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Figure 2, Chlorine isotopic components of »(S—=Cl) in SFsCl; frequency
scale 10 cm™ /division. (a) High-resolution scan: pressure 500 Torr,
slits 45 u, scan speed 0.1 cm™'/s, 1-s time constant, sensitivity 800
Hz. (b) Polarization parallel; slits 62 g, scan speed 1.0 cm™/s, 1-s
time constant, sensitivity 800 Hz. (c) Polarization perpendicular:
conditions identical with those of part b.
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the predictions made by Marsden and Bartell (8 cm™) and
by Brooks et al.® (8.4 cm™) and is consistent with their analyses
of the force field of SFsCl. The force constants calculated by
both groups were also in good agreement. One of the expected
11 bands for SFsCl has never been observed. Christe et al.*
have suggested that this band is vg, the SF, out-of-plane
deformation, which either is obscured by other bands or is of
low intensity. The frequency of v¢ has been calculated to be
322.1 cm™ by Brooks et al.> and 317 ¢cm™ by Marsden and
Bartell.! Although it is probable that the missing band is »g,
the assignment of the band at 273 cm™! as vg by Griffiths®
cannot be ruled out.

Registry No. SF;Cl, 13780-57-9.
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A Coordination Chemistry Guide to Structural Studies of
Chemisorbed Molecules

AIC70454U
Sir: ;

An understanding of surface chemistry at the molecular level
in the context of the chemisorbed state and of the dynamic
processes of corrosion, adhesion, and catalysis represents a
major scientific challenge."? Such a “molecular” under-
standing requires as a first step the delineation of the structure
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of the molecules, atoms, or groups of atoms chemisorbed at
the surface; the issues of bonding and dynamic chemistry
cannot be properly examined without such structural infor-
mation. Surface crystallography, based on the interpretation
of low-energy electron diffraction (LEED)?? data, can rig-
orously define the simplest and ideal case of an ordered
chemisorption of atoms* on a single crystal but requires
supplementary information for an accurate structural analysis
of more complex chemisorbed species. It is the purpose of this
article to describe a simple supplementary structural technique
which is based on a known, but not exploited, surface reaction,
the displacement reaction.® In addition, a convention is
proposed for the notation or description of chemisorbed states
wherein there is some unification of surface chemistry and
inorganic terms so as to facilitate communication through such
interfaces as inorganic and surface science and homogeneous
and heterogeneous catalysis.

Before discussing displacement reactions at metal surfaces,’
it is essential to describe the various classes of chemisorbed
states for molecules. At very low temperatures, <100 K, the
chemisorption process is in all cases associative (no frag-
mentation or rearrangement of the molecule); however, this
elementary step may be followed by processes other than
reversible desorption as the temperature is raised and it is these
processes that occur above 200 K that are of primary interest.

In the simplest case of chemisorption, a molecular associative
step is the only process that occurs from very low metal surface
temperatures to some higher temperature where a desorption
step occurs. This limiting case, class 1, of fully reversibly
molecular associative chemisorption may have the notation
mAg, mA for molecular associative” and subscript R for
thermally reversible. Molecules that display this type of
chemisorption behavior are carbon monoxide on nickel and
platinum® and acetonitrile on nickel (111).° In these examples,
only one atom of the molecule is within bonding distance of
metal atoms and may be described as an ¢! ligand following
the hapto notation of Cotton,!® i.e., mAg—n!. Metal atom
connexity with respect to the donor atom of the molecule could
be specified,! e.g., mAg—n'u, for a CO bridge bonded between
two metal atoms. In contrast to the CO and CH,CN ex-
amples, the reversible chemisorption of ethylene on copper!!
probably involves a bonding approach of both carbon atoms
to the metal surface atom(s) and could be differentiated by
the notation mAg—n2.

An alternative sequence for a chemisorption process would
be an initial molecular associative adsorption followed by a
dissociative reaction step at some higher temperature and then
reversible molecular desorption at a still higher temperature.
This -process, class 2, would be molecular dissociative and
reversible, mDyg. Typical molecules that exhibit such behavior
are the diatomics like hydrogen, nitrogen (on some metals)
and cyanogen,'? the heavier halogens, and oxygen on the more
noble metals. Closely related to class 2 is a molecular dis-
sociative chemisorption which, on thermal desorption,'? vields
a relatively clean surface and a set of gaseous desorption
products that are not reactants. This class 3 process would
be typical of the behavior of HX (X = I and CN) on the noble

‘metals with H, and X, desorbed from the surface at different

temperatures. To distinguish this class from a fully irreversible
chemisorption, the notation mD—Mjp could be used since a
“clean” metal (M) surface is regenerated (subscript R).
Classes 2 and 3 are analogous to oxidative addition reactions
in coordination chemistry.

The fourth class of chemisorption is molecular dissociative
and completely irreversible, mD;. For this class, neither the
original molecule nor a clean metal surface is formed on flash
heating of the crystal. Hydrocarbons, e.g., ethylene on
tungsten, commonly show this type of chemisorption behavior.
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The fifth and sixth classes comprise associative and dissociative
polymerization, mAP and mDP, of a molecule and of a
molecular fragment, respectively, Possible examples are (CN),
and HCN to yield chemisorbed (C,;N,), and ~(CN);-, re-
spectively.

In addition to the above six general classes of chemisorption
processes, we cite three important classes of chemisorption
states that require discussion because their behavior in surface
displacement reactions will be distinctive: (1) an mARH state
in which the molecule has undergone substantial rehybridi-
zation; (2) an mAR state in which the molecule has rearranged
to a new molecule; and (3) an mARF state which the molecule
has rearranged to a molecular fragment. These classes may
be illustrated with the hypothetical case of propyne chemi-
sorption on metal surfaces. Propyne initially could chemisorb
in mA—»? form with the conventional ¢—= interaction with the
surface. At higher temperatures, there could be a rehybri-
dization of the = system so that each acetylenic carbon atom
forms relatively strong ¢ bonds to at least two metal atoms
as illustrated in 1. This type of bonding interaction wherein

H CH
\c',C\/ ’
ML\M
I

the acetylene (typically a disubstituted acetylene) ligand has
become formally a four-electron-donor molecule is common
in dinuclear!*!” and cluster!”!® acetylene chemistry. Al-
ternatively, the propyne, through a hydrogen atom migration,
could rearrange to give a bound allene molecule and this would
be an mAR state. The third possibility is rearrangement to
a bound

Sfragment and this would be an mAREF state. In fact, the bound
C,H, in a molecular osmium cluster,'® H,0s;(CO),C,H,, is
a fragment as partially illustrated in 2 although the C,H,

species bound in two dinuclear complexes'*!¢ is HCCH and
the binding is as shown in 1.

Now we address the issue of utilizing the surface dis-
placement reaction to obtain supplementary structural in-
formation. The ultra-high-vacuum system developed by
surface scientists should be minimally equipped for Auger,
LEED, mass spectroscopy, and perhaps photoelectron ex-
periments and with an isolation cell for the metal crystal.?
Key experiments for the displacement reactions are mass
spectroscopic monitoring of the displacement reaction®! and
Auger analysis of the surface after reaction.?? Essential to
a meaningful Auger analysis is the use of a displacing molecule
that has an element not found in the initially chemisorbed
molecule, e.g., the use of CH3NC to displace CO or CO to
displace CH;CN.2

To a first approximation, the surface of a transition metal
has a chemistry similar to a zerovalent molecular or cluster
complex of that metal, albeit a very reactive complex.!”?3
Fortunately, the extensive, classical studies of displacement
reactions in coordination chemistry? and recent systematic
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calorimetric studies® of these reactions provide a logical base
for selection of reactant molecules in displacement reactions
on metal surfaces.

If a molecule is bound to a surface in an mA—»* state in
which no rearrangement or extensive rehybridization of the
molecule has occurred, then it should be possible to displace
the molecule by another which is a stronger field ligand. 24>
Thus acetonitrile, a weak field ligand, should be readily
displaceable. We have found that this molecule shows mAg
chemisorption on Ni(111) and facile displacement by CO at
300 K.° In coordination complexes, olefins and acetylenes
bound in the conventional 5? form are typically less strongly
bound than CO? and are displaceable by CO; facile dis-
placement of an olefin or an acetylene from a surface by CO
would be strong evidence for an »* binding state. Water,
alcohols, and ammonia are weak field ligands®*® and should
be readily displaced from a metal surface by CO. If facile
displacement is not observed, this would be a strong indication
of a molecular dissociative chemisorption for these molecules
since CO would not displace O, OH, OR, or NH,. In this case,
reaction of the surface with HCN could lead to desorption of
the original molecules because CN is a far stronger field ligand
than OH, OR, or NH..

In a set of displacement reactions, it is essential that the
initial molecule be chemisorbed to less than full monolayer
coverage. At full monolayer coverage, the chemisorbed surface
is formally analogous to the coordinately saturated coordi-
nation complex or cluster which often exhibits a relatively high
activation energy for ligand exchange or displacement re-
actions. If a molecule is very strongly = bonded to a metal
surface, cyanogen'? may be an effective displacement molecule
since (CN), may exhibit dissociative chemisorption to give a
bound CN species with extensive surface oxidation?® because
of electron transfer to CN(CN™). A more general alternative
to cyanogen is iodine.?’

A molecule exhibiting mA chemisorption and providing two
electrons to the surface bound state may be within bonding
distance of one, two, three, or four metal atoms as in the
established surface and cluster chemistry of carbon monoxide,
i.e., CO terminally bound to one metal atom or bridge bonded
to two or more metal atoms.!”?® Theoretical® and
experimental®® evidence suggests that there is little energy
difference between these states. Hence, we do not anticipate
that displacement reactions can provide this type 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 ex-
ample is benzene. In transition metal chemistry, benzene is
typically bound as an 7° ligand and formally provides 6
electrons to the binding with the metal atom.?* Such arene
complexes often do not exhibit facile arene displacement by
simple 2-electron donor molecules or ligands.”® If facile
displacement of an arene from a metal surface by carbon
monoxide were observed, then it is unlikely that an 5% surface
binding is extant. An n%benzene ligand is, however, subject
to displacement by a better arene donor such as mesitylene;
on a surface, this type of potential displacement could be
monitored by mass spectroscopy. In a few transition metal
complexes, arenes are bound as 7* or diene ligands, e.g.,
75-(CH,)Ce-Ru-n*-C4(CH;)s. Such a 4-electron donor
molecule should be displaceable by another potential 4-¢lectron
donor molecule, e.g., CH3NC, and with some thermal acti-
vation, by a strong field, 2-electron donor molecule. We
generally may anticipate facile displacement of 2-electron
donors by stronger field 2-electron donors or by multielectron
donors and of 4-electron donors by stronger field 4-electron
donors or by 6-electron donors, etc.
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(Tabla I. Chemisorption Processes and States
Class Notation Description Example Thermal Desorption Behavior Displacement Reaction Behavior Analog in Coordination Chemistry
1 mAR Molecular associative Original molecule, desorbed. | N1(PR3)3+PR3 &= Ni(PRq)y
and thermally rever-
sible. .
RAR-nl As above with one atom | CO on CO desorption. Displaced by other 2-electron [CpMo{CO)pTp+2C0 .——‘[CpMo(CO)3]2
of the molecule tonded | Pt. donor molecules.
to the surface. ,
mig-n° | As above with two atoms CoHy on | Col)y desorption. Displaced by other 2-electron Ir(CO)C1Lp+CoH), = 1r{CO)C1L,(CoH) )
of the molecule bonded | Cu, donor molecules.
to the surface.
I III
2 Dy Molecular dissociative | Hp on Original molecule desorbed. | Generally not displaced by Rh Cl(PR3)3+H2:_‘ Bh " CL{H)p(PR3 )3
and thermally reversi- metals. donor moleculés.
ble (oxidative addi- -
tion rx.)}.
3 mD1~Mp Molecular dissociative | HCN on |Hp, then (CN)p desorbed to | Analogous to Class 2. Will be rare in coordination chemistry.
and thermally irrever- | Pt. leave "clean" metal surface.| .
sible with respect to
reactant but clean
surface regenerated
(oxidative addition
rx.).
.0 LI 3
4 oD Molecular dissociative | CoH) on | H, desorbed in stages to Rot easily displaced. Ni (PR3)3+Br2—>N1 BrQ(PR3)3
and thermally irrever- | W. leave carbon on the surface :
sible (oxidative addi-
tion rx.).
5 mAP Molecular associative (CN), onf Polymerization could be re-| May be displaceable. Nily+l,3-butadiene
with polymerization. a metal.| versible or irreversible. — xL + Ni(1,5,9-cyclododecatriene)
6 mDP Molecular dissociative HCN on a |Hp desorption followed by a | Not easily displaced. Will be rare in coordination chemistry
with polymerization, metal. reversible depolymerization
to (CN)p or an irreversible
decomposition.
- 2 -
T wARH A molecular associa- RC=CR on [Probably not reversible due | Probably not displaceable by a Cog(CO)8+RC=CR->2001-002(CO)6(n -uoRC=CR
tive state derived from |a metal. |to close proximity of R 2-electron donor molecule but
rehybridization of the groups to the metal surface.}displaced by a l-electron donor.
molecule.
8 mAR A molecular associative 1,3~ New, bound molecule may be | New molecule should be displace- Fe(CO)5+1,h—pentadiene+2CO+Fe(CO)3-
Istate derived from re- |buta-~ desorbable. able. (1,3-pentadiene)
{arrangement to a new diene to
Imolecule. give
CH3C=CCH
on a
| metal.
9 mARF A molecular associative | CH3CECH [Not reversible. Not displaceable; fragment is not| Will be rare in mononuclear
state derived from re- to give a good leaving group. coordination chemistry.
arrangement to a mole- {C-~C{CH3JK
cular fragment. on a
metal.
10  mDF A molecular dissociative| CH3CSCH |Not reversible. Fragment, not displaceable. Dp083(C0 )y o+CoHy Do+ CO+HZ053(CO)gCCHp
state derived from a to give
molecular fragment. CH,CC on
a fetal.

Finally, the case of molecules that undergo extensive
rehybridization or rearrangement on chemisorption must be
considered. For a rehybridized acetylene binding as in 1, the
acetylene ligand formally becomes a 4-electron donor. In this
case, displacement by a stronger field, 4-electron donor
molecule should be possible. There is evidence in cluster
chemistry that CH3;NC, a potential 4-electron donor, can
displace an acetylene bound analogously to 1 from clus-
ter-acetylene complexes.’®! Also a much stronger field,
2-electron donor molecule might effect the displacement if
sufficient thermal activation were provided.

A molecule that rearranges to a new molecule, e.g., propyne
to allene or CH;NC to CH3CN, would be subject to the same
displacement consideration discussed above, and, of course,
displacement of a rearranged molecule would fully delineate
an mAR process.’2 On the other hand, a molecule that re-
arranges on chemisorption to a bound molecular fragment
should be relatively resistant to displacement by a molecule
that exhibits molecular associative chemisorption. Thus, an
acetylene that has rearranged on chemisorption to give, for
example, a species analogous to 2 should not be displaceable
by simple 2- or even 4-electron donor molecules. Acetylene
and propyne should show the greatest tendency of the ace-
tylenes to undergo this type of rearrangement because only
one hydrogen atom migration is required. 2-Butyne unless
it first rearranges to 1-butyne should be relatively resistant
to a rearrangement to a chemisorbed fragment. A special case

of the formation of a molecular fragment by dissociative
chemisorption, mDF, would be the direct generation of a
CCH, fragment from ethylene and a benzyne C4H, species
from benzene. A cluster example of the latter is found in the
reaction of benzene with triosmium carbonyl clusters in which
the molecule HyOs:(CO)yC¢H, is formed*® and the C4H,
fragment is bound as shown schematically in 3. Mesitylene*

or hexamethylbenzene is much less likely to exhibit this type
of dissociative fragmentation. In principle, molecular frag-
ments are displaceable by other molecules that exhibit dis-
sociative chemisorption but a discussion of this special case
of displacement reactions will not be pursued here.’*

A final comment is in order regarding the nonuniformity
of the chemisorbed state. More than one chemisorbed state
may be present on a surface. For example, the heat of
chemisorption of carbon monoxide falls as the surface coverage
increases. This is a phenomenon observed in metal coordi-
nation chemistry; ligands are more tightly bound in a coor-
dinately unsaturated complex than in a saturated complex. For
molecularly chemisorbed CO, the primary effect of degree of

surface coverage will be thermodynamic and not structural;
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in all instances, the CO should be bound only through the
carbon atom. There could be structural variance in that some
chemisorbed CO molecules could be oriented over one metal
atom at the surface, some over the midpoint of a metal-metal
vector, and some over the center of three metal atoms, This
latter variance should not qualitatively affect CO displacement
reactions. In contrast, a molecule like acetylene might yield
on some metal surfaces several structural states depending
upon the degree of coverage. The initial states of chemi-
sorption on a low Miller index face of a metal could yield
primarily an mARF state. Then as the surface reactivity falls
an mARH state could be favored. Finally at high coverages,
a relatively weakly bound mA-4? state could be generated.
Displacement reactions with 2- and 4-electron donor molecules
could in principle delineate the types and concentrations of
chemisorbed states. For high Miller index faces of a metal
crystal or for polycrystalline metal, a distribution of chemi-
sorbed states would be expected. Nevertheless, a quantitative
study of displacement reactions could provide a characteri-
zation of chemisorbed states.

A systematic study of displacement reactions in combination
with the modern-day surface science techniques of Auger,
LEED, photoelectron and energy-loss spectroscopy,' and flash
pyrolysis experiments may provide fairly accurate structural
characterizations of chemisorbed molecules. Displacement
studies have greater applicability than flash desorption ex-
periments simply because the latter may be complicated by
the thermal reactivity of the chemisorbed species. Dis-
placement reaction studies are really quite essential for
polyatomic molecules chemisorbed on a surface because these
studies can provide information about (1) the strength of the
binding and the hierarchy of ligand field strengths with respect
to metal surfaces for comparison with metal complexes and
metal clusters,!7?33! (2) the possible rehybridization within
the molecule on chemisorption, and (3) rearrangement of the
molecule in the chemisorption process. Table I summarizes
the types of chemisorption processes and states with their
chemical characteristics.
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The Apparent Demise of a Model Reaction
for Aldehyde Oxidase
AIC706039
Sir: .
A recent model for the mechanisms of the reactions of

certain molybdoenzymes involves the transfer of an oxygen
atom between the substrate and a molybdenum atom in the
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Table I. 'Reactions of MoO, (Etcys),® with
Benzaldehydeb in Various Solvents

mol of
C,H,CHO molof la
consumed/ recovered®/
Time, mol of mol of

Solvent h complex complex
DMF4 .18 1.5 1.3
DMF4 95 1.3
DMF4-€ 18 1.5 1.3
DMF2.f 18 1.08 1.2k
Me, S04 94 0.8
CH,CL,} 71 1.9 1.6

40,11M. b0.45M. € Recovery accomplished by removing
the solvent by vacuum distillation followed by extraction of the
residue with ether. @ Loss of benzaldehyde followed by VPC
on /g in. X 6 ft column packed with Porapak Q using toluene
or o-xylene as an internal standard. € Contained 0.08 M benzoic
acid. T Contained 2.5 M water. € No further consumption of
benzaldehyde occurred after an additional reaction time of 17
h." ! Although this value exceeds the consumption of benzal-
dehyde, it undoubtedly results from shifting the equilibrium
toward products due to the removal of water along with sol-
vent in the recovery of 1a. ' Asin footnote d, but using
Chromosorb 101.

enzyme.'?> Besides the obvious facts that oxomolybdenum
species are dominant in an aqueous environment, that re-
duction tends to decrease the number of oxygen atoms that
are bound to molybdenum, and that substrate reactants and
products differ by only a single oxygen atom, two model
reactions provided impetus for proposing this mechanism. The
first is the well-studied abstraction of an oxygen atom from
oxomolybdenum complexes by various phosphines.** The
second, which is shown in reaction 1, is the brief report of the

2Mo0, Etcys), + RCHO — Mo,0,(Etcys), + RCOOH 1)

oxidation of aldehydes with MoQO,(Etcys), (Etcys = L-
C,H;O0CCH(NH,)CH,S") in either DMF or Me,SO to give
the corresponding carboxylic acid and Mo,0,(Etcys),.’
Mimicry of an aldehyde oxidase was apparently achieved and
a plausible mechanism based on the transfer of an oxygen atom
to the substrate has been postulated.> However, this reaction
can only be regarded as tenuous since neither the nature of
the aldehydes nor the experimental details were given. We
must now provide evidence which refutes reaction 1 at least
under one set of experimental conditions.

Using the experimental conditions which are given in Table
I, we have examined the reaction between benzaldehyde and
MoO,(Etcys), under rigorously air-free conditions at room
temperature. The solvents were either DMF, Me,SO, or
CH,Cl,. The reaction remains homogeneous only when DMF
or Me,SO are used leading to amber-brown (green when water
is present intentionally in large quantities) and green solutions,
respectively. 'When the reaction is conducted in CH,Cl,, a
blue precipitate containing molybdenum forms. Although we
have not yet been able to identify this product,® we have not
observed the intense purple color of Mo,O,(Etcys), at any time
during the course of these reactions.” Furthermore, no res-
onances due to the phenyl hydrogen atoms of benzoic acid were
observed in the NMR spectra which were recorded at the
completion of a reaction although it would have been possible
to do so if that compound were present in reasonable quantities.
The high yields of the diastereomeric esters of phenyl-
thiazolidine, 1a, which were recovered point to the conden-

NH\
\c/ }:Hcozcsz

Ry



