Lawrence Berkeley National Laboratory
LBL Publications

Title

A COORDINATION CHEMISTRY GUIDE TO STRUCTURAL STUDIES OF CHEMISORBED
MOLECULES

Permalink

https://escholarship.org/uc/item/6wt4x83d

Author
Muetterties, E.L.

Publication Date
1977-06-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6wt4x83d
https://escholarship.org
http://www.cdlib.org/

vQuvodddrd v 3y
e —of

Submitted to Inorganic Chemistry LBL-6259
(Correspondence) Preprint ©-

A COORDINATION CHEMISTRY GUIDE TO
STRUCTURAL STUDIES OF CHEMISORBED MOLECULES

E. L. Muetterties, J. C. Hemminger, and
G. A. Somorjai

June 28, 1977

Prepared for the U. S. Energy Research and
Development Administration under Contract W-7405-ENG-48

4 ' ™\

For Reference

Not to be taken from this room

N\ )

*d

6529-14T



DISCLAIMER

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



CBU8d47 638593

Inorganic Chemistry Correspondence
: LBL-6259

A Coordination Chemistry Guide to Structural Studies

of Chemisorbed Moleculés

by

E. L. Muetterties,* J. C. Hemminger and G. A. Somorjai

 Materials and Molecular Research Division, Lawrence Berkéley Laboratory
Department of Chemistry,University of California,

Berkeley, California 94720

* : R
Department of Chemistry, Cornell University, Ithaca, New York 14853



A Coordination Chemistry .Guide to Structural Studies of Chemisorbed Molecules

Sir: .
AT T : . _
An understanding of surface chemistry at the molecular level in the

\contextAof the chemieorbed sfate and-of thevdynamic processes of coyrosion,
Iedhe31on and catalys1s represente‘a oaJor 501ent1f10 challenge.l’g Such a

moleeular understandlng requ1res as a flrst step the dellneatloﬁ of the
sﬁrqeture of the'molecules, atoms or groups of atoms chemisorbed at the
‘sgrfece;;the issues of bo%ding and oynamic chemistry cannot pe properly
F:e%amioed Qlthout such structurel information. Surface crysfallography,
besed‘on the inﬁerﬁretation of low—energy electronadiffraction (lEEP) f”
data; cen‘rigorously define the simplest and.ideal case of ao‘ordereo
wchemisofption of atomsh on 5 51ngle crystal but requlres supplemeotary
1nforﬁa£10n for an accurate structural analysis of more complex chemlsorbed
spec1es. It is the purpose of this artlole fo describe a 81mplevsupp1e_
menta%y structural technique whioh is based on a known; but not exploited,
,sqrfeoe reaction, the Aieplecement reactloo.5 In addltion,.e conventlon is
broposed fo; the notation or description of chemisorbed states Wherein
there is some ﬁnlflcatlon of surface chemistry and 1norganlc terms so as
ito facilitate communlcatlon through sucﬁ 1nterfaces as 1norgan1c and surface
sc1ence aod homogeneous end heterogeneous catalysls. | |

‘ Befofe discussing displaoement reactions at metal surfaces}6'it is

eseeétiel to describe the various olassee of chemisorbed states for
molecules. At veryvlow temperatures, <160 K, the coemisorption procees
is in all ceses ass001at1ve (no fragmentat1on or rearraogement of the

molecule); however, this elementary step may be followed by processes
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other than reveréible desorption as the temperature is.raised and it is-
these pfocesses that occur above 200K thét are of primary interest.

In the simplest case of chemisorption, a molecular assbciative step
.is the dnly process that occurs from very low metal surface:temperatures
to some higher tempegature'ﬁhere a desorption siep occurs. This limiting
case, Cléss 1, of fully reversibly molecular associative chemisorption-

T

may have the notation mAr, mA for molecular associative’' and Subscfipt
R for thermally reversible. Molecules that display this type of chemi-
sorption behavior are carbon monoxide on nickel and platinum8 and acetonitrile

on nickel (111).9

. In these examples; only one atom of ﬁhe.molecule is within
bonding distance of metal atéms and may be described as an.nl ligand
following the Qgpﬁg_ndtation of Cotton,lq i.e. mAR-nl.' Metal atom
connexity with respect to the donor atom.of the molécule céuld be specified,lo
e.g. mAR-nlﬁg for a CO bridge bonded 5etween 2 metal atoms. | In cbntrast,
to the CO and»CH3CN examples, the reversible chemisorption of ethylene on
copperll_probably'involves a bonding approach of both carbon atoms to the
metal surface atom(s) and could be differentiated by the notation, mAR—nz.

An alternative sequence for a chemisorption process Woﬁld be an
initial molecular associative adsorption followed by a diséociative reaction
step at some higher temperafure and then reversible molecﬁlgr désorption
at a still higher temperature. This process, Class 2, would bé molécular.
dissociative and reversible, mDr. Typical molecuies that eihibit such
behavior are the diatomics like hydrégen, nitrogen (on some metals) and
cyanogen,12 the heavier halogens and oxygen on the more néble metals.

Closely related to Class 2 is a molecular dissociatve chemisorption which,

on thermal desorption,13 yields a relatively clean surface and a set of
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gaseous desorption products that aré not reactants. This Class 3 process
would be typical of the behavior of HX (X = I and CN) on the noble metals

with Hp and X5 desorbed from the surface at different temperatures. To
distinguish this class from a fully irreversible chemisorption, the notation
mD1-Mp could be used since a "clean" metal (M) surface is regenerated (subscript
R). Claéses 2 and 3 are analpgous‘to oxidative addition feactions in
coordination chemigtry.

.Thg foﬁyth clgss,of chemisprption is molecular. dissociative and completely.
~irrever;_i_blg_a, ij.'l For this class, neithér the original ﬁolecule nor a clean -
métal‘éurfaqe‘is,forgeq;on,flash heating of the crystal.. Hydroparbons, e.g.
ethylqu Qn_tqustep, commonly show this.type bf,ghemisorption behavior. The
fifth and_siith classes comprise associative and dissociative polymerization,
mAPWaﬁdmeP, Ofmé molequig and‘of a molecular fragment, respectively. -Possible
examp;esﬂarei(gN)é.agd HCN to yield chemisorbed (CQN?)x and‘4(CN)§,.,

In<addition tq the above six general classes Qf chemisorption processes,
we cite three important classes of chemisorption states that require discussion
because their behaviér in surface displacement. reactions wili be distinctive:
(1) an mARH state in which the molecule has undergone subétantial rehybridi-
zation; (2) an mAR state in which the molecule has rearranged to a new molecule;

and (3) an mARF state in which the molecule has rearranged to a molecular

fragment. These classes may be illustratéd with the hypotlietical case of

propyne chemisorption on metal surfaces. ‘Propyﬁe fnitially could

. chemisorb in mA-nl form with the ‘conventional 0-T interaction with thé surface.
At higher temperdtures, there could be a rehybridization of the T system so
“that edch acetylenic carbon atom forms relati&ely strong O bonds ﬁd at least

two metal-atoms as illustrated in'%:‘
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This type of bonding interaction wherein the acetylene (typically a
disubstituted acetylene) ligand has become formally a four electron donor

. . } |y ' _ .
molecule is common in dlnucl_ear—l 17-and cILuster—l'T’18 acetylene chemistry.

Alternatively, the propyne, through a hydrogen atom migration cquld

rearrange to give a bound allene molecule and this would be an mAR state.

. . CH3
The third possibility is rearrangement to a.bound C——C(fﬁ' Vfraggent and
this would be an mARF state. In fact, the bound CoHp in a molecular

.osmium cluster,lg H2083(CO)902H2, is a fragment as partially illustrated

' in’g although the CQHQ species bound in two dinuclear cdmpléxesls’l6 is

2
N

HCCH and fhe binding is as shown in i.

Now we address the issue of utilizing the surface displacement reaction
to obtain suppiementary structural information. The ultra high vacuum system
developed by surface scientists should be minimally equippedbfor Auger, LEED,

"mass spectroscopy, and perhaps photoelectron experiments and with an isolation

cell for the metal crystal.2o Key experiments for the displacement reactions
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are mass spectroscopic monitoring of the displacement reaction21 and Auger
analysis of the surface after reaction.22 Eésential"tg;a meaningful Auger
énalysisnig fﬁe use of a displacing,molecule that has an élément not:
‘found in the initially chemlsorbed molecule e.g. the use of'CH3NC to
diéplacé CO or CO to dlsplace CHBCN 22 .
| To a first approximation,_the_surfaqe of a transition metal has a
éﬁémiétry siﬁilar to a éerovalent moleculqr or-clustef'complex of that
»méﬁéi;‘éiﬁeit.ahvery‘rééctive meplex.}7’23r Fortupately, the extenéive,
ciéésic;iwééudies of:éisplaceﬁenf reéctions inAcoordination chemistryeg aﬁd
féééﬁt ;yéfemétic gaiorimetric sﬁudies25 of these reagtidns pfovide a»iogical
ﬁése fo selection of reactant molecules in displaqement.reactions on'mé£él
éﬁffaces.
Ir a‘mglecule is'boﬁnd to a surface in an mA—nX state in which no
rearrangement or extensive rehybridization of the molecule has occurred,
then it should be p0551ble to displace the molecule by another whlch is a
stronger fleld llgand Qha D Thus acetonltrlle,“a weak fleldlllgand, should
- be readlly dlsplaceable We havé found that this molecule shows mAR
chemlsorptlon on Nl(lll)’and facile displacement by CO at 300 K?' In
coordiﬁationfédmplexes, olefins an@ acetylengsvbound in the‘copvéntional

2 B *
n form are typically less strongly bound than 0025

-and afevdispléceable:.
by CO; faciie éisplacément of an Qlefin or an acetylenéjfromya surfaée by
‘Cé wbuld be stfong évidence for an ne biﬁding state. Water, alcohols ana
ammonia are weak field_ligandsghaénd should be readily displaced from a
vme%ai sﬁffaée By CO. If facile displacement is not observéd,'this‘WOuld.be
a strbnglinaication of a molecular dissociative chemisérption.forvthese

molecules since CO would not displace O, OH, OR or NHo. In this case,



—6-

reaction of the surface with HCN could lead to desorption of the original
molecuies because CN is a far strongefefield ligand than OH, OR or NHg.

In a set‘of displacement reactiens? it is'essential-ﬁhat the initial
molecule beechemisorbed to.less thénvfull moholayer ceverage.' At full
:'monolayer eqierage,Ithe‘chemisorbed surface is formally analoéous te'the
ceordinately‘satﬁrated ceordinetion complex or clﬁstef which often‘exhibits
; relatively high activatien benefgy for.ligend exchange or displacement
reactions.  If a_molecuie-is very strongly m bonded to a metal_surface,
cyanogehl? may be an effective displacement molecule since‘(CN)g may exhibit
dissociative chemisorption to give a bound CN species with extehsive surface
oxidatiOn26,becaﬁse of electron transfer to:CN(CNf). A mefe general .
alternative to cyanogen isriOdine.QY‘ | |

A molecule‘exhibiting mA chemisorptioh and providing two electrons to
the surface bound state may be within anding distance of one, two, three
or four.metal atoms as'in ﬁhe[establisﬁed surface and clueter chemistry
of cerben ﬁdnqxide, i.e.:CO ferminélly bound to one metal atom or bridge

17,23 .Theoreticalg8 and experimental25

bonded to two or more metal atoms.
evidence suggeste that-there is little energy difference between theee
states; Hence, we do not anticipate that displacement reectiens can’
. provide this fype of structural information although LEED and vibrational
spectroscopy can.

In contrast to the above case, a molecule that exhibits mA chemisorption

may be an ambidentate ligand that can provide 2, 4 or even 6 electrons to

the surface bound state; An example is benzene. In transition metal



' ‘chemistry, benzene is typically bound as an ﬂ6 ligand and'formallx provides
6 electrons :to ‘the binding with the metal atom.gh” Such arene compleXes
often do not exhibit facile arene displacement by simple 2~electron
donor molecules or ligands.gg' If facile displacement of &an arerie from a
metal surface by .carbon ﬁonoxide_were observed, then it is unlikely that
: an'n6 surface binding is extant. Aﬁ-n6;benzehé'ligahd'is; however, subject
to displacement by a better arene-donor'such as mesitylene; on a surface »
~this type Qf potential displacemént could be monitored by mass specﬁréscopy.
In a few transition metal compléxes, arenes are bound as nh or diene
- ligands, -e.g: n6—(CH3)606-Ru—ﬁh—06(CH3)6; Such a four-electron donor
molecule: should-be displaceable by anotherpotential four-electron donor
molecule, e.g. CH3NC, and with some thermal aCtivation,”by a.stroﬁg'field,
two—eléctron donorvmolecule.' We ‘generally may anticipate facile displacement
of two-electron donors by strongér field two-electron donors or by multi-
electron dohors, of four-electron dOnbrs by stronger field four-electron
“donors or by six-electron donors, etc.

Finally, the case -6f molecules thét undergo extéﬁsive7?eﬂybfidizafion
or rearrangement on chemisorption must be’ considered. For a rehybridized
acetylene binding'as in.%,-fhe acetyiene ligand formally_beébﬁes a foﬁr—
electron donor. In this case,displacement by a stronger field, four-
electron donor molecule should be possible. There is evidence in cluster
chemistry that CH3NC, a potential four-electron donor, éan displace an
acetylene bound analbgously to % from cluster-acetylene complexes,30"'31

Also a much stronger field, two-electron donor molecule might effect the

displacement if sufficient thermal activation were provided.
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"A molecule that rearranges'to a new molecule, e.g. propyne to allene
or CH3NC tojCH3CN would be subject to the same displacement consideration
discussed abovejand of course,displacement ofva rearranged molecule would

fully delineate an mAR procéss.32

~On ﬁhé other hand, a molecuié that
rearrangés on chemisorption to a bound moleculér fragmént_;héﬁld be
_relatively‘réSistant to diéplacement by a molecule that exhibits:molecular
associaﬁiVe cheﬁisorption.' fhus, an acetylené that has re#rranged on
chemiSorptién to give,:fof example, a speéiés gﬁalogods to %_Shduld'hot be
.diéplaéeable by simple.é- or even h-éleéﬁfoh donor molecules.  Acetylene
~and propyne $hould show the greatest tendency 6f the acetylenes,tb uﬁdergo
this tYpé of'féarrangeﬁénﬁ_ﬁecaﬁse only one hydrogen atom migration is
required.: 2—Bu£yne unless it first réarranges to l-butyne shéuld be
relativéiy fesistant to.a fearfanéement_to a'éhemisorbéd fragment .

A special cése éf the.formatiOn of a molecular fragment:by‘dissociative
chémisorption, mDF , would be thebdirect generation'of.a CCHé

Vfraémenﬁ froﬁ ethylene and a beﬁzyne CgH), species frém benzene. A cluster
éxample of the latter is found in the reaction of behzene ﬁith:trosmium
33

carbonyl clusters-invwhich the molecule HQOS3(CO)9C6Hu is formed”> and

the CgH), fragmeht is bound as shown schematically in E;

cw
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Meéityléne3h or hexamethylbenzene is much leés likély to exhibit this
’typé of diéséciative fragﬁentation. In pfinciple, mélécular ffagments
are displaceablé By other ﬁoleéules that éxhibit dissociatiye chemiéorption
buf-é discugéion éf this séecial case of.displacement reactions will not be
puréﬁed here.35 |

| A fiﬁal cémment is in order regarding'the ﬁoﬁ—uniformity 5f the chemi-
éorbéd sfafe. ‘Moré than oné>cﬁemiso;5ed stdté-ﬁay be prééenf gn a.surface.
;Féfﬂekamﬁie, ﬁhe he;t df chemisorpﬁion of carbon moﬁoxidé falié aé‘ﬁhe
sﬁffééé.cdverage iﬁcféases. :Thié is a phenomenoh observed in metél
céofdination chemistry; iigaﬁds are ﬁore tightly Bouhd_in,a cbordinately
unsétﬁfated complex.than iﬁ a satﬁfatedvéémplex.:. F5T1m01¢°ﬁiarly chemi-
sofbédeO, the primary effect of degreé éf surfacé éoveragé will bé'thermo—
djﬁaﬁic and ﬁat structural; in all instances, the Cé shoﬁld bévbéuﬁd only
through‘ﬁhe-cérbon atonm. There could be strﬁctuﬁal Varianée in thaf some
cﬁemiééfbed Cb.molecules could be ofieﬁted overmone metal étom éf £hé
surface, spmé“éver ﬁhe miapoiﬁf of a metal-metal vectof and.soﬁerver the
center of-three metai atoms. This ia££er variance should notquﬁlitétively
affect CO displacement reactions. In contrast, a molecule like acetylene
.might-yiéld on some metal surfacés ée&éfél structﬁrél sﬁates depending
upon the degree of coverage.  The.initial stateé of chémisofption on a
low Miller index face of a metal could yield primarily an mARF state.
Then as the surface reactivity fails an mARH state could be favored.
Finally at»high‘coverages, a relatively weakly bound mA—n2 state could be
generated. Disblacement.réactions with two- and four-electron donor
molecules could in principle delineate the types‘and concentrations of

chemisorbed states. For high Miller index faces of a metal crystal or
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for polycrystalline metai; a distribution of chemisorbed states would be
expected. Nevertheless, a quantitative study of displacement reactions
could provide a characterization of chemisorbed states.

A systematic study of displacement reactions in combihation with the
modern-day surface.science techniques of_Auger, LEED, photoelectfon and
energy—loss speétroscdpyl_and . flash pyrolysis experiments may
provide fairly accuréte structural characterizations of cheﬁisorbed molecules.
Displacement studies have greater éﬁplicabilityvthan flésh desorption
ekperiments simply because the latter may be complicated by the fhermal
reactivity of the chemisorbed species. Displacement reaction studies are
réaily quite essential for.pblyatomic molecules chemisorbedvon é surface
because these studies can provide information about (1) the_étreﬁgth of
the binding and the hierarchy of ligand field strengths with respect to

metal surfaces for comparison with metal complexes and metal clusters,l7’23’3l.

(2) the possible rehybridization within the molecule on chemisorption and
(3) rearrangement of the molecule iﬁ the chemisorption process. Table I
summarizes the types of chemisorption processes and states with their
chemical characteristics.

We are indebtedxto the Energy Research and DevelopmentLA&ministfétion 
for support ofAthis research. |

: *
E. L. Muettert%es§6’37 J. C. Hemminger38

G. A. Somorjai , Department of Chemistry
and Lawrence Berkeley Laboratory,
University of California,

Berkeley, California 9L720



Eable I. Chemisorption Processes and States

Class Notation

Description

Examplie

Thermal Desorption Behavior

Displacement Reaction Behavior

Molecular associative
and thermally rever-
sible.

As above with one atom
of the molecule bonded
to the surface.

As above with two atoms
of the molecule bonded
to the surface.

Molecular dissociative
and thermally reversi-
ble (oxidative addi-
tion rx.).

Molecular dissociative
and thermally irrever-
sible with respect to
reactant but clean
surface regenerated
(oxidative addition
rX.).

Molecular dissociative
and thermally irrever-
sible (oxidative addi-
tion rx.).

Molecular associative.
with polymerization.

CO on
Pt.

C2H\ on

* |
Cu. ;

Ho on
metals.

HCN on
Pt.

Cﬁhon
W,

(CN)2 on
a metal.

Original molecule descrbed.
CO desorption.

CoH) desorption.

Original molecule desorbed.

Hp, then (CN}» desorbed to
leave "clean" metal surface.

H, desorbed in stages to

leave carbon on the surface*

Polymerization could be re-
versible or irreversible.

Displaced by other 2-electron
donor molecules.

Displaced by other 2-electron
donor molecules.

Generally not displaéed by
donor molecules.

Analogous to Class 2.

Not easily displaced.

May be displéceabl .

Analog in Coordination Chemistry

Ni{PRq)3+PR3 Ni(PR3)),
[CoMo(CO)p]ot+ace i[CpMo(CO)S]Q

Ir(CO)C1Lp+CoH), ==1r(CO)C1L,(CoH), )

RhTC1{PRy) 3#H, == Rh T TC1(H) (PR35

Will be rare in coordination chemistry.l

N’iO(PR3 )3+Bro = NiIIBrg(PR3)3

Nily+l,3-butadiene

— xL + Ni(1,5,9-cyclododecatriene)

cont'd. next page...

-.I.l_



Table I, cont'd.
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mDP

mARH

- mDF

Molecular dissociative
with polymerization.

A molecular associa-
tive state derived. from
rehybridization of the
molecule.

A molecular associative
state derived from re-
arrangement to a new
molecule.

A molecular associative
state derived from re-
arrangement to a mole-
cular fragment.

A molecular dissociativelCH3CECH

state derived fram a
molecular fragment.

HCN on a
metal .

RC=CR on
a metal.

1,3~
buta~
diene to
give
CH3CECCH3
on a
metal.

CH3C§CH
to give

C-C(CH3 M

on a
metal.

to. give
CH,CC on
a fmetal.

Hp desorption followed by a
reversible depolymerization
to (CN)o or an irreversible
decomposition.

Probably not reversible due
to close proximity of R

New, bound molecule may be
desorbable.

Not reversible.

Not reversible.

groups to the metal surface.

Not easily displaced.

Probably not displaceable by a
2-electron donor molecule but
displaced by a 4-electron donor.

New molecule should be displace-
able.

| Not displaceable; fragment is not

a good leaving group.

Fragment, not displaceable.

Fe(CO)5+1,h-pentadiene»2CO+Fe(CO)3—

Will be rare in coordination chemiétry.

Cog(co)g+ﬁcscn+2co+Cog(co)6(nz-uQRCECR

(1,3-pentadiene)

Will be rare in mononuclear
coordination chemistry.

D2083(CO)10+02Hh+D2+CO+H2OS3(CO)9CCH2‘

“ell-
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R. A. Marbrow and R. M. Lambert, Surf. Sci. 57, U415 (1976).7 CN.derived from
dissociative cyanogen chemisorption may be bound as (1) a CN_ ligénd-normal

to the surface,'(e) as a rehybridized three-electron ligand parallel to the
surface of (3) és a polymer as suggested by Netzer or a triazine fragment,(CN)3.
13. Madix and coworkers have elegantly used chemical iﬁformation to define
structural and mechanistic freatures of catalytic reactions; thermal desorption

experiments have played a key role in their studies. See R. J. Madix and

J. L. Falconer, Surf. Sci. 51, 546 (1975) and references therein.

14. V. W. Day, 'S. Abdul-Mequid, S. Dabestini, M. G..Thqmas, W..R. Pretzer
and E. L. Muetterties, J. Amer. Chem. Soc. 99, T3 (1977).

15. R. J. Klingef, W. Butler and M. D. Curtis, J. Amer. Chem. Soc..gzp

3535 (1975). | |

16. Y. Wang and P. Coppins, Inorg. Chem. 15, 1123 (1976). -

17. E. L. Muetterties, Bull. Soc. Chim. Belg. 84, 959 <l975);.Science 196,
839 (l977)'and‘references therein. -

18. M. G. Thomas, E. L. Muetterties, R. O. Day and V. W. Day, J. Amer. Chem.
Soc. 98, L64S5 (1976). |

19. A. J. Deeming,.S. Hasso, M. Undérhill, A. J. Canty, B. F. G. Johnson,

W. Jackson; Jf Lewis and T. W. Matheson, J. Chem. Soc. Chem. Comm.,

807 (1974); A. Deeming and M. Underhill, J. Chem. Soc. Chem. Comm. 277 (1973)

and J. Organomet. Chem. 42, C60 (1972).
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20. Displacement reactions on single Cryétal metal faces should be monitored
by mass spectroscopic analysis of the gaseous species from the reaction and
by Auger analysis before and after the displacement reaction with the latter

normalized to an Auger spectrum of the metal surface after exposure of the

reactant molecule to the clean metal surface. The initially chemisorbed
molecule andbthe reactant moleculés should contain different elements;
exemplary pairs from this standpoint are CH3CN~CO, CpHpo-CH3NC and CpHo-CpNo.
For the mass speétral analysis of displaced molecules it is essential that
chamber pumping speeds be high\andvthat walls be as free as possible from
the'initially chemisorbed molecule to keep background at a minimum. The latter
problem can be greétly minimized if after the first molecule_is chemisorbed
on the ﬁétal crystal face, ah isolation cell is raised to shield the crystal
énd, unfortunately, the crystal backing and filament heating wires from the
chamber. = Then the chamber can.be preconditioned with the reactant molecule before
the displacement reaction is effected. The.isolation cell is lowered, the
crystal face is directed to the inlet of the mass spectrometer and then the
reactant mblecule is introduced. A multichannel analyzer should be used to
plot crucial mass numbers dﬁring the exposure. In some cases it may be
necessary to raise the metal crystal temperature above 300 K to obtain
reasonable displacement rates; the upper temperature 1limit for these experi-~
ments 1is defihed by the activation parameters of irreversible steps such as
carbon formation.

21. An unambiguous characterization of the molecular displacement reaction
requires a mass spectral identification of the displaced molecule.

, 22. Beéause the Auger experiment is typically a semi-quantitative analysis,
proper choice of a displacing molecule with respect to its eleméntal
composition and to the elemental composition of ﬁhe chemisorbed moleculé to

be displaced is a crucial feature in the design of definitive experiments.
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23. E. L. Muetterties, Bull. Soc. Chim. Belg. 85, 451 (1976)."
2ha. For general discussion of coordinétion complexes, their reactions and
the mechanism of the reactions, see F. A. Cotton aﬁd G. Wilkinson, "Advanced
Inorganic Chemistry", Interscience, New York, 1972 (3rd edition), Chapters
19-26; J. C. Bailar, Jr., Ed. "Tﬁe Chemistry of Coordination Compounds",
Reinhold, New York, 1967; F. Basolo and R. G. Pearson, "Mechanisms of
Inorganic Reactions", John Wiley, New York, 1967 (2nd edition).(b) A syner-

gistic bonding effect between two dissimilar chemisorbed molecules would

obfuscate attempts to interpret a displacement reaction.

25. For a detailed discussion, see the review by J. A. Connor, "Topics in
Current Chemistry: Metal Carbonyl Chemistry", F. L. Boschke; Ed., Springer
Verlag, 1977. |

26. Molecules like CO, acetylene and benzene which have low-lying m* orbitals
bind relatively strongly to metal atoms.in coordination comple%es provided'
that the metal atom is in a low oxidatioh state but eifher bind very weakly or
not at all if the oxidation sfate is high. A similar behavior has been noted
for molecuies like CO and NO on metal surfaces; the binding is substantially
reduced if the surface is partially oxidized, for example, with a halogen:

cf. L. Lynds, Spectrochem. Acta, 20, 1369 kl96h); C. R. Guerra and

J. H. Schulman, Surf. Sci. 1, 229 (1967); M. Kobyashi and T. Shirasaki,-

.J. Catal..gg; 289 (1973); R. A. Della Betta, J. Phys. Chem. 79, 2519 (1975);
M. F. Brown and R. D. Gonzalez, J. Phys. Chem. 80, 1731 (1976); A. A. Davydov
and A. T. Bell, to be published in J. Catal.

27. The chamber contamination problem for a molecule like iodine can be

20 At the low pressures employed

minimized with a crystal isolation cell.
in these displacement reactions, the thermodynamic probability of reaction
between the chemisorbed molecule and reactants like Io or (CN)2 typically

will be low.
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28. For example are R. C. Batezold, Adv. Catal. 25, 1 (1976) and

J. C. Robertson and C. W. Wilmsen, J. Vac. Sci. Technol. 9, 901 (1972).

29, In (n6—C6H6)2M molecuies like Cr(CgHg)p,one of the two arenes can be
displaced by strong field, two-electron donor molecules like phosphines,‘but
this displacement requires high temperatures and photochemicalactivation

(M. G. Tﬁomas, L. F. Stuhl and E. L. Muetterties, unpublished observations).
Displacements of né-arene ligands from molecules like CgHgML3 have not been
reported for two-electron donor molecules but are well established for six-~
electron, more basic arene molecules at elevated temperatures.

30. M. G. Thomas, W. R:lﬁretzer,lB, F. Beier, F. J. Hirsekorn and.

E. L. Muetterties, J. Amer. Chem. Soc. 99, 743 (1977) and E. Band,iw. R. Pretzer,
M. C. Thomas‘and A. Kokorin, to be published.

31. We have‘initiated a study of displacement reaétions with metal clusters

fo establish displacéments series for two-electron doﬁor ligands, four-electron
donor ligands‘as typlified by acetylenes bound as in i, ete. |

32. " To probe the possibility of rearrangement of a molecule on chemisorption
to an isomer, i.e., a new molecule, it is important that the chemisorption
behavior of isomersvbe examined. Thus, a chemisorption study of, for example,
2—butyne should be cqmplemented with studies of the isomers l-butyne, methylallene
and l,3—butadiene.‘ If all four CpHg isomers chemisorb without ispmerization,
their chemisorbed states wiii be differentiéble'(diffraciion, spectroscopic

énd displacement.reaction characteristics). Recently we have demonstrated .
that CH3CN and CH3NC chemisorb on Ni(111) without isomerizétion to CH3NC

and CH3CN, respectively.9 CH3CN 1is thevﬁore thermodynamicalleStable isomer

of %he two.

33.- A. J. Deeming and M. Underhill, J. Chem. Soc. Dalton Trans. 1415 (1974).
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34, In fact, mesitylene behaves differently from benzene on thé (111) and
(110) faces of platinum (J. L. Gland and G. A. Somorjai, Surf. Sci. 41, 387
(1974); Adv. Colloid and Interface Sci. 5, 203 (1976)).

35. Structural definition of molecular fragments chemisorbed on a metal
surface is far more difficult than for a molecular species. 1f hydrogen

is present or is presumed to be present in the fragment ésvis the case for
the important hydrocarbon fragments, a compositional characterization of the
chemisorbed_fragment cannot be accurately achieved.v However, reactions of
such chemisorbed fragments might yield desorbed reaction products that could
provide a structural characterization. In some cases, it would be necessary
to raise the pressure of the reaction system orders of magnitude above those
for the typical displacement-type reacfion to thermodynamically allow the
desired reaction. TFor example, a CHp species now demonstrated in cluster
chemistry (R. B. Calvert aﬁd J. R. Shapley, to be published) and probably
breparable as a chemisorbed species from CHoNpo and a metal surface might
react with cyanogen on a surface to give CHo(CN)s; a methyl fragment might
react with cyanogen to give acetonitrile (a molecule weakly Bbund at a
surface), and a benzyne with bromine to give o;C6HhBr2 (surfaée bound benzyne
probablvaill not.generally flash desorb as benzyne becéuse Qf the thermal
reaétivity ofthe remaining C-H hyarogen atoms).
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