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Coordination Chemistry of Metal
Surfaces 3.1 Benzene and
Toluene Interactions with

Nickel Surfaces

‘C. M. Friend and E. L. Muetterties*
Department of Chemistry, University of Californla,
' and Division of Materials and :

Molecular Research: Lawrence
" Berkeley Laboratory, Berkeley
" California, 94720

Abstract

The coordination chemistry of benzene and toluene on a nickel surface is defined

in terms of surface crystaiiography and ‘surface composition. Nickel surfaces studied.
incloded the low Miller Index pianes, (111), (110) and (IOOj,Iand’the stepped and
stepped-kinked surfaces;r9(llljx(111) and 7(111)x(310), respectively. The individual:
_effects of the_snrface contaminants, carbon and.exygen, were established |
for low surface coverages (O,l_to 0.5 of a monolayer). henzene chemisorption was
 fully associative (molecular)ionvNi(lil) up to n 100°C; no H-D exchange occurred
Vbetween C6H6 and C6D6 up to these temperatures. Up to @t100°C, benaene nas quant i-
tatively displaced as C6H6(g)§hy P(CH3)3. Benzene thermal-desorption occurred at

" 115-125°C; this reversible desorption was accompanied by extensive;irreversible'decdmpo—
‘sition to H, (g) + Ni(111)-C. An analogous behavior was observed for benzene chemisorbed
von the stepped and stepped ~kinked surface, the only variance was in the degree of
molecular chemisorptlon whereln the degree was reduced from * 100/ on the (111) by
several percent for the stepped or stepped- k1nked surfaces. On the (110) 'surface,
the'degree of benzene thermal desorption and the-degree ofvbenzene ehemical
.dlsplacement by P(CH ) was comparable to the stepped—kinked surface.v_The chenisorption
of benzene on Ni(100) was differentiated qualitatively and Quantitatively from the

other surfaces: thevdegreehof'thermal reversihiiity wasdhigherAthan”and the temperature
‘ f_or _the thermal desorption maximﬁm was v 100° higher than that for Ni(111). ‘L'Lke all

other surfaces% labelling studresywith Dz +1CGH6 and with~06H6 + C6D6 on Ni(100)



showed thét H-D exchange did not occur. - The nickel surface chemistry for toluene
_ waswsharply different from that for benzene. Toluene chemisorption on all the
‘nickel surfaces was thermally irreversible and toluené was not displaced from

_these surfaces by strong field ligands like P(CH and CH,NC. Heating the ' N

33

Ni-toluene surfaces led to hydrogen evolution at temperatures characteristic of the

<

surfaceé. For the decomposition of C6D CD, on Ni(11l) there were two D thermal
, . _ AR

573 2
desorption maxima, ‘v 130 and 190°C. For the anélogous decomposition of C6H5CD3
and C.DCH, respectively, there were single b, de89rpti9nvcurves with maxima at v 130°C

»and'm 185°C respectively. Iﬁus, aliphatic C—H'bonds g:e’broken first and no aromatic
C-H bond is broken until témperatures near '160°C are attained. 'An essentia11y :
identical behavior was observed for the steppedvanq éfépped—iinked surfaces and an
analogous behavior was obsefved for the (100) surface with the aliphatic-and aromatic
C-H hydrogen’ Cor deuteréum) atoms aépearing as Hz(or Dé).ét &-110 and+230°C,
respectively. - in;cbﬁtéasf, there was no detectable difference in rates of aliphatic
and aromatic C-H bond breaking fér Ni(llO)—C}HB; only one H, desorption maximum was
 evideﬁt‘at 150°C. Stthctural and stereochemical features of benzere ‘and toluene cheﬁisorp—
tion of these nickel sutfaces are discussed. The presence of carbon did not
qualiiatively‘ﬁalte:~’fhe:benzéﬁe ér:tolueﬁe qheﬁkstry on'tﬂ;sé éu:faces but oxide

oxygen SO'gfé;%ly reaucéa ﬁﬁe sticking coefficient of these two molecules that a

10 11

study at ‘the 10~ ‘to 10~ torr pressures of. conventional ultra-high vacuum

experiments was not feasible.

This manuscrinrt printed i.som originals provided by the authors.
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Introduction

Scientifically and technologically important arc-the reactioqs of unsaturated
hydrocarbons at a metal surface. We seek.a better molecular understanding of
basic chemisorption processes acd.mechanistic insight into the catalytic reactions
of these molecules. To this end, we.have initiated an uitra high vacuum investi-
gation of the interactions of these molecules at metal surfaces as a function of
surface crystallography and:surface compositicn. Describédvhere is a study of
the nickel surface chemistry of benccne and toluene, two‘obviously closely |

related species whose surface chemistry we show to be qualitatively different. -

_E#pcriments were performed in a Bakeéble, ultra-high vacuum chamber (Variac)
with a bésc-preSSUre.of 2x10-10torr; A99;9999Z purity single—crystal‘nickel rod
(Materials fovaéscarch Corporation), 0.375vinches in diameter, was oriented to
within 0.5° of the desired crystallogfaphic plane using Laue X-ray back reflection.
. Using spark eros1on a wafer was cut such that the exposed surface was circular
with approx1mately a 0. 25 inch dlameter and a circular ridge 5/16 inches in outside
diameter. The crystal was mechanlcally polished; the final step being with 0.05
micron alumina. Prior tc being placed in the chamber, the crystal was chemically
polished (ctched) with ab3£1:1:5 mixture,of the concentrated acids, HNO3, sto4, H31=O4 and
.CH3COOH,2.and subsequently rinsed with distilled water and then ethaﬁol.

Thevcrystal was mecﬁanically mcunted by ﬁeans of a tantalum cup that fit
over the 5/16 inch ridge. A "button" heater (Spectra Mat inc.), consiéting of
‘tungstec-rhenium filament imbedded in ceramic, was mechanically held in place by

the tantalum cup and used to indirectly heat the Sample} Typical'heating rates

were 25°/sec. and were linear between 50 and 400°C. A liquid nitrogen cooied,



'oxygen—free copper block was osed to cool the crystai from 400°C to 25°C in
approximately 5-10 min. via.mechanical contact with.the mount . Chromel—alomel'
thermocouple wires, spot welded to.the 5/16 inch ridge of the crystal, were used
for temperature measurement. | |
The nickel crystal was cleaned in vacuum by a combination of ion sputtering'
and chemical techniques. Sulfur and phosphorous were removed by bombardmenthwith
500 eV Ar+ ions. Carbon and nitrogen were removed by treatment with 0.5 - 1.0 x J_O_7
torr of Oé for 1-2 minutes at avcrystal'temperature of 35050{ This wae fdllowed by
treatment with 1 x 107/ torr of H2_for 5—10_minutesvat 400°C, This sequence of
surface treatment was repeate& until the surface was clean. Surface cleanliness -
aﬁd composition.were monitorea using fourfgrid, retardingffield'Auger eiectron
spectroscopy. Low energy electron diffraction was used to verify the crystailo—
graphic orientation of the surface and to identify ordered omerlayer structures.
Gae composition in the wvacuum system mas monitored with a quadrupole mass
» spectrometer (Uthe Technology Internetional,model 100C) in conjunction with‘a
programmer which externally drove the mass spectrometer andIStored the output.
This allowed for ecanning‘and storage of the ion current for eeveral dijferent'
mass units in rapid succession.(IS msec.). Ueing this comfiguration, the‘
relative amounts of different isotooic species were compared upon exposure of the
crystal and im thermal desorption or chemical displacement reactions. Thermal

desorption was“performed with the front face of the.crystal normal to the line of

sight of the mass spectrometer ionlzer and 1solated from the cooling block

(experlments with and without the cooling block established that the block d1d not’
-detectably contrlbute te the background desorption). The distance from the front face

of the crystal to the ionizer was approximately one inch. This configuration yielded the

maximum signal. All thermal desorption (and chem1ca1 displacement) experiments were

performed without prior exposure to an electron beam.

The chemicals used in this study were reagent grade'benzene and toluene .
which were stored over calcium hydride; the C6 6 and 06D50D3 reagents (99 + %d),
obtained from Aldrich Chemical Compnay were handled similarly; C6D5CH3 and

C6H5CD3 reagents, obtained from Merck and Company, were used without treatment



(the presence of traces of moisture did not detectably affect the surface
chemistry). Trimethylphosphine was prepared by a modification3 (di-n-butylether

as the solvent) of an Inorganic Synthesis procedure.

Gas exposures were performed with a variable leak valve equipped'with a
désing "needle" such that the gases could be introduced in close proximity to
tﬁe.surfaéé; thus minimizing baquround contaminatiop.- Two separaté valve—neédle
' ééSemﬁlieS'mounted symmetrically with réspéct to:the massbspectrdmeter were used
to_int:oducé the differentvgases in displacement reactions. This avoided con-
tamipation of the:diépiacing gas in the leak valve;l During displaCement.reactions,
the crystal‘face was directea 45° away from the line of sight of thé méss spectrometer
ionizer (so as to face the second valve assembly) This configuration decreased
the_méss §pectrométer signal of gases evolved from the-trystal during a
displacement réaction as compared.to a thermal desorptioh. The time inferval
- between the two gas‘gxposures.ﬁn:a displacement reaction was between 1-5 minutes.
Exposures of the benzene species were all in the range of 0.3 - 6.0 L (1L =

1076

torr-sec.). Toluene exposures were in the rangé of 0.2-6.0 L. Tfimethyl—
phosphine and methyl isocyanide exposures were.approximately 0.3 i and 0.5 L
respectively; ‘Oxide formation was effected by a prolongéd exposure (5-10 min.)

of the crystal to 5:&10“-'8 torr of_02‘with a crystal température of 350°C. The Ni{1l1)
oxide was ordered with a_c(2#2) low energy.electron diffraétion pattern. <Carbon
contaminated surfaces were pfepaged by thermally déCOmposing bénzehe on the

_nickel éurface. The carBon overlayer was ordered but the diffraction pattern

_vwés complex. It did not correspond to a graphitié ring structure. .Aﬁproximate

carbon coverages were estimated using Auger calibration curves based on thermally

decomposed benzne.5



Blank experiments were perforued in order to verify that the chemistry observed
was.associated with the exoosed aickel surface. A wafer of.single-crystal hickel
was cut as described above. The'wafer’uas.soft—solderedvonto a“copper disk (0.06
inches thich, 0.75 inchesdiameter), with a copper wire attached for handlihg.n A
rubber mask was applied to the side and edges of the nickel crystalfsuchfthat oniy
the 0.25 inch diaﬁeter surface was exposed. The masking procedure was repeated -
three times at eight hour intervals.~'The sample was prepared for platihg'in a’
series of steps uith rinsing between each step‘: Trlchloroethylene was used as &
de-greaser, followed by cleaning w1th a caustic cleaner and then hydrochloric acid.
Next the surface was activated by a n1cke1 chlorlde—hydrochlorlc acid strike (elec-
trodeposition of a very. thin layer of nickel),fOllowed by a copper strike.--The_‘
exposed nickel face was then.gold plated using a commercial (low cyanide concentratlon)
process (Technlc Hg Gold Process). The f1na1 thlckness of the gold layer was 2 x 10 -4
inches. Following the plating, the rubber mask was peeled away and the crystal
removed from the copper-disk{ “Excess solder on the‘back~of_the nickel crystal was
mechanically remoyed'with silicon Carbide paper. The sampie was then chemically
polished (etched) as for all nickel samples2 (see above). This was followed hy rinsingiwit
water and ethanol. The gold surface appeared homogeneous with no visiblevsién of
nickel.. No nickei was detected’when the crystal was examined in the vacuum chamber by

Auger electron spectroscopy. The gold plate blank crystal was cleaned-in the vacuum

chamber by the 02 andez treatment described above for the cleaning of the nickel surface.

Results and Discussion

Benzene Chemisorption

We discuss in detail first the coordination chemistry for benzene on the flat
close packed Ni(111) surface and then compare this chemistry with the other surfaces

(Figures 1-4). A structural and stereochemlcal discussion of the benzene chemlsorptlon

states on all surfaces is deferred to a later section.
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Benzene chemisorptioniOu Ni(lll) atb&,O.l to 0.3 monoleYer coverages6

&aé only partially reversiole in a thermal'context. Heating of the Ni(11l)- C6 6
_crystal gave a benzene thermal desorptiou maximum at 115-125°C which was followed

by a single hydrogen desorptionvcurve that peaked at " 180°C. Experiments_with C6D6r
revealed‘no significant isotope effects on the desorption and the'decomposition.
processes. .Similar experimeuts with Ni(111)- C6D6 C6H6 yielded only C6H6 and C6D6
molecules in the desorption process and all three possible decomp051tion products

HD and D, Thus, there wasno reversible H-D exchange between the chemisorbed

Hys 2°
molecules within the temperature range of 20—l20°C
The thermal desorptiop’experiments alone do not define the‘temperature et uhich C-H bon
breakingloccurs for_thelfrsction of benzene molecules that decompose on the surface
under the conditions‘of attempted thermal desorption. However; this temperature has
' been defined from our chemicalvdisplacement_reections»with CH3NC and (CH3)3P.. Since
'the,latter displaCing ageut provided the most complete characterization, the critical .
.thermal_pehavior of Ni(lll)-P(CH ) is described uere and the displacement reactions
indthe following paragraphl‘ The phosphine interacted strongly with the nickel
surface, the sticking coefficient was probably one or close to one. On heating,

' N1(111)-P(CH decomposed to form gaseous methane and hydrogen with thermal

3)3
desorption maxima at 90 and 98°C, respectively.. Preexposure of the crystal to
deuterium followed by trimethylphosphine chemisorption and then thermal decomposltlon
led tp the deuterium_conteining products»CH3p and HD (also QH4 and Hz).at 90 and 98°C,
respectively; We have.no_data that reveal the molecular features of the phosphine
chemisorptigu state;s- | ‘;e -
Exposure of a Ni(lllj—c 626 surface at 20°C to gaseous P(CH3)3 led to immediate
displacement.of C (Figure 5). Dlsplacement was quantitative asvjudged by a
thermolysis experiment in which only CH4 and H2, the characterlstlc gaseous decompo-
sition products from‘Ni(lll)—P(CH3)3,were observed. No deuterluu containing species
vuere_detected. Here, the.displacement reaction unequivocably established benzene
chemisorption on Ni(lll) to be fully molecular (associativeg). Chemisorption and

displaceuent processes occurred without reversible C-H bond breaking as was shown by

the reaction sequence (1):



N1(111)———> Ni(111)- ~CH, ~C D> C H6(g) +C D6(g) (e

where,no cross labelled benzene molecules were fqrmed. By a fully énalogéué set
Apf reactions;the chemisorption of benzene on Ni(lll) at temperatures up to v 90°C.
was shown to be 'identicél.tg that at 20°c.0 'However, chemisorption .of"benzéne. )
on Ni(111) at 115°C produped a state that onvexpoéure_to trimethylphosphine‘yieldec

no gaseous benzene (seg Scheme 1 that illustrates the 20° and ll?°C éurface exper i-
’ i ‘ {

mentsjp Thus,irreveréiblé C—H.bond breaking‘is measurabiy.fagf‘bﬂ.théfNi(ili)v
'SurfaCé'for beﬁzéne oni& ét teﬁperatﬁres'above 100°C. Clearly then, the part1a1
thermal 1rréver31billty of benzene chemlsorptunlwasdue to an 1rrever51ble C—H
bond breaklng process that was competitive with the therﬁal désorptlon process.

_Methyl 1socyan1del also_was»actlvevas a displacement agentwfor benzene on
.fhese surfaces gut fé? some reaéoﬁ this isocyahide did not ﬁuantitatively displace
the benzene from these surfétesll. Displacement behavior with this moieculé’ﬁas otherwise
idéntiéal to thatbbf trimethylphosphine‘—— including Ehefdisplécement behaViof as é
function of tﬁe féﬁperature of thévbenzene chemisorptioﬁ. '

Undefstandably,ﬂgﬁé stepped Ni39(1il)x(lil)'énd'stepped—kinked Nih7(111fx(310)
surfaces displayed a benzene coordinatiﬁn chemistfy that‘was quantitatively aﬁd |
qualitatively identical with that of the Ni(111l) surface —- withlbut one key éxceptibn.
that ostensibly reflectéd tﬁe‘geometricvpertufﬂations of the step.ahd kink

zones of these planes (see stereochemical discussion in a later section). The



6a

Scheme 1
Ni(111) o e Ni(111)
° - . : [} ’
20-90 CJ/ CeDy o - 115°C | C(Dg
Ni(111)-CD, . | | NL(111)-CgDe*
zo°c\L P(cH,), . - 20°c ] P(cHy),
Ni(lll)-P(CH )3 + CPe(®)  Ni(111)-P(CH,) ;*-C,D *
s - o s
CH, + H, | | : CH, + CHyD + H, + HD

(No deuterium containing products)
o

*Character of chemisorption state is not defined
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behavioral difference centered én the quantitative features of benzene displacement
vby trimethylphosphine. Not éll the benzeﬁg was displaced by the phosphine indicating
'th;£ either a small percentage'(ﬁioz)'of the benzene qn.these surfaces gither was .
fpresent in d ifferent .énv'ironments o'r was diéSociativél)P chemisorbed (vide infra).

The crucial features of these displacements on stepped and stepped-kinked surfaces

are shown in Scheme 2.and should be contrasted to-Ni(lil) shown ‘in Scheme 1.

Benzene»chemisorptidnvbehaviof on Ni(110) was similar to that on Ni(11l)
except that the thermal desorbtioﬁ naximum was lower, v IOOfC,Iand the dgsorpﬁion
curve was much broa&er;"Tho;e benzene molecules that desorbed-did not undergo H-D
exchange.12 Trimethylphosphine did not quantitatively displace benzene from the
.Ni(llO)—CﬁD6 and thermolysis‘then led tb methane formafion at 100°C wherein both
_CH4 and CH3D were present.13a | |

On the more open Ni(100) surfacé, bépzene,;utface éhemistfy was qpantitatively
different than.on'the flatvbufvciose—packed -(111) surface. Thermal desorftion of
C6D6vfrdm Ni(100) was partial, but more comblete (factqr of v 2) than for thg (111)
surface; and-the desorption temperatufe maximum was aboutﬁ100°C_higher than for
Ni(lll).. The &esorpt;gn.temperature maximum was v 220°C and this_méximum was coincident

with that for D, that was formed from the compet ing process of benzene. thermal decomposi-

2

tion. No H—D:exchange occurred between C6D6 and C6H6 molecules up to the thermal desorp-
tion temperatures of Vv 220°C; only C6D6 and C6H6 were thermally désorbé& from

6D6 from the (100) surface and there

was no evidence of deuterium incorporation in the trimethylphosphine decomposition
13

Ni(lOO)-C6D6—C6H6. Trimethylphosphine displaced C

products b of CH4 and Hz;



Scheme 2

Ni 9(111)x (111) ~ Ni 7(111)x(310)

20_C C6D6

Ni - C.D,

6 6.
) P(CH,),
N\ % * -
Ni - P(CH,),~C/D "+ CcD.(g)
A ' '
\4

CH4 + CH3D + H2 + HD |

*Character of chemisorption state is not defined

7a



Carbon iméurities on these nickél surfaces did not qualitatively
Valfer the surface chemistry. The oniy dis;érnible effect was a reduction in
sticking coefficient with the conséquencé that surf#ce coverage at a given pressﬁre
Qas fedpced. Oxygen as oxide'so sharplylréduced the benzene and tdlpene sticking co-
efficient a study;of_fﬁesg partially oxidized surfacesat the pressurés of the ultra-high
vacuuﬁ studies was not practicaﬁle;. there was no détectéble chemisorption of

either benzene or toluene at 20°C and~10-8 to 10_10 torr.



‘Toluene Chemisorption

Toluene'irreversibly chemisorbed on all the'nickel surfaces. Thermolysis
yielded only hydrogen as a gaseous species. The presence of carbon
impuritles (0.1 to 0.3 of a monolayer) did not qualitatively alter this chemistry.
Neither trimethylphosphine nor methyl isocyanide displaced toluene from these
surfaces at 20°C.

Toluene thermal decomposition on these nickel surfaces was monitered by
hydrogen desorption from the surfaces. The character of the hydrogen desorption
curves is illustrated in Figure 6- This Figure clearly shows characteristic |
hydrogen desorptlon curves for the close-packed (111) Surface, for the flat but more oper
(100) surface, and for the super stepped (110) surface For the first two types of sur-
faces, the blmodal character of the hydrogen desorption curves implied that different tyr
of toluene C-H bonds were cleaved at different temperatures.‘ Accordingly, the thermal
decemposition of the isomeric molecules C6H5CD3 and C6D5CH3 was examlned on these
surfaces. For the Ni(lOO) ; toluene surface, a single D2 desorption‘curve was

observed for C6H5CD and for C6D50H3 with desorption maxima at ~ 110 and 230°c,

s : . 14 oy ‘
- respectively (Eigure-7). A fully analogous behavior was extant for the

Ni(111), Ni 9(111)x(111) and Ni 7(111)x(310) surfaces. For each surface there was a
31ng1e D2 desorption peak for CﬁHSCD and for C6D5CH3 with desorption maxima at n 130
and 185°C, respectively. (Figure 8). 5Since toluene thermal decomposition on Ni(110) yield:
a single hydrogen desorption.maximum at 150°C no differentiation in D2 desorption
curves between C6H5CD3 and CeD 5CH:; was expected——and none was observed.

These labelled toluene studies established that for the flat surfaces,
aliphatic C-H bond breaking'proceeds before aromatic C-H bond breaking; No
aromatic C-H bonds were broken before temperatures of N 160 and.¢ ZOO?C,.respectively,
for the Ni(lll).and Ni(lOO) surfaces. -ConverSely, all aliphatic C~-H bonds in
Chemisorbed toiuene were Brokenvkglég,or at temperatures of ~ 130° and_100°C for
the Ni(lll) and.Ni(IOO) surfaces, respectively. Because‘hydrogen desorption from

these surfaCes is an activated process, temperatures of 70°C and 120§C are required



before‘hydrogen atoms on the_surfacé recdmbine ahd.desdrb as Hé (or Dz) from the
Ni(iOb) and Ni(11ll) surfaces, respectively, at saturation coverages. Thus,. some C-H

- bonds in toluenelggglé_be clgave& at temperatures as low as 20°C. Our experiments’do
not define the temperature at which C-H bond cléa&age £i£§£'occurs for toluene (whereas

this temperature was defined for the benzene case).

Structural, Stereochemical and Mechanistic Features of Benzene and Toluene

Surface (Nickel) Chemistry

Our data rigorously establish that benzene chemiSofption on nickel is
wholly or partially associative (no Bond"cleavage), that the degree of irreversible
dissociativé chemisorption appears to bé'a_function of surface roughness, e.g.,’
6H6 an@ CGDG molecules

up to the benzene thermal dissociation temperatures. Behzene chemisorption at

steps,'and that no H-D exchange occurs between chemisorbed C

20 - 100°C is wholly associative on the (111) surface but as indicated By the
phosphine displacement reactions a fraction 6f the’ benzene molecules appeaf=to chemi-
‘. sorb at:20°C with irreversible C-H Eond cleavage on fhé_stépped, stéppedfkinked,

and (llO)'surfaées. We geﬁerally observe fécile C—H bond cleavage for organic
mqleCules 1if the initial donor or donor acceptor‘intefactioh of the érganic

molecule with the.strﬁcture haé a stereochemistry wherein a hydfogén atom of

a C-H bond, particularly an activated d—Hvbond; cloéely apprbaches the metal surface.16
Assuming for the moment that the preferred orientation for a chemisorbed benzene molecule
is with'the C6 p1an§ parallel to the surface plane, possible close approach of CH hydrogé
atoms to step or kink metal atoms on a stepped or stepped-kinked surface ié>inevitab1e,
for some of the che@jsérbed'benzene.molécules, as iilustrated‘in Figure 9.

For the super stepped (110) surface (Eigure'B), it is also inevitable that an

even larger fraction of chemisorbed benzeneé molecules Qill_haveVC—H hydrogen

atom close to metal atoms; in fact, the degree of apparenﬁ dissociativegbenzene
éhemisorption was higher on this surface than any of the other surfaces examined

in our study.

What is the stereochemistry of the benzene chemisorption state? Chemical



V:ingﬁition apd preéedént ih molecular ébordination chemistry.17 wouid plaée tﬁe
benzene mo1ecu1é flat and in a plane parailel to the surfacé_plane,.for flat
surfaces like the (111)‘and>(1005 planes,-to allow maximal bonding interactions
between surface orbitals and the w and w* bénzene riﬁg orbitals and also the
hydrogen atom 1s orbi;alé. There are sﬁﬁportive earlier anal§seé, from

19 and photoelectron20 spectroscopy, for characterization of a

‘vibrationa1187
planar'benzenevbonded in a plane péra11e1 to the Ni(111) and Ni(100) éurfaces in
the 20°C chemisorption state. - An.analysislg'of low-enérgy.élection diffraction
’_data had established ordered chemisorption states for benzene on both the (111)
and (100) nickeiisurfaces but the aa?a dq‘not défine tbe regis;ry of.tﬁe CG
centréid with respect to a point on either the (111) ér (100) surface (See
FigurevLO éndithevfolloﬁing discussion). |

Thé benzene thermal desorpt ion data prévide information about‘fhe upper
limit for the heatslof chemisorption on these surfaces. Estiﬁéfesvfor the
activation ene:gigs.for tﬁefmal desorption are.én the.ordér\of 25, 20 and 30 kcal./mole
-foF the (111),\(110) and (100) surfaces fespectively; Using these éafa‘asvupper esfimate
for the chemiéorptidn heats, we can compare thése with estimatés of arene~mé£él bond
energieswin'mblecular coordination compounds. No'thermochemicél data are
avéilable for arene-nickel complexés but good estimates -are available for benzene
and fér toluene binding stremgths (enthalpy contributions)'in (n6-arene)Cf(CO)$”
complexeé, ngmely:42;5 and 41.5 kcél/mole, respect:ively.z1 »Thus,‘tﬂe acéivafion
bénergy for Benzéne de#orption from tﬁe_ flat surfaces is slightiy less than the energy
_bf fhe arene boﬁd to a first row.transition metal.22 The acﬁivation enérgy for
benien; desorption from the super stepped (110) is ahbut one-half tﬁé energy of an
arene-metal bond. ThiS'ﬁucﬁ lower vaiue is ﬁot Qﬂreasonable since there can be

‘no especially coﬁgrﬁent array of potentially bonding benzene orbitals with surface

orbitals on this _QUpef stepped surface. The relatively low benzene desorption .
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temperature for the (111) surface vis-a-vis the (100) surface requires comment.

As parﬁielly illustrated in Figures 10 end 11, there\should be no large differentiation
between the (111) and (100) surfaces for benzene chemisorption strengtns based on
stereochemical factors; in fact, tne steric factors“fevor the'(lll) surfece. 'Symmetry
aréuments are not applicabie Becanse of the density of states for the snrface metal
orbitals. There remains the possibility that the observed benzene desorption temp-
erature on. Ni(111) is not fepresentative of the average chemisorbed benzene molecule . -

either because the desorbed benzene molecules represent not the ordered state but a

second state, superimposed on the former, wherein only'e partial segment of the

benzene orbitals have accees to the surface metallorbitals-or the desorbed

benzene.moleeuies are associatedvﬁith.stetes that are perturbed by the ubiquitous

' surface impeffectinns of a real single _crystal.23 Since the distinctions between
; , :

the thermal desorption behaviorvfof benzene on_Ni.9(111)#(111) and Nii](lll)x(310)

surfaces were experimentally nondifferentiable from Ni(111), the latter explanation

seems untenable. ‘The apparent higher bond energy for benzene bound to the Ni(100)
surfeee with respect to the Ni(11ll) surface can be explained by the lower work
function and the higher d-orbital occupancy of the (100) surface if benzene is

largely functioning as an acceptor molecule.

Toluene chemisorption on all the nickel eurfaees were they clean or
contaminated by-earbon'atoms was thermaliy irreversible‘and not snbject Y
vto displacement b?trﬁnethylphosphine; Since thermochemical studieszl showvno
significant binding strength differentiation between benzene and.foluene.in
moleculer and monenuelear metal arene comnlexes, the quelitatively different
behavior between benzene and toluene on these nickel surfaces must be sought .
in fact, we téntati@Ziy suggest that toluene is bound at foom temperature on the flat
v(lll)'and (100) surfaces not as the toluene molecule but as a planar benzyl radical.
Toluene should initially chemisorb in a fashion analogous to that'proposed for
_beneenevbut this necessarily places methyl group hydfogen.atoms in close proximity
to the surface metal atoms whereby aliphatic C-H bond cleavape of these
:activated C~H bonds should be facilitated and a fully planar benzyl species
may be generated (Figure 12). ‘The latter species can optimally bond with

metal surface orbitals through all seven carbon atom donor and acceptor
N



13
orbitals and all seven hydrogen atom lé Qrbitals. All the labelling studies
éuppOrt this representation.  None of the data allow.such mechanistic
interpretations for the (110) surface but here too the toluene chemisorptionl
_state probably does not comprise an intaét toluene molecule. All the data
indiéaie that the toiuene behavior on the étepped and steppedfkinked surfaces |

are analogous to the (111) surface.

- Relevance of the ﬁltrahigh Vacuum Stﬁdies to Real Chemical Su?faces

‘ The questioning of reievance for ultra-high vacuum studies of single crystal
surfaces to reél surfacés under ambient coﬁditions'is persistent and realistic.
Do our studies provide any real measure, for example, of'catalytic surfaces in

" benzene or toluene reactions? Extant‘data24

that demonstrate rapid H-D exchanges
between 06H6—06D6 or D,-C¢He mixtures or nickel films at' 0-20°C are in sharp contrast
to our observations that no_e#;hange was measurable under UHV conditions at ?0—100°C
on clean or on carbon contaminated surface;;'sﬁggesting that extrapolation_
- from UHV studies fo “real" surfaces is not wvalid, at least in this case. However,

we submitvthat our results are not only relevant but suggestive of opportunities
for stereoselective catalytic reactions. The absence of reversible or‘irreversiblé
benzene C-H bond breaking‘on the flat (111) or (100) surfaces at 20—100°C but not

for toluene'suggests‘that small nickel crystals, e.g., cube octahedré, with largely
(111) or (100) faéés could be used for the fully selectiQe introduction of . deuterium
into the alkyl hydrogen atom sites of alkyl éubstitﬁted benzenes., . Partdial
selectivity to H-D exchange in the aliphatic C-H sites of toluene has beea achieved
with ordinary nickel surfaces.25 Presently, we'aré seeking gvapqrative techniques
for the selecfive formation of small nickel cube octahedral cryétals and then a

test of our hypothesis.26

‘We suggest that measurable rates of aromatic C-H bond breaking in arenes occur

at 20°C only at or near nonplanar sites of a nickel sﬁrface. Our failure to
'.obserye revéréible-H—D exchange between C6H6 and CGD6 on the stepped, stepped-kinked
and (110) surfaces may have reflected the low activity of ﬂydrogen‘under the conditions

of our ultra-high vacuum experiments. Extension of the studies to high pressures will

be made when an appropriately modified UHV system has been completed in our laboratory.
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i f

Showh above is the Ni 9(111)x(111) surface, which may be
alternatively indeked as Ni(997). 1In this illustration, the
crbsé—hatched'circles represent nickellatoms.at;step sites
and the open circles represent nickel atomS in (11Y) terrace-
sites. The step and'terrace atoms have coérdination ﬁumbefs_

of 7 and 9, respectively.



19

(gL 802-8091A



Figure 2:
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Illustrated in the figure is the stepped-kinked Ni 7(lll)x(310)
surface which may be alternatively indexed as Ni(10,8,7). 1In
this representation, the shaded circles are nickel atoms in

(

kink sites, which have a coordination number of 6, and the

vcross—hatéhed circles are nickel atoms in step sites, which

have a coordination number of 7.
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Figure 3:
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Shown in the figure is the Ni(110) surface, which may be

-alternatively indexed as the super—-stepped Ni 2(111)x(111).

The nickel atoms in the top layer and troughs have coordination

numbers . of 7 and 11, respectively.



-

23

XBL 804-9136-



Figure 4: The low Miller index Ni(100), depicted in the figure, has a

5.

surface atom coordination number of 8.
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Figure 5:
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_The mass spectrometer ‘profile during a chemical displacement

reaction of CGDG by P(CH3)3 on Ni(111l) at 25°C is shown in the

(84 amu) shown in the lower

figure. A sharp desorption of CGDG

trace is detectéd upon exposure of the nickel crystal to the
displacingbgas, P(CH3)3‘(61-amu), showﬁ in the upper trace.
The total‘time ela?sed in the figure ié approximately 20
seconds and the initial exposures of C D. and P(CH3)3 were

66

0.6L. and 0.04L., respectively.
!

2
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Figure 6:
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Therthermal decompositions of perdeuterb—toluene to yield

gaseous D from the three low Miller index planes, (a) Ni(100)

2

-(b) Ni(llO) and (c) Ni(111) are shown in the figure. The

C7D8 exposures‘in the three cases were (a) 0.2L., (b)-O.SL. and

c)0.5L. at a crysta empera ure o C. The D, profiles
(c) t ac 1t 't f 25° h rofil

2

- obtained from the thermal decomposition of C_D_ on the

78
stepped Ni 9(111)x(111) and the stepped-kinked Ni 7(111)x(310)

‘under comparable conditions were essentially identical to

~ that observed for Ni(111l) shown in (c).
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Figure 7:

The D2 profiles obtained from thermal decdmpbsition of the

deuterium labelled toluenes} CD3C6H5 and CH3C6D5 adsorbed at

25°C on the Ni(l0O) surface is shown above. The approximate

exposures in the two cases were O.2L; and 0.2L. for CD3C‘6H5

and CH3C6D5, respectively.
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Figure 8:

‘obtained by thermally decémposing'CD C_H_ and CH

32

In this figure, the thermal desorption spectra of deuterium

35615 3C6Ps on

Ni(11ll) are presented. 1Initial adsorption was carried out at

approximately 25°C with exposures of 0.3L. of CD3C6H5 and

0.2L. of CH3C6D5.
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) Figure 9:
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One possible model for benzene adsorbed near step or kink sites

- is depicted above. In this model the benzene moleculé coordinates

N\

to the surface via a T interadtion with the ring essentially

parallel to the (111) terrace. One or more hydrogen atoms may

‘then be in close proximity to the lower coordination number

step or kink atoms, thus facilitating C-H bond cleavage.v This.

may account for the partial C-H bond scission observed at 25°C

‘on the stepped Ni 9(111)x(111) and stepped-kinked Ni 7(111)x(310)

surfaces in contrast to the Ni(1ll) surface.
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Figure 10:

‘that a rotation of 30° about the C

the C
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Possible stereochemical features of benzene chemisorbed on a

Ni(111) surface are illustrated in the figure. Each of the

. possible registries are consistent with the (ZVSkZVS)R 30°,

unit cell established by low energy electron diffraction

studies,l9 and vibrational (high resolution electron energy

18,19

loss) data. The benzene bond distances were derived from

an X—ray and neutron diffraction study27'of C H Cr(CO)3;

6 6

the dotted line defines the van der Waals outline of the

benzene molecule. On the left, the C6

centroid and all of the
hydrogen atoms are centered atop a single nickel atom. (Note

6_'symmetryvax:i.s of the benzene’

molecule places the hydrogen atoms over two-fold bridge sites.)

The models depicted in the center places, the C_. centroid and

©

the six hydrogen atoms over three-fold sites. On the right,

6'centroid and all of the hydrogen atoms are above two-
fold bridge sites. In addition to these three there is an
infinite number of possible stereochemistries (registries)

that'would be consistent with the diffraction and spectroscopic

data,
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Figure 11:

On the left, thévaromatic c

38

The possiblé stereochgﬁistries for behzene chémiéérbed on
Ni(ldO) are considered here for compariéon with Ni(lll)—céﬂé..
Bo£h representations are.consiétént with the c(4x4) unit cell
qétablished by low eﬁergy‘electroh di ffraction -studies.
. 6vcentroid is.placed atop a,single 
metal center with two of the hydrogen,étoms in atop sites
and the remaining set éf'four hydrogen atoms hear two-fold

sites. . On the right, the C_ centroid and two of the hydrogenv

6
atoms are:centered over two-fold bridge sites with the other
four hydrogen atoms atop a single nickel atom. An infinite

array of stereochemistries can be described and can be

consistent with the diffraction data.
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Figure 12: Illustrated in thé figure are two possiblé models.for room
temperature toluene chemisorption on nickel surfaces. ‘The
aromatic rihg méy T cqordinate to the surface bringing the
methyl hydrogenbatoms iﬁ close proximity to the nickel
surface. Aﬂ intact methyl group hydrogen atom may bond with
metal.afoms at the surface, as shown on the left, pr an aliphatic
C-H bond may be cleaved yielding the benzyl species shbwn on

_the right. Either model would be consistent with the facile
aliphatic C~H bond scission observed in the.thermal_decomposition

experiments of toluene on nickel.
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