JOURNAL OF CATALYSIS 114, 153-166 (1988)

Studies of Skeletal Rearrangements of Labeled Hexanes on
Iridium and Iridium—Cobalt Catalysts: Correlations between the
Product Distributions and Some Structural Information on the

Catalysts Given by EXAFS

P. ESTEBAN PUGES,* F. GARIN,* F. WEISANG,T P. BERNHARDT,* P. GIRARD,*
G. MaAIRg,*! L. Guczi,i AND Z. ScHAYE

*Laboratoire de Catalyse et Chimie des Surfaces, U.A. 423 du CNRS, Institut Le Bel, Université

Louis Pasteur, 4 rue Blaise Pascal, 67070 Strasbourg, France; T L’ Air Liquide, rue Michaél Faraday,

78390 Bois d’Arcy, France; and fInstitute of Isotopes of the Hungarian Academy of Sciences,
P.O. Box 77, H-1525 Budapest, Hungary

Received December 24, 1987

Isomerization of hydrocarbons using *C-labeled molecules over both iridium and iridium-cobalt
catalysts proceeds via a selective cyclic mechanism. By decreasing the iridium loading from 10 to
0.25 wt% or by adding cobalt to iridium, isomerization via bond-shift intermediates becomes more
important. For C-C bond rupture a methyl migration mechanism is favored, whereas the tertiary
carbon atom always seems to be nonreactive. To explain the change in the reaction pathway, an
alkyne mechanism was postulated in which the alkyne species are in equilibrium with the surface
carbynes. The former species are favored when adsorbed hydrogen is less available, which is the
case with cobalt as seen by TPR measurements on bimetallic cobalt—iridium catalysts. On the other
hand, carbynes are the precursor species for the selective cyclic mechanism or for selective
demethylation. The catalytic results are well supported by EXAFS measurements. The multiple
scission of the C—C bonds characteristic of cobalt is suppressed by the presence in the topmost
layer of iridium atoms surrounded by cobalt atoms. Total surface iridium concentration is constant
irrespective of the iridium loading as also seen by TPR measurements. From EXAFS data, it is
shown that iridium atoms (i) are involved in a bimetallic phase very diluted in iridium having a unit
mesh identical to that of hexagonal cobalt; (i) are involved in very small aggregates of iridium
embedded in the matrix of cobalt with iridium-iridium distances of 0.265 nm (these aggregates are
insensitive to oxidation passivated by cobalt and then catalytically inactive); and (iii) are in some
cases making large fcc particles of iridium, particularly when the catalyst is heated at 1273 K in
helium. The catalytic results are discussed via two hypotheses: (i) an electronic interaction be-
tween iridium and cobalt and (ii) the availability of surface hydrogen. Both hypotheses are directly
correlated to the product distribution observed during the surface rearrangement. < 1988 Academic

Press, Inc.

INTRODUCTION

Skeletal rearrangement of hydrocarbons
on iridium catalysts takes place mainly via
a selective Cs-cyclic type mechanism and
marginally by a bond-shift mechanism (/7).
Interconversion between 2-methylpentane
and 3-methylpentane can be interpreted by
the selective cyclic mechanism, whereas n-
hexane never participates in the cyclic re-

' To whom all correspondence should be addressed.

action. Hydrogenolysis of methylcyclopen-
tane is also selective because the ratio of
3-methylpentane to n-hexane amounts to
about 20 (2). Hydrogenolysis of cyclic al-
kanes on iridium catalysts revealed that
mainly the rupture of secondary-secondary
or secondary—primary carbon—carbon
bonds is favored. Such a characteristic be-
havior of Ir/Al,O; catalysts seems to be
largely independent of dispersion and of the
method of preparation (/). For example, a
0.25 wt% Ir/Al,O; catalyst derived from
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Ir/(CO)2 leads to the same selectivity in
both hydrogenolysis (acyclic or cyclic) and
isomerization as the classical 10 wt% Ir/
AL O; sample (3).

In contrast to iridium, on Pt/ALO; the
selectivity pattern, i.e., the relative contri-
bution of isomerization to hydrogenolysis,
changes with platinum dispersion (4). Al-
though cobalt is considered to be an exten-
sive cracking catalyst, its addition to plati-
num never results in enhanced cracking
activity but simply in a shift toward forma-
tion of intermediates by bond shift (5, 6).
The platinum-cobalt ensembles do not ex-
hibit the intrinsic isomerization and crack-
ing activities that are characteristic of plati-
num and of cobalt, respectively, and this
can be interpreted by a strong cobalt—plati-
num interaction.

In the present work EXAFS experiments
have been carried out with the aim of ob-
taining better information about the struc-
ture of Co-Ir bimetallic catalysts in addi-
tion to what has been gathered in TPR and
hydrogen TPD studies (7). We also wish to
look for correlations between the catalyst
structure and the selectivity pattern dis-
played in hydrocarbon transformations.
For a better understanding ¥C-labeled hy-
drocarbons are applied.

EXPERIMENTAL
Catalysts

Catalysts were prepared by coimpregna-
tion or successive impregnations on AL O;
manufactured by Woelm A.G. (154 m?/g,
0.28 c¢cm’/g pore volume). Chemical-grade
HzII'le. . 6H20 and CO(NO3)2 . 6H20 were
purchased from Johnson Matthey and
Merck, respectively.

Catalysts prepared by coimpregnation.
Atomic and weight compositions of the
samples are listed in Table 1. The total pro-
portion of metals (iridium + cobalt) is al-
ways 10%. Prior to the reaction, catalysts
were reduced in situ in a stream of H, at 973
K for 6 h. Catalyst B* signifies catalyst B
treated at 1273 K under helium for 6 h.
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TABLE 1

Atomic and Weight Percentages for Various
Co,Ir,_,/ALLO, Catalysts

Atomic composition Percentage Preparation
in weight
Ir 100 Ir 10.0

*
)

Co 49 Ir 51 Co 23 Ir 7.7
Co 68 Ir 32 Co 4.0 Ir 6.0
Co 84.8 Ir 152 Co 6.1 Ir 3.9
Co 933 Ir 6.7 Co 81 Ir 1.9
Co 978 Ir 2.2 Co 93 Ir 0.7

Coimpregnation
Coimpregnation
Coimpregnation
Coimpregnation
Coimpregnation

TOoOmMmoOw >

Co 99 Ir 1 Co 9.7 Ir 0.3 Coimpregnation
Co 100 Co 10.0
Ita,b) Co 98 Ir 2 Co 9.3 Ir 0.7 Successive
Jab) Co 84 Ir 16 Co 6.1 Ir 3.9 impregnations

¢« B* = catalyst B treated at 1273 K under helium (6 h).

Catalysts prepared by successive im-
pregnations. Some catalysts—Ia, Ib, Ja, Jb
(Table 1)—were prepared by successive
impregnations as follows:

For Ia and Ja, the Al,O; carrier was first
impregnated with a solution of H,IrClg -
6H,0, then calcined in air at 673 K and re-
impregnated with an aqueous solution of
Co(NO»), followed by calcination in air at
673 K.

For Ib and Jb, the inverse procedure of
impregnation was applied, i.e., cobalt salt
was deposited first. The calcination steps
were the same as for Ia and Ja.

The catalysts were heated in a stream of
hydrogen at 653 K for 14 h.

Hydrocarbons

All BC-labeled hydrocarbons were pre-
pared from the corresponding labeled alco-
hols. The synthesis of these compounds has
been described previously (8). The starting
labeled materials were obtained from
Merck Sharpe and Dohme (Canada).

Catalytic Tests

Catalytic reactions were carried out in
the all-glass, grease-free flow system al-
ready described (9). Reactions were per-
formed at atmospheric pressure with a par-
tial pressure H,-to-hydrocarbon ratio of
120.
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EXAFS Measurements

The procedure for EXAFS measure-
ments has been described elsewhere (10).
The synchrotron radiation was that pro-
duced in the DCI storage ring of LURE
(Orsay) running at 1.72 GeV, with an aver-
age current of 200 mA. The monochroma-
tor used was a channel-cut Si(311) crystal,
the signal being extracted through two ion
chambers. Cells about 1 mm thick, with
sealed Kapton windows, were used as sam-
ple holders. EXAFS spectra were recorded
above the iridium Ly edge (11,215 eV) and
the cobalt K edge (7709 eV) for catalysts
B*, C, D, F, and G after reduction in Stras-
bourg and transfer to LURE in an argon
atmosphere. EXAFS spectra were obtained
from the absorption spectra in a conven-
tional manner by subtracting a Victoreen fit
in the pre-edge region. Fourier transform
technique was used to isolate the EXAFS
contribution due to the first coordination
shell. A curve-fitting technique was applied
to determine the values of the “*“EXAFS pa-
rameters.”’ Fitting was accomplished by
means of an iterative least-squares proce-
dure (/7). The A parameter (mean free path
of photoelectron) was introduced for a pho-
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toelectron energy of 200 eV and then ex-
trapolated for the other values of E with the
expression A = CE 2. By using the ampli-
tude and phase functions calculated by Teo
and Lee (/2), it was possible on iridium and
cobalt foils and on 10 wt% Co/Al;0O5 and 10
wt% Ir/ Al,O; catalysts to fit the experimen-
tal EXAFS oscillations until the fifth coor-
dination shell, for example in the case of
iridium (28). Although the parameters for
amplitude and phase functions were not ex-
tracted from well-defined iridium and co-
balt compounds, the errors in the distances
were less than 0.03 A.

RESULTS
EXAFS Results

In Table 2 are the results obtained by an-
alyzing EXAFS oscillations beyond both
the L;; edge of iridium and the K edge of
cobalt for catalysts B*, C, F, and G (see
Table 1). The first neighborhood contribu-
tion was isolated in every case by inverse
Fourier transformation over a limited range
of R (radius). The curve-fitting technique
was then applied to determine the EXAFS
parameters.

Figures la and b show, respectively, the
modulus of the k3-weighted EXAFS experi-

TABLE 2

Structural Parameters of Alumina-Supported CoIr,_, Catalysts Derived
from EXAFS Data

Catalysts Absorp- Number of Distance (A)

tion nearest

edge neighbors Co-Co Co-Ir Ir-Ir Co-0

Co Ir 0

B*¢ Ir 12 — — 2.72 —_
Coylrs,
C Co 10,6 — 2.2 2.50 — — 1.93
Cogglrs, Ir 20 8.6 — 2.49 2.65 —
F Co 85 — 20 2.49 — — 1.90
Cogy 5135 Ir 3 22 — — 2.50 265 —
G Co 1.8 — 1.3 2.50 — — 1.93
Coglr, Ir 37 — - — 2.49 — —

¢ B* = catalyst B treated at 1273 K under helium (6 h).
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Fi1G. 1. (a) Modulus of the Fourier-transformed k3-weighted EXAFS experimental data obtained
from the Ir L;; edge for samples B* and C. Hanning window ranges from 40 to 140 nm~' in & space. {b}
Superposition of the £3-weighted EXAFS oscillations: (—) For samples B* and C from the inverse
Fourier transform ranging from 0.18 to 0.32 nm in phase space. (@) Calculated with the corresponding

parameters indicated in Table 2.

mental data obtained from the Ly Ir edge
for samples B* and C, applying a Hanning
window between 40 and 140 nm~!, and the
superposition of the k*-weighted EXAFS
oscillations obtained from the inverse
Fourier transform, ranging from 0.18 to
0.32 nm in phase space, and of the fit with
the corresponding parameters indicated in
Table 2. In Fig. 2a, the modulus of the
Fourier-transformed 4-weighted EXAFS
experimental data is given for samples C
and F. In Fig. 2b, the k-weighted Fourier-
transformed fits corresponding to the
EXAFS oscillations on the K edge of Co,
with the Hanning window ranging from 40
to 130 nm~!, are presented for samples C
and F. EXAFS parameters obtained for
the first shell on iridium Ly and cobalt K
edges are reported in Table 2 for catalysts
B*, C, F, and G. In sample B* only one Ir-
Ir distance (0.272 nm) for the iridium sur-
rounded by 12 near neighbors in the first
coordination shell can be found. The Fou-
rier transform for catalyst B* is exactly
the same as that for an iridium foil. The

EXAFS oscillations are fitted by fcc irid-
ium until the third coordination shell. By
X-ray diffraction large particles of iridium
(d > 10 nm) were identified. The forma-
tion of these large iridium particles was at-
tributed to sintering during the heating to
1273 K under helium. The catalytic prop-
erties of sample B* agree with those of a
classical Ir/AlL,O; catalyst (see Catalytic
Results).

The following observations were made
for catalysts C, D, F, and G:

* The Fourier transforms for catalysts C,
D, F, and G treated at 700°C are differ-
ent from that for catalyst B*. Beyond
the absorption edge of iridium the
Fourier transform is more intense for
catalyst B* (see Fig. 1a for comparison
between catalysts B* and C) and the
main peak is shifted to lower distances.

e There is a surprisingly short Ir-Ir dis-
tance of 0.265 nm for samples C, D,
and F but without any Ir-Co distance
at 0.265 nm.
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FiG. 2. (a) Modulus of the Fourier-transformed -
weighted EXAFS experimental data obtained from the
Co K edge for samples C and F. (b) Superposition of
the k3>-weighted EXAFS oscillations: (—) For samples
C and F from the inverse Fourier transform ranging
from 0.07 to 0.3 nm in the phase space. (@) Calculated
with the corresponding parameters indicated in Table
2.

* Co—Co and Co-Ir distances of 0.250
nm are present for samples C, F, and G
but the Co-Ir distance was deduced
only from the EXAFS data on the ab-
sorption edge of iridium and never on
the absorption edge of cobalt.

* Specifically on the absorption edge of
cobalt, there are Co-O distances
around 0.192 nm on all samples due to
some contamination by air.

* No Co-Ir distances at 0.250 nm eXist as
deduced from EXAFS beyond the co-
balt K edge.

* For sample D there is an Ir-Ir distance
of 0.272 nm identical to the observation
on sample B* which is attributable to
the presence of a separate phase of irid-
ium on the support.

Analysis of the EXAFS data, although not
obtained during in situ experiments, led us
to make the following comments: (a) Cata-
lyst B* treated under He at 1273 K com-
prises large fcc Ir particles. No EXAFS
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measurements were taken on the Co K
edge, the catalytic properties being those of
a classical 10% Ir/ALO; (1). X-ray diffrac-
tion showed superimposition of Ir crystal-
lites and of cobalt aluminate (29). (b) At
first glance, for catalysts C, D, and F, the
presence of short Ir-Ir distances (0.265 nm)
may be thought of as an indication of the
existence of Ir,Co,_, alloy. In such a case
bimetallic particles with Ir-Co distances
identical with Ir-Ir bond length should also
be present: using a nonlinear least-squares
refinement, no Ir-Co distances with 0.265
nm can be introduced without having the
goodness of the fits (on both Ir Ly and Co
K edges) seriously violated. This leads us
to discard the hypothesis of the existence of
an Ir,Co,_, alloy and to focus on the exis-
tence of the short Ir-Ir distances (0.265 nm)
to monometallic iridium clusters embedded
in the cobalt matrix. This hypothesis is fa-
vored by three arguments:

1. These Ir contracted clusters are not
sensitive to oxidation in air and are inactive
in catalysis.

2. Whatever the concentration of Ir in
the catalyst the catalytic results seem to
correlate to a constant composition of irid-
ium in the topmost layer as seen also by
TPR measurements (7).

3. Recent in situ experiments under hy-
drogen confirm completely the EXAFS
data described here (30) (Ir~Ir distances at
0.265 nm and Ir—Co distances at 0.249 nm)
and show that for coimpregnated Ir-Co cat-
alysts, chloroiridic acid is first adsorbed on
alumina and iridium atoms, and clusters af-
ter calcination and reduction diffuse into
the matrix of Co, the reduction of iridium
occurring simultaneously with that for co-
balt. The existence of Ir-Co distances at
0.249 nm on catalysts C, F, and G beyond
the iridium L;; edge but not beyond the co-
balt K edge is explained by the presence of
atomic iridium surrounded by cobalt atoms
in the topmost layer. As the number of Co-
Co distances is much higher than the num-
ber of Co-Ir distances, these Co-Ir dis-
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FI1G. 3. (a) Normalized NEXAFS (L edge of iridium) for iridium oxide (—) and catalyst B* (---). (b)
Normalized NEXAFS (Lj; edge of iridium) for catalysts B* (—) and C (---).

tances are not detected in the analysis of
the measurements on the cobalt K edge.

NEXAFS on the Ly, edge of iridium. The
presence of metallic particles of iridium
even after contamination by air as deduced
from EXAFS analysis on the Ly edge of
irtdium is confirmed by the structure ob-
served near the Ly edge. Figures 3a and b
represent the structures near the absorption
edge of iridium for an iridium oxide refer-
ence for catalysts B and C. In Fig. 3a the
NEXAFS for the reference iridium oxide is
compared with that for catalyst B which is
characteristic of metallic iridium (15, 28).
The iridium spectrum beyond the absorp-
tion edge is more complex than the iridium
oxide spectrum, the white line being more
intense in the case of iridium oxide. In Fig.
3b the NEXAFS for catalysts B and C are
compared. For both catalysts the intensity
of the white line is similar. In contrast with
the oxide case, the features observed be-
yond the absorption edge in catalyst C
closely follow those observed in the case of
B*, even if they are softened due to a
smaller cluster size. This is in full agree-
ment with the conclusions drawn from
EXAFS data.

In conclusion we deduce that three types
of iridium atoms contribute to these cata-
lysts studied by EXAFS: (i) iridium atoms

in large crystallites of iridium (Ir-Ir = 0.272
nm); (ii) iridium atoms in small contracted
clusters embedded in the cobalt matrix (Ir-
Ir = 0.265 nm) unreactive on exposure to
air or during the catalytic test; (iii) iridium
atoms in the topmost layer surrounded by
cobalt atoms (Ir-Co = 0.249 nm).

Catalytic Results

Catalytic behavior of iridium catalysts.
Before the iridium—cobalt bimetallic cata-
lyst was studied, pure iridium catalysts
with different metal loadings were investi-
gated in the catalytic conversion of 2-
methylpentane, The results are presented
in Table 3. As shown here the total activity
measured at 493 K is high, whereas the se-
lectivity for isomerization is rather low.

The cracking pattern very clearly shows
that deethylation reactions are favored over
demethylation reactions and that the (C; +
C,)/(C, + Cs) ratio increases from 1.3 t0 2.5
when the amount of iridium decreases from
10 to 0.25 wt%. The internal C—C bond fis-
sion leading to propane is of minor impor-
tance, as rupture of carbon-carbon bonds
involving a tertiary carbon atom is not fa-
vored. This remark can be generalized to
the various demethylation reactions leading
preferentially to isopentane formation. The
rate of cleavage of carbon—carbon bonds in-
volving secondary and primary carbon at-
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TABLE 4

Isomerization of 2-Methyl[2-C"]pentane on Iridium Catalysts at 493 K: Distribution
of the Various Isotopic Species

Catalyst % AN N LU0 BSA?
/\T/\ /‘j/\ /’;l:'a Cyclic (%)
mechanism
10% Ir-Al, 04 96 4 0 96 96 4 0 4
0.5% Ir-Al,0, 90 10 0 90 98 2 0 2
0.25% Ir-Al,04 80 20 0 80 95.5 4.5 0 4.5
1% Ir-Si0O, 79.5 20.5 0 79.5 93 7 0 7

@ Abnormal labeling corresponding to repetitive processes.

b Bond shift in chain lengthening.

oms is 4 to 10 times higher than the rate for
bonds involving a tertiary carbon atom. In
Table 3 the ratio isopentane/n-pentane (iP/
nP) varies from 2 to 5. In these experiments
no repetitive process occurs: (i) extensive
cracking does not take place, 6C, ~ 0 and
3C; ~ 0, except on the 0.25 wt% Ir/Al,O3
catalyst, (ii) the isobutane to n-butane ratio
is always very high (iB/nB ~ 7), and (iii) the
isomerized product distribution shows 7 to
15 times more 3-methylpentane than n-hex-
ane.

To obtain deeper insight into the mecha-
nism, the analytical technique was im-
proved so that very small amounts of la-

beled n-hexane could be measured during
isomerization of the labeled hydrocarbons.

The results presented in Tables 4 and 5
are different from those in Ref. (2) in which
experiments with 2-methyl{4-1*C]pentane
were not performed with as high a sensi-
tivity as used in the analytical technique.
From the relative contributions of n-hexane
and 3-methylpentane, the amount of each
isomer formed via the cyclic or bond-shift
mechanism can be determined.

There are two main features: (i) the major
isomerization pathway on iridium at low
temperature (493 K) proceeds via the selec-
tive cyclic mechanism. (ii) Considering the

TABLE 5

Isomerization of 2-Methyl[4-1*C]pentane and 3-Methyl[3-*C]pentane to n-hexane on Iridium
Catalysts at 493 K: Distribution of the Various Isotopic Species

Catalyst 2-Methyl{4-1*C]pentane 3-Methyl[3-*Clpentane
AN A % AN A A %
Cyclic Cyclic
mechanism mechanism

10% Ir-Al, O, 75 25 0 50 66 34 0 66

0.5% Ir-Al, 0, 78.75 21.25 0 42.5 43 57 0 43

0.25% Ir-ALO; 88 12 0 24 50 50 0 50

1% Ir-Si0, 77 23 0 46 63.5 36.5 0 63.5

2 Abnormal labeling corresponding to repetitive processes.
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same isomer (e.g., n-hexane) the expected
percentages obtained from 2-methyl{4-
BC]pentane or 3-methyl[3-3C]pentane via
the cyclic mechanism fully agree with the
experimental findings.

The cyclic mechanism is three to seven
times more effective than rearrangement
via bond shift and represents 81 + 7% of
the isomer products as indicated in Table 6.
The high (3-methylpentane/n-hexane)cy ra-
tio indicates that the methylcyclopentane
intermediates formed in the cyclic mecha-
nism (CM) are hydrogenolyzed via a very
selective pathway. Only the carbon—carbon
bonds involving secondary carbon atoms
are selectively broken.

Hydrogenolysis of methylcyclopentane
performed at 433 K yielded almost exclu-
sively 2-methylpentane and 3-methylpen-
tane as seen in Table 3. The 3MP/nH ratio
is always higher than 19 on all four Ir cata-
lysts, which demonstrates that hydrogeno-
lysis on irtdium proceeds via the selective
mode.

Catalytic behavior of iridium-cobalt cat-
alysts. The results obtained with 2-methyl-
pentane at 493 K are summarized in Table
3. The rate, rr, expressed in ul (g s)”!, is
two to three orders of magnitude lower for
catalysts B to G than for the monometallic
catalysts with 1 or 10 wt% Ir. On the other
hand, the catalysts in the second series (Ia,
Ib, Ja, Jb) are 2 to 20 times more active than
catalysts F and D, respectively. No large
variation in rr values occurs when the Ir
content changes from 0.3 to 6 wt% metal
loading. They are comparable to those ob-
tained on the 0.25 wt% Ir/Al,Os catalyst.

Besides isomerization, hydrogenolysis is
again the most important reaction. No mul-
tiple C—C bond cleavage occurs, which is
quite surprising with respect to the proper-
ties of cobalt catalysts (18). 6C; ~ 0 and 3C,
~ 0 and iB/nB > 7, except catalyst J, (3.9
wt% iridium) for which an important frac-
tion of 3C, is produced.

The C4 + C,/Cy + Cs ratio depends on
catalyst composition and passes through a
minimum for the coimpregnated series. As
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on iridium catalysts, C-C bond rupture in-
volving a tertiary carbon atom is not fa-
vored; the iP/nP ratio is higher than 1.2.

The selectivity in Cy isomer formation
changes with catalyst composition. A maxi-
mum value of 37.4% is reached for catalyst
E (1.9 wt% Ir) and a minimum for catalyst
D (3.9 wt% Ir). For the catalysts in the sec-
ond series, where cobalt is second in the
sequence of impregnation, the selectivity is
around 10% compared with the 28% char-
acteristic of the catalyst where the support
is impregnated first with cobalt. The 3MP/
nH ratio changes from 2.2 for catalyst G to
3.8 for B, passing through a minimum of 1.2
indicative of catalyst F. This ratio varies
erratically in the second series but the val-
ues fall in the same range. As on pure irid-
ium catalysts, the amount of methylcyclo-
pentane is near that of n-hexane.

On the other hand, in methylcyclopen-
tane hydrogenolysis, the 3MP/nH ratio is
always high and comparable to that ob-
tained on Pt/Al,O; catalysts with large
particles, but r is lower on monometallic
iridium catalysts (see Table 3). The values
depend on catalyst composition: at 433 K,
from 0.3 to 1.9 wt% Ir, r = 3.1 = 0.4,
from 3.9 to 6 wt% Ir, r = 13.5 %= 3; and for
7.7 wt% Ir, r = 5.

For catalysts in the second series, the ex-
periments were performed at various tem-
peratures; the results obtained are in the
same range as those previously obtained.

In the isomerization of labeled hydrocar-
bons, the ratio of cyclic to bond-shift mech-
anism is only 1 to 3 as shown in Table 6.
This behavior is typical of Ir-Co catalysts.

Addition of iridium to cobalt also re-
sulted in a decrease in the contribution of
the cyclic mechanism and in the 3MP/nH
ratio obtained either by methylcyclopen-
tane hydrogenolysis or during hydrogenoly-
sis of the cyclic intermediate (3MP/nH)cy-

For catalyst B* treated under helium at
1273 K the product distributions for both
isomerization and hydrogenolysis are char-
acteristic of a monometallic iridium on alu-
mina catalyst (Table 3).
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TABLE 6

Distribution of the Various Mechanisms at 493 K on Ir and on Ir-Co Catalysts
(from 100 mol of 2-Methylpentane)

Catalyst Conversion Zkine s 2cv  DHpsa Zem/Zas Sem (BMP/nH)cym
B ——— 100 =" 100
ar Zps Zps + Zem
(mol%) (%)
10% Ir-AlLQO; 45.8 41 0.6 4.2 0.75 7 87.5 21
0.5% Ir-Al,0; 11 8.5 03 22 0.55 7.3 88 33
0.25% Ir-AlLO; 3.8 3 0.2 0.6 2.5 3 75 9.7
1% Ir-SiO, 28.9 22.5 i.5 438 1.95 3.2 76 12
Ir Co
(at%) (at%)
1 99 8.1 68 04 08 2 2 66 4.6
2 98 7 5.3 0.8 0.8 1.9 1 50 53
7 93 3.1 1.9 04 07 1.75 1.75 63.5 3.6
16 84 4.7 42 02 03 11 1.5 60 5.5
32 68 11.4 9 0.5 1.7 3.6 3.4 77 7
50 50 37.8 33.6 1.3 29 2.8 2.2 69 9.5
4ot = Zeacking T 2Bs T ZcM; Zeracking = amount of molecules formed by cracking reactions; Sps + 2oy =

amount of molecules formed by bond-shift mechanisms and cyclic mechanisms. nHpss = amount of n-hexane

formed by bond-shift A.

DISCUSSION

Supported Iridium Catalysts

In light of the isomerization properties
observed for iridium catalysts, first the rela-
tionship between selectivity and particle
size is discussed. Skeletal rearrangement of
hydrocarbons on various crystallographic
planes of iridium is as structure sensitive as
on platinum surfaces (19). Nevertheless,
clear evidence, as was shown on Pt (4),
regarding the particle size effect on hydro-
carbon reactions on iridium is not available
here. Van Santen ef al. (17) studied the role
of surface carbonaceous layers and of metal
particle size in the reactions of C¢ hydrocar-
bons. They concluded that (i) methylcyclo-
pentane ring opening is selective on clean
iridium (no hexane is formed), and when
iridium is covered with a carbonaceous
layer, less selective ring opening occurs; (ii)
the dependence of particle size on the cata-
lytic properties of Ir, as well as its sensitiv-
ity to self-poisoning, is much less pro-
nounced than on Pt.

As far as our results are concerned, with

decreasing iridium concentration the rela-
tive contribution of n-hexane in the isomer-
ization of 2-methylpentane increases, but
this is not related to nonselective hydroge-
nolysis of the methylcyclopentane ring, as
shown in Table 3. Nor can this be ascribed
to formation of a carbonaceous deposit, be-
cause no repetitive processes occur, as in-
dicated by the distribution of labeled isom-
erized products shown in Tables 4 and 5 (no
abnormal labeling can be detected by [1-
BClhexane or 3-[methyl!*C]pentane forma-
tion).

The relative contribution of the cyclic
mechanism decreases when the metal load-
ing decreases, as shown in Table 6, which
demonstrates very clearly that iridium and
platinum behave very differently. To ex-
plain this behavior the following experi-
mental findings should be taken into consid-
eration: (i) when the cyclic contribution is
equal to 75% (Scm/Zgs = 3), bond shift via
mode A (BSA) occurs to a higher extent;
(ii) hydrogenolysis of the methylcyclopen-
tane intermediate is always selective; (iii)
in the isomerization of 2-methylpentane,
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(BMP/nH)cy decreases significantly from
33 to 9.7 as iridium content decreases.
For interpretation of these results a prop-
erty of metal particles associated with small
size should be utilized. Indeed, iridium at-
oms in small particles may behave as in or-
ganometallic entities and it is well known
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that on iridium a carbyne structure is fa-
vored. Here, reaction schemes involving
alkyne species for bond-shift A isomeriza-
tion [reaction (1)] and for interpretation of
the high isopentane/n-pentane ratio [reac-
tion (2)] are suggested:

/k/\ SHH nga CHS:C=C:P’ — - CHC=C—Pr
[Il!_IC n] H‘{lr—Co] H H lr-%o}'“ (l)
+2H
NN
)\/\ : iPr—CH2€K2CH3
‘ dehydrogenation on the adsorp-
(iP—cHe=ch) tion sites S, (25)
A . . . .
superficial migration to reactive (2)
sites Sg (25) composed of metals
ipr_ cH, with low coordination numbers,
él —_— noted *“‘M=M" (26, 27)

S

However, influence of the support, which is
more important when the particle sizes are
smaller or when the support is different
(ALO; or Si0,), cannot be ruled out. On the
basis of this new evidence obtained on vari-
ous supported iridium catalysts, our pre-
vious proposal for 1,3 methyl shift mecha-
nism (2) should be omitted.

Iridium—Cobalt Catalysts

Concerning the isomerization of 2-
methylpentane, it is observed that the irid-
ium-cobalt samples are less active than the
monometallic 10 wt% Ir/AlLO; catalyst.
Surprisingly, however, these bimetallic
iridium—cobalt catalysts are as active as the
0.25 wt% Ir/AlO; catalyst, whatever the
dilution of iridium to cobalt. Furthermore,
the isomer selectivity is characteristic of
monometallic iridium catalyst and not of
cobalt. On IrsgCosp/ALO; (catalyst B*)

composed of fcc Ir particles (see EXAFS
results, Table 2) the selectivity is similar to
that measured on the 10% Ir/Al,O; sample.
When iridium atoms are located on the top-
most layer the selectivity resembles those
obtained on catalysts with low Ir loading
(0.5 and 0.25 wt% Ir/Al,O5). On mono-
metallic cobalt catalysts the selectivity for
isomerization is zero at 493 K (18). Hence,
from the data it can be concluded that asso-
ciation of cobalt with iridium always results
in an iridium character, even for a very high
dilution of iridium in cobalt (1 or 2 at% irid-
ium for 99 or 98 at% cobalt, respectively).

Further support for the display of iridium
characteristics of the Ir-Co bimetallic sys-
tems is derived from the increased selectiv-
ity of isomerization observed on catalysts
Ib and Jb, when cobalt salts are first im-
pregnated. These findings seem not too sur-
prising when the structure of Ir-Co cata-
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lysts is considered in light of the EXAFS
measurements (see Table 2). The surface is
always covered with iridium and the sur-
face composition in iridium seems con-
stant. A higher content of iridium results in
the same surface composition and in en-
hancement in the bulk (small contracted
iridium clusters). In addition, TPR mea-
surements (7) completely support the
EXAFS data.

Another important feature emerges from
the product distribution of methylcyclopen-
tane hydrogenolysis. At such temperatures,
the selectivity in C¢ isomers amounts to
about 100% both on monometallic iridium
and on bimetallic iridium-cobalt catalysts.
Again, this is completely different from the
behavior of a cobalt catalyst (18) where Cs
isomer selectivity equals zero. Further-
more, the 3MP/n-hexane ratio deviates no-
ticeably from that measured over monome-
tallic iridium catalysts, with the exception
of sample D (Co 84.8—Ir 15.2) for which the
3MP/nH ratio reaches =16 due to the pres-
ence of Ir particles (Ir~Ir = 0.272 nm) as
detected by EXAFS. However, it is worth-
while to recall that some metal-support in-
teraction may occur on a catalyst with low
iridium loading as shown in the previous
paragraph. Consequently, here again the bi-
metallic Ir,Co,_, catalysts reflect large dif-
ferences from monometallic cobalt or irid-
ium catalysts. No direct correlation with a
linear combination of properties of cobalt
or iridium is possible. At this point one may
think that dilution of iridium by cobalt will
result in an increase in the nonselective hy-
drogenolysis of MCP as observed on Pt—-Cu
catalysts (20) or Ir-Cu catalysts (15).

Results of the labeling experiments, in
particular the ratios presented in columns
6~8 in Table 6 for Ir,Co;_,/Al,O; samples
and for the monometallic iridium catalysts,
are evidence that the bimetallic catalysts
have gained different characteristics to-
ward isomerization compared with iridium
catalysts, even if a support effect is opera-
tive for monometallic iridium catalysts.

In contrast to the properties of platinum
displayed in the copper-diluted samples
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(20) or in the very small Pt particles, here
an increase in both the nonselective path-
way in hydrogenolysis of methylcyclopen-
tane and in the contribution of the bond-
shift mechanism to skeletal rearrangement
is induced by dilution of iridium with co-
balt. The same trends were observed re-
cently for bimetallic Pt,.Co,_,/Al,O; and
Ir,Cu,_,/Al,O; catalysts (5, 6, 21).

Both the particle size effect and the dilu-
tion of Ir by Co indicate the importance of
participation of carbyne-type intermediates
in the rearrangement. These carbyne spe-
cies of Ir and Co (22, 23) can be synthe-
sized and under certain conditions can be
stabilized on the support. The observed
changes do not contradict its being an inter-
mediate; therefore, the presence of alkyne-
adsorbed species as intermediates for the
skeletal rearrangement of hydrocarbons on
bimetallic iridium cobalt catalysts can be
postulated. Cleavage of these alkyne spe-
cies produces surface carbynes (6).

As an alternative explanation one may
assume the depletion of surface hydrogen
as cobalt increases. Guczi et al. (7) have
shown for carbon monoxide hydrogenation
on Co-Ir/Al,O; bimetallic catalysts that
there is a proportionality between CH, for-
mation and the easily available, weakly
bound hydrogen. TPD experiments showed
that addition of cobalt to iridium resulted in
a change in the proportion of hydrogen de-
sorbed at low temperature (on iridium) to
that characteristic of cobalt samples de-
sorbed at higher temperature. This latter is
not strongly bound to the surface for the
hydrogenation step in any surface reaction;
as a consequence, the larger the amount of
strongly bonded hydrogen on the surface,
the higher the proportion of alkyne species
formed and, hence, the contribution of se-
lective cyclic mechanism decreases.

CONCLUSIONS

Catalytic properties of iridium catalysts
clearly show that the selective cyclic mech-
anism predominates. When the total metal
loading decreases the relative contribution
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of the cyclic mechanism decreases,
whereas the bond shift in the chain length-
ening via mode A (methyl migration) in-
creases. We proposed that among the paral-
lel reactions occurring, the selective cyclic
mechanism is weakened and alkyne species
formation is favored.

No discrepancy exists between the per-
centages obtained from 2-methyl[4-1*C]pen-
tane and 3-methyl[3-*C]pentane via the cy-
clic mechanism when looking at n-hexane
formation. These results seem to rule out
the previous proposal for a 1,3 methyl shift
mechanism (2). Furthermore, the weak in-
fluence of the support seems to contribute
when the support is different (AL,Os; or
SiO,) and the total amount of iridium de-
creased.

The cyclic mechanism is always the ma-
jor process on iridium—-cobalt catalysts but
its role is lower than on pure iridium. On
the other hand, the role of the bond-shift A
mechanism is increased and the (3MP/
nH)cwm ratio is decreased.

Two phenomena are operative on these
catalysts. First, to explain the nonreactivity
of tertiary carbon atoms and all the results
above, we may postulate an alkyne mecha-
nism which produces, by cleavage, surface
carbynes. Second, as there is a large excess
of hydrogen, to explain a dehydrogenation
to alkyne species we must view it as a result
of the lesser availability of surface hydro-
gen since as cobalt increases the weakly
bound surface hydrogen diminishes.

Finally, we may note that the catalytic
behavior of cobalt is never reached. This
means that an interaction between Ir and
Co blocks the extensive cracking properties
of cobalt. These results are very well ex-
plained by the EXAFS measurements
which indicate that the surface composition
in iridium is constant, whatever the iridium
loading, with iridium atoms surrounded
only by cobalt atoms.
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