by the.geheral form, p(nxm)R¢°
or c(nxm)R$°, depending 6n Whether the uﬁft}hesh is primitive or centered,
The scale factors n and m are defined by
B P P 1 -
5] = n I8l - o

and Ro°® indicates a rotation of the unit mesh by ¢° from that of the sub-

stfate. For ¢=0°, the notation RO° is omitted, The strucﬁure indicated
'inAFigure 2 is thus labeled p(2x2) or often simply (2x2) having unit.céll}
vectors twice as large as the unit cell of the platinum substrate but
_pointing in the same direction. ‘The total system is thén referred‘to as

- Pt(111)-(2x2)-propyne. | |

For cases in which the angle between the unit mesh vectors is difierent

for the adsorbed layer, a matrix notation is generally used.7 The unit
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mesh vectors for the adsorbed structure are related to the substrate mesh

vectors by the transformation

>y >
a m]]a+m]2b
> + > ' , Sy
. b = myam,,b - (5)
] S (™ 12)
These.equatlons define the transformation matrix M = ( which is

| | 21 M22
used to characterize the structure. For the structure illustrated in
. (20 : '

Using this notation, the reciprocal lattice transformation matrix, and
thus the diffraction_patterh,_can be obtained by taking the inverse transpose
of M, | | |
. - ,

Mx = ff

S - . (6)

Equation 6 can obviously also be used in the reverse direction to obtain

~ the unit mesh from the diffraction pattern.

Surface Crystallography of Adsofbed Monplazers

- For most of the 6ver 200 surface structures referfed to abova, only
theviwo-dimensional symmetry of the diffraction patternvhas-been observed.
Thus only the size and shape of the two-dimensional sﬁrface unit cell is
known.  Determination of the actual positions of thé'adsofbed atoms re- |
quires analysis'of fhe intensity of the diffractidn beams_and has.been
performed for only a small number of systems, almost alf for atomic ad-
sofptioh on low Miller Index surfaces of face-centered cubic metals.
ATthough.Severalvapproximate schemes for doing Surface crystallograpny,
intensity ayeragin98 and Fourier transform‘methodsg, are Seing studiad,
all the full surface crystallography reported to date has been obtained

using mu]tip]e-scattering LEED intensity ca]culations. Andersson and

6zt okpr0of0o0
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, Pend'r'yllO examined sodium adsorption on Ni(100) and'reported the sodium
atoms occupy four-fold coordinated sites at a distance .87A above the top-

" haye examined the overlayer structures

most nickel layer. Demuth et al.
of oxygen, sd]fur, selenium and tellurium 6n Ni(lob); On this surftace
they find the adsorbed atom to occupy fourfold coordinated bonding sftes
at displacements .90, 1.30, 1.45 and 1.90 R respectively from the center

of the top nickel layer. Results are also given for Ni(111) and Ni('ﬂo).]2

13

Forstman ef al. reportedviodine adsorbed on Ag(l]]) to occupy the three-

o .
fold sites at a distance 2.5A above the topmost layer. Oxygen adsorption

"on t:ungst'en]4

and ni trogen on m]ybdenumls both body-centered cubic metals,
have also been studied. |

Several general observationsAappear to be emerging from thié work.
Chemisorbed atoms seek an adsofption site which allows them to maximize
their coordination. The substrate-adsorbate bond iength, at 1éast for the _
strpng]y chemisorbed systems studied thus far, can be reproduced rather
well by adding the metaliic radius of the substrate and the single bond
covalent radihs of the adsorbate. This comparison is shown in Table I
wﬁich lists the experimentally determined bond length and the predicted
bond 1ength obtained by summing the covalent rédii.' In most casas the
'difference is within the .1Rlaccuracy claimed for the gxperimental deter-_
‘mination and in no case is the discrepancy greatef than 10%. Thié resdlt
suggests that the chemisorption bond is basica11y covalent in charactef‘
wnich means that theoretical treatments in terms of localized surface
.comp]exes and clusters should be applicable to chemisorptfon.

The only case of molecular adsorption for which full surface crystallo-

graphy has been performed is for acetylene (CZHé) on a Pt(111) surface, 29
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The best agreement with exper1ment is. as shown in Figure 3. The molecule
is 1. 9A above the Pt surface and its orientation exposes its w orbitals
to the nearest Pt atoms in the substrate. Thus, tne structure analysis
indicates that acetylene w-bonds to the Pt serface and the competing
bqnding scheme that wou]d yield (o} diadsdrbed species can be ruled out.
o—Bdnding would fequire the rotation of the moleeuie by 90° in Figure 3;
The LEED intensity ca1cu1at1ons are found very san31t1ve to sucn changes

in or1entat1on.

Adsorpt1on of Otgan1c Mo]ecu]es on Low Miller Index Surfacas

Although comp]ete surface crysta]kpgraphy has on]y been carr1ed out
for a small number of SJstems,_the combination of LE:D with other techni-
' ques such as work function measurements and u]trav1o]et photoem1ss1an can
often provide s1gn1f1cant information about bond1ng of adsorbed molecuies
on surfaces. The adsorot1on and order1ng of a 1arge group of organic
coﬁpounds has been studied on p]at1num (100) and (111; surfaceSZ] and a

22 _Some

few organic mblecules_have been studied on the Ni(100) surface.
of the molecules studied which show ordering on .the platinum surface are
“1isted in Table II. A1l these molecules adsorb readily on platinum at

room temperature, 'erk‘functionZ] and UV photoemission”" studies, whare
they exist, indicate that aroﬁatic molecd]es act as e]ectroh donors to
transition meta]s; interacting,_at 10w coverage,‘through their m-electran
systems; Unsaturated molecules generally appear to adsorb on low indei ’
facesief transition metals by formiﬁg 7 bonds. | |

Ordering of large molecules is generally best for high-symmetry sub-

“strates (Pt(111) rather than Pt(100)), aromatic molecules witn hign rotatisnal

e taprpbk0ofoo0
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symmetry, Sma11_substitdent groups and low incident vapor flux. Theee
conditionsvaflow maxihum opportunity fdr ; molecule, IOnce adsorbed, to
reorient itself for incorporation inte the growing ordered region. Thus
.order1ng of 1arge molecules can be seen to be somewha* d1rferent from site
adsorpt1on for small mo]ecu]es. In the former case, the molecule may
over]ap many shrface'bonding sites. 8ut now, be°1des requiring sufficient
trans]at1ona1 mob111ty, the mo]ecu]e must a]so have sufficient rotae1onal

mob111ty.

The Structure of Inert Gas Atoms on Solid Surfaces

- The surface structure of adsorbed xenon has been studied on graphite,23_

palladium,24 1'7'1'd1'um2.5 and copperé% surfaces of various orientations. It
appears that regardless,of the substrate structure and rotational symmetry,a
xenon forns é (111) orientation over]ayer. In these eases, the adsorbate-.
substrate interaction is strong enougn to rotat1ona11y orient the growtn

of the xenon Iayer but not to determwne the xenon-xenon spacing and
symmetry which are always characteristic of the (111) plane of solid xenon.
.‘Similar results were 6bfeihed in a systematic study by Dickey<et a1.27 at
8K where ofdered structures were reported for the physica] adsorptidh of
argon and neon on the (100) plane of nfobium. At such Tow temperatures,
nof only the adsorbed monolayer struccure hay-be étudied, but the growth

of inert gas crystals can be investigated by controlled deposition of

multilayers of xenon and other atoms on the surface.

Structures as a Result of Gas-Solid Reactions

There are several adsorbate substrate systems in which the solid-

gas bond energy is greater than th° solid-solid bond energy. In_tnese
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cases, strong chem1cal interactions arise ~n1cn can lead to a surface
structure w1th intermixing of adsorbate and substrate atoms. Often sucn
layers have a very large unit cell as observed by»LEEDf These large unit
cells are offén:due.to whatAare'ca1]ed coincidence lattices and are indi-
cative of é.unit'cell mismatch befween tue surféce layer and the under-
lyiﬁg substrate. Surface reconstrqction has been observeg gehera]]y at
elevated températurq,for the interaction of oxygen énd carbonvwith metals
such as tungéteh,28 nicke129 and iron.30. Sucn a surface structure is the

first step toward solid state reactions such as oxide, carbide or nitride

formation.

Coadsorbed GAs Structures

LEED Studiéé have uncovered several surface structures that form ,
during the s1nu]taneous adsorpt1on of two gasas but do not form during the
| aasorpt1on of only one or the other gas. Simultaneous chemisorption of
nitrogen and carbon monoxide on the (190) faco of tungsten,31 for example,
gives a surface s;ruc*ure which cannot be formed by the individual gases.
~ Similar results cah be obtained for the coadsorption of oxygen and caroon
monoxide on tungsten (110)32 or hydrogen and carbon mono*ide on platinum
(100) 3? The appearance of such surface structures 1nd1cates that there
is a strong attractive 1nteract1on w1»h1n the adsorbed Iajer between the
unlike molecules-which both appear to participate in a single surface unxt .

cell.

Effeét of Steps and Other Surface Irregularitizs on tne

Surface Structure of Adsorbed Gases

When surfaces are produced by cleavage, an ordered region of monatomic

S6ZLobpP 0000
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height steps may be produced. ‘Such steps have fong'been‘known to be
important in the nuc]eation and growth of'surface filns or during, evaaoration
‘ ot surface atoms.. High Miller Index surfaces of mater1a]s with all types
of chem1cal bond1ng also exhibit ordered step arrangements. The step and
terrace arrangement and dimensions for such steooed surfaces can be StUGled
by LEED. 34 | |

Spec1a1 1mportance has been given to stepped surfaces by the d1scover/
»of their great significance in chemical react1ons on trans1t1on metals.33
. -The cnemisorption characteristics of stepped platinum surfacas are very
Tdifferent from those of low Miller Index surfaces.>® It has been found
that atomic steps p]ay a contro]ling role in dissociating H2 and 02
molecules on platinum surfaces. Atoms at steps in various -stages of
coordination also control the rates of breaking C-d and C-C bonds on p]atinun.
In the absence of steps, adsorbed hydrocarbon molecules tend to remain
uessential]y intact below 300°C and produce ordered surface structures;
Hydrccarbon 1ayers.on stepped surfaces at low temperature tend to be partiaily
dehjdrogenated and disordered. Other chemisorption characterist{cs are
a]so very d1fferent Hydrogen and oxygen vhich do not chemisorb readily
'on the (]11) or (100) crystal faces of p]atlnum, cnemxsorb at relatively
low temperatures on the stepped platinum surface. - In contrast to the
ordered adsorption of carbon monoxide on low index platinum surfaces where
several ordered surface structures have been detected the adsorption is
dxsordered on stepped surfaces and there’ is ev1dence of d1ssoc1at1on of
~the molecule. |

The unique properties of atoms at steps or kinks in steps may be due

to a charge density which is different from that for atoms with high
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.coordination.number-in 1ow Mi11er Index.p]anes.» There‘is evidence, both
frpm work fuhction'measurements and from thebry, for'incréased‘chafge density |
on étoms at steps. The ldcalized d-electrons on atoms in steps may also be
rehybridi;ed and provide a dffferent interaction potential to the anproaching
adsorbate as cohpared to atomS in fhe térraces. | v
1t appears thét fhe differeht chemistry of atoms at surfaCe irreguiarities
is especially éhhénced for'transition metals‘such as platinum,'iridium and
.tuhgétén. For”gon, onithe other ﬁand, atomic steps_doAnot enhance’ chemi-
sorption ofvvavibus hydrocarbons. Conrad et a1;37_have shown that wnile
'steppéd surfacés exhibit an enhanced initial heat of adsorptﬁon for hydro-
- gen on pa]]adium;:the heat of adéorption of cafbonvmonbxide was the same

on both a (111) and a stepped surface..

' Summary

,'yIn summary,'qrderéd adsorption is observed for bbth atoms and molzcules
on low Miller Index surfaces for appropri{Fe conditions of temperature
and pressure. Sohe adsorbates.form more. than one surface~structure in-
cfuding precursofs to bulk phases such as su]fides, oxides dnd nitrides.
~ Through thé use 6f LEED to study surface cryéta]lography much very important '
_”information is gathered about the nature of the surface cnemical bond.
One can expect that dur,knowiedge of sQrface properties will continue to
growxvery rapid1y'as surface reséarth expands in the areas of,surf;ce ,
'.Cryﬁtaliography of moreICOmp]icated molecular adﬁorbates, sfudies of the
large varietieé df‘mo}ecu]ar crysfa]s.and a more detailed understanding

of the role of surface defects in surface chemistry.
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Table I _
Adsorbate-Substrate Bond Lengths Determined by LEED

Substrate | Adsorbate | Bond Length (experimental) | Ref. | Bond Length (predicted)]6.
- ] ' ° 1t °
Hi(001) 0 1.97A 1.90A
s C 2.8 n 2:28A
. o ‘n . ]
Se 2.27A 2.41A
Te  2.58 1 2.61A
| o 10 o
Na 3.37A 3.10A
Ni(110) | 0 LA v 1.90A
| I 2.17A 12 2.28A
Ni(111) s | 2.02A 12 2.28A
Ag(001) |  Se  2.80A 18 2.61A
Ag(111) 1| " 2.75A 13 2.77A
‘o ' [
A1(100) | Na | 3.5 " 3.32A
Mo(001) N 2.02A » 2.08A
. o ' )
W(110) 0 2.08A 14 2.05A
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Table II

Organic Molecules Which Show Ordered Adsorptioh on Pt(111)

isoquinoline

- aniline
benzene mesitylene
_bipheﬁy] 2-méthy1 nébhtha]ene
cyanobenzene | ‘ néphthalene.
1,3-cyclohexadiene nitrqbeniene
cyclohexane propylene
cyc]ohexenev ,pyridine
cyclopéntane pyrrole
-cyclopentene quinoline
| 2,6-dimethyl -pyridine styrehe
) 3,5—dimethy1 prfdine toluene
ethylene _ | m-*y]ene
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Figure Captions

Figufe 1. LOWQenergy électroh diffraction pattefn observed for (a) clean
| Pt(111) and for (b) Pt(111) with adsorbed propyne. - 1he
.pattern'in (b) can be labeled Pt(]]])-(ZXZ)-propyne.ﬁ The incident
.electfon energy is 68 eV in both‘cases. ' | :
Figure 2. The surface unit meshes fesponsib]e for the diffractidn patterns
shown in Figure 1. The surface mesh for clean p]atinum‘is |
| shown as the solid line, labeled (ix1). The dashed 1iné indi-
cates the (2x2) unit mesh observed with adsorbed propyne. :
" Figure 3. The position of adsorbed acetylene on Pt{111), as determined.

from low-energy electron diffraction intensity measurements.
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Top view Side view
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Figure 3



LEGAL NOTICE

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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