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» Abstract’

3CN and‘CH3NC on a N

nickel surface has been etudied as a function of surface crystallography and

The coordination chemistry of the isomeric molecules CH

surface composition By electron‘spectroscopie and diffraction teehniques, by

ehenicel displacementAreactione, by thermai desorption‘spectrometry, and by

isotopic labelling experiments. The surfaces studied were the low Mlller 1ndex

planee: (111), (llO) and (100) and also the stepped and stepped -kinked planes, | .
9(111)x(111) and 7(111)x(310), respectxvely. Effects of«surface carbon, sulfur and oxygen
'contaminant:atoms‘on‘the’chemdepry_was exemined for phese surfaeee.. Acetonitrile waeﬁ
weakly and reversibly bound on the (111), stepped and stepped-kinked surface'and

was prbpaply ofiented_with the CN vector nornei to the flat surface sections. The
tnefmal desdrptipn temperature was aboutv90°C. .Some irfeveréible decomposition,

' probably focused at step of kink sites, was obeerved in the thermal desorption
experiments. Consistently then,‘acetonitrile onlthe super—steppéd‘(llO) surface largely
underwent decompositiofi on hedting; very little feversible ehemisorptibn wasdobserved.
Binding of the nitrile‘on the (100).surface was significantly‘different than for the
more closely packed (111) surface; the_thernal desorption temperature maximum uas

- about 20°C higher than for Ni(lll)—NCCH "The Ni(lOO)-NCCH3 state was ordered,

3-
c(2x2)§.here the nitrile nitrogen atom may_lie‘inlthe A

four—fold sites. Labelling studies of the acetonift¥ilé chemisorption showed there.



" was no reversible bond. breaking process from 20 to:% 100°C. Neither carbon nor

sulfur coﬁtaminant atoms-quéiitatively altered‘this nickel surface-acetonitrile
chemistry. 1In sharp contrést io aceténitrile, ﬁethyi isogyanide was stroﬁgly

Bound to all tﬁe nickgl'surfaces and essentially could not be,éﬁermélly desorbed -
from thg ciean éurfaceé; decompoSitiqn to Hz(g) and ﬁz(g) prevailed. .Sulfur
éontaminant atoms on the.nickel;surfaces did.not alter this chemistry but carbon
did. Methyl isocyanide.Chemisorbed on cargon contéining Ni(111), Ni9(111)x(111),
and Ni'7(lli)x(310) surfaces rearranged on heatingvand désorbed és acgtonitriie.ét
"~ 90°C.  The chémiStry was similar on tﬁe carbon coﬁfaining (110) and (100) surfaces
to that for‘acétonitrilé on the respective Ni(110)-C aﬁd Ni(lQO)-C surfaces. Thus,
isomerizétion of'tﬁe_iSOCYanide aiso appeared to prevail on thesé éurfaces.
StruCtural aspects of this surface chemistry ére diécuésed. Experiments with "real"
hickel'sqrfaces,jn which isomérization of CHSNC to‘CH3Cvaas demonstrated are also
deécribed. Oxygen (oxide) conta;ination of all the nickel surfaces drastically
reduced the.sticking coeffi&ient of the two isomeric molchles; essentially'no

cheﬁisorption waSIObserved at 10—8 to 10_]_'o torr and 20°C.>

This maﬁuscfipt was printed from originals provided by the author.
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Introduction .

*~ We describe here‘the chenistry of the isomeric molecules, acetonitrile
.and methyl isocyanide,'on nickel surfaces 53‘2 function of surface‘crystal;
_‘lography and surface c0mp031tlon.2 Both molecules exhiblted a behav1or thatl
lwas dependent upon the crystallography of the metal atoms at the surface and
'to the presence of such common surface contaminant atoms as carbon and oxygen.
This comprehenisve analysis has allowed a rational ertension to a study of real
surfaces;'nickel_catalysts, and to the first demonstration_of a netal surface
catalysis of the isomerization.of CH NC to CH,CN. Preliminary studies of

R

CH3CN’and CH3NC chemisorption on a clean Ni(lll)'surface had been described

earlier by us.

Experimental

Preparation of Methyl Isocyanide. Methyl 1socyan1de was prepared essentially

by the method of Casanova and coworkers.4 A 1 liter three-neck flask equipped

with'lOOle pressure equalizing dropping funnel, magnetic stir bar and a receiver

trap'cooled‘in a‘dry ice-acetone bath was charged with 259 g (2.0 mol) of quinoline‘_
(Aldrich Chemical Company) freshly distilled from zinc dust and 143 g (0.75 mol)
of p-toluenesulfonyl chloride (MC/B Chemical Company). The solution was'heated

tov75°C by an oil bath and thejsystem evacuated to'a pressure of 15 mm. While

the solution was vigorousli stirred, 30 g (0.5 mol) of N—meth&l formamide (Aldrich
Chemical Conpanyj was added dropwise.. The additionvnas complete in 45‘minutes; |

- The material which collected in the receiver’was vapor transferred into a storage

,gw"v
flask equipped w1th 4 Kontes hlgh vacuum stopcock and stored in vacuum at -78°C.

3

from Aldrich Chemical Company and used.without;further purification. KCN and

Preparation of Methyl-d . -Isocyanide. CD,I in a sealed ampoule was purchased

AgN03 were obtained from Mallinckrodt Chemicals. AgCNawas prepared by reaction__



of equimolar amounté of KCN and_AgNOB'in aqueous solution. D20 was purchased
from Biorad.

, ' ' 5
Methyl-d, isocyanide was prepared by a modification of the method of Gautier.

3
A 100 ml sidevarm single necked flask equipped Wifhva_stir ﬁar and a water cooied o
reflux condensor was charged with 8;0 g (0.6 mol) AgCN and 8.7 g (0.6 mol,'3.9.m1)
CD3I.  The flask was purged with argon and heated by a steam bath for four hours

‘during which time either a brbwn liquiaJpr gummy solid formedf Stirring wés
intérrupted and the flask allowed to cool té_room temperature. A satﬁrated

:solution of KCN in D,0 was then‘added with stirring. .Stirring was continued
for l/2_hour and a browﬁ liquid layer above the’watef became épparenp. Impure
metﬁyl isocyanide (largely contaminated with methyl iodide) was collected by
vapor transfer.of,fhe volatilé métérial into a storage flask eduipped with a
Kontes high vacuum st0pcock;_ The methyl isocyanide was purified by preparative
scale gas chromatography using a 5 ft éOZ carbowax 20 M on Chromosrob W column

at 60°C. The purity of the sample was established by mass spectral analysis

and by gas chromatography (99.7%).

Preparation of Methyl IsocyanideA13C. Methyl iodide,‘purchased from-

‘Mallinckrodt Chemicals, was purified by distillation and stored in a dark bottle

over a bead.of.mercury. K;3

Isomet  Company. Ag13CN (56% labelled) was prepared by reaction of equimblar

CN (562 isotopically labelled) was purchased from

¢

amounts of K13CN and AgNO, in aqueous solution.
e ~
Methyl isocyanide- was prepared and purified in a manner analogous to

that of methyl-d, isocyanide. Mass spectral results indicated the purity -of

3

the sample to be greater than 99.8% methyl isocyanide 6f~which 56% was CH3N13C.

Acetonitrile-d,, Acetonitrile—lSN and Trimethylphosphine. CD,CN (99+% d)

3
and CH3C15N (99% 15N) were pufchased from Aldrich Chemical Company and Stohler

Isotope Chemicals, respectively. Trimethylphosphine was prepared by a modi-




fication6 (di—n-butyl ether as solvent) of an Inorganic Synthesis procedure.

.. Ultra-High Vacuum Studies. Experiments were performed in a bakeable, ultra-

high vacuum chamber (Varian) with a minimum base pressure of 10"19

to iO;ll torr. A
§9.9999% purity single-crystal nickel rod (Maﬁerials for Research Cofporation); 0.375
inches in diameter, was oriented to within 0.5°~of the.desired'crystailographic

plane using iaue X-réy_back reflection...Using.sbark érosiép, a wafér was cut

sucﬁ that £he exposed surface was circular wiﬁh aéproximately a 0.25:inch

diameter and a circular‘ridge 5/16 inches in outside diameter. 'The crystal was
mechanically polished;_thé final step being with 0.05 micron aluminaf Prior to

being plaéed in the chamber, the crystal was chemicaliy pblished8 (etched) with a 3:1:1:5

mixture of the concentrated acids, HNOS, HZSOA’ H3P04 and CH,COOH, and subse-

3
quently rinsed with distilled water and then ethanol.

The crystal was mechanically ﬁounted by means of a téntalum cup that fit
over the 5/16 inch ridge. A "button" heater (Spectra Mat‘Inc.), consisting.of
tungsten—rhénium filament imbedded in ceramic, was mechanically held in'ﬁlace
by the tantalum cup and used to indirectly héat the sample;' Typical heating
rates were 25°/sec. and were linear befween 50 and 400°C. A liquid nitrogén‘
cooled, oxygeﬁ-free‘coppér biock was.used to cool the crystal from 400°C to
25°C in‘approximately 5-10 min. via mechanical contact wiﬁh the mount. Chromél-
alumel thermocouple wires, §potIWelded to the 5/16 ihch ridge of the crystal,
were used for temperature measurement .

The nickel crystal was:clegned in vacuum by a combination of ion sputtering
and chemical techniqugg, Sulfuruana phbsphorous were removed by bombardment
with 500 eV.Ar+ ions;- éarbon and nitrogen'wére removed by treatment with 0.5 -
1.0 x 10’ torr of 0, for 1-2 minﬁteé at a crystal témperéture of v 350°C. This

2

This cleaning procedure was repeated until the surface was clean.

was followed by treatment with 1 x 10“7 torr of H, for 5-10 minutes at v 400°C.



Surface cleanliness and composition were monitored using four-grid, retarding-
field Aﬁger electron spectroscopy. Low energy electron diffraction was used to
verify the crystallographic orientation of the surface and to identify ordered

overlayer structures.

Approximate gas expdsqres were calibrated by back-filling fhe éhamber witﬁ a
given gas‘to_a totallpressﬁre of‘N10_8 torr whilé'monitoring the mass spectrometer
parent - ion currént to yield a pressﬁre‘veréus parent ion current relacignsﬁip;
Dufing_all gas ékposures the parenﬁ ion Edrrent was monitored as a function of -
timé and then integrated over time to yieid an exposure in terms of Langmuirs

. (1 Langmuir = 1L = lOf? torr-sec.).

Gas composition in the vacuum system Wasvmonitofed with a quadrupole mass
spectrometer (Uthe'Teéhnology Interna#ioﬁal,model 100C) in coﬁjunction with a
programmef_which externally drove the mass spectrometer and étored the output.

This allowed for scanning and storage of thé ion current for_sevérél different

mass units in rapid sucgession (15 msec.). Usingvthis cénfiguration, the

relative amounté_of different isotopic species were coﬁpared upon exposure of

the c;ystainand in thermél desorption or.éhemi;al displacement reactions. Thermél
desorptibn was performed with the front face of the crystal normal to tﬁe line -

of sight of.ﬁhe mass spectrometervibnizer -and isolaﬁed from the éooling block
(experiments with and ﬁithout4tﬁe cooling block establishea that &ésorption from the
céoling block surféce did not contribute detectably té.the backgrouﬁd): Tﬁe‘ |
"distance from the front face of the crystal‘tovthe ionizer was approximétely one

inch. Thié orientation yielded‘thé maximum signal. All thermal desorption (and éhemical

displacement) experiments were performed without prior exposure to an electron beam.

Gas exposures were performed with a variable leak valve equipped with a
dosing '"needle" such that the gaseé could be introduced in close broximity to
the surface, thus minimizing background contamination. Two‘separate valve~-
needle assemblies mounted symmetrically with respect to the mass spectrometer

were used to introduce the different gases in displacement reactions; this avoided



contamination of the displacing gés in the leak valve. During displacement

‘ reaétions, the crystal face was directed 45° away from the'line‘of sight of the

‘mass spectrometer ionizer. This orientation decreased the maés spectrometer ion

current for gases derived from the crystal dufing a displacement rea#tioh'as .

compared to a thermal desofption with thé_alternative orientation. Exposures of

the methyl isocyanide species were all in the range of 0.1 - 0.5 L tl L = 10"6t9rr—sec.),

and acetonitrile exposures were in the range of 0.1 = 1.0.L. The mixtures in the

double-label experiments were 33% CH,N 13C, 16% CH,NC and 51% CD3NC for the isocyanide

3 3
‘and 407 CHBClSN and 6OZ'CD3CN for the acetonitrile. Trimethylphosphine exposures

were 0.3L. Oxide formation was effected by a prolonged ekposure (5-10 minutes)

‘of the crystal to 5 x 10—8 torr of 02 with a crystal temperature of 350°C. The

" oxide was ordered with a c(2x2) 10& energy electron di;fraction pattern. Carbon
and carbon/nitrogen contaminéted éurfacés were prepared by thermally decomposing
NC, respectively.ﬂ Aﬁpr&ximate carbon coverageé were estimated'using

C6H6 and CH3

Auger calibration curves9 based on decomposed benzene. Sulfur contaminated
surfaces were prepared by annealingvthe nickel cryétél at approximately~1000°C,
inducing surface segregation of sulfur. Both the carbon and the carbon/nitrogen

_pverla&ers yielded different ordered, complex low emergy electron diffraction

patterns. The sulfur overlayer was not checked for ordering. Relative sticking

coefficients were estimated by comparison of the amount of volatile products

. obtained in the thermal desorption experiments from the C, S, and O contaminated

surfaces with that from the clean surface.

Blank experiments were performed in order‘to verify that’the chemistry
observed was associatéd with the exposedbnickel surfaée; A wafer of single-
crystal nickel was cut és described agove. fhe wafer was soft—sbldered onto a
copper disk (.06 inches thick, .75 inches diameter), with a copper wire attached
for handling. A rubber mask was applied to.the side and edges of the nickel

crystal such that only the .25 inch diameter surface was exposed. The masking



S5a
h
procedure was repeated‘three times at eight hour intervals. The sample:was
prepared for plating in a series of steps, with rinsing bétween each sfép.'
Trichlordethylene wés used as‘a'de—greaser, folléwed by cleaning with a caustié
cleaner and_then hydrochloric acid; Next; the.surface Qas‘activéted by a nickel
.chlofide-hydrochloric aéid»strike (éiectrodepbéition of a veryﬁtﬁinilayervof ﬂickei

metal), follqwed by a cbpper.strike. .The'exposed face was then gbld"

plated using a low concentration cygnide commercial'process (Technic Hg Gold Process).
The final thickness of ‘the gold layer was 2_x_l()-—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 removed with



silicon carbide paper. The sample was then chemically polished8 (etched) gé for all nicie
crystals (see above). This was‘followed by rinsing»ﬁith water and ethanol. The gold
surface appeared homogeneous with no visible sign of nickel. Nd nickel was detected

when the cfystal was examined in the vacuum chamber by Auger electron.speétro4

scopy. The gold plated blank crystal was cléaned in the vacuum“chamber'by.the

0, and H, treatment described above for the cleaning of the nickel surface.

Preparation of Raney Nickel Alumihﬁm—nickel alloy (50/50) was purchased from

Alfa Chemical Proaucts. The alloy (250 g) was sléwly_added to ome litér of 257% NaOH
such that the teﬁperature of the solution was maintained between SOQ7O°C: Vigorous
generatibn of‘hydrogén gas occurred throughout ﬁhe addition. After the addition was
complete, the temperature was raised to 90°C aﬁd,the reaction system was kept at
this temperature for 1.5 hrs. at whicﬁ time hydrogen evolution had ceased. .The
solution was decanted frqm the black solid_and to this solid was added one

liter 6f'25% NaOH. The mixture was heated to 95?CVfof‘one'hour. The solution was
then cooled to room temperature. The active Raney nickeleas‘washed with watef

unt il thé washings were neutral. The Raney nickel was then collected and dried

in vacuum. .

‘ Catalytic Isomerization of Meﬁhyl Isocyanide‘by Raney Nickei The reaction
vessel consisted of a quaftz fritted U-tube Qith a étofage flask on each side isolated
by stopcoéks._ Approxiﬁatély 1 g of Raney nickel was placed on the frit and the
system evacuated. Methyl isocyanide was introduced froﬁ one étd?age flésk, allowed
~ to pass over the Raney nickel,'énd'collected in the recéiving flask which had been
cooléd to -197°C. The éontact time wéS'approximately'S seconds.” The collected
iproducts were analyzed by gas chromatography using an 82 CQrbowax on Chromosorb W
column at 60°C. The:temperature‘of the reaction vessel was.increased by 25° intervals
until analysis of the product indicated acetonitrile formation.  Acetonitrile was

first detected at 150°C; at 200°C, nearly 1/4 of the isocyanide had isomerized. A blank



‘exper iment:"in- which the Raney nickel was replaced by quartz beads indicated that no’
acetonitrile was formed below 250°C under the conditions that the Raney nickel

isomerized the isocyanide.

Results and Discussion

Acetonitrile

The chemisorption ofvacetoniirilé on all the nickelisurfages, depiéted in
Figures 1-4, was weak and with fhe exception of the‘(llO)'surfgce was largely
reversible in a thermal context. Surface contamination by sulfur as well as by
carbon atoms (up to 0.6 monolayer coverage) did'not qualitatively alter the surface
chemistry although the sficking coefficient was reduced and the satgration coverage
_was lower when these contaminant atoﬁs were present. The thermal desorption
témperatﬁre maximum for acetonitfile-did not'significantly chaége in going from a
clean surface plane to orie with sulfur or Carbon:contamination; H0wéver, contaminant
oxygen (oxide)'atoms so»greatl& reduced the sticking coefficient of acetonitrile

that the chemistry could not be explored at the'typical ultra high Vacuum.pressure
' 10 '

range of.10— to 10_11 torr; éssentially no-chemisorption wa$ detected under these
condit ions. |

On the élose packed (Iil) surface, acetoniffile formed an: ordered p(2x2)
structure_3 Thermal désorptibn-of_the niﬁrile was nearly qUanﬁitative; 6n1y‘one or
two percent ofIthevmoleéules.underwent decomposifion as évidencéd»by hydrogen'(HZ)
desorption from the crystal10 and carbon and nitrogen preseﬁce%l on the crystal .
after the desorption expefiment. This small amount of decompoéition»occurred during
the thermal desorption process, nof during'the initial>chémisorpt16n précéss at 20°C
bgcaqse both CO and P(CH3)3’quantitativelylzrdisplaced the nitrile‘frdm the surface
at 20°C. There was no evidence of feversiBle bond breaking in £he éhemisérption or

15

thermal desorption procesées: Thermal desorption of'CDBCN andmCH3C N from the surface

gave only these two gaseous molecules; no cross labelled molecules were detected by

N



mass spectrometry. Hence, acetonitrile chemisorption_én Ni(lll) is wéak, molecular
(associative), and ordered with no reversible bond bfeaking process operative up to
thebthermal desbrpti&n température of 90°C.‘ Based on analogous experiments, Lhe
stepped-9(lli)x(1ll) and stepped-kinked 7(111)x(310) surfaces dispiayed an acetonitr:
coordination chemistry identical to that of the (111) surface except that the exteﬁt
of irreversible deéomposi;ion that occurred during the thermal deso;ption process
was §lightly greater, v 5 and 15% respecfiﬁély. ‘

Acetonitfile was'essentially irreversibly chemiéorbed on the super-sfepped13
(110)'surféce. Only about 10%,6f'the nitrile &esorbed at 110°C;\tﬁé nitrile
desorption.was accompanied by H2 desorption. The fraction of molecules that were
thermally desorbéd underwent ﬁo reversible bond breaking; desorption from

1

Ni(llO)—(NCCD3)-(lsNCCHs) produced only CD.CN and CH,CN 3 molecules. Carbon

3 3
contamination of this surface did not sﬁbstantially al;er the acetonitrile
desorption characteriStics as found for the close packed surfaces. Neither
trimethylphosphine nor carbon mono#ide displaced aéetonitrile from the (110)
‘surface in sharp contrast to the (lli) surface. . .
. On the flat but less densely packed (100) surface, acetonitrile chemisorption
‘was thermally~reversible to about the same degree as on the 7(111)x(310) surface.
The thermal desorption.maximum was ~ 110°C, slightly higher thanlon the close
packed surfaces, andIWas relatively broéd. Isotopic labelling studies showed '
no evidence of reversible bond bfeaking in the thermal desorption process. On
this (100) surface, acetonitfile formed an ordered §(2x2) stafe. Thus, the acetonitrile
molecule musﬁfﬁé nérmal“§0 the surface. Like the Ni(llO)é(NbCH3) state, carbon monoxide

lgi&>nbﬁ;displéée-acqﬁdﬁiﬁ:iie frem the (100) surface but triﬁethylphosphine did.

A Structﬁral and Mechanistic Characterization of CﬂggN Chemisorption on Nickel Surfaces
All the physical énd chemical data indicate that on Ni(11ll) the acetonitriie

CN vector is normal'tovthe surfabef The ordered p(2x2) stfuctufe with a coverage

of % 0.25 at 0°C is most readily explained with the CN‘vector normal to the surface,

and the latter situation on symmetry grounds is required for the ordered c(2x2) CH3CN

chemisorption state on Ni(lOO).14



Most significant was the supporting chemical data. Thevthermal desorption process

was mainly quantitative; only a small‘fraction of the chemisorbed molecules

underwent irreversible C—H bond breaking.15 Typically, we find that irreversible

C-H bond cleauage occurs if C-H hydrogen atoms, espec1ally activated C-H hydrogenations,
can ea51ly and closely approach the surface metal atoms.16 Thus, the observations for
N1(111)-NCCH3 strongly suggest that the C-N vector in chemisorbed acetonitrile is normal
“or nearly normal to the surface plane with the C-H hydrogen atoms distal to the surface
nickel atoms (see Figure 5). This bondlng feature for acetonltrile is analogous to that
in molecular mononuclear ano in most17 polynuclear metal acetonltrlle complexes where
the nitrogen atom only is bonded (and weakly bonded) to a metal atom.18 The'low energy
election diffraction data for the p(2x2) ordered chemisorption state of acetonitrile on
Ni(lll) do not_determineregistry.1

Expectedly, the coordinaticn features of acetonitrile bound to the largely

close packed but stepped or stepped~kinked surfaces; the 9(111)x(111) and 7(111)x

(310) surfaces, were analogous to those for the (111) surface to a first approximation.
The only dlfferentlatlon arose in the quantitative features of the thermal desorption
process where the degree- of irreversible.decomposition increased in the order (111) <
9(111)x(111) < 7(111)x(310). Closer approach of C-H hydrogen atoms of the bound
acetonitrile to surface metal atoms,near'stepped or kinked sites, is possible for

these surfacesthan for the (lll) surface - and the potential for C-H bond cleavage '

is accordingly higher.as illustrated in Eigure 5. Thus, the relative thermal
reactivity of the.three related surfaces is explicable on a crystallographic and
stereochemical ratlonale (Figure 5). |

Since much more C-H bond cleavage (& 90%) occurred in the‘process of CHBCN
thermal desorption from Ni(llO)—(NCCH') than from close packed surfaces, the
bound acetonltrile molecules must be p051t10ned such that the C-H hydrogen atoms are

nuch closer or can approach much closer to the surface metal atoms than for the



10

.more closely pack‘ed‘Ni(lll)—:NCCH3 surfacéazo The fact that CO and P(CH3)3 did not’

diépl;cg CH3CN.from ;his surface further differentiates the Ni(llO)—(NCCHB).surface
‘chemistry ffom that»of Ni(lll)—(NCCH3).22

Acetonitrile chemisorption on the flat but less closely packed (100) surface v
wasvdistinguished by two features. The thermal desorption temperature maximum_was _ v
slightly higher than for the (111) énd related surfaces,23 and the extent of
bdecompositiqn durihg thermal desorption was slightly higher than for Ni(lll) and

: rbughly comparable to that for Ni7(111)x(310). This higher thermal reactivity for

the (100) relative to the (111) surfacé might bevdue to geometric factors.24

.

Methyl Isocyanide

As expected By analogy to molecular coordination cheﬁistry, methyl isocyanide
_ interacted much morevstrongly with the nickel surfaces than did the isomer,
acetonitrile; - The sticking coefficient was one or cloée to one and the isocyanide

was irrevérsibly bound to all surfaces. Attempted thermalndesorption of CH,NC from the

3
nickel Suffaces‘yielded only a trace to a few percent of the 41 mass ion expected in the
mass spectrum for a C2NH3 molecule, hydrogen gas above 120°C and‘ﬁitrbgen about 500°C;
The presencé of sulfur atoms, at é 0.1 to 0.3 monolayer coverage level, did not |
alter detectably.the chemistry of these surface plaﬁgs with the one exception that theg
sticking coefficient was slightly lowered by the presence of sulfuf.

Carbon atom contaminati@n of the nickel surfaces qualitatively altered the

surface chemistry of méthyl isocyanide. To a first approximation, the chemistry of

methyi isocyanide on the carbon contaminated nickel planes resembled that of acetonitrile

on the clean, and on ttie carbon contaminated, nickel surfaces (Figures 6-9). Thus -

chemisofption of the isocyanide on Ni(111)-C, 0.2 to 0.8 of a monolayer of carbon,
followed by heating of the crystal led to desorption of a molecule with a mass of
41 a.u. The maximum for this thermal desorption was n 90°C, the same as

for the thermal desorption of acetonitrile from either Ni(lll)-—NCCH3 or from




‘desorption curve for this system matched that for desorption. from Ni 9(111)x(1ii)—NCCP

11

_Ni(lll)-C—NCCH3 (Figure 6). Although the mass spectrometric experiment cannot

in this case distinguish between the isomers CH3CN or CH3NC because of their similar

ionization characteristics, we are reasonably certain (see later discussions)

that the molecule desorbing from the-Ni(lll)—C—CNCH3

more thermodynamically stable isomer — but this is not a definitive characterization.

surface is acetonitrile, the

The isomerization of CH3NC that occurred on the Ni(111)-C surface appeared to be
' 13,

“an intramolecular process. Thermal descrption from the Ni(111)-C-""CNCH;-CNCD,

surface yielded only the CH313CN and CD3CN molecules -- no cross labelled molecules
were formed.5 Furthermore, desorption from a Ni(lll)-13C-CNCD3 surface gave no CD3CN

13 , ’ I
molecules of enhanced C content. Essentially, the same chemistry was observed for

methyl isocyanide on‘the carbon contaminated stepped Ni 9(1il)x(1ll)eC surface; the thermal

3

(Figure 6). The temperature at which the apparent isomerization was occurring has not beer

N\
[

established rigorously. Attempted displacement reactions indicated that the
isomerization was occurring very near to 90°C. Since neither CO nor P(CH3)3 effected

acetonitrile displacement from Ni(lll)—C—CNCH at 20 to "~ 70°C, no significant

degree of isomerization COUld héve “occurred up to v 70°C because both molecules

rapidly and quantitatively displaced acetonltrile on this surface

The behavior of methyl 1socyanide on the carbon contaminated stepped- klnked '
7(111)x(310) surface was analogous to that on the (111) and the stepped surfaces
except that in additlon to the desorption maximum for the 1somerlzation product
acetonitrile, at 90°C there was an additional‘small desorption maximum at 150°C
for a molecule of mass 41. FWe cannot state whether this desorption was due ‘to

acetonitrile or methyl isocyanide because CH,CN thermal desorption from this

stepped-kinked surface showed only a peak centered at 90°C (Figure 7).
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-. Thermal desorption studies for methyl isocyanide onxthevother nickel 1ow.Miilér
index planes were.also altered by the presence of carbon on the surface. = From the
Ni(llO)—C—CNCH3
atomic ﬁass 41, Laﬁelling studiés with CD

"surface there was a weak and very broad desorption of a molecule of

3 3

labelled species in this desorption experiment.. Since the shape and position of the

NC and CH NC13 produced no new cross

desorption peak was very similar to that fbwaH CN desorption from Ni(111)-NCCH

3
and Ni(110)-NCCH, (Figure 8), a small fraction of the isocyanide on the

3

Ni(110)-C surface appears to isomerize and desorb as acetonitrile.

Also observed in the thermolysis of Ni(llO)-C-CNCHsywas hydrogen cyanide

3

CNCD3). The carbon source for the carbon in the hydrogen cyanide was shown to be the

13

methyl carbon by the decomposition of 13CNCH?'on this surface whereby no C

(thermal desorption maximum at N 200°C -- mass 27 from CNCH. and mass 28 from

incorporation in the product HCN was detected by mass spectrometry. .
py . . . ,

Heating of the Ni(100)-C-CNCH, surface produced molecules of mass 41 over a

3

broad temperature range of ~ 100 to 160°C; labelling studies showed no- isotope

label interchange in the molecules generated in this range. Since the range sub-
- .

stantially overlapped the broad desorption peak for CH,CN from Ni(lOO)—C—NCCH3 (Figure 9),

it appears that CH3NC isomerization to CH3CN also occurred on this surface.

Hydrdgen cyanide was a. pervasive decomposition product bf methyl-iSocyanidev
on all the clean surfaces and on the carbon coLtaminated‘surfaces. ‘The decomposition
seqUeﬁce was not the major one because Auger anaiysis,of the crystals after.heatihg
to 300e400°C,sthed ;hat'niffogen was still present on the surface. Temperatures

for the HCN desorption maxima were in the range of 150-200°C, specifically 150°C

for the stepped-kinked surface, 185°C for Ni(100) and 200°C for Ni(110). The carbon

atom source for the carbon in the HCN was the methyl carbon atom as established in

the decomposition of CH3N13C on Ni(110)-C, Ni(ZOO)—C, and Ni 7(111)x(310) where no 13C _

»inéorporation in the product HCN was detected by mass spectrometry. Note that no ECN

was formed in the thermal heating of nickel surface with chemisorbed acetonitrile.
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.CétaIYét Studies

Since thermalvisomefization of gaseous CH,NC to CH,CN is a wéll characterized

3 3
feaction and since a variety of compounds are reported to catalyze the isomerization
of isocyanides,26 we expected to find literature’reports of the isomerization of

CH3NC at a metal surface but found none. We then sought an‘experimental demonstrat ion
of the catalytic reaction.

Exposure of CH,NC(®) to nickel surfaces‘at temperatures of 50-150°C led to no

3
detectable isomerization of the isocyanide over multi-hour reaction periods. Nickel
surfaces studied were Réney nickel, bulk granular nickel obtained by reduction of
nickel oxide formed from pyrolysis of hydrated nickel nitrate, and finely divided

nickel from the hydrogenation'ofinickel (1,5-cyclooctadiene)2. Identical results

were obtained with these surfaces without and with benzene or isocyanide surface

pretreatment analogous to the ultra high vacium procédures. In some cases, the metal

surface appeared to havé discolored suggesting that polymerization 6f theAisocyénide
on the nickel surface might be aeactivéting ﬁhe_nickel cayalysts. Thus if the
concentration of’chemisorbéd isocyanide molecules on the irregular surfaces could

be minimized, the polymerizatiéﬁ reaction rate might be sufficienfly depressed to
allow isomerization of the isocyanide molecules. In fact, we demonstrated that the
isomerization process could be effected smoothly with Raney nickel at 150-200°C with
a flow reaction in which the contact ﬁime was small (v 5 séc.).v Catalytic

isomerization of CH3NC to CHBCN was a fast reaction and was the dominant reaction

under these conditions. This catalytic isomerization appears to be the first

reported, high yield surface catalyzed isomerization of an isocyanide.

Stereochemical ‘and Mechanistic Features of CH_NC Surface Chemistry

None of our experimental data directly address the issue of how methyl

isocyanide is bound to the clean nickel surface. However, .since the chemisorption on



14

all clean'niékel planes was thermally irreversiBle; wé'suspect that the N-C vector
of the bound isocyaﬁide is not normal but moreior leSs_pafallel'to the surface
‘plane with both the isbcyanide carbon and‘nitrogen atoms withih:bOnding distance
to surface metal atoms thereby,bringing the methyl hydfogeniatoms cloée to surface
metal atéms; With-suchvé'configuration, irfeversible C—H_bdnd breéking

shéuld be a facilé proéeés és'observed for all the clean nickel sqrfates. There

is a precedent for an isocyanide ligand bound ‘to several metal atoms through both

the isocyanide carbon and nitrogen atoms. _
' o ' | .28
The role of carbon in changing the Ni—CNCH3 surface chemistry was not defined,

but isomerization of the isocyanide at these Ni-C surfaces appears to be intra-

molecular as is the case for the high temperature gas phase isomerization of CH3NC.

Conciusibns

Studies ofvmetalvcrystals under ultrahigh vacuum conditions caﬁ reveal bésic
-coordination chemisfry principles‘;hat can be exténded to the chemistry of.the
"heterogeneous" metal surfaces.;_Pfobabiy;'we would not have
discévered the catalytic isomerization‘reacfion of CH,NC to'CH3CN on hiqkel'su;faces
had the chemistry_of_nickél crystals'not beenvsiudiedv under_ultxahigh_vacuum conditions,
as a function of éuffacé.crfstallogréfhy and surface impufiﬁy centeré. The réle of |
carbon surface impuriéy centers in inhibiting grdss thermal deéoﬁb&sition or in
promoting isomerizat ion of methyl isocjanide cannot be charaéterized from our studies
althéugh we suspect thaf a key factqf is inhibition.of the C—H bond breaking'reaction;
carbqn impurity atomsygérving as donor atoms should réducg the effeciency
of a ﬁickel surface in»C—H-bond breaking processes. |
Vibrational studies (higﬂ resolution electron energy loss spgctroscopy) are planned
for the Ni(lll) and Ni(100) |acetonitrile and methyl isocyanidgbéystems as a function

of temperature, and these may resolve, at least partially, the stereochemical and

mechanistic issues.
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N 90°C, about'the same temperature as for the thermal desorption temperature

maximum for acetonitrile, and .peaked at n 140°C.

The Auger analysis was used to determine the presence of carbon and nitrogen.

~In the CO displacement, the Auger analysis‘of the suiface after the displacement .

showed only C and O to be present; nitrogen was not detected. In the P(CH3)3

displacement, Auger analysis showed no nitrogen to be present after the

displagement reaction. 'Sgbsequeﬁt“thérmal desorption yielded no CD3CN, D2 or Hﬁ.‘
This low Miiler‘index planevié.a sté?ped'surface; or fully fﬁffled surface,
in that it may be described alternatively as a 2(111)x(111l) surface.

Eor the ordered'p(2x2) state, the saturation surface coverage by acetonitrile
was about 25%. fhe coverage, unit cell data and the symmetry considerations are
nicely échmmodated by an ordered state with the acetonitrile mplecule‘normal to
the surface (on average one CH3CN per four nickel atoms). If tﬁe C-N vector of

the chemisorbed acetonitrile molecule were more or less parallel to the surface, the
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molecule would not £it in the unit cell unless the C~C bond vector made a 90° angle

to the C-N bond vector and ‘even, in this case, the fit would be tight. Alsb, an

ordered state with a p(2x2) unit cell based on a bound acetonitrile molecule in

~which the CN vector were more or less parallel to the surface plane is, because all

C-N dipoles would have to be ordered, a less probable‘statistical event

than for the‘proposedvorientation with acetonitrile molecules bound more or

. less normal to the surface plane. For the c(2x2) CH3CN chemisorption state on

Ni(100), the acetonitrilevmolecule must be normal to the surface.

. In addition, no  reversible C-H bound breaking occurred up to the thermal

desorption temperature as established by the labelling studies.
For example, we find irreversib1e C-H bond breaking to prevail for C2H4 and

C2H2 on Ni(111). Also, see the later discussion of CH,NC stereochemistry

3

and of C-H bonds breaking in Ni(111)-CNCH,. In addition, we will describe

3°
the disjoint behavior of beniene and toluene chemisorptioﬁ on Ni(11l1l) and
Ni(100) where irreversible C-H (aliphatic) bond breaking occurs for toluene
becéuse of close'approacﬁ of the aliphatic‘C—H hydrogen atoms in the initially
T bound toluené molecule (C.M. Friend and E.L. Muetterties, to be published),

' 20, 21 |

See later discussion of the one established, exceptional case where an

acetonitrile ligand in a molecular metal cluster has the carbon and nitrogen

~nitrile atoms bonded to cluster metal atoms.

See discussion in refefénée 3.VvStructufa1 data for nl-NCCH3 ligandé in ciuster
molecules will bé presented, J. Kouba and E. L, Muetterties, unpublished

data. | | -

The acetoniﬁfile nitrogen afbm may be over a single nickel atom oyef two,

or at the center of three metal atoms, or at any other point in the Ni(111)
unit cell. All known metal élustersl7.with simple donor acetonitrile ligands
have this ligand bound through the nitrégen atom to a single cluster metal |
atom. Howéver? all these clusters are coordinately satufat;d whereas the
ordered Ni(lll}—(NCCH3)‘surface is ieally coordinately Pnsatufated and here

the nitrogen atom may be over 2 or 3-fold 'sites rather than atop a singlg

matal At A
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The acetonitrile molecules may be bound largely through the nitrogen atom to

the recessed surface nickel atoms (Figure 3) in the (110) surface or alternatively

both the carbon and nitrogen atoms of the nitrile function may be bound to

surface metal atoms. Either array could bring the C-H hydrogen atoms close

: ‘ . ’ 21 ,
to the surface. Note that there is one precedent 1 in molecular metal cluster

chemistry where both the carbon and nitrogen nitrile atoms of a CH3CN ligand

5 e

are bound.

- M.A. Andrews, C.B. Knobler and H.D. Kaesz, J. Amer. Chem. Soc., 101 7260 (1979)

describe the structural details.for Fé3(n2—NCCH3)(CO)9.

This differential displacement behavior presehtly cannot be ihterpreted-in a

mechanistic context but these negative displacement experiments raise the

possibility that acetonitrile chemisorbs on this surface in a dissociative fashion.

The (100) surface with exposed metal atoms of coordination number of
8 (compared to 9 for the close packed planes) should be a better donor |
plane than the (111). Consistent with this suggest ion, we have found that

benzene, bound as a molecule, was more strongly bonded on the‘(100) than on

the (111) surfacer(C.M.:Friend and E.L. Muetterties, to be published).

However, the binding energies forbcarbon monoxide on these two surfaces

appear to be comparable.

For exaﬁple, if the nitrogen atoms of the acetonitrile molecules chemisorbed
on Ni(1l00) were centered at the four-fold sites, the C-H hydrogen atoms could
more easily approach surface metal atoms on the (100) surface then on the (111)

surface because of-the larger interstices at four-fold sites in the former than

-of those at thrée—fold sites on the latter. With a tilt of the CN vector to

15° from the metal surface normal, a bending of the N-C-C angle in acetonitrile
of only about 40° would be required to bring the C-H hydrogen atoms within

bonding distance of,K (100) surface metal atoms.
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The actual mixture used in the experiments (see experimental section)
contained CHBNC, CH3N13C énd CD3NC. In the thermal desorption experiments,
the relative intensities for the pafent'iohs7of these molecules were

unchanged from that of the initial mixture.

‘ef. F. Milich, Chem. Rev., 72 101 (1972).

V.W. Day, R.O. Day, J.S. Kristoff, F.J. Hirsekorn and E.L. Muetterties,
J. Am. Chem. Soc., 97 2571 (1975)
The carbon may principally function as a donor and thereby decrease the surface

metal atom capability (more electron rich surface) to effect the irreversible

C-H bond breaking process. -



Figure 1:

- In this representation of the Ni 9(1ll)x(111) surface, which_'

may be alternatively indexed as Ni(997), the cross-hatched
circles represent nickel atoms at step sites and the unshaded

‘circles, nickel atoms in (111) terrace sites. The coordination

numbers for step and terrace metal atoms are 7 and 9,

.respectively.

20




21

XBL 802-8091A



N

Figure 2: Illustrated here is the Ni 7(111)x(310) surface. Alter-
natively, this surface may be indexed as Ni(10,8,7).
- In this representation, the cross-hatched and shaded
‘circles represent nickel atoms at step and kink sites,
. respectively. The coordination numbers of metal atoms
. in the step, kink, and terrace sites are 7, 6,and 9,

respectively. '
~
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Figure 3:

This is a representation of the low Miller index Ni(110)
surface, which may be alternatively indexed as a '
Ni 2(111)x(111). The coordination numbers of the exposed
metal atoms and those in the steps and in the troughs or
valleys are 7 and 11, respectively. ' ’

24
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Figure 4: The low Miller index Ni(100) sﬁrface, shdwn‘ above, has
surface metal atoms of coordination number, 8.

26







Figure 5:

Illustrated in the schematic drawing are possible bonding
modes of acetonitrile on flat, stepped and stepped-kinked
nickel_surfaces. The proposed bonding configuration

for CH3CN on the flat (111) surface is depicted on the left.
The C-N vector is essentially perpendicular to the flat
plane. For this model, significant bending of the methyl
group with respect to the C-N vector does not bring the
hydrogen atoms in close proximity to the metal surface as
shown with dashed lines. This geometric feature decreases
the probability of thermal decomposition via C-H bond
scission. The structures to the right show two possible
modes for CH3CN chemisorption at or near step and/or kink
sites. Both models allow for a close approach of one or
more of the hydrogen atoms to the metal surface, thus
facilitating C-H bond cleavage leading then to irreversible
decomposition. These postulated models can account for

the difference in degree of thermal reversibility observed
for CH3CN chemisorbed on the flat (111),. stepped 9(111)x(111),
and stepped -kinked 7(111)x(310).

28
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Figure 6: An illustration of the similar desorption characteristics

' for CH3;CN and CH3NC on a carbon contaminated Ni(111)
surface is shown in this figure. Presented above are
thermal desorption spectra obtained after exposing a carbon
and nitrogen contaminated Ni(111) surface to 0.5 L. of
CH3NC and 2.0 L. of CH3CN at approximately 25°C. The
approximate carbon coverages9 prior to exposure were 0.4
and 0.5 of a monolayer for CH3NC and CH3CN, respectively.
Thermal desorption profiles obtained for a Ni 9(111)x(111)
surface under comparable conditions were essentially the
same as those shown for Ni(111). :
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Figure 7:
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Presented as a parallel to the desorption characteristics

~ for Ni(111)-C-NCCH3 are thermal desorption spectra obtained

after exposing a carbon and nitrogen contaminated Ni 7(111)x(310)
to 0.2 L. of CH3NC and 0.2 L. of CH3CN at approximately .

25°C. Approximate carbon coverages9 prior to exposure were

0.2 and 0.4 of a monolayer for CH3NC and CH3CN, respectively.
Crystallographic effects on CH3CN and CH3NC thermal desorption
from carbon contaminated surfaces are further illustrated

here. :
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Figure'S:

Shown in the Figure are thermal desorption spectra
obtained after exposing a carbon and nitrogen contaminated
Ni(110) surface to 0.6 L. of CH3NC and 0.3 L. of CH3CN

at approximately 25°C. Approximate carbon coverages9 prior
to exposure were 0.8 and 0.6 of a monolayer for CH3NC and
CH3CN, respectively. o '
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Figure'9:
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Final comparison of CH3CN and CH3NC thermal desorption
behavior 'is shown in the thermal desorption spectra

obtained after exposure of a carbon and nitrogen contaminated
Ni(100) surface to 0.2 L. and 0.8 L. of CH3NC and CH3CN,
respectively at approximately 25°C. Approximate carbon
coverages prior to exposure were 0.6 and 0.3 of a monolayer

. for CH3NC and CH3CN, respectively.
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