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An apparatus was constructed to study catalytic reactions on one or more platinum
single crystals in situ both at 1 atm total pressure and in high vacuum (10--10-°
Torr). The main feature of the design is a novel movable bellows-cup mechanism by
which the catalyst can be encased in a small volume for the high pressure experiments.
Using this apparatus, the cyclopropane hydrogenolysis was investigated at 1 atm on
a platinum stepped single crystal (Pt(s)-[6(111) X (100)1) having a total surface
area of 0.76 cm®. Initial specific reaction rates were reproducible to about 10%, and
to within a factor of 2 were identical to published values for this reaction on highly

dispersed supported platinum catalysts.

INTRODUCTION

During the last 7-8 yr a number of new
tools have become commercially available
for studying the surface of a solid on an
atomic scale. One technique is low energy
electron diffraction (LEED), whereby one
can determine the structure of well-defined
clean surfaces, the possible rearrangement
of these surfaces in the presence of adsorbed
gases, and the structure of adsorbed gases
relative to the metal substrate. Another
method is Auger electron spectroscopy
(AES), from which it is possible to obtain
a quantitative estimate of the composition
of surface species down to 1% of a mono-
layer, thereby gaining valuable information
about impurities at the surface. It should
be noted here that these techniques are
usually done in high vacuum (10-+-10-2
Torr) due to the nature of the methods and
the equipment used in the analyses. LEED
and AES are of particular importance to
catalytic chemists because of the obvious
value that such information has in the in-

* Present address: Rocketdyne Division, Rock-
well International, Canoga Park, CA 91304,

1 Also Principal Investigator, Lawrence Berkeley
Laboratory, University of California.

terpretation of chemical reactions on cata-
lytic surfaces. The reader is referred to re-
cent reviews (1-4) for detailgd deseriptions
of these techniques and their various
applications.

The use of LEED and AES has led to
an increasing interest in studying well-de-
fined catalyst surfaces, notably oriented
single crystals of known initial chemical
purity. Lang, Joyner and Somorjai (4, 6),
Joyner, Lang and Somorjal (7) and Baron,
Blakely and Somorjai (8) have measured
surface structure, composition, and some
rates of reaction on platinum single crystals
at low pressure. Both low Miller index and
high Miller index crystal faces of platinum
have been examined. The latter have been
shown to consist of low index (111) and
(100) terraces of constant width, linked by
steps of monatomic height, and to exhibit
remarkable thermal stability (5). One par-
ticular reaction which has been studied ex-
tensively is the dehydrocyclization of
n-heptane to form toluene (7). This was in-
vestigated between 100 and 400°C at pres-
sures in the 10~* Torr range on single crystals
having surface areas of less than 1 em? A
mass spectrometric technique was used to
monitor the formation of product. The ini-
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tial rate of toluene formation on the high
index or stepped surface was found to be
approximately an order of magnitude
greater than initial rates on low index
surfaces.

The chemisorption properties of stepped
platinum surfaces have been shown to be
very different from those of low index
platinum surfaces (6). Two striking ex-
amples which are of particular importance
to catalysis are those involving hydrogen
and oxygen. Both chemisorb readily at
relatively low temperatures on stepped sur-
faces but do not chemisorb easily on low
index faces (6). Furthermore, it has been
shown that the dissociation of these di-
atomic molecules takes place at the atomic
steps on the high index surfaces.

In a molecular beam study of H,/D. ex-
change on low and high Miller index plat-
inum single ecrystal surfaces, Bernasek,
Siekhaus and Somorjai (9) reported that
the exchange reaction took place readily
on a high index (997) platinum single
erystal surface, whereas no detectable HD
could be measured using a low index (111)
platinum surface. The difference in reac-
tivity was ascribed to the unique properties
of the stepped surface.

A direet correspondence between the
above chemisorption and surface reaction
studies and those carried out in more con-
ventional catalytic systems is obscured by
a number of factors. Of particular signifi-
cance is the enormously reduced pressure
under which LEED, AES, or mass spec-
trometric  experiments are conducted.
Typically, catalytic reaction rates are mea-
sured at reactant partial pressures on the
order of 1 atm; whereas LEED measure-
ments, for example, are made at 10-°-1071°
Torr—a pressure some 10°-10** smaller
than ordinarily used in catalytic studies. It
is possible that at higher pressures larger
surface coverages may give rise to “on top”
structure that does not form at low partial
pressures (10). Hence, chemisorption and
surface reaction studies carried out at 1 atm
may not be directly correlated with UHV
studies. It would scem logical therefore to
study catalytic reactions at high pressures
(1 atm or higher) on well-oriented single
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crystal surfaces. In this manner the results
of ultrahigh vacuum (UHYV) and high pres-
sure reaction studies could be compared on
the same catalyst and under similar reaction
conditions, the only difference being the
total system pressure.

Further justification for studies of this
type comes from the analysis of more tra-
ditional catalytic research performed on
highly dispersed supported metal catalysts.
During the last 6-7 yr additional emphasis
has been placed on characterizing catalysts
more fully, as to details of preparation, sur-
face area of metal exposed (dispersion),
average metal particle size, and the distri-
bution of particle size, in order to make a
rational interpretation of catalytie activity.
Several excellent reviews of techniques for
characterizing highly dispersed catalysts
have appeared in the current literature
(11-18).

Renewed interest in the geometrical fac-
tor in catalysis has prompted studies of the
effect of metal crystallite size on specific
activity and selectivity in heterogeneous
catalysts. A number of investigators have
found relationships of this type which has
led to classifying reactions into two main
groups (14). The terms “facile” and “struc-
ture-insensitive” have been used to describe
types of reactions where specific activity is
independent of the mode of preparation of
the catalyst or the catalyst metal particle
size. Hence cach surface site is about as
effective catalytically as its neighbor. On
the other hand, those reactions in which
the specific activity or selectivity is a fune-
tion of metal particle size or mode of cata-
lyst preparation have been termed ‘“de-
manding” or “structure-sensitive.” Table 1
lists a number of reactions which belong to
each particular classification.

One of the interesting aspects of the
structure-sensitive studies has been that the
effect is only prevalent in the 15-50 A diam
particle size range. The question arises as
to the unique properties that metal erystal-
lites of this size range possess. To gain a
more fundamental understanding of this
phenomenon, a number of models of small
crystallites have been developed (16, 25—
27). In brief, small crystallites have been
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TABLE 1
SURVEY OF STRUCTURE-SENSITIVITY STUDIES

. Benzene hydrogena-
tion
[Dorling and Moss
(15)]
Pt/Si0.

. Dehydrogenation of
cyclohexane
Hydrogenation of
cyclopentane
H,/D; exchange
{Poltorak and
Boronin (16)]
Pt/8i0.

. Cyclopropane hy-
drogenolysis
[Boudart et al. (17)]
Pt/AlLQ;s, Pt/SiO;, Pt

. Ethylene hydrogena-
tion
[Dorling, Eastlake,
and Moss (18)]
Pt/8i0.

a. Ethane hy-

drogenolysis
[Sinfelt et al. (19, 20)]
Ni/8i0.-Al,05;, Rh/
SiO,

. Neopentane hy-

drogenolysis and

isomerization
[Boudart et al. (21)]
Pt/AlO;, Pt/Si0,, Pt

. Hydrogenolysis of

methylcyclopen-
tane
[Corroleur et al. (22)]
Pt/AlLOs, Pt/Si0O,

. Hydrogenation of 1,2-

and 1,3-butadiene
[Oliver and Wells
(23)]
Ni/AlLOs, Ni/SiO,, Ni

e. Hydrogenation of
benzene
[Coenen, Van Meerten
and Rijnten (24)!
Ni/Si0.

modeled as imperfect cubo-octahedra (fee
metals). It has been assumed that even in
the smallest crystallites, metal atoms oc-
cupy crystallographic positions. Further-
more, crystallites are shaped so that their
free energy is a minimum. This means
maximizing the number of bonds between
atoms, including surface atoms, and results
in particles of roughly spherical shape. The
models have shown that in the 15-504
diam particle range, there is a high fraction
of surface atoms in edge, step, and corner
positions. In particular, for step sites, the
fraction of surface atoms in steps is ap-
proximately 0.3 for 15 A diam particles,
and decreases an order of magnitude for
50 A diam particles.

Based on these studies of small metal
crystallites it would appear that single
crystal surfaces would be ideal models for

highly dispersed supported metal catalysts.
Single crystals containing low index sur-
faces as well as those exhibiting ordered
atomic steps could be independently studied,
thereby making it possible to investigate
directly the influence of surface morphology
on heterogeneous catalytic activity and
selectivity.

In summary, a survey of the current
literature has revealed that there is a gap
between chemisorption and surface reac-
tion studies performed in UHV on single
crystal surfaces and those carried out at
1 atm on highly dispersed supported cata-
lysts. The work embodied in this and suc-
ceeding papers arose out of the need to
bridge the gap between these two funda-
mental areas of catalytic research. The
overall objective was to measure reaction
rates on well-defined single crystal sur-
faces both at high pressure (1 atm) and in
UHV (10*-10"® Torr) within the same ap-
paratus. The higher pressure measurements
would involve the use of gas chromato-
graphic detection while a mass spectro-
metric technique could be employed in the
low pressure measurements. Studying vari-
ous types of reactions on both low index and
high index single crystal surfaces would
enable a relationship between surface mor-~
phology and catalytic activity to be
developed.

The present work describes the apparatus
which was construeted to achieve these ex-
tensive goals and reports initial rate data
for the hydrogenolysis of cyclopropane at
1 atm total pressure on a platinum stepped
single crystal. Platinum was selected as
the catalyst to be investigated because of
its obvious importance in many industrial
processes. The hydrogenolysis of cyclopro-
pane was chosen as the first test reaction
because of the considerable amount of data
and experience which has been amassed in
our laboratory for this reaction (28-32).
The rate is known to be relatively high at
room temperature on bulk and supported
platinum ecatalysts. In addition, only one
product (propane), is formed on platinum
catalysts below 150°C, thereby simplifying
chromatographic detection.
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Fia. 2. Close-up of the reactor flange: (a) (top) Detail of gold O-ring seated in reactor flange wall, tantalum
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EXPERIMENTAL APPARATUS

The apparatus was constructed to per-
form ecatalytic experiments on one or more
platinum single crystals both n ultra high
vacuum (UHV) and at 1 atm total pres-
sure without physically altering the posi-
tion of or severing connections made to a
catalyst crystal. A schematic of the UHV
assembly and the flow loop for the high
pressure catalytic measurements is shown
in Fig. 1.

The UHV system consists of two 12-in.
i.d. multiflanged stainless-steel chambers
separated by a Viton-sealed gate valve.
The lower UHV chamber contains a 200
liter/sec ion pump and titanium sublima-
tion pump capable of reducing the pressure
in the total assembly to 5 X 10-*® Torr. The
upper chamber consists of a high pressure
reactor within the UHYV reactor. The main
feature of the design is a movable bellows-
cup mechanism by which the stationary
catalyst can be encased in a small volume
for the high pressure experiments. The re-
actor cup attached to the bellows drive
mechanism is capable of traversing the
total internal diameter of the reactor, and
is shown in the fully extended position in
the schematic. Flanges in the upper chamber
are provided for:

a. Monitoring the pressure in the UHV
reactor by means of a nude ion gauge;

b. Measuring the UHV gas phase com-
position by a quadrupole mass spectrom-
eter (Granville-Phillips Spectra Scan 750
Residual Gas Analyzer);

¢. Determining the composition of the
catalyst crystal surface down to 1% of a
monolayer via the technique of Auger elec-
tron spectroscopy;

d. Housing the movable stainless steel
welded bellows-reactor cup assembly;

e. Supporting and heating the catalyst
via suitable electrical feedthroughs and
serving as one half of the high pressure re-
actor volume.

The high pressure reactor volume is iso-
lated from the UHV system by gold O-ring
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between two knife edges, one on the re-
actor cup and the other in the reactor
flange. As many as 20 cup closures have
been obtained using a single gold O-ring.
With a pressure of 1000 Torr inside the re-
actor cup the pressure in the UHV chamber
can be maintained at 1 X 10~® Torr, result-
ing in a negligible loss of reactants or prod-
ucts from the high pressure reactor during
the course of a typical catalytic experiment.

The platinum crystal shown in the sche-
matic 1s supported by means of two 0.070-1n.
diam tantalum electrodes, which in turn are
connected via electrical feedthroughs to a
de regulated power supply capable of heat-
ing the platinum erystal to 1000°C. A Pt/
Pt-10%Rh thermocouple is spot-welded to
the edge of the platinum erystal, enabling
the crystal temperature to be monitored to
within £0.1°C.

A close-up of the reactor flange as seen
through the 6-in. viewing port flange is
provided in Fig. 2a and 2b. In Fig. 2a the
reactor cup has been partially withdrawn
to expose the catalyst erystal to the UHV
environment. Clearly visible is the 0.0625-1n.
diam gold O-ring which has been uniformly
pressed into a 3.375-in. diam groove in the
reactor flange wall. The two case-hardened
0.5-in. diam stainless steel rods welded to
the 6-in. reactor flange above and below
the reactor cup serve not only to guide the
reactor cup in its transverse path, but also
to prevent deformation of the upper cham-
ber when applying the necessary force to
seal the high pressure reactor. Figure 2b is
a view of the reactor cup seated on the
gold O-ring, thereby encapsulating the cata-
lyst erystal in a small volume suitable for
the high pressure experiments.

The high pressure flow loop (GC loop)
is fabricated from 0.25-in. o.d. stainless
steel tubing and consists of a 0-1500 Torr
Heise gauge measuring absolute pressure
to +0.25 Torr, a 0-5000 sec/min Fischer-
Porter flow meter, and an MB-10 stainless
steel welded bellows pump (Metal Bellows
Corp.) providing a maximum flow rate of

electrodes, and Pt/Pt-10%, Rh thermocouple wires. (b) (bottom) Reactor cup seated on the gold O-ring:to

form the high pressure reactor.
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Fia. 3. Representation of the Pt(s)-{6(111) X (100)] surface used in the present study: (a) Low energy
electron diffraction pattern, (b) schematic diagram of the platinum stepped surface, illustrating the spatial

arrangement of the atoms.

2800 sec/min of air under zero pressure
drop. Composition of the gas mixture is
measured by routing the flow through a
sample valve of a gas chromatograph. The
volumes of the reactor cup, GC loop, and
sample volume are 571, 189 and 0.78 cm?,
" respectively.

The high pressure system can be modeled

as a continuously stirred batch recycle re-
actor operated under differential reaction
conditions (less than 0.1% conversion/
pass). Calculations have shown that ex-
ternal mass transport resistances are neg-
ligible and need not be considered in the
analysis of the kinetic data (33).

The platinum used in this study was pur-
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chased in the form of 0.25-in. diam single
crystal rods grown by electron-beam zone
refining (99.99% minimum purity) (34).
Platinum stepped surfaces are generated
by cutting the platinum crystal at small
angles from low index planes. The resulting
high Miller index surfaces have been shown
to consist of terraces of constant width
linked by steps of monatomic height (5,
35). A low energy electron diffraction pat-
tern and a schematic representation of the
stepped surface used in this study are given
in Fig. 3a and b. The surface is denoted as
Pt(s)-[6(111) X (100)], indicating that
the terrace is of (111) orientation, 6 atomic
rows in width, while the step is of (100)
orientation and one atom in height. To ob-
tain this geometry the surface was first
X-ray oriented by a back reflection Laue
technique to within +0.5°, and then spark-
machined at 9.5° from the (111) face
toward the (100) plane. A LEED analysis
was conducted later to confirm the orien-
tation. After cutting, the erystal was me-
chanically polished by a series of abrasives,
the final polish being 0.25 pm Al,O; pow-
der, and finally etched in hot 50% aqua
regia for 10 min prior to use. The resulting
stepped crystal was 0.5 mm thick and had
a total surface area of 0.76 ecm? The cir-
cumferential area represented approxi-
mately 13% of the total surface area and
was presumed to be polycrystalline in
orientation.

The 0.070-in. diam tantalum electrodes
used to support the catalyst erystal were
triply zone refined (99.999% minimum
purity) and ectched in an 80% solution of
nitric and hydrofluoric acids for 10 min.

The eyclopropane was obtained from
Matheson and contained less than 0.4%
impurities. Propylene accounted for ap-
proximately 70% of this impurity. The gas
was passed through a bed of activated
MgCl0O, to remove traces of water.

Hydrogen was obtained from the Law-
rence Berkeley Laboratory and had a
minimum purity of 99.99%, the major im-
purity being oxygen. This was also passed
through activated MgCIlO, prior to intro-
duction into the gas chromatograph or re-
actor flow loop.

OF CYCLOPROPANE 301

In what will be termed a “standard run,”
the platinum single crystal is first pre-
treated in 1 X 10* Torr oxygen at 900-
925°C for 2 hr with the reactor cup open.
This 1s sufficient to remove carbonaceous
residues from the erystal surface based upon
previous LEED-AES measurements (36,
37). The oxygen is then pumped out of the
UHV system for additional 1 hr, while
maintaining the erystal temperature above
900°C, to remove adsorbed oxygen espe-
cially at the platinum step sites. The crystal
is then cooled rapidly to 300°C, at which
time the reactor cup is closed and hydrogen
is admitted to a total pressure of 780 Torr.
The platinum ecrystal is maintained in 1
atm of stagnant hydrogen at 75°C for a
period of 2 hr. These conditions are more
than sufficient to fully saturate the plati-
num bulk with hydrogen atoms based upon
the solubility and diffusivity data of
Ebusuzaki, Kass and O’Keefe (38). During
the reduction period a cyclopropane-hy-
drogen mixture is prepared in the GC loop,
such that when expanded into the total re-
actor volume (V, + Vee = 760 cm?), the
initial partial pressures of cyelopropane and
hydrogen are 135 and 675 Torr, respectively.
Pre-reaction chromatograms of the mixture
in the GC loop are taken to determine the
initial composition of the reactant mixture.
At the conelusion of the reduction period
with the bellows cireulation pump on, the
valves separating the rcactor and GC loop
volumes are opened, thereby routing the
flow directly past the catalyst erystal and
cominencing the catalytie run.

The reaction gases were monitored
periodically by means of a 6-port sample
valve housed in a Varian Acrograph 1520
gas chromatograph containing dual thermal
conductivity detectors. Hydrogen was
chosen as a carrier gas to maximize the
sensitivity of the thermal conduectivity de-
tector and to avoid the anomalous behavior
of He/H, mixtures reported by Purcell and
Ettre (39). The components (propane,
propylene, and cyclopropane) were sepa-
rated at 35°C using a carrier gas flow of
30 ml/min in a 20 ft X L-in. SS column
packed with 30% Dbis-2-methoxy ethyl adi-
pate on 60/80 mesh A/W Chromosorb P.
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The output from the detectors was recorded
on a Honeywell Electronik 15 strip chart
recorder. The chromatographic peaks were
integrated by the triangulation method.
Calibration curves for each hydrocarbon
component developed in a range of typical
operating conditions were used to convert
peak areas to hydroearbon concentrations
(33).

RESULTS AND DIscuUssION

Initial experiments showed that the ap-
paratus described in the previous section
was easily capable of monitoring the rate
of formation of propane at 1 atm total
pressure on the Pt(s)-[6(111) X (100}]
single crystal having a surface area of only
1 em?.

Following the standard procedure for a
run, blank experiments without the plati-
num crystal in the reactor were made to
determine the activity of the stainless steel
walls, the tantalum electrodes, and the
platinum thermocouple wires. At 75°C
there was no detectable propane formed
during the first 55 min of elapsed reaction
time. Thereafter a very small propane peak
was observed in the gas chromatograms
which increased slightly by the end of the
200-min run. However, the propane peak
formed never exceeded the size of the
diminishing propylene impurity peak. In
summary, at 75°C there was no detectable
reaction of cyclopropane to propane in the
reactor system without the platinum
crystal. The propane which was formed
could be attributed completely by mass
balance to the reaction of the propylene
impurity contained in the cyclopropane.
Approximately 45% of the initial 0.22 vol
% propylene impurity in the cyclopropane
reacted to form propane, corresponding to
4.4 X 10% moles of propane.

The results of two typical experimental
runs (10A and 12A) carried out under
identical conditions to determine the repro-
ducibility of the data are shown in Fig. 4.
The procedure used in these runs was ex-
actly the same as in the blank runs, with
the exception that now the Pt(s)-[6(111) X
(100) ] single crystal had been inserted into
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Fia. 4. Cyclopropane hydrogenolysis on the
Pt(s)-[6(111) X (100)] single crystal surface (As =
0.76 cm?). Pcp® = 135 Torr. Pyl = 675 Torr.
Average crystal temperature = 74°C,

the system. The data have been corrected
for the propylene impurity which reacted
completely to propane in less than 15 min
of elapsed reaction time. The only im-
portant difference between the two runs
was that in Run 10A the initial ecrystal
temperature was 73.6°C, while that in Run
12A was 74.4°C. It should be noted that
the data points generally follow a smooth
curve, indicating that the experimental
techniques employed were good and that
the calculation of chromatographic peak
areas by the triangulation method was con-
sistent. The curves are remarkably similar
in shape. The initial rates for Runs 10A
and 12A (1.96 X 10° and 1.76 X 10-® moles
C,Hs/min-cm? Pt, respectively) differ by
approximately 10% while the conversion at
200 min of elapsed reaction time is iden-
tical in both cases at 1.7%. Considering the
possible sources of error in these experi-
ments, the agreement is quite good. These
and other data have led us to conclude
that the reaction rates reported are prob-
ably reproducible to about 10%.
Additional rate measurements at two
higher temperatures (100 and 132°C) pro-
vided a basis for calculating a value of the
activation energy for the cyclopropane-hy-
drogen reaction. The initial rate and tem-
perature data for Runs 10A, 12A, 15 and
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TABLE 2
SuMMARY OF THE INITIAL RATE DaTA FOR THE DETERMINATION OF E* ror THE CYCLOPROPANE
HyDpROGENOLYSIS ON THE Pt(s)-[6(111) X (100)] SingLe CRYSTAL

Initial partial pressure

Crystal temp averaged

Run  of eyclopropane Pcp? over initial rate 1/7T. Initial reaction rate Ry
no. (Torr) measurement T, (°C) (°K1 X 10%) (moles CsHg/min-cm? Pt)
10A 135.0 73.5 2.88 1.96 X 107®

12A 135.0 74 .4 2.88 1.76 X 10°¢

15 135.0 100.2 2.68 5.98 X 1078

16 135.0 132.5 2.46 2.55 X 1073

16 are summarized in Table 2. An Ar-
rhenius plot of these points was constructed
in Fig. 5 and the best straight line was
drawn through the data. The activation
energy of the cyclopropane hydrogenolysis
reaction ecalculated from this plot was
E* = 12.2 = 1.0 kecal/mole. Values of the
activation energy reported in the literature
for this reaction on platinum catalysts range
from 8.0 to 12.2 keal/mole (28-30, 40-48).

Having obtained a value of E* it was
possible to compare the initial specific rates
of reaction on the stepped single crystal
surface with specific rates reported on poly-

T
B S U [ A

*

~E
Stope =203 R

£%= 12.2%1.0 keol/moia

- I moles C4H
yog Initiol Reaction Rate, Ry (m—?)
&

w0® ] L
240 260
1/Tc (k1 x103)

300

Fic. 5. Activation energy for the hydrogenolysis
of cyclopropane based upon initial reaction rates on
the Pt(s)-6(111) X (100)] single crystal (4, =
0.76 cm?). Pcp® = 135 Torr; Py = 675 Torr.

crystalline supported platinum catalysts.
The rates obtained in this study have been
corrected to 75°C using the above activa-
tion energy and presented in Table 3 in
units of moles C;Hg/(min-em? Pt). The
average value given in units of molecules
C;Hg/min- Pt site) was calculated by using
a combined site density for the total ex-
posed platinum surface area.

Hegedus (30, 49) carried out a series of
cyclopropane hydrogenolysis experiments
on single pellets of Pt/Al,Os;. The physical
characteristics of one typical pellet and
kinetic reaction rate data obtained on this
catalyst are given in Table 4A and B. Using
this information and assuming 100% dis-
persion of the platinum, the rate of the
cyclopropane hydrogenolysis at 75°C and
135 Torr CP was calculated and is presented
in Table 3. A more realistic value for the
platinum dispersion, say 50%, would re-
sult in a specific rate (820 molecules C;Hg/
min- Pt site) which is nearly the same as
the average of the four rates in Runs 10A,
12A, 15, and 16 (812 molecules C;Hg/
min- Pt site).

Boudart and co-workers (17) have stud-
ied the cyclopropane-hydrogen reaction on
a number of highly dispersed 5-Al,O, and
v-ALO; supported platinum catalysts, A
turnover number (molecules converted/
min-catalyst site} of N = 9.8 was reported
for a series of these highly dispersed cat-
alysts at 0°C and 10 Torr initial cyclopro-
pane partial pressure. The specific rates
calculated from this data are also given in
Table 3, based upon the kinetic parameters
reported by Dougharty (28) and assuming
a platinum site density of 1.12 X 10
atoms/cm? To within a factor of 2, the
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TABLE 3
CompParISON OF INITIAL SPrcrric RATE Data For THE CycLoPROPANE HYDROGENOLYSIS
oN Praminum Catavysts

Caled spec reaction rate @

Pcp® = 135 Torr and

T = 75°C
(molecules
Data Type of (moles C;Hs/ C;H/min-
source catalyst min-cm? Pt) Pt site) Comments
Present Run 10A 2.1 X 1078 Rate on Pt(s)-[6(111) X
study Run 12A 1.8 X 1078 (100)] single crystal
Run 15 1.8 X 107 based on E* = 12.2
Run 16 2.1 X 107 keal/mole.
Av 1.95 X 1078 812¢
Hegedus (30, 49) 0.04 Wt9, Pt on -ALO; 7.7 X 1077 4100
(see Table I1I-5) based on
1009, Pt
dispersion
Boudart et al. (17yand 0.39, and 2.09, Pt on 8.9 X 1077 480 nce = 0.2, E* = 8.5 keal/
Dougharty (28) 7~ALO;s; mole.
0.39% and 0.69%, Pt on 2.5 X 107 1340 nep = 0.6, B* = 8.5 keal/
v-ALO, mole. (Dougharty reports

E* = 8-9 kcal/mole and
n=0.2-0.6)

a Value based upon 879, (111) orientation and 139, polycrystalline orientation.
% Based upon av Pt site density of 1.12 X 10" atoms/em?. This value would be nearly equal to average of

above values if dispersion was approximately 509.

TABLE 4
A. PrysicaL CHARACTERISTICS OF THE PLATINUM
Caravyst Perier Usep BY HegeEpus (30, 49)

0.25 wt% Pt on 7-AlQ; diluted with »-ALO: to
0.04 wt9, Pt

7-Al:0; surface area, 230 m?/g

Wt of pellet, 0.295 g

Pellet density, 1.14 g/cm?

B. InitiaL RaTE Data FOrR THE CYCLOPROPANE
HyprogeENoLYsIs UsiNg THE CATALYST PELLET
or Hegepus (30, 49)

Catalyst calcined in 3% O: in N; @ 400-410°C for
2 hr

Catalyst reduced in H; @ 300°C for 10 hr

Cr? = 41.4 X 107 (moles/cm?) (Pg, = 900 Torr)

Ccp® = 3.45 X 1078 (moles/em?) (Pcp® = 75.0 Torr)

Trxn = 75°C

(kag); = 2.61 sec™!

Reaction found to be first order in cyclopropane
concentration.

'l

initial rate data of Boudart et al. and that
of the present study are identical.

The fact that at 1 atm total pressure a
platinum stepped single crystal behaves
very much like a highly dispersed supported
platinum catalyst for the cyclopropane hy-
drogenolysis is a very significant result. It
supports the contention that well-defined
single crystal surfaces are excellent models
for polyerystalline supported metal cat-
alysts. It also tends to verify Boudart’s hy-
pothesis that the cyclopropane hydrogenol-
ysis is an example of a structure-insensitive
reaction. However, additional experiments
on other stepped and low index platinum
single crystals under conditions identical to
that reported here are needed for more com-
plete verification of the structure insensi-
tivity of this reaction.

In conclusion, this work has shown that it
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is possible to measure rates of reaction on a
single platinum erystal having a surface
area of 1 cm? at atmospheric pressure using
a thermal conduectivity detector of a gas
chromatograph. It has begun the task of
bridging the gap between traditional heter-
ogeneous catalytie studies and those using
new analytical tools to probe the surface of
a catalyst on an atomie scale. Using single
crystals as models for polycrystalline sup-
ported catalysts these studies appear to be
well suited to uncover the relationship be-
tween the morphology of the catalyst sur-
face and its catalytic activity.
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