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Reactions of Alkanes on Iridium—Gold Films

The proposal has been made (1) that
addition of a Group IB metal as alloying
component may cause a d-metal to act
more selectively as a hydrocarbon isomeri-
zation catalyst because of the sharp redue-
tion in the number of ensembles of con-
tiguous “active” metal atoms of the kind
needed for hydrogenolysis. We report here
studies of the conversion of n-hexane and
n-butane on Ir-Au filins which were aimed
at probing the generality of this proposal.
We also thought that the experiments
might enable the nature of any isomerizing
activity of iridium atoms (2) to be
examined.

Procedures for film formation followed
essentially those used in previous studies
(3, 4); iridium (99.9%) was evaporated
from a plain hairpin of 0.5 mm diam wire
hooked from two steel connectors in a 600
ml spherical vessel. As a result of the sim-
ple design there was a lateral variation in
film composition between about *5% in
the iridium-rich deposits and about *+15%
in the low-iridium films: while this could
be improved by further work, film quality
was considered sufficient for the present
study. Films were annealed in hydrogen
for 1 hr at 500°C.

X-Ray diffractometry of film samples
showed peak doubling (additional to the a;
and . components of the Cu radiation)
for 111 and 222 reflections for some alloy
compositions (Table 1 and Fig. 1) indicat-
ing two distinet regions of composition
within the metal, while widths of deconvo-
luted individual peak components (3) in-
dicated homogeneity in each such region.
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Phase separation is inferred for these com-
positions from this result and from the fol-
lowing additional information: (a) 1 hr
annealing at 600°C gave substantially the
same result as at 500°C, whereas our ex-
perience with other binary-alloy films,
known from thermodynamic information to
be single-phased, is that an appreciable
merging of double peaks occurs after such
a temperature increase, and (b) older evi-
dence of an indirect nature (§) suggestx
that mutual solubility of iridium and gold
is small even at 900°C. Compositions of
the phases, derived on the basis of Végard’s
law from lattice parameters measured by
the Nelson-Riley method, are given in
Table 1. Clearly lattice parameters are
nearly indistinguishable from those of
100% Ir and 100% Au.

TABLE 1
LatricE PARAMETERS AND PHase COMPOSITIONS
For Ir-Au Fims

Mean film Derived
composition Lattice composition
(analysis) constant, a (Végard’s law:
% Ir &) see text) % Ir
100 3.839,° —
3.838-3.842¢
100 3.839 100
80-90 3.860 90-94
52 3.840, 4.076 99; 1
23 3.845,4.074 97-98; 2
12 3.840, 4.076 99: 1
0 4.078 0
0 4,078 —

a Literature values (6).
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Fre. 1. X-Ray diffractometer profiles of 111 and 222 reflexions for Cu Kea radiation. (- -) Resolved
a components. Intensities are normalized so that the height of each 111 peak is 100. The 311 reflexion
due to the iridium-rich phase overlaps to some extent the 222 of the gold-rich phase (bottom panel).

Hydrocarbons were dried and outgassed
hefore reactions. Hydrogen was purified by
diffusion through Pd. Conversion reactions
were followcd in the statie system by gle
and mass spectrometry. The initial
hydrogen/alkane pressure ratio was 10:1
with P.ixane = 0.81-0.85 Torr. Total con-
version was less than 10% in all
experiments.

n-Butane conversion was first examined,
primarily as a test for bond-shift type
isomerization (7). Hydrogenolysis only was
observed on 100% Ir at 238°C upward and
poisoning set in progressively above 260°C.
No isomerization was detectable at tem-
peratures up to 420°C. On 14% and 2%
Ir, reaction commenced at about 310°C;
hydrogenolysis (central secission) was the
predominant process. Hydrogenolysis ac-
counted for 100% of the product at this
temperature but was accompanied at higher
temperatures (~350°C) bv C, and C,
olefins (in the ratio ~1:2.5 by weight);
the latter products were in amounts well
within (»10% of) the equilibrium values.

Only on 14% 1Ir at 418-448°C was iso-
butane detected (1.2-1.3% of total prod-
ucts). In a single run with isobutane as
reactant on a 70% Ir film hydrogenolysis
was already appreciable at 270°C but no
isomerization was observed at temperatures
up to 415°C. The detectability limit for
isomerized butane was 0.05% of total hy-
drocarbon, that is, about 0.5% of total
products.

Reaction of n-hexane on 1009% Ir gave
(nonselective) hydrogenolysis as the only
reaction at 180-271°C (Table 2), and the
reaction already tended to self-poison in
this temperature interval. At 290°C and
above, benzene was formed. On 6 and 11%
Ir alloys this dehydroeyelization reaction
commenced at 320-330°C and, although
hydrogenolysis products were still substan-
tial, benzene was now the principal prod-
uct. (The rates of benzene production were
approximately equal on all the film cata-
lysts at 400°C.) Hydrogenolysis on the
alloys, clearly involving successive bond
scissions, had already commenced at 200°C
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TABLE 2
Propuct DistriBuTIONs IN THE n-Huxank ReacTtion
Rate of
hydrogen-
olysis
Mean film Alkane (9,)° X 102 Ben-
composition Temp % hexane/  zene Selec-
wt9, Ir °C) Ci C, Cs Cs C, min (%) tivity?

100 180 24 18 21 21 16 3.4 — —
203 27 18 21 19 16 4.7 — -

237 28 19 22 17 15 7.8 — —

271 26 23 21 18 12 9.7 — —

3251 6.0 22 0.3

364 . o 8.0 24 0.3

g X 7~ 7 ‘

392’ predominantly (~709%,;) methane 30 33 05

420 8.0 37 0.6

11 334 23 12 6 — — 0.4, 59 1.4

362 20 15 3 — — 0.6 62 1.7

406 8 B 4 — — 0.6, 83 4.9

447 6 4 2 — — 0.8 89 8.1

6 370 13 11 D — — 0.8 71 2.5

404 11 B 3 — — 0.7, 81 4.3

474 8 6 2 — — 1.3 85 5.5

s Initial product distributions here and in the selectivity column expressed in terms of carbon content.
® Ratio of dehydrocyclization rate to overall rate of hydrogenolysis.

but reliable product distributions could not
be measured below 300°C, essentially be-
cause there was an unusually large initial
instantaneous production of hydrogenolysis
products. No reaction was found below
400°C on 100% Au films; a minor amount
of hydrogenolysis was detectable above this
temperature. The progressive self-poisoning
for hydrogenolysis of both butane and
hexane, particularly for 100% Ir, leads to
a greater similarity in activity between
100% Ir and alloy films for hydrogenolysis
above ~250°C (Table 2) than linear por-
tions of the Arrhenius plots, measured in
different ranges of temperature, would
suggest. The latter suggest an advantage
for the 199% Ir of about 10° for the n-
butane reaction, and necarly 102 for the
hexane reaction.

From the Sanders parameter (8), the
surface migration rate of gold should be
greater than of iridium. It appears justified,
following the method of argument of
Qachtler and Jongepier (9) and from the

lattice distances in Table 1, to infer that a
crystallite shell of 1-2% Ir envelops an
iridium-rich core in the range of nominal
film composition of 11 to at least 50% Ir.
This outer “skin” represents the catalyst
surface in this range although the percent-
age Ir at the surface would be expected to
be further reduced by Gibbs enrichment.

The successive natire of the alkane
hydrogenolysis tends to obscure which C-C
bond is first broken, but an overall pattern
can be discerned. Hydrogenolysis of n-
hexane on 100% Ir was completely non-
selective in the range 180-270°C, con-
sistent with the findings of Kikuechi,
Tsurumi and Morita (10) (n-pentane) and
of Carter, Cusumano and Sinfeit (11) (n-
heptane) on chemically prepared catalyst
forms. The present n-butane results are
open to a similar interpretation. Hydro-
genolysis on the alloys was more selective
(clearest for n-butane) tending at low
temperatures to give central scission while
at higher temperatures appearance of
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olefin or diolefin (n-butane reaction) or in-
crease in cyclization (n-hexane) occurs as
well.

The superior selectivity for benzene pro-
duction of the alloys compared to 100% Ir
arises from the greater (by ~10 at 400°C)
hydrogenolysis rate on the latter. There 1s,
as noted, temperature-dependent blockage
of hydrogenolysis sites by carbonaceous
residues as evidenced by nonlinear Ar-
rhenius plots. Additional indication that
iridium films are more subject to such
poisoning than the alloys may lie in the
rather lower E, derived for hydrogenolysis
on the former at the lowest reaction tem-
peratures (~6 keal/mole) compared to the
latter which were derived necessarily at
higher reaction temperatures (8-10 keal/
mole). By contrast, site poisoning for ben-
zene production was not noticeable, at least
on the alloy catalysts, and the lincar
Arrhenius plots found gave E, estimates of
10 to 15 keal/mole. It follows that there iz
a positive temperature dependence of the
ratio of rates dehydrocyelization/ hydro-
gcnolysis (Table 2).

We may make the following comparisons
with Ni-Cu catalysts: (1) alkane hydro-
genolysis activity has been found to be
several orders of magnitude less for the
alloyvs than for 100% Ni (12-15) and this
finding appears to hold irrespective of
whether the reaction route is via a =-
alkene, a 12-diadsorbed or a 1,3-diad-
sorbed intermediate; as stated, the 100%
Ir film was only ~10 times more active
than the two Ir-Au alloys at comparable
temperatures; (i1} activity for n-hexane
isomerization (thought to be largely carbo-
evelie) was nearly 10% times greater at
330°C for 100% Ni than for Ni-Cu alloys
containing 10-309% Ni (1); rates of ben-
zene formation are roughly equal on 100%
Ir and our Ir-Au films. Tt is possible to
adduee arguments based on surface block-
age by residues to explain why the differ-
ences between 100% Ir and the Ir-Au films
are so small. There is an additional in-
fluence, opposite in its effect to residues,
which also merits examination. A body of
evidence is now available showing that on
elemental neighbor platinum both dehydro-

cyclization (16-18) and hydrogenolysis (19,
20) are surface-structure sensitive. Ander-
son and Shimoyama (20) have reported
that, when the crystallite size was in-
creased, the activity of platinum films for
hydrogenolysis of hexane decreased more
sharply than did isomerization plus dehy-
drocyclization. If the Ir-Au films contain
less step features than the 100% Ir films
this could alone be sufficient to explain that
hydrogenolysis is depressed more than is
dehydroeyelization on the alloys. Despite
the severe heat treatment given to the
present films, surface features appropriate
for dehydrocyelization and (possibly also)
hydrogenolysis may persist for kinetic rea-
sons (21). More generally, it seems prudent
to append to the proposition (1) that the
proportion of svrface ensembles of “active”
metal atoms determines the participation
of hydrogenolysis events in hydrocarbon
convers'ons the caveat that surface strue-
ture changes and adsorbed residues may
modify produet distribution patterns,

No cyelohexane accompanied benzene
production in the n-hexane reaction, con-
sistent with the position of the dehydro-
genation equilibrium at and above ca.
3590°C. Tt 1s of special interest that methyl-
cvelopentane did not appear even at the
lowest levels of conversion. Its absence as
an observed product is unlikely to be due
to fast ring enlargement to cyclohexane and
benzene because bond-shift isomerization
activity 1s very low. We infer that the C,-
ring structure forms directly and not
through a C.-ring intermediate. A conse-
quence is that 2-methylpentane and 3-
methylpentane, both of which would arise
from ring opening, are not found (}0.5%
of total products}.

Finally, the preference for C, evelization
on iridium catalysts and steric considera-
tions suggest that cyelization is by a -
olefin intermediate as favored for pal-
ladium by Muller and Gault (22).

Note added in proof. Further work (Z. Kar-
pinski and J. K. A. Clarke, unpublished manu-
seript) shows that isobutane and n-pentane
undergo rearrangement at 250°C and 200°C, re-
spectively, on iridium films. A contribution to
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benzene production through ring enlargement of
n

‘thyvleyelopentane cannot therefore be excluded.
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