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ABSTRACT
The coordination chemistry of a range of molecules of catalytic
importance adsorbed on nickel surfaces has been investigated. These

studies have been performed as a function of surface crystallography and

 compos1tjon. Five crystallographic planes were utilized; the three low

Miller index Ni_(]]]), Ni(]]O)_and-Ni(]OO), the stepped Ni 9(111)x(111)
and the stepped-kinked Ni 7(111)x(310) with carbon, sulfur and oxygen
intrbducéd as surface cdntaminantsL |

Detailed studies-of the aromatic hydrocarbons, benzene and toluene,
were performed.' Thefma] desorption spectroscopy and chemical displace-

ment reactions were used in conjunction with isotope exchange reactions

“to delineate key factors that control C-H bond activation for these

molecules adsorbed on nickel surfaces.

Reactive studies of the cyclic hydrocarbons, cyc]ohexane,‘cyc]ohexene,
1,3-.and 1,4-cyclohexadiene, to form benzene were carried out using the
same approach.as for the arenes.. Insight into the mechanistic details
of the dehydrogenation reaction was gained on the basis of thése experi-
ments.

Additionally, the surface catalyzed isomerization of CH3NC to form

»§H3CN was observed on carbon or carbon and nitrogen contaminated nickel

surfaces. The isomerization did not occur on clean nickel surfaces, thus
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demonstrating-a dramatic dependence of the chemistry on surface composi-

tion. Isotopic exchange reactions, chemical disp]acement,'therma1

desorptioh spectroscopy, comp]imentaryvtatalytic reactions and high_reso?

lution electron ehergy loss spectroscopy were the techniques used to
obtain StFUCtural, stereochemical and mechanistic information. Prelimi-
nary studies of chemisorbed pyridine, ethylene and acetylene are also

described.
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I. INTRODUCTION '

The characterization of the chemistry and structure of catalytically
important molecules adsorbed on metal surfaces is fundamental to the
areas of surface science and catalysis. Through the understénding of
the surface chemistry and physics associated with a range qf molecules,
key factors controlling catalytic reactions may be de]ineated.] ‘

Nickel metal has been established as a catalyst for a broad range of
‘heterogeneous reactions such as hydrogenolysis, hydrogenation and
cyclization. For example, studiesvof substitution reactions of arenes
have been performed using evaporated nickeT fi]ms as cata]ystsz; the '
rate of HD exchange for equimo]ar amounts of C6H6 and C6D6 was rapid at

0°C. Additionally, supported nickel catalysts have been used for ethane

hydrogenolysis with nickel being the most effective of the first row,

group VIII metals for catalyzing this reaction.3 In this thesis research,

the surface chémistry of a fange of hydrocarbons of catalytic interest
adsorbed on nickel surfaces has been studied. These studies have been
performed as a function of surface crystallography and composition. The
five crysta]]ogfaphic planes, Ni(111), (TOO), (110), 9(111)x(111) and
7(111)x(310), shown in figures 1-3, weré used in order to vary the
surface topography ahd metal atom coordination number. In addition to
the experiments performed on clean nickel surfaces, the effect of surface
carbon, nitrogen, éu]fur and oxygen on the chemistry’Were studied. In
this way, factors that may be 6f.key importance in catalytic reactions
were studied in a systematic faéhion.

The characterization of the chemisorptive properties of hydrocarbons
is a particularly challenging problem. Due to the large number of atoms

and structural variables, and the possibility of chemical reactions

-.2_.
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Figure ].::Depicted in thevfigure.are the three low Miller 1ndeX»p1anes
;bf‘nfCRel. The (111) surface, on the upper left hand side
is'fhe close-packed; thermodynamica]1y most stab]e with
.Mthree-fbld syhmefry and a metal atom coordination number of 9.
‘iThe (100) surface oh the right has‘four?Fold symmetry aﬁd
SUrfaée'metal atom coordination number of 8. The (110) or
,;%uper—iepbgd" sUrface:sh0wn on the bottom has a trough-]ike
; structufe, 'The'topmoétvatoms have a coordination number of
  ;7 and the troughvatoms, ]ying haif a 1at£ice constant below

the plane have a coordination number of 11.
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Figure 2.

The stepped Ni 9(111)x(111) sdrface is alternatively indexed
as Ni (997). The téfraces i]1ﬁstrated with open circles are
of (111) orientation and are nine atoms long injthe (111)

direction. The step atoms also are of (111) orientation but

have a coordination number of 7 and are denoted by the 1ined

. circles.
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Figure 3.

In this figure, the stepped-kinked Ni 7(111)x(310) surface
is represented. The terraces, depicted by the open circles, .
are of (111) orientétion and are 7 atoms long, the lined
circles depict step atomé with a coordination number of 7
and the kink atoms denoted in black have a coordinationi .
number of 6. The alternative index for this surface is

Ni(10,8,7).
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upon adsorption, there are innumerable models that may be considered

for a given system. None of the conventional surface.physics techniques
such as low energy electron diffraction, ultra violet phqtoemissibn, or
high reso]ution_é]ectron energy loss spectroscopy are amenable to unique
interpretation of the data for these cases. The surface physical
techniques are limited in that no adequate theoretical description is
available to date. For example, multiple scattering events are signifi-
cant in a low énergy electron diffraction experimehf. Thus, calculated
intensity_&ersus voltage (energy) data are only able to yield qualita-
tive agreement with experimental resu]ts4 often rendering one or more
structural model plausible. Absolute orbital energies for adsorbed
species may not be ca]cq]ated for an ultraviolet photoémission spectrum.
As a result, interpretations are usually based on a comparison of
calculated and experimental energy splittings or comparison of orbital
enérgy sp]ittihgs of the gas phase and adsorbed moTecu]e..5 No clearcut
se]éction rules have been estab]fshed for high resolution electron
energy loss spectfoscopy,because of the possibility of several different

6 Thus, interpretation of surface vibrational

scattering mechanisms.
data of relatively complex adsorbates is not straight-fbrward; For

these reasons, a combined surface chemical and surface physics.approach
has been utilized in these studies in order to. increase the amount of
information available for interpretation. The surface chemistfy that

is observed yields information about the type of reactions that are
occurring upon chemisorption and eliminate some general structural models.
By considering the chemisorptive bond as a 16ca]ized property, analogy -

can be made between organometallic cluster and surface-chemistry.7 There

is a large base of information available for organometallic chemistry
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which is subject to unambiguous interpretation. The chemical analogy
places the interpretation of the surface studies in a chemically plausible
context. The chemical techniques utilized in the suffaée’studies are
thermal desorption and chemical displacement reacﬁions used in conjunctioh
with isotopic labelling and catalytic reactions. |

Ina thermal desorption experiment, a molecule is adsorbed on the
metal surface. The crystal is subsequently rapidly heated in an
approximately linear fashion. The products thermally desorbed from the
surface are monitored with a quadrupole mass spectrometer as a function

of temperature and time. A simple kinetic model is used to describe

the desorption process:8

where

= popu]afion of the ith state (mo]ecu]es/cm.z)

= éctivation energy of desorption

v; = kinetic frequency féctor

X; = order of the desorption process.

In this formalism, an infinitely fast pumping speed is assumed, fhus
readsorption processes are negiected and the partia]lpressure of the

ith species is directly proportional to the number of molecules desorbed
from the surface. By optimizing equation (1.) with respect to the temper-
ature and substituting for a 1ineér heating rate, an expression .for the

desorption energy can be obtained in terms of the temperature where the

maximum desorption rate occurs;

E.
T = B_ n dT/dt 1 (2.)
m E. X.=1 2
1 X: v: N R Tm
i 71 _
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This equation can be solved iteratively for Ei,'the desorption energy.
The temperature where the maximum desorption rate occurs, Tm’ and the
heating rate, dT/dt, are measureable quantities. By varyihg the heating
rate over a broad range, both the frequency factor and activation

- energy for desorption may be calculated. More commonly a typical vibra-

tional frequenqy_of'10]3 sec.”|

is assumed as the value of vi8. Such
an assumed frequency factor may be off by several orders of magnitude
as discussed in reference 9. This kinetic model assumes that’vi and Ei
are independent of the surface cdverage. By varying the coverage, Ni’
the order of the desorption, X may be determined. For a first-order

desorption (xi=1),-the temperature at which the maximum desorption rate

X_i-]
For a second-

occurs will be independent of coverage as-Tm ~no=1n Ni

order process (x{=2); Tm decreases as a function of coverage. Phyéica]]y,

a second-order process is limited by the rate of recombination of the

ith species on the surface. Thus, at low coverage fhe raté of encount-

ering another molecule on the surface is lower at 10wer’temperature$.
More generally the desorption experiment does not monitor a single

reversible procéss. Severai éompeting surface processes may be occurring

as a function of temperature. Thermally induced decomposition or chemi-

cal reactions may occur before desorption. 'Desorption of a product of

a thermally induced reaction may be studied to gain information about

the activation energy of the reaction. There are two regimes for

desorption of the product molecule, desorption limited and feaction |

limited. 1In a desorption limited process, the surface reaction occurs

at a temperature Tower than the desorption temperature, thus, the product

will remain on the surface until thermal desorption can be effected.

Invoking .a simple kinetic model, an upper 1imit for the activation energy

of reaction can be estimated. The precise temperature at which reaction
A1



occurs cannot be identified by this‘technique, In the reéction]imited
case, the product is formed at a temperatdfe higher than the normal
desorption temperature. Thus, desorption occuks 1mmediatejy following
product formation. If again a simple kinetic model is assumed, an
estimate for the activation energy of the reaction can be made.

The thermal desorption technique has some limitations in the
application to the surface chemistry of reactive molecules such as
hydrocarbons. Decomposition of the adsorbed species may be thefma]]y
induced dufing the course of the desorption experiment. In this case,
the parent adsorbate is not desorbed quantitatively from the surface and
cannot be studied in detail. Additionally, the temperature at which
decomposition occurs may not be identified in the desorption limited
- case. A desorptfon method that does not thermally perturb. the surface,
namely chemical displacement, will allow for a more complete description
of the surface structure and proéesseé. The chemical dispiacement reac-
tion is a formal analog to a ligand exchange or replacement \r*eaction]0
in okganometa]lic chemistry}' In a chemical disp]acemeht reaction, the.
molecule of interest (A) is adsorbed on the metal surfabe at less than
saturation coverage. This metal-adsorbate system is then exposed to a
displacing mo]ecu]e'(g). _In the simplest possible case, A will have
adsorbed molecularly on the surface and will be quantitativé]y displaced
from the surface by.g without changing fhe surface temperature. Displa-
cement is evidenced by detection of desorbed A in the gas phase by a
quadrupole masé spectrometer. By performing a series of displacement
reactions, a series of relative thermodynamic strength can be established

1

for a variety of adsorbates. Similarly, it may be possible to dis-

place products of surface reactions. Schematically this may be repre-
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sented as follows:

Rig) = Alads) = R(ads)

Riaas) * Bg) = R(g) * R(ads)

The advantage of using thé_chemica] disp]acemeht reaction is that the
- crystal temperature remains constant ddring the coufsevof the éxperiment.
Thus, the température dependence.of surface reactions with displacable .
products can be studied in detail.

Alternatively, the adsorbed species (either A or P) may not be
- completely desorbed from the surface during a displacement reaction.
In the extreme case, no'displacement of Q is observed for a range of
displacing agents. Since the mechanism of the disp]acement reaction>is
unknown, no unambiguous'conc]usions may be drawn as both thermodynamic
and kinetic factors_may play a role. In some fnstances; partial |
displacement may be effected. In this case, it is importaht to attempt
the feaction.using a kange of disp]acing gases as the extent of dis-
. placement may'be dependent on the incoming édsorbate, Q. An example of
this behavior is benzene adsbrbed on Ni(]H).6 Partial displacement
over a large range of different displacing agents, is suggestive of
multiple adsorption states, however, the results are inconclusive for
the same reasons that negative displacement reactions are not subject
to unambiguous interpretation. Care must be taken in interpreting
negative displacement results.

Chemical displacement and thermal desorption techniques may be
combined with isotopic labelling studies to further delineate the mech-
anistic details of surface reactions. For example, coadsorption of a

mixture of perdeutero and perhydrido hydrocarbons followed by displace--
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ment or thermal desorption may provide evidence fdr reversible or
irreversible C-H bond scission in the desorbed species. The extent of
displacement may be determined by performing a disp]acemeﬁt reaction
with the perdeuterohydrocarbon followed by thermal desorption. The
amount of deuterium containing products produced in thermaf desorption
can be related to the extent of the displacement.

The major thrust:of this work has been to delineate the key
factors that control carbbn—hydrogen bond cleavage processes in hydro-
carbons adsorbed on nickel surfaces. This is an important issue to
address as C-H bond scission is often invoked asvthe initial step in
catalytic exchange and substitution reactions and is of key importance
in dehydrogenation reactions. The techniques described above have been
-~ used to study the chemistry of a range of different hydrocarbons
including arenes, olefins and paraffihs. The chemiéal studieé suggeét
that the predominént factor controlling C-H bond activatidn in hydro-
carbons adsorbed oh nickel surfaces is formation of a C-H-Ni bridgihg

13 In order

interaction in analogy to the coofdination chemistry case.
for this type of interaction to occur, close approach of one or more
hydorgen atoms to the nickel surface is required. Thus, surface
topography and stéric factors in the adsorbate both play important roles
in the C-H bond cleavage process. The éffect of surface.impurities,
namely, S, C and O were a]sb studied.

Identification of novel catalytic reactions has also been a focus
of this work. The surface chemistry of the isomeric molecules CH3NC
and CH5CN has been studied on nickel surfaces. Via the ultra-high vacuum

studies, the previously unreported metal catalyzed isomerization of

CH3NC to form CH3CN was found to occur on nickel surfaces with carbon
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and nitrogen or carbon impurities. The mechanism of the jsomerization
was established as fully intramolecular on the basis of isotopic ]abe]-
ling experiments;_ High resolution electron energy loss sfudies of these
two isomers were performed on Ni(111) and Ni(]]])-C.surfaées. On the
basis of the CN_stretChing fréquency, both the CH3CN and“CH3NC are
proposed to reside in bridge-siteé on the clean surface. The observed
v(CN) for the two molecules was increased on the carbided surface with
two different CN stretching frequencies observed for methyl isotyanidé
adsorbed on.the carbided surface. This suggests that the carbide signi-

ficantly changes the surface electronic pfoperties. The role of the

carbide in the isomerization reaction was not clearly defined.
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II.

EXPERIMENTAL

1. GeneraT Proceddre and Reagents

| Experimehﬁs were performed in a:bakeéb]e, u1tra-high vacuum
chamber (Varian) equipped with a ring of five 40 liter/sec. triode
ion pumps aﬁd a titanium sublimation pump, with a working base

-10 torr. A 99.999% purity single-crystal nickel

pressure of =2x10
rod (Materials for Reséarch Corp,),m0.375 inches in diameter, was
oriented tb within-0.5° of the désired crystallographic plane using
Laue X;rayfback reflection. Spark erosion was used to cut a wafer
such that the exposed surface was circular with approximately a
0.25 inch djémeter and é cfrcu]ar ridge 0.3125 inches in diameter.
The crystaiﬁ@as mechanically polished with foﬁr grades of alumina
(the sma]]est*partié]e size'was =10 microns);_fo]]owed by 1 micron
diamond paste énd'5ubsequent1y with 0.05u alumina in water. Prior
to being p]aééd in the Vachum chamber, the crystal was chemically -
polished (etched) with a 3:1:1:5 mixture of the concentrated acids,
' 14

HNO3, H2504, H3PO4 and CH3

50°C, and subsequently rinsed with distilled water and ethanol.

COOH * at a temperature of approximately
(The etching period must be brief, ca. 30 seconds in order to avoid
pitting ofhthe nickel surface).

The crystal was mechanically mounted on an x-y-z motion mani-
pu]ator with a 2.5 inch offset and a 110° flip mechanism (Varian)
by means of a tantalum cup that fit over the ridge. A button
heater (Spéctfa Mat. Inc.), consisting of a tungsten filament
imbedded in ceramic was mechanical]y.her in place by the tantalum -
cup and used to indirectly heat the sample. The heating rate of

the nickel crystal was 25°/sec. and was always linear in the range
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of 50-400°C. New heaters Were linear in the entire range of
thermal.desorption experiments. A liquid nitrogen cooled oxygen-
.free copper block was used to cool the crystal from 4005C to 25°C
in approximately 5-10 minutes via meChanica1VCOn£act with the
crysta] mount. Chromel-alumel thermocouple wires (.005 inches in
diameter), spot welded to the crystal ridge, were used for temp-
erature measurements. |

The nickel crystal was cleaned in vacuum by a combination of
ion spettering and chemical techniques. Sulfur and phosphorous
were removed by bombardment with 500 eV Ar+ jons with a crystal
temperature of apprdkimate]y 600°C. Carbon and nitrogen were
7

torr of 02 for 1-2

-minutes at a crystal temperature of =350°C. This was followed

removed by treatment with 0.5-1.0 x 10~

by treatment with 1.0-5.0 x 1077 torr of Hy, for 5-10 minutes at
~400°C. This procedure Was repeated until the surface was clean.
Surface cleanliness and composition were monitored using a four-
'grid,.retarding field Auger e]ectrqn épectrometer (Verian). Low
energy electron diffraction was used to verify the crysfa]]ogra-
phic orientation of the surface and to identify any ordered over-
layer structures.. It is important to note that all 6f the surface
phosphorous should be removed by Ar jon sputtering prior to exposure
to 02. Treatment of a bhosphorous contaminated nickel crystal
with oxygen decreased the P(120 eV) Auger peak with a corresponding
increase in the 0(510 eV) Auger peak. Subsequent treatment with
.H2 effected a decrease in the 0(510 eV) peak_with a concommitant
increase in the P(120 eV) peak. The sputtering efficiency for

phosphorous removal was much lower after treatment with oxygen .as

-17-



compared to a nickel surface "“freshly" cohtaminated with phosphorous.
These data may be indicative ofia Ni-P-O compound formatioh which
cauéed.penetration of P atoms below the surface nickel atoms.-

Gas composition in the vacuum System_wasvmonitoked with'a quad-
rupole mass spectrometer (UthevTechno1ogy Internationé], model
100C) in conjunction with a commercial programmer (Uthé-Techno]ogy
International, PPSD) which externally drove the mass sbectrometer
and stored the ion current as a fdnctioﬁ of time. This allowed for
scannihg.and storage of the integrated ion-éurrent for several
different mass units in rapid éuccession-(zls msec.). Using this
configuration, the relative amounts of different iéotopic species
were compared updn exposure of thé crystal and in thermal desorp-
tion or chemical displacemenf reactions. Thermal desorption was
performed with the front face of fhe'crystai directed along the line
of sight of the mass spectrometef'ionizer and isolated from the
cooling block. Blank experiments, described later in this section,
demonstrated that no detectable desorption from the cooling block
occurred during the thermal desdrption. The distance from the
front face of the crystal to the mass spectrometer ionizer was
approximately one inch. A]]thefma]vdesorption experimentﬁ were
performed without prior exposure of the crystal to an e]ectron
beam.

Gas exposures were performed with a variable leak valve
equippped with a dosing "needle" such that the gases cbu]d be
introduced in close proximity to the crystal surface, thus minim-
izing background contamination. Approximate gas exposures were

determined by backfilling the vacuum chamber with a given gas to

18-



a pressure. of =10'8 torr while monitoring the mass spectrometer
parent jon current, yielding a pressure versus ion current correla-
tion. ~ During all gas exposures, the parent ion current was moni-

tored as a function of time and later integrated over time to

yield an approximate exposure in terms of Langmuirs (1 Langmuir =

6

-1 L. =107 torr-sec.). The total pressure in the vacuum chamber

during gas exposures was always maintained at 21x1058 torr.

Two sepakate valve-needle assemblies mounted symetrically with
respect to the mass spectrometer were used to introduce the
different gases in a chemical displacement reaction. The tWo
inlets were necessary to avoid any cross-contamination of the dif-
ferent gases within the valves. Blank experihents demonstfated that
there was no cross-contamination within the valves or manifold.
After initial exposure of the crysta] to gas A. the.sample was
rotated to face'the'second valve assembly. The displacing gas, Bs
was then introduced while monitoring the integrated jon current for
gases A, B and other possible products of the diSp]acement reaction.
If displacement occurred, é péak fn the A+ ion current'was detected.
Given that the Crysta] was directed 45° away from the Tine of
sight of the mass spectrometer ionizer, the intensity of the
signal for the displacement products was reduced significantly in
comparison with a line of sight measurement. This observation is
consistent with a distribution of desorbing particles peaked in a
direction perpendicular to the crystal surface. The time interval
between initial exposure of A and exposure by the displacing agent;
B, was approximate]y three minutes in all cases.

Blank experiments were performed in order to verify that the

chemistry observed was associated with the exposed nickel surface.
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A wafer of single-crystal nickel was cut as described above. The _
wafer was soft soldered onto a copper disk (0.06 inches thick,
0.75 inches diameter), with a copper wire attached for handling.

A rubber mask was»app]ied to the sidé and edges of the nickel
crystal such that only the0.25 inch diameter surféce was exposéd;
The masking procedure was repeated three times at eight hour
intervals. The sample was prepared for plating in a series of
steps, with rinsing with distilled water between each step.
Trich]broethy]ene was used as a degreaser, followed by treatment .
with a caustic cleaner and hydkoch]oric acid. The surface was |
activated by a nickel chloride-hydrochloric acid strike (electro-
deposition of a very thin layer of nickel metal), followed by a
coppér strike. The-exposed face was then gold plated using a

Tow cyanide concentration, commercia] process (Technic Hg Gold
Process). The final thickness of the gold 1ayer.was 2x10"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 polished
(etched) and rinsed with H20 and ethanol for all nickel crystals
(see above). The gold surface appeared homogeneous with no visible
-sign of nickel. In fact, no nickel was detected when the crystal
was examined fn the vacuum chamber by Auger electron speétroscopy.
The go]d plated blank crystal was cleaned in the vacuum chamber by
the 02 and H2 treatment described above for the cleaning of the
nickel surface.

Low energy electron diffraction was used to check the orienta-

-20-



tion and surface ordering of the clean metal and to determine the
unit cell of{drderedjéver1ayer Structures of adsorbates or impurity
atoms; | |

Reagent grade begzene and_tg]Uéhé were stbred over CaH2 and
used without-further-purificatioh. The perdeuterb reagents
(Aldrich Chemical Co. 99.9% *d) were handled similarly. The
‘partially 1abe1]éd to]uehes, CU3C6H5 aﬁd CHCgDc s were obtained
from Merck and Co. and used without treatment. Trimethylphos-
phine and pe?deutefo;trimethy1phosphine were synthesized by a
modificatidh of a 1iterature preparation.15 Acetonitrf]e was
commercia]1y 9btained (Mailinckrodt Chemical Coﬂ,.Research purity)
dried over CéHé;andVUSed without further purification. 'CD3CN

(99.9% *d) and CH,C'°N (99% '°N) were purchased from Aldrich
¢ N

Chemical Co._and‘Stdh]er Isotope Chemicals, respectively.

17

Methy1 isdcyanide was prepared ' by the method of Cassanova

and cbworkers{16

The material was stored under vacuum at -78°C
following syhfhesis} |

CD3I was purchased from Aldrich Chemical Co. in a sea]ed
ampule and used without.further purification. KCN and AgNOj were
obtained frdm Mallinckrodt Chémicals. AgCN was prepared by
reaction of equimolar amounts of KCN and AgNO3 in aqueous solution.
020 was purchased from Biorad. |

17

Methy]-d34isocyanide was prepared ' by a modification of the

method of Gautier.18

A 100 ml. side-arm, single-neck flask
équipped with a stir bar and a water-cooled refTux condensor was
charged with 8.0 g (0.6 moles) of AgCN and 8.7 g. (0.6 moles, 3.9

ml.) of CD3I. The flask was purged with argon and heated in a

21-



steam bath for 4 hours during which time either a brown liquid or
gummy solid formed. Stirring was interkupted and the flask a]]oWed
- to cool to room temperature. A saturated solution of KCN in DZO
was then added with stirring.  Stirring was continued for 1/2 hour
and a brown liquid layer above the water became apparent. Impure
methy1 d3-isocyanide (largely contaminated with methyl jodide) was
collected by vapor transfer of the volatile material into a storage
flask equipped with a Kontes high vacuum étopcock. The methy]-dB-
isbcyanide wasvpurified by preparative scale gas chromatography
by using a 50 ft. 20% Carbowax 20M on Chromosorb W column at 60°C.
The purity of the sample was established by mass spectral analysis
and by gas chromatography (99.7%).

Methyl iodide, purchased from Mallinckrodt Chemical, was
purified by distillation and stored in dark bottle over a beéd

K13

of mercury.' CN (56% isotopically labelled) was purchased from

1

Isomet Co. Ag 3CN (56% labelled) was prepared by reaction of equi-

molar amounts of K]3CN and.AgNO3 in aqueous solution.

d17 and purified in a manner

Methyl 1socyanide¥]3c was prepare
analogous to that of methy]-d3-isocyanide. 'MasS'speCtral analysis
indicated that the sample purity was greaterthan 99.8% methyl

]3C.

isocyanide of which 56% was CH3N
Cyclohexane and d]Z-cyc]ohexane were obtained commercially,

dfied over Na2504 and used without further purification. Cyclo-

hexene (Chem Samples Co., 99.9% purity) and d]o-cyc]ohexene

(Merck Isotopes, 99%-d) were dried over CaH, and used withoutrfurther

purification. 1,3- and 1,4—cyclohexadiené were commercially

obtained and their vapor stored in a high vacuum flask at 0°C.

All reagents were checked for purity by mass spectral analysis.

-22



" 2. High Resolution Electron Energy Loss Studiés
This section of the experimental deécribés the details of fhe
high resolution e]ectron‘energy loss Studies performed'On CH3CN and
CHNC adsorbed on Ni(111) and Ni(111)-C surfaces at General Mofors
Research Laboratories. | ' |
AT] e*periments were performed in a bakeab]e; a11 metal ultra

']Q torr.

high vacuum chamber with a working'base pressure‘of 10
The‘Vacuum syétem was equipped with<1OW'enefgy e]ectrOn diffraction

~optics, an Auger electron spectrpmeter, a high resolution electron
energy 1os$ spectrometer, a multiplexed quadrupd]e mass spectro-
meter and a liquid nitrbgen coo]ed'manipUTator, all described in

detail e]sewhere.]9 |

A 9 mn. diameter single-crystal nickel rod (99.999% purity,

Materials for Research Corporatioh) was oriented to within 0.5°

~ of the (111) direction using Laué XQray'back refleétion'techniques.
A wafer (0.1 inches thick) was cut using spark erosion and
polished as deséfibed in‘the Generai Procedure and Reégents
sectionvof this thesis; The crystal wafer was mounted on two
0.20 inch diameter nickel wires spot-welded to the back‘of the
crystal and to ‘tantalum supports on the manipulator. Chromel-
alumel thermocouple wires spot-We]ded to the edge of the crystal
were used for temperature measurément. The'crysta1 was cleaned
in.vacuum by the same method described in the previous eXperimental
section herein. |

The gasexposures were performed at a crystal temperature of -

100 K (-170°C) with the front face of the crystal directly in.
front of a multi-channel doser array. Using this configuration,

9

the base pressure of the vacuum system remained below 1x107° torr
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during gas exposures. Equivalent exposures in terms of Langmuirs

6

(1 L= 107" torr-sec.) were estimated by comparing thermal de-

sorption profiles from background exposures. One Langmuir
14

(1.0 L) equals 3.2 x 10

mo]ecu]es/cm.2 for CH3CN ahd CH3NC

assuming a gas temperature of 25°C.

During thermal desorption experiments, the adsorbed gas was
desorbed directly into the mass spectrometer ionizer. The’
crystal was resistively heatedlthroﬁgh the nickel support wires
~ with an approximately linear rate of 7-f0°C/sec. The mass
spectrometer was multiplexed so that several different mass
units could bé monitored in kapid succession during thermal
desorption experiments.

The Ni(111)-C surface was prepared by thermally decomposing
ethylene oh the nickei surface at 300°C. Auger electron spectros-
copy was used to confirm that the carbon on the surface was
caribidic. The carbide surface was ordered, yielding a diffrac-
tion pattern similar to that reported by Bertolini and Tardy.20
No energy losses associated with a Ni-C vibration could be
observed on the carbided niéke] surface.

The incident beam energy for the high resolution electron
energy loss studies was approximately 2 eV with a full width at

half maximum of 10 meV for the elastically scattered beam.
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III. TRIMETHYLPHOSPHINE CHEMISORPTION ON NICKEL SURFACES
Triméthy]phosphine is a widely used ligand in transition metal
coordination compounds. It has been shown to be a strong, effective
displacing_1igand, readily replacing CO and arenes in organometallic

compounds.']o

- In this work, the thermal decomposition behayior of

P(CH3)3 has been investigated and the phosphine 5uccessfu11y used as a
displacement agent for a range of.different adsorbates on nickel sﬁrfaces.
The mo]ecu]ar details of trimethylphosphine chemisorptibn have not been
fully studied because this research has been focused on hydrocarbon
chemistry; the utility of the phosphine.in this work has béen_as a
disp]écing agent. Nevertheless, some plausible models for the chemi-

sorption of the phosphine are suggested in anaiogy to existing organo-

metallic compounds and are discussed herein.

Results and Discussion
Trimethy1phosphine readily adsorbed with a sticking coeffi;

cient near unity on all nickel surfaces studied; the three low-
Miller index planes, the stepped’9(1]1)x(1]1) and the kinked
7(111)x(310) depicted schematically in Figures 1-3. The therm-
al désorption behavior of trimethylphosphine adsorbed at 25°C
was ‘qualitatively the séme for all five nickel surfaces. No
thermé]ly induced desorption of intact P(CH3)3 or other
phbsphorous containing épecies such as HP(CH3)2 and PH, was
detected. The decomposition products, CH4 and H2, were
thermally desorbed with carbon and phosphorous remaining on

the surface. The specific desorptfon maxima for the five
nickel surfaces studied are summarized in Table 1. Thermal
decbmposition following coadsorption of deuterium atoms and

P(CH3)3 at 25°C yielded significant quantities of CH3D and HD

25-



TABLE 1

DECOMPOSITION OF P(CH4), ON FIVE NICKEL SURFACES
, CH, Hy H,

X o o o Yok
Surface . Tm (°C) Tm (°C) | _Tm (°C)
Ni(111) ' 90 - 100 120
Ni(100) 117,134* 102,174* 70
Ni(110) 100 170 -

Ni 9(111)x(111) 90 100 : 120
Ni 7(111)x(310) 90 100 120

* Unresolved double maximum.

**Thermal desorption maximum observed for adsorption of
molecular hydrogen at saturation coverage.
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and a trace amount of CH,D, in éddition to CH, and HZ.' The

temperatures at which the rate of desorptioh of the decompoéi—

tion products is significant are lower than the temperatures

at which D, itself desorbs from the é]ean surface. (See Table 1).

Thus, the thermal decomposition of P(CH3')3 can be used as a

means of detecting free deuterium atoms on the nickel surface

at lower temperatures then woqld'be possible without the

phosphine decoﬁposition. This 1is he]bfu] in identifying

significant C-D bond cleavage processes for a.rangevof different

hydrocarbons. (See later chapters for a more detailed discussion.)
The Tow temperature at which therma] desorption of the |

decomposition products of P(CH3)3 occurs is suggestive of

dissociative adsorptioh'on.nickel. Either carbon-hydrogen or

phosphorous-carbon bonds or both may be cleaved ubon interaction

wifh the metal surface. An example of a coordination compound

in which a methyl hydrogen atom has been absfracted to yield

hydride and -P(CH3)2(CH2)- coordinated fo the Fe meté] center is

shown in Figure 4.2]

An analogous configuration is possible for
trimethylphosphine adsorbed on nickel surfaces. A]ternatively,
abstraction of a methyl radical to yield chemisorbedrCH3 and
P(CH3)2 is a possibility although there is no coordination
chemistry analog for this model. Cleavage of one or more C-H
bonds in‘P(CH3)3 must be effected at relatively low temperatures
based on the thermal desorption maximum for H2 following adsorp-
tion of the‘phosphine. The incorporation.of surface deuterium
atoms into the decomposition products is clear evidence of a

decomposition mechanism involving surface recombination with

hydrogen atoms. It is not necessary to -invoke an adsorbed

~27-



Figure 4.

Shown here 1is an iron coordination compoUnd where there has
been an internal oxidative addition of a C-H bond so as

to yield a hydride and a CH2 group that bridges both
phosphorous and Fe. This is one possible model for P(CH3)3

coordination to the Ni surfaces at or near room temperature.

-28-
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methyl radical species to account for methane formation as it

may be possib]é to attack the P-CH3 bond with surface hydrogen

atoms to directly yield gaseous methane. The absence.of a |

significant fraction of CH2D2 and CHD3-mo1ecu1es suggests that

direct attack of the phosphorous-carbon bond of a P-CH2 or

P-CH function or surface recombination of CH2 or CH species

with hydrogen atoms is a minor reaction at best. Many other

models may be proposed; in order to distinguish among them,

more detailed spectroscopic studies (e.g. high resolution

electron energy loss or ultraviolet photoemission spectroscopies)

of the surface species must be performed in order to more

clearly deffne the adsorption behavior of the phosphine. The

1ow desorption}temperature of H2 from the phosphorous contaminated

nickel surfaces suggests a dramatic modification of the surface

electronic properties induced by the phosphorbus. This effect

is not understood at this tfme but may be studied by using

ultraviolet photoehmission and work function change measurements.
Trimethylphosphine is of primary interest because of its -

role as a displacing agent. P(CH3)3 has been used to displace

a range of different ligands in organometallic coordination

compounds,30

In this work, P(CH3)3 has also been found to be

an effective displacing gas_for a range of different adsorbates

on nickel surfaces. Trimethylphosphine readily displaces

benzene, CO and CH;CN from the nickel surfaces studied at 25°C.

In contrast, no displacement of other adsorbates, such as toluene,
CH3NC, ethylene and acetylene was detected. These results cannot

be strictly 1nterpketted in terms of structure or thermodynamics

in analogy to the coordination chemistry case. The mechanism
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of surface displacement by P(CHs); is not Qnderstood, thus the
reaction can only be interpreted when desorption is effected.
Conclusion
Triméthy]phoéphine has been shown to be an effective displacing

agent which can be used as an isothermal probe of_some reactions on
nickel surfaces. The mechanism‘of the displacement has nof been
investigated so that negative displacement reactions are not
subject to unambiguous interpretation. The.therma] decomposition
behavior of the phosphine is suggestive of dissociation of one
or more hydrogen.atoms and possibly methyl radical upon adsorption
of P(CH3)3 on the nickei surfaces studied. The structural
details may‘be more fully characterized using surface spectro-
scopictechniques such as high resolution eTectron energy loss
spectroscopy or uv photoemmission.

| Phosphorous‘impurities on the nickel surface significantly
alter the desorptipn energy .of H2 from the surface. A qualita-
tive change in the chemistry assocfated with the Ni-P surface in
comparison to the clean nickeT surface is'suggested by these

16

results. This is an area that warrants further investigation.
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IV. ARENE SURFACE COORDINATION CHEMISTRY: BENZENE AND TOLUENE
CHEMISORPTION ON NICKEL SURFACES

Nickel metal is.anvimportant catalyst for the hydrogenation of
aromatic hydrocarbdné.z3 In order to understand the mecﬁahism of
arene hydrogenation, the chemisorptive properties of the surface
reactants must be delineated. Specifically, identification of sighi;
ficant C-H bond cleavage processes is.important, as it may yield
indirect structura] information and may be suggestive of reaction
intermediates for the catalytic hydrogenation reaction.

E In thfs work, surface chemical studies have been employed to
study the'adsérptioh ofvbenzene and toluene and to identify C-H bond
breaking reactions on nickel surfaces at temperatures greater than
"20°C. The chemisorption of benzene and toluene was investigated
on five crysta110graphic planes (Figures 1-3) in order to study the
effect of surface topography. Additionally, carbon, su]fur'and oxygen
atoms wére selectively introduced as surface impurities to determine
if these adatoms 1nf]uencéd the chemistry of benzene and toluene on
nickel surfaces. These studies assisted.the identification of poten-.
tialy important factors.in the catalytic hydrogenation of arenes in

| “"real world" systems.

1. Results and Discussion

The chemistry of behzene and toluene has been studied on
five different crystallographic planes (Figures 1-3) in order
to determine the effects of geometry and of lower metal atom
coordination number. The chemistry associated with the flat
Ni(111) surface will be described in detail and compared with
the results obtained on the other crystallographic planes.

Benzene adsorbed on a Ni(111) surface forms an ordered
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structure yielding a 2/3x2/3/R30° diffraction pattern. Thermal
~ desorption of CgHc or C.D adsorbed on Ni(111) at ~25°C yielded
a small amount (v10%) of intact benzene with a desorption maximum
of appkoximate]y 115-125°C. The remaining benzene thermally
decomposed on the surface producing H2 or D2 with a desorption
maximum of ~150°C and a carbon overlayer. Thermal desorption
of a mixture °f‘C5H6 and C.D. adsorbed at room temperature
yie]ded no isotopically mixed species (e.g. CGDxHﬁ-x) in the
thermally reversible benzene fraction. Similarly, coadsorption
of deuterium and C6H6 on the Ni(111) surface yielded no detect-
able H-D exchange products. ,These'data clearly show that no
detectable reversible C-H bond cleavage eccurs at room tempera-
ture in that fraction of the benzene that was thermally desorbed.
Chemical displacement reactions were used to define the
chemisorptive behavior of the thermally irreversible fraction of
benzene. Trimethylpnosphine quantitativé]y disp]aced benzene.
from Ni(111) at 25°C. This was evidenced by the detection of a
peak in the benzene parent jon vs. time spectrum upon exposure of
the benzene-Ni(111) crystal to P(CH3)3. A typical chemical dis-
placement profile is shown in Figure 5. The thermal desorption
spectrum following displacement of C6D6 by P(CH3)3 showed that
no deuterated species were produced during decomposition (i.e. HD,
D2 or CH3D) and no benzene. Analogous experiments with an
adsorbed C6H6-C606 mixture.yie1ded‘no detectable isotopically
mixed benzene in the chemical displacement reaction and no HD, D2
-or CH3D upon subsequent thermal decomposition. Irreversible C-D
bond breakage could be achieved’by adsorbing benzene at tempera-

tures ;JOO?C. Perdeutero-benzene initially adsorbed near 100°C

-33-



Figure 5.

The spectrum obtained from a disp]acement reaction of CGDG

from Ni(111) at 25°C by trimethylphosphine is shown in the
figure. Thé_tOp tréce is the mass 61 ion current vs. time
profile corresponding to the P(CH3)3 exposure. Mass 84,
corresponding to C6’D6+ parent ion, is shown on the bottom.
The peak in the 84 amu profi]é is attributed to C606

displaced from the surface.
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could not be displaced by trimethy]phosﬁhine at room temperature.
In addition, copious amoﬁnts of HD and CH3D were produced in the
subsequent thermal.decomposition reaction;' This'demonstrated'that
the decomposition behavior of trimethy]phospﬁine was not altered
by the presence of decomposed benzene on the surface, and thus.
was a good indicator of C-D bond c]eavage: Additionally, these
experiments ﬁdentified the approximate fémperature at Whiéh
irreversible CQH bond scission is significant for benzene chemi-
so}bed.on Ni(111). Qualitatively similar results were obtainedv
in experiments whereVCH3NC was used as the diSplacfngvagent.
Methyl isocyanide was not as effective aé_trimethy]phosphine, as
only partial displacement of benzene coU]d be effected;z4

No background desorption of benzene wés detected from chemical
displacement and thermal desorption eXperiments performed on a
Au-plated blank. (Some P(CH3)3 reversibly adsorbed on the gold
surface, but this wa$ not relevant to the results obtained on
nickel.) Thus, the chemisiry observed must be attribufed to the
Ni(111) surface. | |

A1l the data obtained clearly indicate that benzene is
molecularly bound to the Ni(111) surface at room temperature.
No reversible or irreversible C-H bond cleavage is operative
below temperatures of =100°C. The'surfacé chemistry of benzene

on Ni(111) is consistent with a structure proposed on the basis
25,26

of high resolution electron energy loss and ultraviolet photo-

27 studies. In this model, benzene is coordinated to

emmission
the nickel surface in a w-fashion with the plane of the aromatic
ring essentially parallel to the surface plane. (Figure 6.) The

absence of C-H bond breaking rigorously excludes a o-bound pheny1
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Figure 6.

Depicted here is the proposed model for benzene chemisorbed

- on flat nickel surfaces. The plane of the‘CG—ring,is

essentially parallel to the'metallsurface with bonding

occurring through an interaction of the m and n* orbitals

~ of benzene with metal surface orbitals.
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radical.

Benzene chemisorption was. studied on the stepped Ni g{111)x(111)
and stepped-kinked Ni'7(111)2i310). (Figures_2;3.) These surfaces
consist mainly of f]at‘(lll)-terraces;‘the width of which is Tlarge
enough to accomodate ‘a behzene coordinatedvpake]1e] to the terraces.
The step and kink atoms are of Tower coerdjnation»number and intro-
duce topographica] irregu]arities in the flat surface. These
experiments defined the role of surface irregularities in benzene
chemisorptioh byvcomparison to the (111) case.

The thermal desofption*data obtained on both the stepped and
stepped—kinkedvsurfaees were essentially identica] to that of
Ni(111) under similar-conditions. Chemical displacement of perdeu-
tero-benzene by trimetﬁy1phosphine'from Ni 9(111)x(111) and Ni 7(111)x
(310) was readi]y_effecfed.at room temperature. The thermal decom-
position profile obtaiﬁed'fe1]owing the disp]acement reaction
'contained small, but'Signifieant émOUnts of HD. and CH3D; in eontrast
to the Ni(111) case. Displacement of a mixture of CGH and CgD,
yie]ded no detectable 'isotobica]1y mixed products. The residual
deuterium on the‘stepped'ahd stepped-kinked surfaces is clear evidence
qf C-H bond scissionfat temperatufes <90°C.e.This relatively facile
C-H bond c]eévage mdst be attributed to the presence of step and
kink atoms. One possible structure that accounts for this behavior
is shown in Figure 7. In this model, the benzene ring necoordinates
to the (111) terrace‘allowing for interaction of one or more of the
aromatic hydrogen atoms with nickel atoms of lower. coordination
number (i.e. step or kink atoms). As a result of this additional
C-H-Ni interaction at step or kink sites, benzene is more Strong]y

bound and C-H bond cleavage is facilitated.
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Figure 7.

Shown here is one possible model for benzene adsorbed on
stepped or stepped-kinked nickel surfaces. In this model,
the benzene ring is coordinated in a w-fashion to the flat
Ni(111) terraces. This may allow for interaction of one

or more of the aromatic hydrogen atoms with stép or kink
sites forming a C-H-Ni bridging interaction. Thus, CH bond
cleavage would be facilitated via these interactions, cohsis-

tent with the'significant degree of CH bond cleavage observed

‘experimentally.
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Chemisorption bf benzene on the Tow Miller index Ni(100) and
Ni(]lQ) planes was also studied. Benzene-Ni(100) yielded a c(4x4)
diffraction pattern'at room temperature.26 In contrast, no ordered
diffraction pattern was observed for benzene adsorbed on Ni(110) |
under similar conditions.l In bbth cases, benzene adsorbed at =~25°C
was partially thermally desorbed with desorption maxima occurring at
=100°C and =230°C for Ni(110) and Ni(100), respectively. Chemical
digplacement Of'CGDG by trimethylphosphine was effected at room
temperature. Trace amounts of deuterium-containing decomposition
| products (CH3D and HD) were detected upon subsequent'thérma1 desorp-
tion. Based on these data and high resolution electron energy loss
studieszs, benzene is primarily mo]ecu]ar]y adsorbed in a similar
fashion as that proposed for Ni(111).

Experiments analogous to those described for benzene were per-
formed with toluene. Toluene is irrevérsib]y adsorbed on all five
of the nickel surfacés studied at 25°C. No intact toluene could be
desorbed thermai]y or by displacement with trimethylphosphine or
methyl isocyanide. The thermal decomposition of perdeutero-toluene
yielded D2 as a.decomposition product (Figure 8) with carbon remain-
ing on the nickel surface. |

The deuterium (DZ) profile obtained from thermal decomposition
of C7D8 adsorbed on Ni(111) contained desorption maxima at =130°C
and =185°C. Decomposition of C./.D8 adsorbed on the stepped Ni
9(111)x(111) and stepped-kinked Ni 7(111)x(310) surfaces yielded
results essentially 1dentica1'to those for Ni(111). The 02 profile
obtained from decomposition of perdeutero-toluene-Ni{100) was
qualitatively the same with the 02 maxima appearing at =110°C and

=240°C. A single desorption peak of D, at =170°C was produced
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Figure 8. The D2 desorption profiles obtained from. thermal decomposition‘
of perdeuterotoluene on the five nickel surfaces studied are
shown here. The topmost profile, "c", is that obtained for
the Ni(111) surféce with the two D, desorption maxima occurring

.'at 130°C and 1855C.7 An essentially identical decomposition

| spéctrum was obtained for the stepped Ni 9(111)x(111) and
stepped-kinked Ni 7(111)x(310). Curve "b" was obtained from
the thermal decomposition of-C}D8 on Ni(110) with a single

'Dz desorption maximum observed at 150°C. . Two D2 desorption
peaks were observed at 110°C and 230°C when perdeuterdto]uene
was decohposed on a Ni(100) §urface as shown in "a". The

 C,D, exposures in the three cases were (a) 0.2 L., (b) 0.5 L.

778
and (c) 0.5 L. at a crystal temperature of 25°C.
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from thevdecompdsition of C-/.D8 on Ni(110).

The qualitative difference in chemisorptive behavior of benzene
and toluene is suggestive of a significant interaction of the methyl
group with the nickel surfaces. The lower temperature D2 desorp-
tion peak is within the temperature range of that expected for
recombination and desorption of free deuterium for all of those
surfaces where a doubie.desorption maximum was observed. The
partially labelled compounds, CD3C6H5 and CH3C605,'were thermally
deﬁomposed on all of.the surfaces studied. Thermal decomposition of
CD3C6H5 yielded only the lower temperature 02 decomposition peak and
CH3CSDslon]y the higher'temperature peak on the Ni(111), Ni 9(111)x
(111), Nib7(111)x(310) and Ni(700). (Figurés 9, 10.) In addition,
the accompanying-H2 decompositiqn peakslwere observed only at high
: temperature for CD3C6H5 and low temperature for CH3C6D5 on all four
surfaces.29 -No significant differences in the thermal decomposition
profiles of C7D8, CD5C¢Hs and CH3C6D5 were observed on Ni(110).

In order for sﬁch.faciie.C-H-bond cieavage_to occur, one or more
of the methyl hydrogen atoms must interact with the nickel surface
upon adsorption on the (111), 9(111)2(111), 7(111)x(310) and (100)
surfaces. Two possible models for toluene adsorption on nickel
surfaces are shown in Figure 11. In both structures, the aromatic
ring is m-coordinated to the nickel surface as for benzene. The
methyl hydrogen atoms may coordinate to the surface via a C-H-Ni
bridging interaction with toluene remaining molecularly intact.
Alternatively, a mefhy] carbon-hydrogen bond may be cleaved upon
adsorption yielding a planar benzyl species and atomic hydrogen
adsorbed on the surface. The chemical studies described herein

cannot distinguish between these models. The effect of steps and
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‘Figure 9.

Selectively labelled toluenes, CD3C6H5 and CH3C6DS’ were

thermally decdmposed on Ni(111). Single D, desorption peaks

were obtained at 130°C and 185°C for d3-and d5- toluene,

" respectively, as shown in this figure. Essentially, iden-

tical results were obtained for the Ni 9(111)x(111) and
Ni’7011)x31®. Initial adsorption was carried out at approxi-

mately 25°C with exposures of 0.3 L. of CD3C6H5 and 0.2 L. of

CH3C605‘.
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Figure 10.

Qualitatively similar results to the (111) case were obtained

when the partially labelled toluenes were thermally decom-

posed>on a Ni(100) surface. The D2 desorption maxima for

decomposition of CD3C6H5 and CH3CSD5 are observed at 110°C

~and 230°C as shown in the upper and lower curve, respectively.

The approximate exposures in the two cases were 0.2 L. for

both CD3C6H5and CH3C6D5 at an adsorption temperature of 25°C.
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Figuré 11. Two models for toluene adsorption on nickel suffaces that

are consistent with.the chemistry observed are shown in

~ this figure. On the left, the toluene molecule femains
intact with the aromatic ring‘coordinating'in»a m-fashion

. with the C; plane essentially bara]]e] to the metal
surface. This necessarily brings one or more of the methyl
hydrogen atoms in close proximity to the metal surface
forming C-H-Ni bridges thus facilitating C-H bond c]eavége.
A]ternétive]y, as depicted on the right, a methyl hydrogen
atom may have been abstracted upon initial chemisorption

forming a fully planar benzyl species on the surface.
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kinks, as observed for bénzene; is not importént in the toluene case
as the dominant C-H-Ni bridging-ihteraction that activates alkyl
C-H bonds occurs readi]y on flat surfaces;

Carbon, sulfur and oxygen surface impurities all Towered the
sticking»toefficient of benzene and toluene dn nickel at foom temp-
erature; The arene sticking probabi1ity was negligible on a nickel
surface with bxygen contaminant atoms, rendering chemical studies
in ultra-high vacuum impossible. The effect of carbon and sulfur
was less dramatic; no qualitative change in the benzene or toluene

chemisorptive behavior was observed. The surface carbon and sulfur

appeared to block chemisorption sites without qualitatively altering

the surface chemistry. On the basﬁs of these studies, the same
structdres for benzene and toluene chemisorption are proposed on the
carbon and sulfur contaminated surfaces as for the clean nickel"
surfaces.
Conclusions

In this study, several key factors controlling C-H bond c]eavage
in aromatic hydrocarbons adsorbed on Ni surfaces have been character-
ized. These studies suggest that close approach of one or more
hydrogen atoms in the mo1e§u1e to the nickel surface is.nécessary for
C-H bond activation. The efféct of sufface irreguiarities on C-H
bond activation in benzene is'evidence supportive of this view. The

qualitative difference in the chemistry of toluene compared to

~~ benzene is a more dramatic illustration of this point. Coordination

of the aromatic ring of toluene to the nickel surface will neces-
séri]y bring one or more methyl hydrogen atoms in close proximity to
the surface. The methyl carbon-hydrogen bonds are activated by

formation of a C-H-Ni multicenter bridging interaction. This chem-

-52-
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istry is analogous to that to that observed in organometallic
compounds.30
Additiona]]y, these_studies are sqggestive of a novel catalytic
approach which can be used as a means of controlling the selectivity
of reactions that occur at aromatic vérsus aliphatic carbon Ceﬁters:
A catalyst with relatively flat surfaces (e.g. sintered fi]ms)‘
should be relatively selective towards reaction of the alaphitic
function with the rate ofzkeéction béing significantly higher for
to1ueng versus benzene. In fact, results supportive of this
argument have been obtained for H-D exchange reactions of~ben2ene
and to]uene.3]' Irregular surfaces (e.g. Raney nicke])'should be
relatively nonselective, with compérab]e rates of H-D exchange in
‘benzene and toluene. This has been experimentally born out as

reported previous]y.]z

Thus, in this case,'the chemistry observed
under ultra-high vacuum conditions is relevant to real cata]ytfc

conditions.
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V. REACTIVE STUDIES 0F.C6-CYCLOHYDROCARBONS ON NICKEL SURFACES

The dehydrogenation of Cﬁ-cyclohydrocarbons to form benzene is
‘known to be catalyzed by nickel metal. The nickel surface chemistry
of the reaction product,,béhzene, is well-characterized as described
in the previous chapter'a11Oang for a careful study of the dehydrogena-
tion reactioh itself. Surface physics and chemistry used in conjunction
with isotopic Tabelling expekimentsvhave delineated some mechanistic
details of the dehydrogenation at temperatures above 25°C.

These studies were performed as a functjon of surface crysta]lography.
with the three Tow-Miller index planes Ni(111), Ni(110) and Ni(100) being
utilized. Under these conditions, no significant C-H bond c]eavage
"ﬂprocesses were operative for benzene chemisorbed on these surfaces.

.Thus, isotopic exchange experiments would identify any reversible C-H
_bond cleavage processes that may occur in the course of the reaction.
The surface composition was also varied with carbon being introduced as

a éurface jmpurity, and the dehydrogenation reaction was studied.

1. Results and Discussion

A. Cyclohexane

The sﬁnface.chemistry,of cyclohexane adsorbed on nickel could
not be investigated under ultra-high vacuum conditions as its
sticking coefficient was essentially zero at 0-200°C for the three
low Miller index planes. The range of adsorption temperatures
were 0-70°C, 25-200°C and 20-90°C for the Ni(111), Ni(100) and |
Ni(]]O), respectively. No higher adsorption temperatures were
attempted because benzene itself would irreversibly decompose on
the surface under these conditions,.as described in the previous

32 o

chapter. This is consistent with the report by Demuth, et.al. f
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a cyclohexane thermal desorption maximum of 170 K (-100°C) on Ni(111).
The thermal desorption was reported as_being quantitatively
reversible, i.e. no reaction'pccurred on the surface under these
conditions. These results are suggestive of a high energy of acti-
vation for abstraction of the first aliphatic hydrogen atohs in
cyclohexane. “Real.world" cata]ytfc studies are typfca11y performed
under significantly higher pressUres and temperatures-ih order to
increase surface.contéct times.33 
Cyt]ohexené | |
The dehydrogenation of cyclohexene to form benzene was studied
on Ni(111), Ni(100) and Ni(110). Cyc]ohekene‘had a stfcking coef-

34 No

ficient comparab]e'to benzene undef the same conditions.
detectable benzene was thermally desorbed from the Ni(111) sdrface
following adsorption of érC6H]0; only an Unreso]yed double hydrogen

| maximum was‘observed.fn the temberature rangé of 140-200°C; Trimeth--
y]phoshhineg has been shown tb completely displace molecular benzene
~fr6m the Ni(111) surface as described in the previous Chapter; As

a result, displacement may be used in this case to probe for the
reaction product, benzene, without increasing the sufface tempera-
ture following cyclohexene adsdrption. Displacement of absignificant
amount of C6D6 by trimethylphosphine was effected at 65°C following
~adsorption of CGD1O‘ The extent of the displacement could not be
determined by the amount of deuterium incorporation into the
decomposition products of the P(CH3)3 following displacement sub-
sequent to perdeuterocyclohexene adsorption because adsorbed
deuterium atom is a reaction product. Thus, any deuterium present

as a result of unreacted or irreversibly adSorbed C"CBD]O would not

be detected separately. The dehydrogenation reaction must be
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-significant since the amounts of benzené detected in the_diép]aéé-
ment reactions following adsorption of benzene and cyc]ohexehe'
were comparable. .

Based on these resu1ts,'fhe dehydrogenation of cyclohexene
coord1nated to a Ni(111) surface appears to be relatively fac11e
One poss1b1e model for cyclohexene adsorption that is cons1stent
with the observed chemistry is shown in Figure 12. Initial.
chemisorption most likely occurs via the m-system of the doub]é
bond. ~This will bring one or mofe hydrogen atoms on adjacent
carbon centers in close pkoXimity to the niéke] surface. ﬂsing- 
the same reasohing as for arene chémisorption, the formation»of
C-H-Ni bridging interactions wou]dithen facilitate C-H bdnd,c]eavage.'

The thermal desorption profile obtained subsequent to cyélo-
hexene adsorption on Ni(100) contained. peaks for cyc]ohexene,_,
benzene and hydrogen at 100°C, 220°C and 93, 216°C (double max1mum)
respectively. Benzene itself thermally desorbs near 229°C on.this
surface and is accompanied by the least amount of decompositidn.,
The desorption of cyclohexene itself may be a result of a'10wer réte
of dehydrogenation of this sufface compared to Ni(111). The'HZ‘
desorption maximum observed at 93°C is in the range for.th@t ex-
pected for adsorbed hydrogen on the Ni(]OO) surface.33 Thermal
desorption of a 1:1 mixture of c-CﬁH]O and C"CGD]O yielded only

C-H H and C.D.. No isotopic mixing was observed

67107 C6P10> CeMeo 606"

indicating that no significant reversible C-H bond breaking:processesl
were operative in the mechanism for benzene formation from cyclohex-
ene.34 On the basis of these results, it is clear that a Qignificant
fraction of the cyclohexene adsorbed on both thé Ni(111) and-Ni(]OO)

surfaces dehydrogenates to form benzene at relatively low temperaturesi
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Figure 12.

One'possible model for cyclohexene coordinated to a flat

nickel surface fs illustrated here. Initia] chemisorption
presumably occurs through the m-system a]1owiﬁg for C-H-Ni
bridge bond formation with the hydrogen étoms on adjacent

carbon atoms. These C-H bonds would, therefore, be acti- ]

vated allowing for facile dehydrogenation. The chair

conformation is depicted hére, but a simi]ar model may be
drawn for the boat conformation without affecting the

possibitity of C-H-Ni interactions.
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Cyciohexene adsorbed on Ni(110) exhibits markedly different
chemistry than on the Ni(111) and Ni(]OO) surfaces. Thermal
desorptionvfo1lowfng adsorption of cv-C6H].0 on.clean Ni(110)
yielded a doub]e.hydrogen maximum at 100°C and 200°C in addition
tovavtrace.of CéHsvat 200°C;' The temperature'where the max imum
raté Of,désorptfon is obtéfned for benzene itseTf is 100°C as
reported in the previbus chaptef of this thesis: Chemical dis- ]
placement ofva smai] amount of benzene by P(CH3)3 was observed
following adsorptioh of cyclohexene at 25°C. Subsequent thermal
desbrption'still yielded some benzene.vaHe displacement results
c]eah]y show that some benzene 1§ formed upoh initia] adsdrption.
The'therma] deéorption eXperimentsAdemonstrate that a significant
".fraction of the adsorbed cyclohexene reacts to form benzene via

- a pathway with an activation barriér.higher than the energy of
desorption. Thermal reaction of a mixture Of;c'CGH]O and c-C6D]0
yiered only C6Hé and CGDGIas-produéts. Thué, feversib]e C-H
bond cleavage can be mechanistically ruled out for this reaction{
The higher activation energy for benzene formation on the Ni(110)
surfacevas compared td the Ni(111) and Ni(100) surfaces cannot be
“readily accounted'for on the basis of these experiments.

The presence of surface carbide on Ni(110) significantly lowered
the activation barrier for the major benzene formation pathway from
cyclohexene. The amount 6f benzene thermally desorbed from the
carbided'surface was larger by approximately a factor of two compared.
to the clean Ni(110) surface and the desorption temperature was
decreased to 134°C. The displacement behavior was essentially the

- same as that for clean Ni(110) and no cross-labelled products were

obtained from reaction'of a C6H10 and CGD]O mixture. The change
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in cyclohexene chemistry on the Ni(110) surface is in sharp
~ contrast to the Ni(111) and Ni(100) cases where no significant
difference between clean and carbided surfaces were observed;
The role of the surface carbide is not understood, but direct
rehydrogenation to form benzene can be ruled out on the basis of
the mixed isotope expefiments. Therefore, the carbide is probab-
1y changing the electronic character of the Ni(110) surface.
1,3~ and 1,4-Cyclohexadiene .

| The_chemistry of 1,3- ahd 1,4—¢yc]ohexadiene was similar to
that observed for cyé]ohekene on all three surfaces studied. The
only qualitative difference observed was on Ni(111) where some
_benzene could be thermally desorbed following adsorption of 1,3-
and 1,4-cyclohexadiene in the temperature range of 25-75°C. These
results are suggestive of similar reaction pathways for the dehydroQ
genation of cyclohexene and the cyclohexadienes. Tne cyclohexadienes
readily react to form benzene on Ni(111) and Ni(100). Adsorbed
cyclohexadiene may be a reaction intermediate in the Ni(110) case
where complete reaction to form benzene does not océur until 200°C.
These results are suggestive of simple stepwise C-H bond scissiqn
to form adsorbed benzene on nickel surfaces. The limiting step in
the overall reaction, C6H]2 to form C6H6’ appears to be initial
hydrogen atom abstraction from cyc]ohekane. Presumably, initial
chemisorption occurs via the T-system bringing one or more hydrogen
atoms in close proximity to the nickel surface,.analogous to the
proposed model for cyclohexene adsorption. Coordinated cyclohexe-
diene may be a model for a surface intermediate in the dehydro-

~genation process.
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.. Conclusions

The dehydrogenation_reactions of several Csncyelohydrocarbens to t
form benzene have been studied on the Tow Miller index surfacee of.'
~nickel above temperatures of 25°C using ultrahigh vacuum techn1ques
The fu]]y saturated mo]ecu]e cyc]ohexane did not. s1gn1f1cant1y
1nteract w1th'these surfaces. under the conditions of these-stud1e$.
In contrast, C'CGH]O and-T;3—'and T,4-c—C6H8 readi]j dehydrogeheted
to form a significant émount of beniene at room temperature. This
suggests a'mechanism in which initié] coordination ‘and initial C-H
bond scission of the cyc]ohexane is the step with the highest
~activation barrier. The faci]e dehydrogenation of C'CaHio’a“d,
c-CsHé and the absence of reversibie C-H bond cleavage suggests a
model in which there is simple stepwise hydrogen atom abstracti@n '
‘to form benzene following coordination via the double‘bond of
© these mo]ch]es. CarbOn-hydorgen bond act1vetion is proposeq“£¢f

occur via formation of a multicenter C-H-Ni bridging interactien;
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VI. NICKEL SURFACE COORDINATION CHEMISTRY OF METHYL ISOCYANIDE AND
ACETONITRILE |
The adsorption of the isomeric molecules, CH3CN'and CH3NC,-on Ni{111)

1 In this work, the nickel surface chemis-

has been studied previously.
try of theée_mo]ecu]es have been investigated as a function of surface
crystallography and composition. Five different crystallographic planes,
the three lTow Miller index surfaces (Figure 1), the stepped Ni 9(111)x
(111) and the stepped-kinked Ni 7(111)%(3]0) (Figures 2 and 3, respect-
ive]y)‘havg been utilized with carbon, sulfur and oxygen introduced as
surface impurities.

The presence of carbon on the nickel surfaces qualitatively altered
the chemistry of CH3NC such that it waé similar to that observed for its
isomer, CH3CN. This was suggestive of a surface catalyzed isomerization
of CH3NC to fdrm the thermodynamica11y stable isomer, CH3CN. The cata-
lyticisomeriiation was, in fact, observed over Raney nickel and evaporated
nickel film catalysts.

High resolution electron energy loss studies were performed for both
acetonitrile and methyl isocyanide adsorbed on Ni(111) and Ni(111)-C.

The vibrational data helped to delineate the adsorption structures of
the isomers and the effect of.the surface carbide.

1. Results and Discussion

A. Acetonitri]e; Room Temperature Adsorption
Acetonitrile adsorbed at 25°C was largely thermally keversib]e
on all of the nickel surfaces studied with the exception of Ni(110).
The presence of submonolayer amounts of sulfur or carbon atoms did
not qualitatively alter the desorption characteristics of the
nitrile although the sticking coefficient was significantly 1owered.35

Surface contaminant oxygen atoms so greatly reduced the acetonitrile
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sticking coefficient that this chemistry could not be explored
Under ultra high vacuum conditions.

Acetonitrile formed an ordered p(2x2) structure when chemisorbed

on Ni(111) near 25°C. .The thermal desorption was nearly quantitative

‘with small amounts of the decomposition products, H2 and N2, being

desorbed at 150°C and 550°C, respectively. Trace amounts of carbon’

and nitrogen remained on the surface following the thermal deserptién

36

experiments. Quantitative displacement of the nitrile could be

effected at 25°C by using P(CH )3 or CO. Thermal desorption follow-
ing coadsorption of a 40: 60 mixture of CH3C]5N and CD3CN yielded no
isotopically mixed products. Similarly, no isotopica]]y mixed
products were obtained when a m1xture of CH3C15N and CD3CN were
d1sp1aced us1ng €O or P(CH3)3 Thus, acetonitrile must be a single,
mo]ecu]ar]y (non- d1ssoc1at1ve1y) bound state on ‘the Ni(111) surface

up to the therma] desorption temperature of 90°C. Acetonitrile

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

Ni 7(111)x(310) were studied in an-ana]bgous'fashion. ‘The acetoni-
trile surface chemistry was essentially the same as on the Ni{111)
surface.” The only difference was a larger degree of thermal
decomposition on the stepped and stepped-kinked surfaces. The

estimated amount of decomposition was 1-2% for Ni(111), 5% for

Ni 9(111)x(111) and 15% for the Ni 7(111)x(310).

Acetonitrile chemisorption was the least reversible in a thermal
context on the super-stepped Ni(110) surface. The thermal desorption.
maximum for the nitrile was observed at 110°C with the accompahying_
H2 decomposition peak occuring in the range 110-120°C. No isotopic
mixing was observed .in a thermal desorption experiment using a

mixture of CD3CN and CH3C]5N The presence of surface carbon did.
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‘not alter the acetonitrile surface chemistry. No desorption of-
.the nitrile could be effected using P(CH3)3 or CO as displacement
gases at 25°C.

Acetonitrile chemisorption on the flat Ni(100) surface was
partially thermally reversib]e’withﬂJS% of the nitrile decomposing
during a thermal desorption experiment. An ordered c(222) strﬁcture
was formed on the Ni(100) surface following adsorption of CH3CN at
25°C. Isotopic labelling studieS'demonstrated that neither reversible
or irreversible bond'breaking was a significant process for the‘
fraction of the acetonitrile that thermally desorbed. Trimethyl-
phosphine displaced the nitrile at room temperature but CO was
ineffective as a displacing agent. Surface carbide did not qualita-
tively alter this chemistry.

On the basis of the chemical information obtained, some structural
and mechanistic characteristics of acetonitrile adsorbed on nickel
surfaces may be proposed. Al1l the physical and chemical data are
suggestive of acetonitrile bound on Ni(111) via the nitrogen atom
with the CN vector essentially perpendicular to the metal surface.
(See Figure 13.) This type of structure does not readily allow for
a significant degree of C-H-Ni interaction accounting for the
thermally reversible character of CH3CN adsorption. The diffraction
data also supports this hypothesis. If the CN vector were cahted

-with respect to the surface, orientational disorder would be
expected, giving Eise to a 1érger unit cell. Additionally, thé
van der Waal's radii of adjacent methyl groups would overlap for
a tilted structure. In the Ni(100) case special constraints
dictate bonding via the nitrogen with the CN vector perpendicular

to the surface for the c(2x2) structure. Analogous bonding is
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foundvfor many mononuclear and polynuclear metal acetonitrile
comp]exés.38 _ |
The stepped Ni 9(111)X(111) and sfepped-kinked Ni 7(111)x(310)
surfaces wefe qua]itatiVe]y'ana]ogousvto the flat Ni(111) surface.
The only difference was in the variation in the extent of thermal
reversibé]ity as a function of crystallography. The degree of
thérma1vdecomposition of CH3CN increased-in the order N1(111)<
Ni 9(111)x(117)<Ni 7(1]])x(310). Closer approach of the methyl
hydrogen atoms of the chemiéorbed acetonitri1elis poésib]e for step -
or kink sites as illustrated 1h'Figure 13. Thus, the degree of
C-H bond cleavage wod]d'be expectedly higher when steps or kinks are
present. |
The chemistry of acetonitrile adsorbed on the Ni{110) surface
at 25°C qua]itatively differed from the:close packed surfaces. A
"huch 1arger-fractibn of the CHéCN molecules irkeversib]y decbmposed
in a thermal desorption eXperiment. Thus, closer épproach of one or
more methyl hydrogén atoms to the Ni(110) surfacé must be postulated.

The inability of CO or P(CH3) to disp]ace the CHaCN from the Ni(110)

3
surféce is a further qualitative difference. No detailed structural
or stereochemical features can be readily proposed on the basis of
this information.

The chemisorptive behavior of acetonitrile adsorbed on the flat,
less densely packed Ni(]OO) surface was distinguisﬁed by two features.
The thermal desorption temperature maximum was slightly (20°C)
higher than that observed from the Ni(111) case and the extent of
irreversible decomposition was comparable to the kinked 7(111)x(310) '

surface. Geometric factors may be responsible for the greater

thermal reactivity. The displacement reactions eliminate the
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Figure 13. Depicted in this figure are proposed bonding for acetoni-
trile on nickel surfaces. On the left, the CH3CN is
coordinated to f]at terrace atoms with the CN bond vector
essentially perpendicular to the terrace plane. In this
configuration the C-C-H bond angle must be very acute in:
order for any C-H-Ni bridge-formation; Thus, the degree
of C-H bond scission should be small for acetonitrile
coordination to flat surfaces. This is the same model

' proposed for CH3CN coordinated to the flat 1ow;Mil1er index
nickel surfaces. The two models on the right illustrate
how C-H-Ni bridging interactions may be formed on or near
step or kink sites. These would allow for a larger extent
of decomposition_(dehydrbgenation) for stepped or stepped-

kinked surfaces.
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- possibility of dissociative adsorption under these conditions.
Methyl Isocyanide: Room Temperature Adsorption
Methyl isocyanide fnteracted much more stbong1y with the nickel
surfaces than its isomer, acetonitri]e. Thus, the nickel surface
chemistry associated with CH3NC was qua]itatively different than CH3CN.
‘The initial stfcking coefficient was near unity at room temperature
and the isocyanide was irreversibly adsorbed on all nickel surfaces
stqdied. Attempted therma] desorption following adsorption of CH3NC
on the nickel surfaces yielded only a trace amount of mass 41; the
major products were Hé,’HCN and at temperatures above 500°C, N2.
Surface impurities of S (@§.3) did not qualitatively alter this
chemistry; only the stickihg coefficient was reduced.
The presence of surface éarbide.qua]itative]y a1tefed the -
chemistry observed following adsofption of the isocyanide on all
of the nickel surfaces studied.. The thermal desorption vspectra
obtained following adsorption of CH3NC on carbided nickel surfaces
- .were essentially the same as those obtained for CH3CN adsorbed on-
these surfaces as shown in Figures 14-17. The mass 41 thermal
desorption maxima for the Ni(111)-C surface were 90°C for both CH3NC
and CH3CN adsorption. The coincidence of the desorption maxima is
suggestive of catalytic isomerization of CH3NC to form CH3CN, the‘
thermodynamically stable isomer. A definitive characterization
cannot be made'baséd on the mass spectrometric results. Complimen--
tary catalytic studies that supported this postulate were performed
and are described in detail later in this Section.
Isotopic exchange experiments established that the isomerization
- was a fully intramolecular process{ Thermal desorption of a mixture

13

of CH3N C and CD3NC did not lead to the formation of any cross
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labelled products. Furthermoke, no- ~C ihcorporation into the
product, CH3CN, was observed when the isocyanide was adsorbed on

a Ni(]]])-]3C surface. Essentia]]y,'fhe same chemistry was associ-
ated with methy1'isdcyanide'adsokbed on the stepped Ni 9(111)x(111)
surface (Figufe 14). .Thé temperature at which isomerization occurred
could not be determined. Displacement reactions using CO or P(CH3)3
were attempted in the temperature range 6f 25-70°C, following methyl
ispéyanide adsorption on the carbided surfacé:. No displacement Was
observed under these conditions. Thus;_the 1$omeriéation must

occur very near 90°C. Clearly, no isomeri;étioh occurred up to 70°C
or mass 41 (acetonitrile) displacement wou]d.have béeh observed.

The. chemistry of methyl'isOCyahide on thé kinked Ni_7(111)x(310)
surface was analogous to the (111) case. An_additiona] feature
appeared at 150°C in the mass 41 thermal desqrption profile for the
vNi 7(111)x(310)-C surface as shown in Figure 15. This desorption
may eithervbe attributed to unisomeriéed methyl isocyanide or tb
acetonitrile that is formed via a pathway with a higher activation
barrier. The mass 41 desorption profile obtained from CH3CN adsorbed
on this surface contained only the 90°C maximum. (Figure‘15.)

The thermal desorption behaviqr of CH3NC adsorbed on Ni(110) and
Ni(100) also exhibited a qualitative change upon surface cbntamination
with carbide or carbon and nitrogen. A weak, broad mass 41 desorption
was observed from thermal desorption foi]owing CH3NC adsorption on
a Ni(110)-C surface. This desorption profile was similar in charac-
ter to that obtained following acetonitrile adsorption on the carbided
Ni(110) surface. (Figure 16.) Isotopic labelling studies using a

mixture of CD3NC and CH3N]3C produced no cross-labelled species in

the thermal desporption reaction on Ni(110)-C.
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Figure 14.

The therma] desorption spectra obtained following adsorption

of the isomers, CH,NC and CHCN, on a Ni(111)-C-N surface

at 25°C are shown in the figure. The exposurés were 0.5 L.

40

énd 2.0 L. with approXimate carbon coverages - of 0.4 and

0.5 of a monolayer prior to eXposure for CH3NC and CH.,CN,

3

. respectively.
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Figure 15.

Presented as a para]]el‘to-thé desorption characteristics of
the Ni(111)-C-N surface are the thermal desorption profiles
obtained fb]iowing~exbosure of a stepped-kinked Ni 7(111)x‘
(3]0) surface with'carbon_and nitrogen impurities to 0.2 L.
of CHNC and 0.2 L. of CH,CN at 25°C. Approximate carbon
cdverages4o prfor to adsorption were 0.2 and 0;4 of a

mono1ayer'forrCH3NC and CH3CN; respectively.

-72-



2926 -908 19X o - 'Sl 2dnbid
(D,) ®4njpiadwas]

00% 002 00}
1 | |

NOEHD

Sjun AuDJjiquy ‘(nwo j) 1

-73-



Figure 16.

The mass 41 thermal desorption profiles obtained subsequent

to adsorption of 0.2 L. of CHNC and 0.8 L. of CH,CN on a

3
Ni(100)-C-N surface at‘25°C are illustrated here for

comparison. The approximate carbon cover_ages40

prior to
exposure were 0.6 and 0.3 of a monolayer for CH3NC and

CH3CN, respectively.
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Figure 17.

Comparison of the thermal desorption spectra obtained

following adsorption of CH3NC and CH3CN at 25°C s made

- in this figure for a Ni(110)-C-N surface. _Estimated carbon

cover_ages40 were 0.8 and 0.6 of a monolayer for CHNC and

CH3CN, respectively.
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Thermal desorption experiments subsequent to CH3NC adsorption on
a carbided Ni(100) surface.producéd mo]ecu]és.of mass 41 in the
temperature range of 100-160°C (Sée Figure 17); Mixed isotope
studies produced no cross-labelled products. The simi]arity in the
thermal desorption profiles obtained for adsorbed.CH3NC and CH3CN
on the Ni(100)-C surface is suggestive of isomerization.

- None of these studies described yields direct structural or

stereochemica] information about the adsorbed isocyanide. The fact
that the CH3NC_chemisorptTon was irreversible on clean nicke}bsurfacés
'suggests a significant degree of C-H-Ni bridging interaction.
If the N-C bond vector were oriented essentially parallel to the
nickel surface plane, one or more methyl hydrogenatomswou]d’be
brought in close proximity to the nické] snrface, allowing for a
significant amount of Ni-H overlap. This type of bridge bonding of
the NC group has been established for isocyanide ]igands in organo-
meta]ch c]usters.4]

The role of surface carbon in favoring Tsnmerization versus
~decomposition is not clearly defined. It most Tikely perturbs the
surface electronic denisty. Clearly, the isomerization is fui]y

~intramolecular as in the gas phase case.
Catalyst Stndies.

The thermal isomerization of gaseous CH3NC»is a well-character-.
ized intramolecular reaction. No reports of a catalytic réaction
“involving metal surfaces were found in the literature. Thus, cata- -
lytic studies nn a variety of nickel surfaces were.studied-in order
to compliment the ultra-high vacuum studies. |

Exposure of liquid CH3NC to nickel surfaces at temperatures in

the range of 50-150°C led to no detectable isomerization after
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several houré of reaction time. Raney nicke], bulk granular nickel
obtained from reduction of nickel oxide formed from pyrb]ysis of
hydrated nickel nitrate and nickel powder obtained from hydrogena-
tion of bis (1,5-cyclooctadiene) nickel all yielded the same result
under these conditions. In some cases, discoloration of the metal
surface was obserQed, suggestive of a polymerization reaction that
may deactivate the catalyst. This effect was minimized by performing
thé catalytic reaction at Tow CH3NC'pressures (1 torr) with contact -
.times onvthe order of 5 sec. under flow condifions. The isomeriza-
tion readily occurred over Raney nickei'in the temperature range of 

42

150-200°C. Catalytic isomerization of CH,NC fo CH3CN was a fast

3
reaction and dominated under these conditions; These'experiments
demonstrate that carbided nickel surfaces43 catalyze this isomeriza-
tion as wés postulated on the basis of the ultra-high vacuum studiés.
Acetonitrile; Vibrational Studies on Ni(111) at - 170°C |

The thermal desorption spectrum'fdr acetonitrile adsorbed on
Ni(111) and Ni(111)-C at -170°C was significantly different than
that described in the previous section for adsorption at 25°C.
Several new desorption features were observed when CH3CN was adsorbed
on Ni(111) at -170°C. Three distfnct mass 41 desorbtion beaks could
be resolved in the thermal desorption spectrum of a‘multi-layer of
CH3CN. (Figure 18.) The lowest temperature desorption maximum
occurred at -130°C, attributed to sublimation of solid CH3CN. Two
~additional desorption peaks occurred at 0°C and 85°C. The relative
magnitudés of the 0°C and 85°C desorption peaks varied as a function
of coverage with the 85°C peak growing in more rapidly at higher

CH3CN coverages as shown in Figure 19; Both peaks were present in

the thermal desorption spectrum obtained following adsorption of
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Figure 18. The thermal desorption spectrum obtained following adsorption
of a multilayer of §H3CN on Ni(111) is depicted here. The
mass 41 profile corresponds to desorption ofvmolecular aceto-

nitrile with mass 2 and mass 27 profiles for the decomposition
products H, and HCN,.respectively; The'heating rate was

approximately 10°C/sec.
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Figure 19.

High resolution electron energy loss spectra obtained as a
functidn of coverage for acetonitrile adsorbed on Ni(111)

at -170°C are presented on the left of the figure;' The
incident beam energy was 2 eV and the resolution (full width
at half maximum of the'elastic peak) was 10 meV in all- cases.
The correspond{ng mass 41 thermal desorption profiles are

depicted on the right.:
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CH,CN at 25°C followed by cooling to -170°C. . Thus, the chemisorbed

3
acetonitrile must undergo a reorganization of the surface structure.

The thermal desorption profile of mass 41'after'CH3CN adsorption
on Ni(111)-C also containedlthreevmakima with the peak temperatures -
for chemisorbed CH3CN occurring at -20°C and 25°C; respectively, |
(Figure 20) significantly lower than for the clean Ni(111) surface.
The coverage dependence for the manitudes of these two desorption
peaks also differed from the Ni(111) case in that the lower tempera-
tufe peak dominated the desorption spectrum at high coverages. As
vin'the Ni(111) case, both chemisorbed desorption peaks were observed
following adsorption of CH3CN on the Ni(111)-C surface at 25°C and
subsequent cooling tov-170°C. Again; fhis is attributed to a
reorganization of the CH3CN chemisorbed layer.

The high resolution electron energy loss spectra of CH3CN adsorbed
at -170°C on Ni(111) and Ni(111)-C are shown as a function of cover-
age in Figures 19 aﬁd 21, resbective]y. The primary. frequencies are.
summarized in Table 2 with the corresponding frequencies and
assignments for gas phase acetonitrile. The key region was invthe'
frequency range of 1500-2200 ém.']'where the CN stretching loss is

-1

expected. The loss observed at 2220-2240 cm.”' on both Ni(111) and

Ni(111)-C at high CHLCN coverages is assigned to the unperturbed

CH Stretch in condensed CH3CN; this may be compared to a frequency

45

of 2252 cm.'1 reported for solid CH3CN. At Tow coverages on the

Ni(111) surface, the loss éssigned as the CN stretch of chemisorbed
CH3CN was observed in the frequency range of 1680-1700 cm.-1

(Figure 19). This transition was also evident after annealing the
adsorbed multilayer at 25°C and is eXtréme]y Tow in relative inten-

sity compared to other features in the spectrum as shown in Figure 22.
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Figure 20. Shown in the figure are the spectra for CH3CN-(4] amu), H2
(2 amu) and HCN (27 amu) obtained from therma1}desorption of
a multilayer of'abetonitri]e adsorbed on a carbided Ni(111)

surface.
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Figure 21. Vibrational spectra of CH3CN adsorbed on Ni(111)-C and the
| cprresponding thermal desorption spectra of molecular
acetonitrile are shown in this figure as a function of

coverage.
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TABLE 2
Vibrational Data For CH.CN

3
Ni (111) N (111)=C
Low Coverage - Annealed Low Coverage Annealed
(cm.fl) (cm;']) (cm._]) (cm.']}
2900 | 2910 2990 | 2990
1680-1700 1680 : 1800 1800
1400 _ 1400 1400 ' 1400
-- - 900 - 980 980
1020 : 1020 1020,_ ~ 1020
520 - 520 S a- -

Gas Phase

44

(cm.'])_

2954
2267
1389
920
1041

360

Assignment

v(C-H)
v(C-N)
6(HCH), s (HCC)
Q(C—c)
p(HCC)

see text -

§(NCC)



Figure 22.

_Depicted on the left in this figure are the high resolution

electron energy loss data obtained from annealing a multi-
layer of acetonitrile adsofbed on a clean Ni(111) surface at

-130°C and 25°C. The annealing temperatures are indicated

in the 41 amu thermal desorption spectrum on the right. All

energy loss data were collected with the crystal tempekature
maintained at -170°C, an incident beam energy of 2 eV and a

resolution of 10 meV (80 cm.'j);
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The most intense feature in the vibrational spectrum of CH,CN

1

3
This loss does not

adsorbed on Ni(111) is observed at 520 cm."
have a corresponding vibration in the solid acetonitrile spectrum.

As shown in Figure~22, the 520 cm.'] loss groWé in relative intensity
upon annealing of the acetonitrile multilayer, i.e. upon desorption
of condensed CH3CN.' Thus, the loss must be.assdciated with chemi-
-sorbed acetonitrile and is tentatively assfgned as either a Ni-N
vibration_or an asymmetric CCN bending mode perturbed by chemisorp-
tion to the nicke] surface. _

On the carbided Ni(111) surfacé, a slight shoulder at 1800 cm.-]
is assigned to the CN stretch‘in chemisorbed acetonitrile. This is
an extremely weak feature, present in spectra obtained at.1ow CH3CN
coverages and subsequent to.annealing the multilayer. (Figures 21

! loss is not present in the vibrational.

and 23). The 520 cm.”
spectrum of'CH3CN adsorbed on a Ni(111)-C surface.

Comparison was made between the vibrétiona] spectra obtained as
a function of annealing temperatﬁre (Figures 22 and 23) and those
obtained as a function of acetonitrile coverage (Figures 19 and 20);
very little difference was noted for both the N1(111).and Ni(111)-C

surfaces. The appearance of the weak band in the‘fange-of‘

2220-2240 cm.—] can be correlated with sublimation of the condensed

multilayer of CH3CN. However, the two higher temperature desorption

peaks could not be correlated with specific chemisorption states in
the vibrational spectra. Again, this is suggestive of a reorganiza-
tion of the CH3CN overlayer upon cooling. Thus, it is Tikely that
the vibrational data obtained at -170°C do not correspond to the
surface species studied at temperatures above 25°C.

The frequency of the CN stretch of coordinated CH3CN yields
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 Figure 23. A mu]tf]ayer of acetonitrile condensed on a carbided Ni(111)
surface at -170°C was annealed successively at -120°C, -30°C
and 25°C and high'resolution‘electron energy loss spectra
presented on the left in the figure were obtained following
annéé]ing:at_each temperature. On the right, the annealing
tembefatures»aresindicated in the thermal desorption profile

. of mo]ecu]ar‘CHéCN.
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information about its structure in organometallic compounds. In
the case of end on bonding, the CN stretching frequency is Towered

depending on the amount of-e]ectronic.back donation from the metal

to the Tigand m* orbital, analogously to CO.46 There are also ex-

amples of cluster compounds in which both the carbon and nitrogen

atoms of the cyano group of the coordinated CH3CN interact with

47

metal centers.”’ Based on analogy to the cluster compounds; the CN

stretching frequency would be expected to be in the range of 1500-

1 for bonding to both the C and N, 1700-1800 cm.'] for

1

1600 cm.”~
bridge bonding and 2000-2100 cm. " for acetonitrile bound atop ‘a
single metal center.

1 observed for CH3CN adsor-

The frequehcy'range of 1680-1700 cm.”
bed on Ni(]]]) at =170°C may be assigned to either a simple end-on
- bridging or strUctufe,or_bonding via both the carbon and nitrogen

atoms of the cyano group. On the basis of the dipole selection
48 .

rule, = the Tow inténsity,of the CN stretch would also nggest

a small dynamic dipole moment perpendicular to the metal surface.
This comparison éuggesfs a bonding éonfiguration in which the CN
bond vector was essentially parallel to. the nickel plane. However,
the intensity of thevCN-stretch in acetonitrile coordfnated to

49 s pointed out previously, the (2x2)

metal atoms is generally low.
unit cell observed in low energy electron diffraction studies does

not allow easily for packing of the CH3CN molecule with the CN

bond bector oriented paraliel to the metal surface. The data obtained
do not permit for a straightforward structural interpretation for
chemisorbed CH3CN on the Ni(111) surface; only bonding atop a single

metal center can be unequivocally eliminated.

On the carbided nickel surface, the CN stretching frequency for
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chemisorbed CH3CN is increased to 1800 cm.'], in the range expected
for end-on bridging of two or three metal centers via the. nitrogen
atom only. Again, bonding atop a single metal center can be ruled

out based on the frequency of the CN stretch of 1800 cm,“] compared

1 1

to an expected value of 2000. cm.”  The disappearance of the 520 cm.
Toss cannot be readi]& accounted for, although a mode involving Ni-N
may be significantly affected by a change in surface electronic .
character induced by the carbide overlayer.

Methyl Isocyanide; Vibrational Studies on Ni(]]]) at -170°C

As in the case of acetonitrile, the thermal desorption spectrum
observed following adsorption of}a multilayer of CH3NC at -170°C was
qualitatively different than that obtained for adsorption at 25°C.
(See Figure 24.) Two mass 41 desorption peaks were observed near
-130°C and 20°C attributed to sublimation of condensed and desorption
of chemisorbed methyl isocyanide, respective]y. Two H2 (mass 2) -
desorption peaks appeared at -10°C and 150°C indicating significant
C-H bond scission below -10°C. Additidna]]y, HCN was observed as a
decomposition product desorbing at 260°C.

The extent of decomposition observed during a desorption experi-
ment was reduced substantially when CH3NC was adsorbed on a Ni(111)-C
surface. At least, four mass 41 desorption peaks were bresent in
the thermal desorption spectrum as shown in Figure 25. In addition.
to the -140°C and 20°C peaks, an unresolved double maximum was
observed -at. 110 and 160°C. - The HZ desorptidn temperature decreased
to 200°C and the amount of hydrogen produced during a desorption
experiment decreased on the carbided nickel surface.

The energy loss data obtained for methyl isocyanide adsorbed

on Ni(111) and Ni(111)-C adsorbed at -170°C are summarized in Table 3
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Figure 24. The mass ion current as a function of temperature for 41 amu,
2 amu and 27 amu (HCN) following adsorption of a multilayer
of.methy1 jsocyanide on Ni(]]])vis:111ustrated here. The

heating rate in this experiment was 10°C/sec.
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Figure 25.

Thermél'desorption of a multilayer of methyl isocyanide
adsorbed on a Ni(111)-C surface yielded the spectra shown

in the figure. Mass 41 corresponds to either CH3NC or

CH3CN desorpfion; masses 2 and 27 correspond to desorp-
tion of the decomposition products, H2.and HCN, respectiye]y.

The small peak in the 27 amu profile near 130K (-140°C) is

~derived from a fragment ion of CH3NC.
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TABLE 3

Vibrational Data For CH3NC

Ni (111)

Low Coverage - Annealed
(cm.']) (cm.'])
1120 1120
1440 1480
1760 1700
2960 2860

_Ni (111)-C
Low Coverage Annealed
(en.”hy (em.7h
1120 - 120
1440 1420

1840,1940 1780,1900
2960 2960

Gas Phase’

(cm.']5

113020

1410,1460
2166
2966

44

Assignment

p(HCH)
S(HCH)
v(N=C)
v(HC)



! wifh assignments based on gas bhase infrared data. On the clean
Ni(111) surface, the most intense feature in‘the spectrum was a
loss in the frequency range of 170061760,cm;“1, assigned as the CN

{étretcﬁ for chemisorbédfmetﬁy]-isotyanidé,,v(figures 26 and 27).

At mﬁ}ti]ayér coveragés, thelunperturbed CN stretch for condensed
CH3NC occurred at-2160 ﬁm."]_ |

Two losses in ihe CN stretching fegion for CH5NC- adsorbed On_--

Ni(111)-C were observed. ‘At low coverages, the frequencies of the

two losses were 1840 and 1940'cm,'1

The higher frequency 10Ss grew

.'in relative intensity with increésing methy]'isocyanide_coverage;
The results obtained'fok annealed OVerlayers of CH3NC were qualita-
‘tively different than those obtafned-as a>function of coverage; CN

~ stretching frequencies decreaéed upon annealing ét 340°C in contrast
fo;the increase in freqhency expected for a simple coverage dependence.
This result is suggestive of an irreversible thermally induced -
‘transfofmation ocCurWMQ~oh the surface. However, it is clear that
“the Vibrationa] spectrum obtained'after.annea1ing the CH3NC overlayer
on the carbided surface is not the same as_that observed.foerH3CN.'_‘
If thg isomerization is incqmb]ete, the spectrum of the isomerized_
product may be pbscuréd as there are not distihgu1shing features'in
the Ni(T]])-CrCH3CN‘speétrum; A]ternatjve]y, it may be conc]uded'

| that the isomerization is reaction limited with desorption occurring -
immediately upon product formation? . . |

Again, the‘CNrstretching frequencyvcan be used as a structur;1

indicator for thechemisorbed CH3NC analogously to CH3CN. Adsorption
atop a single metal atom can be eliminated for_CH3NC_adsorbed on
Ni(111) as the expected value for the CN stretch for atop bonding

1

would be in the fréquency range of 2000-2300 cm. = By comparison
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- Figure 26.

"High resolution electron energy loss spectra were obtained

fo]]owing-annealfng-of a multilayer of CH,NC at ~60°C

and 25°C adsorbed on a Ni(111) surface and are depicted on

‘the left. The Tocation of the annealing temperatures with

respect to the mass 41 desorption maxima are shown on the

‘right in this figure.
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Figure 27.

Vibratidna] spectra were thainéd as a function of methyl
isocyanide coveﬁage on a clean Ni(111) surfacé'and are pre-
sented in the left of the figdre; The complimentary thermal
desorption spectra of mass 41 (either CH3NC or CH3CN) are
shown on the right.. The resolution in the high resolution

electron energy loss spectra varied as a function of coverage:

for high CH;NC coverages, the elastically scattered peak had

a broad asymmetric tail giving rise to poor resolution (12 meV
= 100 cm. 1) and an asymmetry in the loss peak; This
result was reproducib]e and ﬁhus must correspond to a

property of the adsorbed multilayer. At lower coverages;'the

resolution was 10 meV (80 cm.f]).
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with values for the CN stretch in model compounds a bridging
structure is most likely.- End—on bridging is suggested by the .
large intensity of the CN stretching loss on the basis of the dipole
selection rule. Speciffc chemisorption states cannot be readily
correlated with the thermal desorption peaks by comparing the
k vibrational spéctra for the annea]ed:CH3NC multilayer (Figure 26)
with the coverage set (Figure 27). | | |
The interpretation of the vibrational spectrum of CH3NC‘adsorbed_
on Ni(111)-C is not straightforward. Thére are at least two chemi-
sorption states on this surface as indicated by the two CN streﬁching

-1 Both losses are very intense |

 frequencies at 1840 and 1940 cm.
suggesting a bonding configuration in which the CN bond vector is
directed close to thé surface normal. The'shjft to higher frequency
may be indicaiive bf a-.site change or may reflect the increase in
surface e]ectron1c den1sty as a result of donation from the carbide
to the metal. Aga1n, specific v1brat1ona] states cannot be correlated
with the different thermal desorption max1ma'by comparing the
annealing and coverage sets‘of CH3NCVadsorbed on‘Nj(Tll)-C. (See
figures 28 and 29). A more complete description of the two adsorp-
tion states will require further study.
Conc]usioné | |

A previously unreported catalytic reaction, the isomerization of
CH3NC to_CH3CN on. carbided nickel surfaces, has been identified and
studied using ultra-high vacuum surface techniques. Surface chemical
studiés have established fhat the adsorption of CH3CN as molecular |
i.e. non-dissociative and fully reversible on both clean and carbided

nickel surfaces with the exception of Ni(110). High resolution

electron energy 1loss in conjunction with Tow energy electron diffrac-
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Figure 28. A multilayer of methy] 1socyan1de adsorbed on Ni(111)-C-
was sequent1a11y annealed ‘at temperatures of -60°C, 25°C,
70°C and 100°C. ,The.h1gh resolution e]ectron energy 10ss
spectra obtained at -170°C subsequent to each énnea1ing
are shown on the left. The positions of the annealing.
temperatures in the mass 41 desorption profile are indicated

on the right.
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Figure 29.

Vibrational data as a.function'of cbverage for methy]
isocyanide adsorbed on Ni(111)-C are presented in this
figure on the left. As in the case of clean Ni(111),
the e]astica]]y-scattered peak was broad and asymﬁetric
for high CH3NC exposures, thus, the resolution varied
between 10-12 meV (804100"cm.']) as spectra were obtained
from low to high CH3NC exposures. On the righf, the

thermal desorption mass 41 profiles obtained subsequent to -

~ collection of the vibrational data are illustrated.
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tion studies were supportive of a structure with CH,CN bridging two
or more metal centers via the nitrogen atom on Ni(]T]).,

Methyl isocyanide was irreversibly adsorbed on clean nickel
surfaces, but isomerized to:the thermodynamically stable isomer,
CH3CN, on carbided nicke]:su}faces. Isotopic labelling studies
established that the reaction mechanism was a fully intramolecular

process; no isotopic scrambling was observed when a mixture of CH3N]3

and CD3NC were isomerized and no ]3C-incorporation into the products
was observed when the reaction was performed on a nickel éurface

with 13

C-labelled carbide. A CN stretching'frequency in the range
expected forva”bridging isocyanide was observed in high resolution
electron energy loss experiments performed at -170°C on Ni(111). Two
CN stretching frequencies were found for CH,NC adsorbed on Ni(111)-C
at 170°C.. The conversion of CHJNC to CH3CN on the surface was not
observed using hjgh.reso1ution electron energy loss spectroscopy as
of a function of annea]fng temperature. This may be due to’the-1ack
of distinguishing features in the CH4(N spectrum or the isomerization
.may be reaction Timited. The role of the surface carbide is still
not well understood. The results described herein suggest that the

carbide increases the surface electron density of the metal surface,

thus favoring isomerization vs. dehydrogenation.
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VII. APPENDIX
In this appendix, a collection of preliminary studies of pyridine,
 écety1ene, ethylene and HCN adsorbed on nicke]'surfacés'at‘ZE?cvare
presented. - Thermal desorption andvchémical disp]acementvréactions were
the techniques used fqr these-stdaies. Only exherimenta] results will
be presented with minimal interpretatfon.‘ The data sets are incomﬁlete
and are presented for reference for future research; |
1. Pyridine
| Thé adsorption of pyridine has been studiéd on the three low
Miller index surfaces, Ni(111), Ni(i]O)vand Ni(100). In all cases,
there was no significant thermé] desorption of thevintact pyridine
molecule; only hydrogen mo]eCGTe was desorbed with carbon and
nitrogen remainiﬁg.on the'nickeiisurface. No displaCement_pf '
intaét pyridine was effected at 25°C by P(CH3)3.or co. Thérmal
decomposition of perdeuteropyridinéiyie]ded é broad Dz.peak near
190°C fkom'the Ni(]]O)_surface and both D, and HD at 150°C from the -
N1(111) surface. The 02 profile obtained from the fhekma] decompo-
sition of C.D-N adsorbed on Nﬁ(]OO) was comprised of three maxima‘
as shown in Figure 30. These three maxima are Suggestive of sequen-
tial removal df hydrogen atomé on the ring with initial chemisorption
via the nitrogen lone pair followed by facile abstraction of one of
the hydrogen atoms. Thermal decomposition of the seleCtivéJy
Tabelled molecules, 1,542d-pyrid1ne 2,4-2dfpyridine and 3-]d-pyr1dine
- would resolve this issue.
2. Ethylene
The surface chemistry of ethylene on Ni(111) adsorbed at 25°C
has been studied. Ethylene was. irreversibly adsorbed; no thermal

or desorption or chemical displacement in the temperature rahge of

-113-



Figure 30.

Shown in this figure is the 02 profile obtained following
thermal decomposition of perdeuteropyridine adsorbed on
Ni(100) at 25°C. IThe'approXiméte exposure was 0.8 L. and

the heating rate 20°C/sec.
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3.

25-509C of the intact mo1ecu1evwas detected. Trimethylphosphine,
C0; benzene, cyanogen and methyl isocyanide were used in fhe'
attempted displacements. ‘Thermal decomposition of CZD4 adsorbed
on Ni(111) at 25°C yielded a_doub]e maximum for both HD and D2 with
the two desorption maxima located at 90 and 120°C. The sticking
coefficient of ethylene was relatively low in comparison to acetylene,
benzene or CO. Some degree of thermal reversibility may be observed
if the desorption experiments were performed at highef coverages:
Acétx]ene. |

Acety]ene,'1ikevethy1ene, wa§ irreversibly adsorbed dn the Ni(111)
surface following adsorption at 25°C;_ No detectable displacement
could be effected by benzene, P(CH3)3, CO or CH3NC. Thermal decom-
position of C202 yielded oh]y HD and D2 with a peak temperafure of
170°C with a significant‘émdunt of carbon remaining on the nickel.

surface.
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