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The isomerization and hydrocracking of unlabeled and labeled hexanes have been inves-
tigated over palladium-gold and platinum-gold alloys (10% of metal on alumina).

The palladium-gold catalysts are substantially less active than pure palladium, even after
activation in air at 400°C. However, no noticeable change in selectivity is observed when
alloying gold and palladium. For both palladium and alloy catalysts, selective demethylation
is the main reaction occurring and the mechanism of hexane isomerization is essentially
“cyclic.”

On the contrary, dramatic changes in reaction mechanisms are observed when alloying
platinum with gold: while the mechanism of hexane isomerization on platinum is mostly
“bond-shift,” on the 15% platinum-gold alloy, only the “cyclic” mechanism takes place.
Similarly a nonselective ring opening of methylcyclopentane occurs on the platinum-gold
alloy, while on platinum, only the CH,~CH, secondary-secondary bonds are broken.

The 15% platinum-gold alloy is active only after pretreatment by air and is deactivated in
the presence of hydrogen. Activation and deactivation are time-dependent, temperature-
dependent and reversible. No change in selectivity and mechanism is observed during the
activation and deactivation processes.

It is therefore concluded that a high dispersion of the platinum atoms and the presence of
oxygen ions in their immediate vicinity are both required to induce the c¢yclic mechanism of

hexane isomerization and the nonselective hydrogenolysis of methylcyclopentane.

INTRODUCTION

The mechanisms of skeletal rearrange-
ments of hydrocarbons on metals, the cy-
clic and “bond-shift’’ mechanisms, are now
well characterized. Extensive work on
supported platinum catalysts and plati-
num films has shown that hydrogenolysis
of methylcyclopentane, isomerization of
hexanes and aromatization are very sensi-
tive to surface structure and especially to
metal particle size (/-3) in contrast to the
case of reactions involving carbon hy-
drogen bonds (4).

This has naturally led several authors to
use these structures sensitive reactions as
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model reactions to study alloy catalysts
(5-7,31,32).

Furthermore, the introduction of a new
parameter, namely, the alloy composition,
may provide additional data capable of
throwing a new light on the intimate reac-
tion mechanisms of skeletal rearrangement
8.

In this work, both experiments with la-
beled and unlabeled molecules have been
carried out; as has been pointed out earlier
(9), simple considerations of product dis-
tributions are not sufficient in themselves
to distinguish between the isomerization
mechanisms.

Similarly the choice of the two catalytic
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systems, 15% Pt-Au and Pd-Au alloys
has been influenced by mechanistic consid-
erations. Reaction paths for isomerization
on platinum are very intricate, and we felt
it would be interesting to investigate
whether alloying this metal would change
the relative contribution of the various ex-
isting mechanisms. On the other hand, Pd
and Au appear from the literature to be
very distinct in their catalytic properties.
C; skeletal isomerization is essentially cy-
clic on Pd (J0) and Au was reported to
catalyze the neopentane to isopentane
isomerization (/1), whose mechanism is
necessarily bond-shift. It would therefore
be of interest to see which type of mecha-
nism would operate on a Pd-Au alloy.

Another attractive aspect of our choice
lies in the physical properties of these
alloys. The Pd-Au system is well known
to be a thermodynamically stable, one-
phase alloy throughout the composition
range and a recent surface study suggests
that the surface composition of this system
may be approximately the same as the
bulk composition (/2). As for the 15%
Pt-Au alloy, the system is not expected to
exhibit phase separation at equilibrium
(13). Moreover, in a random substitutional
binary alloy A-B, the relative abundance
of isolated surface A atoms (i.e., A atoms
all of whose nearest neighbors on the sur-
face are B atoms) is greatest at a surface
composition of 15-20% A (14,15).

Although our primary interest was in
product distribution and in the position of
the labeled carbon atoms, some reactivity
measurements were also performed and in
some cases an unusual dependence of
catalyst activity upon in situ pretreat-
ment was observed.

EXPERIMENTAL METHODS

Catalysts

All catalysts were prepared by co-
impregnation (or impregnation in the case
of pure metals) of the same nonacidic inert
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alumina support which has been described
in previous publications (16), by aqueous
acidified solutions of the metal chiorides.
After slow evaporation to dryness the
preparation was completed by the follow-
ing three consecutive steps:

i. reduction of the chlorides to the metal
in flowing hydrogen at 200°C for 24 hr;

ii. overnight calcination in air at 770°C;

iii. further reduction in flowing H, at
200°C for 6 hr.

In preliminary work with some Pd-Au
alloys the X-ray diffraction profiles were
examined after step (i). Pronounced broad-
ening of the diffraction peaks of the alloys
(relative to those of the pure Pd and pure
Au catalysts, similarly treated) was ob-
served. Since there seems no reason to
suppose that the alloys should be more dis-
persed than the pure metals prepared by
an identical impregnation technique, the
possibility that the broadening of the dif-
fraction peaks was caused by very small
metallic crystallites was rejected and it
was concluded that after step (i) alloying is
still incomplete. The diffraction patterns
remained unchanged after a second reduc-
tion, this time at 550°C for 12 hr, and it
was only after the introduction of step (ii)
into the preparative procedure that satis-
factorily sharp X-ray peaks were observed
at the expected Bragg angle. Thus the
standard preparative procedure sum-
marized in the 3 steps above was arrived
at and all catalysts finally used (including
Pt and 15% Pt-Au alloy) were prepared in
this way, after which the X-ray diffraction
patterns were recorded. They were then
stored in air. All catalysts contained 10%
by weight of metal. When prepared in this
way the X-ray line width of the catalysts
was in most cases only marginally greater
than the instrumental line width. Hence
the average particle size was at least sev-
eral hundred angstroms. This in turn im-
plies that most of the metal must be depos-
ited outside of the pore system of the
alumina since the average pore diameter of
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the support is 70 A. Thus, in contrast to
some literature reports on the preparation
of supported alloy catalysts (/7-19), our
experience suggests that co-impregnation
followed by reduction (at temperatures
<550°C) does not always automatically
result in satisfactory alloying of the metal
components.

Materials

The unlabeled hydrocarbons used (2-
methylpentane, n-hexane and methyl-
cyclopentane) were Fluka puriss grade and
were used without further purification. The
13C-labeled hydrocarbons used (2-methyl-
pentane-2-3C, 2-methylpentane-4-1*C and
3-methylpentane-3-*C) were prepared
by synthetic methods already described
(16,20). The isotopic purity was in some
cases around 60% and in some cases
around 90%.

Apparatus and Procedure

The catalytic reaction were carried out
in an all-glass, grease-free flow system at a
hydrogen pressure of 1 atm, the catalyst
being held between glass wool plugs in a
Pyrex U-tube reactor. The catalyst bed
was isothermal, isobaric and operated
under differential reaction conditions.
Activity differences among the catalysts
were compensated for by using different
quantities of catalysts and different flow
rates so that comparative studies could be
performed at the same temperature, e.g.,
500 mg of the 15 atom% Pt-Au alloy had
approximately the same activity as 20 mg
of the pure Pt catalyst (diluted with 480
mg of the support) at 300°C. Calculations
based on the method of Wheeler (2/) in-
dicated that under reaction conditions the
fraction of the catalyst surface which was
available to the reactants was very close to
unity. Hence we believe that the measured
activities were uninfluenced by diffusion
limitations. Small quantities (2-4 wl) of the
reacting hydrocarbons were injected into
the hydrogen flow upstream of the catalyst
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bed. Before reaching the catalyst, the in-
jected hydrocarbon passed through a coil
cooled to —45°C which produced a close
approximation to a square-wave hydro-
carbon pulse passing over the catalyst at a
constant partial pressure (~3 Torr for n-
hexane and methylcyclopentane, and ~4
Torr for 2-methylpentane and 3-methyl-
pentane). After leaving the reactor, the gas
flow entered one cell of a katharometer.
Thus the square-wave pulse could be ob-
served shortly after leaving the catalyst
bed, and it was verified that no tailing of
the pulse took place. Samples for chromat-
ographic analysis were removed directly
from the gas-phase by a gas-syringe as the
pulse passed a rubber septum located close
to the katharometer. Under typical reac-
tion conditions the square-wave pulse took
several minutes to flow past a given point.

Gas Chromatographic Analysis

All gas chromatographic separations
were performed on a 5 m X Ys in. Silicone
DC200/firebrick column operated at 15°C.
Occasionally some difficulty was experi-
enced in the precise estimation of
methane, since the products for analysis
were injected into the chromatograph in a
large excess of hydrogen and the sensitiv-
ity of the hydrogen flame ionization de-
tector changes momentarily as the hy-
drogen peak (with the methane peak
closely following) is eluted. Thus, for
example, we believe that the value for
methane marked with footnote d in Table
1 is less than the true value. The glc data
were converted into molar concentrations
using the sensitivity data of Dietz (22) for
the hydrogen flame detector. In presenting
the results, we have used the parameters
a = total conversion, § = selectivity for Cg
formation and r, = reaction rate (mole-
cules/sec) per gram of catalyst as already
defined by Ponec and Sachtler (6). C;
denotes the molar concentration of a hy-
drocarbon with / carbon atoms. Summa-
tion over j is performed for all detected
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isomers of each C; hydrocarbon. The sub-
script & denotes the hydrocarbons in the
feed.

3 3

i=1 j.j=k

iC L+ 6Cs(’f)}7

100

B

i=1 jj#*k

600 Y Co)
bi#k
5, 3 ic
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-t & -1 g1
e =100 molecules sec™! g~! catalyst,

S =

where F = flow rate of reactant (mole-
cules/sec™)
w = weight of catalyst sample (g).

Since we were interested exclusively in
the carbon skeleton and since small
amounts of olefins were sometimes pro-
duced at higher temperatures (despite the
large excess of hydrogen) a small charge of
reduced platinum oxide (Adams’ catalyst)
was placed close to the exit of the reactor
and maintained at 80°C. This converted all
unsaturated hydrocarbons (except, in some
cases, benzene) to the corresponding al-
kanes without altering the carbon skeleton.

Experiments with Labeled
Compounds: Procedure

If the reacting hydrocarbon was labeled
with 13C, the pulse was trapped after
leaving the katharometer cell, a prelimi-
nary chromatographic separation was per-
formed, and the fraction containing the Cgq
isomerized products (including a small
quantity of the starting compound) was
brought to a coupled glc-ms unit for final
separation and recording of the mass
spectra of the isomers. The mass spec-
trometer used was a CH7 Varian-Mat
apparatus operating with 70 eV and a trap
current of 300 uwA. A relatively low resolu-
tion was used (ca. 800) to increase the sen-
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sitivity. The gas chromatograph was con-
nected to the mass spectrometer through a
Biemann separator which eliminated 90%
of the helium used as a carrier gas. With a
pressure of 2 atm at the entrance of the
chromatographic column (5 m X ¥s in., 5%
DC200 on 50-80 mesh a.w. firebrick) and
a flow rate of 8 ml/min, the pressure in the
source of the mass spectrometer was about
107% Torr. The temperature of the chro-
matograph (—10°C) was adjusted so that the
retention times of the hexanes lay between
50 and 80 min. The scanning time, 1.2
sec/decade, was a compromise so that (a)
the accuracy of the measurement on the
mass spectra was only limited by the
determination of the height of the peaks,
(b) the change of the total ion current was
smaller than 0.5% for a group of 10
masses, even on the steepest part of the
chromatographic elution peak.

The chromatography resulted in a partial
separation of the light and heavy mole-
cules (about 10% enrichment in the heavy
molecules towards the front of the elution
peak), but it was checked that no change in
the composition of the isotopic varieties
resulted from this effect.

Finally, several blank spectra were re-
corded between consecutive elution peaks,
in order to make an accurate estimation of
the “true” background, mostly due to a
memory effect; this background was never
higher than 2% of the recorded peaks.

The mass spectra were recorded in the
parent, -CH,, and -C,H; regions. After
correction for fragmentation due to loss of
hydrogen, natural abundance of *C and
deuterium, and the lack of 100% isotopic
purity of the starting labeled compounds,
the parameters a; and a, (the fractional
abundance of *C in the C5 and C, mass
spectral fragments, respectively) were de-
termined. By comparison with the known
as and a, values of all the ¥C labeled
hexane isomers, the analysis of the mix-
ture of isotopic varieties could then be
achieved in a manner which has already
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been described (20). In the case of the n-
hexane, the amounts of the three 3C posi-
tional isomers may be determined. In the
case of the methylpentanes, only the total
amounts of the 2-methylpentane-2-2C and
-3-13C or of the 3-methylpentane-1-*C and
-2-3C are obtained.

The estimated error limit for this tech-
niques is =5%, which explains the slightly
negative values obtained on a few oc-
casions, and also a value slightly greater
than 100% obtained in one instance.

RESULTS AND DISCUSSION

The Influence of *“in Situ”
Pretreatment

It was initially verified that the alumina
support itself is inactive under reaction
conditions and also that the Au-AlQO;
catalyst was inactive up to 400°C, irre-
spective of pretreatment conditions. In
separate experiments, however, in a high
vacuum apparatus, we observed some
cracking and isomerization on an evap-
orated Au film at temperatures =400°C.
This lends support to the original report of
Boudart and Ptak (/7]) that this metal has
some catalytic activity for these reactions.

O’CINNEIDE AND GAULT

Initially an “in situ” reduction in flowing
hydrogen at 350°C for 30 min was em-
ployed as pretreatment for all catalysts.
Anomalously low values of § (the selec-
tivity for C4 formation) were observed on
the 35 atom% Pd-Au alloy, and in the
case of the 15 atom% Pt-Au alloy there
was a complete absence of activity. We
then repeated the experiments beginning
with an in situ oxidation of the catalysts in
air (400°C, 30 min) followed, after a brief
evacuation, by the same reduction as be-
fore. The preoxidation had relatively little
effect on the activity of the pure metals Pd
and Pt. The 35 atom% Pd-Au alloy, how-
ever, became noticeably more active and
its S value also increased. The 15 atom%
Pt-Au alloy was most dramatically af-
fected, displaying activity for the first time;
furthermore with this catalyst the ac-
tivating effect of heating in air was found
to be both time dependent and temperature
dependent. Figure 1 summarizes this effect
in a semiquantitative way. Preheating in
air (1 atm) at 400°C for 30 min followed by
reduction in flowing hydrogen at 350°C (30
min) was eventually adopted as the ‘“stan-
dard” pretreatment which was used for all
experiments reported in Tables 3, 4, and 5.

I

activity
5L

time of pretreatment (houns) 0" 400 °C
10 Xa 0-5 1.0] 148 2.0
B
-
-8
USRS l
o 100 200 350 200
Temp, of prerreatment (°C} (30 min, )

FIG. 1. 15% Pt-Au alloy activation by preheating in air: (open circle) activity vs time of pretreatment at
400°C; (cross in hexagon) activity vs temperature of pretreatment.
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FiG. 2. Catalyst deactivation in presence of hydrogen: (O) Pt; (@) 15% Pt-Au alloy.

It was also observed that the activity of
the 15% Pt-Au catalyst declined and
eventually disappeared upon continued ex-
posure to flowing hydrogen at 350°C,
whereas if the catalyst was maintained in
hydrogen at temperatures <~ 250°C (and
heated to reaction temperature only for the
duration of the reaction) the activity re-
mains fairly constant with time. The pure
Pt catalyst was largely unaffected by high
temperature exposure to hydrogen. These
findings are summarized (again in a semi-
quantitative way) in Fig. 2. We think it
unlikely that the deactivation phenomenon
is due to poisons either in the hydrogen or
on the support. The hydrogen carrier gas

was purified by passage through activated
silica gel traps cooled to —196°C, and in
any case the pure Pt catalyst was not simi-
larly deactivated. We shall comment on
these unusual activation—deactivation phe-
nomena again below.

Reaction with Unlabeled
Compounds

Tables 1, 2 and 4 contain the product
distributions obtained using the unlabeled
hydrocarbons. Tables 1 and 2 include re-
sults obtained both with and without a
preoxidation included in the pretreatment.
Although most distributions were obtained
at low conversions, they are initial dis-

TABLE 2
REACTIONS OF n-HEXANE oN Pd-Au ALLoys AT 350°C AcTIVITIES, PRODUCT DISTRIBUTIONS
AND EFFECT OF PRETREATMENT CONDITIONS

In
situ
pre-

Concn (mole%)

treat-

Catalyst ment” a (%) C, ¢, C; is0-C; C, iso-C; C, cyclo-C; 2-MP 3-MP MCP Be+CH S (%) Fio
100% Pd H, 8.25 37.1 3.8 3.8 Tr 3.8 0.8 19.7 0.8 38 2.3 15.2 8.3 30 1.5 x 10"
80% Pd-Au H, 860 336 31 31 Tr 31 08 219 1.6 4.7 31 15.6 10.2 34 3.7 x10%
50% Pd-Au H. 94 246 32 40 Tr 24 08 151 0.8 1 55 222 10.3 49 6.4 x 0%
35% Pd-Au H, 335 328 7.7 13.0 Tr 6.5 Tr 165 1.0 22 1.7 13.0 5.5 22 0.8 x 10"
35% Pd-Au Air+H, 265 295 48 58 03 5.6 1.6 20.4 i3 73 43 6.5 i2.5 48 2.7 x 19

“ H, at 350°C; or air at 400°C and H, at 350°C.



318

O’CINNEIDE AND GAULT

TABLE 3
REACTIONS OF 2-METHYLPENTANE-2-C'® oON Pd-Au ALLOYS AT 330°C
LABELING OF THE ISOMERIZATION PRODUCTS

3-Methylpentanes

n-Hexanes

Catalyst /Y\ /Y\ /Y\ + /Y\ PavVavs AN Vavav @ (%)
100% Pd -1 84 17 4 90 6 6.7
35% Pd-Au —1 82 19 0 94 6 6.8

tributions only in an approximate sense
since methylcyclopentane is always pres-
ent in significant amounts among the re-
action products and the hydrogenolysis
of methylcyclopentane is more rapid than
the other cracking and isomerization reac-
tions.

It is clear that within the Pd—Au series
neither the distribution of cracking prod-
ucts (among which methane and pentanes
are dominant) nor that of the C; products
is radically changed upon addition of Au to
Pd. The § value, however, does show a
tendency to increase (after “‘standard” pre-
treatment in the case of the 35% Pd-Au
alloy) an effect that has already been dem-
onstrated more dramatically in the case of
the Ni-Cu alloy system by Ponec and
Sachtler (6).

In contrast, significant changes in prod-
uct distribution are observed between Pt
and the 15% Pt-Au alloy (Table 4).
Whereas on the latter catalyst the hy-
drogenolysis of methylcyclopentane oc-
curs nonselectively, leading to a 2-
methylpentane : 3-methylpentane : n-hexane
ratio very close to 2:1:2 (similar to what
has already been observed for highly dis-
persed Pt catalysts), on the pure Pt cata-
lyst the n-hexane yield is very small.

A sharp difference between the Pt and
15% Pt-Au catalysts is also apparent
among the Cg; isomerization products of
2-methylpentane, e.g., the 3-methylpen-
tane/n-hexane ratio on pure Pt js =3,
whereas on the alloy it is =0.5. The latter

value is the same as the one obtained on a
highly dispersed 0.2% Pt-AlL,O; catalyst
(24).

It is interesting to note that the product
distribution obtained from 2-methylpen-
tane on a 15% Pt-Au catalyst which has
been partly deactivated by exposure to
hydrogen at 350°C is the same as the one
on an activated catalyst. The deactivation
effect of the high temperature hydrogen
treatment is therefore to decrease only the
number of sites and not to alter their na-
ture.

As far as cracking products are con-
cerned, the (already high) § value on Pt
appears to be only marginally influenced
by alloying with Au. The distributions in
Table 4 show that bond fission tends to be
more internal than terminal on Pt in con-
trast to, for example, Pd and Ni. However,
while propane, resulting presumably from
a one-step rupture of the tertiary-secon-
dary C-C bond is the main hydrocracking
product from 2-methylpentane on Pt, on a
15% Pt-Au alloy it represents only a
minor reaction product, as has already
been observed on a highly dispersed Pt
catalyst (25). Relative ease of splitting of
the tertiary-secondary C-C bond in an
acyclic molecule on Pt catalyst of low dis-
persion contrasts with the difficulty of rup-
ture of the analogous bond in methyl-
cyclopentane. That seems to indicate that
ring opening and hydrocracking do not in-
volve the same sites of the metal surface.

To summarize, the following conclu-
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sions emerge from an inspection of the
product distribution obtained with unla-
beled compounds:

i. the character of Pd as a catalyst for
cracking, isomerization and cyclization
reactions remains largely unchanged upon
alloying with Au;

ii. the 15% Pt-Au alloy is significantly
different from the Pt catalyst of low disper-
sion used in this study as far as ring
opening, isomerization and hydrocracking
reactions are concerned.

For all three reactions the 15% Pt-Au
alloy behaves like a highly dispersed Pt
catalyst.

Reactions with Labeled
Compounds

Tables 3 and 5 contain the results of
experiments performed with 3C labeled
hexanes. In these experiments interest was
confined exclusively to the isomerized Cq
products with the object of determining
unequivocally the relative contributions of
the two possible isomerization mecha-
nisms (the “bond-shift” and ‘“cyclic”
mechanisms). In all cases the labeling of
the unconverted reactant was found to be
unchanged after reaction. For the conver-
sion of 2-methylpentane-2-13C to 3 methyl-
pentane, the bond-shift mechanism should
give 3-methylpentane-2-*C, whereas the

O’CINNEIDE
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“cyclic”” mechanism should give 3-methyl-
pentane-3-13C.

e gt
. (Cﬁm—* Ak

Hence Table 3 illustrates that for both Pd
and 35% Pd-Au the cyclic mechanism is
dominant for this conversion. The con-
tribution of the bond-shift mechanism is in
both cases smaller than 20%. This con-
firms the conclusion arrived at earlier that
the addition of Au to Pd does not radically
change the character of Pd as a catalyst for
these reactions.

As can be seen from Table 5, when the
same conversion occurs on pure Pt (of low
dispersion) at 300°C, the bond-shift mech-
anism accounts for about 60% of the
isomerization. This is in fairly good agree-
ment with previous results obtained at
lower temperatures (270°C) on a similar
10% Pt-Al,O; catalyst of low dispersion
(26), where the bond-shift mechanism ac-
counted for about 70% of the 3-methyl-
pentane formed. It is also consistent with
recent Kinetic data obtained in this labora-
tory for the corresponding reactions of
pentanes (27) which show that the appar-

A

TABLE 5
REACTIONS OF C LABELED METHYLPENTANES ON Pt AND ON 15% Pt-Au ALLOY AT 300°C:
RELATIVE ABUNDANCE OF THE VARIOUS ISOTOPIC SPECIES OF THE ISOMERIZED PRODUCTS

2-Methylpentanes 3-Methylpentanes n-Hexanes
)V\ A + AN AN AN
+ +
Reactant Catalyst )\/\ AA ,Y\ a (%)
)\/\ Pt -2 43 59 -2 88 14 7.5
/K/\ 15% Pt-Au 3 74 23 9 91 0 3.0
AA 15% Pt-Au -1 -2 103 0 49 51 4.2
N 15% Pt-Au 4 94 1 -1 99 2 1.8
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ent energy of activation is greater for the
cyclic mechanism than for the bond-shift
mechanism.

A striking change occurs, however, in
going from the Pt catalyst to the 15%
Pt—-Au alloy. On the latter, the cyclic
mechanism becomes dominant, accounting
for 74% of the 2-methylpentane — 3-
methylpentane conversion. A similar dif-
ference has already been observed
between Pt catalysts of low and high dis-
persion. Hence, although the metallic crys-
tallites are very large, the Pt—Au alloy be-
haves in this respect as also in the case of
the hydrogenolysis of methylcyclopentane
like a highly dispersed Pt catalyst.

The main interest in the reaction of 2-
methylpentane-4-'3C lies in the labeling of
the n-hexane formed. The bond-shift
mechanism should give 100% n-hexane-2-
13C and the cyclic mechanism should give
a 50-50 mixture of n-hexane-2-*C and n-
hexane-3-1*C. Hence the results in Table 5
indicate that on the alloy the 2-methylpen-
tane conversion to x#-hexane is almost en-
tirely cyclic in character.

e

ads 172 172

AV

AA

As far as the reaction of 3-methyl-
pentane-3-13C is concerned the main inter-
est lies in the labeling of the n-hexane
formed. Whereas the bond-shift mecha-
nism would provide only the n-hexane-3-
3C, n-hexane-2-13C should be obtained by
a cyclic mechanism.

—— NV
TNL) —

It is known from unpublished work in
this laboratory that ~ 60% of the n-hexane
is formed by a cyclic mechanism on a
Pt-ALQ, catalyst of low dispersion
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(170 /0\). The n-hexane obtained on the
15% Pt-Au alloy is only labeled on carbon
2 and therefore results from a pure cyclic
mechanism, as happens also on ultrahighly
dispersed catalyst (/6).

Another interesting point is the labeling
of the 2-methylpentane formed. The bond-
shift mechanism should give 2-methyl-
pentane-3-*C and the cyclic mechanism
should give 2-methylpentane-2-*C. 2-
Methylpentane-2-'3C and 2-methylpen-
tane-3-*C cannot be distinguished by
this technique. Hence for this reaction the
existence of significant amounts of 2-
methylpentane labeled in positions other
than positions 2 and 3 would indicate the
existence of consecutive rearrangements
occurring during a single sojourn of the
reactant molecule on the surface. Such
consecutive rearrangements have already
been detected for these reactions on Pt
catalysts of low dispersion (26) (but not,
however, on highly dispersed Pt catalysts).
Table 5 shows that they are not important
in the case of the 15% Pt-Au alloy.

CONCLUSION

It goes without saying that the surfaces
of supported catalysts used in a conven-
tional flow system are unlikely to be per-
fectly clean. In addition there must be
some uncertainty concerning the surface
composition of the alloys we have used in
this investigation. However, without being
blind to these limitations, we believe that
the results obtained constitute a useful
contribution to our knowledge of the char-
acteristics of these reactions. The surface
compositions of some unsupported Pd-Au
alloys have been determined by Auger
electron spectroscopy (28). Within the
experimental errors it is approximately the
same as the bulk and is largely insensitive
to thermal treatment and exposure to dif-
ferent gases. Also it should be borne in
mind that these catalysts were calcined in
air at 770°C during their preparation. Ef-
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fects such as ‘“‘Gibbs adsorption,” which
can cause surface enrichment in one com-
ponent, are likely to be less important at
higher temperatures where the energetics
are dominated by the entropy term (which
disfavors surface enrichment) (29). Thus
we feel moderately confident in saying
that, as far as the 35% Pd-Au and 15%
Pt-Au catalysts are concerned, we are
dealing with surfaces which contain Pd
and Pt atoms, respectively, in a gold rich
environment.

The data on the relative activities of the
catalysts is rather scanty and complicated
by the critical dependence of activity on in
situ pretreatment. However, it seems clear
that the alloys are substantially less active
than the pure Pd and Pt catalysts, even
taking into account the smaller amounts of
Pd and Pt present in the alloys. Although
the classical “band” theory of alloys is
perhaps not completely irrevelant, a more
localized model seems to be required for a
detailed explanation of product distribu-
tions and mechanistic changes.

For example, the fact that the 15%
Pt-Au catalyst (despite its large crys-
tallites) behaves exactly like a highly dis-
persed Pt catalyst, which is perhaps the
most striking result of this work, is best
understood on the assumption that the cat-
alytic behavior of the majority of its sur-
face Pt atoms is primarily determined by
the fact that they are surrounded by inert
Au atoms. Thus the bond-shift mechanism
which apparently demands doublet or tri-
plet sites on Pt is disfavored, as also are
consecutive rearrangements, which imply
a certain surface mobility of the adsorbed
hydrocarbons. The third similarity be-
tween 15% Pt-Au and highly dispersed
Pt catalysts is the nonselective hydrogen-
olysis of methylcyclopentane in both cases
as opposed to the difficulty of formation of
n-hexane in the same reaction on Pt cata-
lysts of low dispersion. The implication
seems to be that when quasi-isolated Pt
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atoms only are present, nonselective ring
opening and its reverse 1,5 cyclization
(probably the rate-determining step in ‘‘cy-
clic” isomerization) are mandatory, but
when doublet or triplet sites are present
another mechanism for ring opening and
ring closure, involving attachment at more
than one Pt atom and resulting in selective
hydrogenolysis (or dehydrocyclization)
away from the tertiary carbon, becomes
preferred.

Besides these simple ‘“ensemble” ef-
fects, it is also clear that more subtle elec-
tronic effects are important in these reac-
tions. Thus, for example, on both the 35%
Pd-Au and the pure Pd catalyst the cyclic
mechanism is dominant even though there
should be no shortage of doublet or triplet
sites on the latter. Another effect which
could well be classified as electronic is the
dramatic influence of adsorbed oxygen on
the activity of the 15% Pt-Au alloys. The
first results of an Auger study of oxygen
adsorption on alloys (28) indicate a strong
chemical shift of the KLL transition from
517 to 508 eV. This oxygen therefore ap-
pears to be very strongly bonded as in sili-
cates and alumina (30) and is presumably
of ionic character; furthermore, the ad-
sorbed oxygen is not easily removed by
exposure to H, at temperatures around
300-400°C. Therefore, not only a quasi-
atomic dispersion of the platinum atoms,
but also the presence of oxygen ions in
their immediate vicinity seems to be neces-
sary to promote some reactions like cyclic
type isomerization and nonselective meth-
ylcyclopentane hydrogenolysis. O?~ ions
are available in the supported platinum
catalysts (Pt-Al,O,, Pt-Si0O,) which, when
they are in a high degree of dispersion,
promote the very same reactions. It is
tempting, therefore, to suggest that the cat-
alytic sites in these systems are not really
small platinum crystallites, but active
systems where platinum atoms are sur-
rounded by oxygen ions. The zero oxida-
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tion state of the metal atoms in such
systems could therefore well be ques-
tioned.
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