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Hydrogen isotope exchange between deuterium gas and protium in hexane, pentane, 2-methyl-
butane, 2-methylpentane, 3-methylpentane, 2,3-dimethylbutane, and 2,4-dimethylpentane has
been catalyzed by clean platinum films (70-100°C). A selection of these reactions has been cata-
lyzed by films of rhodium and iridium (typically —13 to —35°C). In all cases, multiple exchange
occurred. Product analysis by mass and proton NMR spectroscopy showed that exchange in
methylene and methine groups was more rapid than that in methyl groups. A similar orientation
effect was observed in reactions over platinum powder but not over platinum-alumina. For ex-
change between deuterium oxide and hexane catalyzed by platinum films at 200°C, the rate of
exchange in methyl groups exceeded that in methylene groups. It is proposed that preferential
exchange in methylene and methine groups is normal behavior during alkane exchange with
molecular deuterium over these platinum metals when their surfaces (i) are initially clean or (ii)
contain several adjacent sites which are unperturbed by the presence of any electronegative ad-
sorbed species. In these cases, multiple exchange may occur via the interconversion of C,Ha,. (ads)
and C,Hsu,._1(ads), where z is probably 1, but may be zero or negative. Preferential exchange
in the methyl groups of hexane results from contamination of the surface by adsorbed D;0, OD,
or O; this may be a geometric effect or an electronic effect, depending on the magnitude of the
surface coverage of water, which is unknown. It is proposed that, under these circumstances,
alkane is adsorbed as a charge-transfer state, and multiple exchange occurs via the interconversion
of C,Hszy2(ads) and C.Hsnyi(ads) in a manner analogous to that proposed earlier for catalysis
by chloroplatinate ion in deuterated solvent. Orientation in the exchange between deuterium gas
and naphthalene or biphenyl catalyzed by films of platinum and iridium does not differ from
that observed in exchanges where the isotope source is deuterium oxide or deuterated solvent, but
the M value calculated for exchange in naphthalene is higher than that previously reported.

INTRODUCTION establish whether common

mechanisms

Certain classes of hydrocarbon reactions,
including hydrogen isotope cxchange, hy-
drogenation, and double-bond migration,
can be catalyzed both heterogencously by
Group VIII metal surfaces and homoge-
neously by complexes of these metals in
solution. In such cases, it is important to

10n leave from the University of New South
Wales.

operate in the heterogeneous and homoge-
neous systems, and hence the extent to
which a common chemistry prevails. From
such comparisons it may also be possible to
asscss whether or not an adsorption site in
a metal surface has the properties exhibited
by a single metal atom in the environment
of a defined eomplex.

Reactions involving hydrogen isotope
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PREFERENTIAL EXCHANGE IN ALKANES

exchange are valuable for such comparisons,
particularly when the exchange is faster
than any other competing process such as
hydrogenation. Exchange of protium for
deuterium in aromatic hydrocarbons has
been much studied from this point of view
and similarities between the mechanisms of
these reactions, as performed with hetero-
geneous and with homogeneous catalysts,
have been emphasized (1, 2).

Exchange of protium for deuterium in
alkanes is another reaction which offers the
opportunity for such a comparison. A large
number of transition metals are active for
the heterogeneous catalysis of hydrogen
isotope exchange in alkanes (3); in these
studies it has been customary to use
molecular deuterium as the isotope source.
Homogeneous catalysts for this reaction are
presently restricted to complex ions of
platinum (4-7), iridium (8), and rhodium
(9), and since these lons are susceptible to
reduction by deuterium gas the souree of
the isotope in these reactions has usually
been the solvent. In both the heterogeneous
and the homogeneous systems all protium
atoms in simple alkancs undergo exchange
for deuterium. Analysis of the products of
homogeneous reactions by mass and proton
NMR speetrometry has shown that pro-
tium atoms in a methyl group exchange
more rapidly than those in a methylene
group, and that the exchange rate is slowest
in a methine group (2,6). A mechanism
which interprets this pattern of behavior
has been proposed (2,6, 7

Most investigations with heterogencous
catalysts were carried out before NMR
spectroscopy was widely available, and
hence a systematic study as to whether such
preferential exchange oceurs in these sys-
tems has not been reported. Two isolated
reports of preferential exchange in alkanes
have been made. First, IXauder and Taylor
concluded, from an examination of the
fragment ions in the mass spectra, that
preferential exchange of protium atoms of
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the methylene group occurred during ex-
change in propane over platinum gauze
(10); sccond, IXemball presented kinetic
evidence for the preferential exchange of
the sccondary hydrogen atoms in propane
and of the tertiary hydrogen atom in iso-
butane in exchange reactions over nickel
film (71). However, the first of these
methods is not reliable and the second is
not sensitive as a general method for the
detection of preferential exchange in al-
kanes. Consequently, in the present work,
we have used a combination of mass and
NMR spectroscopies, which provides the
necessary sensitivity to investigative prefer-
ential exchange in alkanes catalyzed by
cvaporated metal films. Orientation effects
are reported, and specific conditions for
the reversal of the direction of the orienta-
tion when the isotope source is changed
from D; to D,O are deseribed. The metals
used are It, Ir, and Rh (thosec employed in
the homogeneous reactions), with the
emphasis once again on platinum-catalyzed
reactions.

Exchange of protium in alkane for
deuterium from D20 has been little studied.
Reaction of propane with D0 over nickel
film at 300°C has been observed to give
carbon dioxide and methane as products,
but no isotopic exchange in the alkane
occurred (12).

In view of (i) the comparisons already
made in the literature of homogeneous and
heterogencous exchange in aromatic hydro-
:arbons where the solvent or D,0 is the
isotope source (1, 2) and (i) the unexpected
orientation in exchange between alkanes
and gascous deuterium over clean films
(this work), it was felt nccessary to deter-
mine whether or not exchange between two
typical aromatics (naphthalene and bi-
phenyl) and gaseous deuterium over clean
platinum and iridium films conformed to
that previously reported. Confirmation of
most of the previously reported character-
isties for these reactions (13) was obtained.
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TNPERIMENTAL

Malerials. Platinum, iridium, and rho-
dium wires (Johnson Matthey) were
Specpure grade. Deuterium gas was purified
by passage through a heated palladium-
silver alloy thimble. Deuterium oxide, 999
(Norsk Hydro), hexachloroplatinic acid,
and the wvarious hydrocarbons (IKoch-
Light) were used as received. The only
impurities detected in the hydrocarbons
were isomers; no impurity concentration
exceeded 19.

Apparatus. Two ultrahigh vacuum sys-
tems were used, one fitted with an ion pump
and the other with a polyphenyl ether oil
diffusion pump. In each, the Pyrex reaction
vessel (485 ml) was attached to a stainless
steel flange which, in turn, was sealed to
the stainless steel vacuum system by a gold
ring. In one system, products from the
vessel were leaked to a Vacuum Generators
MM6 magnetic deflection mass spectrome-
ter; in the other system the vessel was con-
nected to a Vacuum Generators Q7 quad-
rupole mass spectrometer. Proton magnetic
resonance analysis of produets was achicved
using a JEOL 100-MHz spectrometer.

Calalyst preparation. Evaporated metal
films were prepared by a standard method
(14), all metal and glass surfaces having
previously been outgassed carefully at
10—# Torr. Pressures during film deposition
did not rise above 10~7 Torr. Typical film
weights were Rh, 35 mg; Ir, 35 mg; and
Pt, 15 mg.

A platinum powder was prepared by the
reduction of an aqueous solution of HoPtCl,
with NaBH,; the powder was thoroughly
washed and dried ¢n vacuo at 150°C.

Platinum supported on sulfate-free o-
alumina (109, w/w) was prepared by
impregnation of the support with hexa-
chloroplatinic acid and subsequent reduc-
tion in hydrogen at 600°C for 15 hr.

Reaction procedure. In a typical proce-
dure, carefully degassed hydrocarbon vapor
(2.64 X 10~* mole) was distilled into the
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reaction vessel, and  deuterium was ad-
mitted (o a pressure of 30 Torr, the glass
section of the vessel being maintained at
77 K. This provided a deuterium:hydro-
carbon ratio of ca. 9.4:1. The vessel was
then warmed rapidly to the reaction
temperature.

When the isotope source was deuterium
oxide, the desired quantity was measured
volumetrically, degassed, and distilled into
the vessel after the hydrocarbon.

The progress of exchange was followed
by mass spectrometry until the extent of
deuterium incorporation was sufficient for
orientation effects to be discernible in the
proton NMR spectrum; the hydrocarbon
vapor was then condensed into a suitable
sample tube containing the solvent (CCl,).
Proton resonance intensities were deter-
mined by repeated instrumental integration
following careful tuning of the speetrome-
ter, and the ratio (methyl:methylene:
methine) was compared to that obtained
for hydrocarbon having only the natural
abundance of deuterium. Analyses with the
natural materials were performed regularly
to standardize the integration method, and
so to maximize the accuracy of the
determination.

The deuterium contents of methyl,
methylene, and methine groups recorded
in the tables were calculated by combining
a knowledge of the total deuterium content
per molecule for a sample, 10~%¢ [sce
Eq. (2)], as calculated from the mass
speetrum, with a knowledge of the inte-
grated proton resonances (methyl:methyl-
ene:methine) determined from the proton
NMR spectrum.

In a limited number of cases, values of
the multiple exchange parameter, M, were
determined graphically by the method of
Kemball (15). The relevant plots were
lincar. In all other cases, M values were
calculated by use of Eq. (1):

P IOg b — l()g (¢w - ¢t)

M= , (D
100 log (100) — log (d,).
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where

6= 3 i(d). @)

=0
Quantities ¢, and ¢, are the values of ¢ at
time ¢ and at equilibrium, respectively, and
(d;) is the percentage in the sample of the
isotopic species containing ¢ deuterium
atoms.

RESULTS
Ezxchange between Hexane and Deulterium

Results for exchange between hexane
and deuterium gas catalyzed by films of
rhodium, iridium, and platinum, powdered
platinum, and platinum-alumina are shown
in Table 1. Exchange was permitted to
proceed to a substantial extent, so that the
most favorable conditions for detecting
intensity changes in the NMR spectrum
might pertain. All possible deuterium-
labeled hexanes were formed. Iligures la
and b show in histographic form typical
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distributions of products from rhodium-
and platinum-catalyzed reactions.

The activities of the metals, as reflected
by the temperature required to effect a
given rate of exchange, diminished in the
order Rh > Ir > Pt. Exchange in each
case was highly multiple in character,
initially yielding a high proportion of fully
deuterated species, and a further process
yielding hexane of low deuterium number
also occurred (sce Ifig. 1). Rhodium and,
to a lesser extent, iridium exhibited a
tendency for the preferential formation of
hexane-d. (sce Fig. 1a). The three metals
gave M values which diminished in the
sequence Pt > Ir > Rh; 3 values for
reactions catalyzed by platinum increased
with increasing temperature from 8.3 at
50°C to 12.3 at 200°C. These results and
trends follow those previously reported for
alkane exchange over these metals (16, 17).

Values of the ratio of the integrated
proton resonances, methylene:methyl; for
cach reaction of hexane are given in Table 1,

TABLE 1

Exchange between Hexane and Gaseous Deuterium

Catalyst  Temperature Reaction %D in hexane M Ratio of in~ %Din %D in
(°C) time ————— tegrated pro- methylene methyl
(hr) Obs.  Equil. ton resonance  groups  groups
(methylene:
methyl)
Pt film 70 1.2 44 60 8.6 1.04 50 36
Rh film —35 0.6 23 58 4.5 1.05 31 12
Ir film —-25 5.5 24 60 3.2 1.11 30 16
Pt powders 50 0.8 41 60 8.3 1.06 47 34
Pt—AlLO;° 180 18 31 58 3.0 1.31 32 31
Pt filme 80 1.7 37 58 8.7 1.18 41 33
Pt film9
Run 1 200 0.33 A3 a8 12.3 1.26 b4 51
Run 2¢ 200 0.22 47 68 10.1 1.26 49 46
Run 3/ 150 1.7 42 a8 9.4 1.10 47 35

 Thirty milligrams of powder, pumped at 150°C for 9.5 hr before use.

® Activated at 200°C in 1 atm of H, for 1 hr before use.

¢ Film heated at 200°C for 1 hr before standard reaction at 80°C.

< [film used for three successive experiments; film pumped at 200°C for 2 hr between runs.

¢ Premixed reactants admitted at 200°C.
/ Reactant addition by standard procedure.
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together with the calculated percentage
deuteration in each type of group. Random
exchange would result in the ratio having
the wvalue 1.33. The substantially lower
values observed indicate that there was
preferential exchange of hydrogen atoms in
the methylene groups for reactions over
platinum, rhodium, and iridium films and
over platinum powder, i.e., there was an
orientation effect. However, exchange over
platinum—alumina was random within cx-
perimental error {£0.03 in the ratio).

The extent of preferential methylene ex-
change was similar over each of the three
metals studied. However, the degree of
multiple exchange over platinum film was
higher than that over the other metals and
this, together with the high conversions
employed, somewhat reduced the magni-
tude of the measured orientation effect.
Over platinum at 200°C, where the multi-
plicity of the exchange is particularly high,
there was a significantly lower specificity
in the exchange, whereas, at lower tempera-
tures, where A/ values were lower, the
orientation effeet was more marked.

Exchange at 150°C on a platinum filin
previously used at 200°C gave results
similar to those obtained using a clean filin
at 70°C. The results show that temperature
changes within this range and pretreatment
of films at 200°C serve only to modify the
degree of preferential exchange at the
methylene groups; such changes in experi-
mental variables do not provide conditions
for preferential exchange at the methyl
groups.

In view of the highly multiple nature of
the exchange, it is important to assess the
significance of the ratios of integrated
proton resonances (sce Table 1) in terms
of the degree of orientation, remembering
that there can be no orientation in CeH,,
and CgDis A calculation was performed,
using the mass spectrum of 4 typical hexane
sample, in which it was assumed that
exchange occurred in methylene groups
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Frc. 1. Distributions of deuterium in hexane and
in naphthalene (a) from reaction of hexane with D,
over rhodium film at —35°C, 249, D in hexane;
(b) from reaction of hexane with D, over platinum
film at 70°C, 189, D in hexane; (¢) from reaction of
hexane with D;O over platinum film at 200°C,
429, D in hexane; (d) from reaction of naphthalene
with D, over iridium film at 80°C, 349, D in
naphthalene.

wherever possible, e.g., C¢H;Dy was as-
sumed to be CH;(CD;),CH,D. On this
basis, the distribution shown in Fig. 1a for
the rhodium-ecatalyzed reaction at —35°C
gave a calculated value for the ratio
(protium in methylene groups): (protium
in methyl groups) of 1.01, compared to the
experimentally observed ratio of integrated
proton resonances of 1.05. A further
calculation, based on an assumption that
a protium atom in a methylene group is
twice as likely to undergo exchange as a
protium atom in a methyl group, gave a
value for the ratio of about 1.23. Clearly,
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therefore, the orientation of the exchange
in hexane molecules which have not under-
gone a high degree of multiple exchange
is heavtly in favor of the methylene groups,
much more so than the ratio of integrated
proton resonances might suggest at first
sight.

Despite the preferential exchange in
methylene groups, the usual function plots
(15) for uniform exchange, the slopes of
which represent the initial rate of entry of
deuterium into hexane, and the initial rate
of disappearance of C¢Hy4 were linear (Pt
film, 70°C; Rh film, —35°C; conversion
= 20 to 30%). However, this is not un-
expected in view of the latest assessment of
the sensitivity of this kinetic method for
detecting differential rates of exchange in
molecules having nonequivalent hydrogen
atoms (I18).

Finally, it should be noted that (a) a
number of blank runs in which protium gas
was substituted for deuterium and (b) runs
in which exchange was allowed to proceed
to equilibrium each gave ratios of integrated
proton resonances, methylene:methyl, of
1.33 (40.02):1. Gas-liquid chromato-
graphic analysis confirmed that hexane
was not converted to other hydrocarbons
during exchange.

Exchange between Other Alkanes and

Deuterium

Results for the exchange of other alkanes
with gaseous deuterium catalyzed by films
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of rhodium, iridium, and platinum are
shown in Table 2. Exchange in pentane
resembled that in hexane, protium in
methylene groups exchanging more rapidly
than that in methyl groups. For exchange
in branched-chain alkanes, exchange of
protium in methyl groups was again slower
than that in methylene or methine groups.
Attempts to determine the relative rates
of exchange at methylene and methine
positions by proton NMR were hindered
because of the inaccuracy in the measure-
ment of the methine proton resonance.
However, the difference in the rate of ex-
change at these two positions was not
substantial.

Fxchange between Aromatic Hydrocarbons
and Deuterium

Exchange of protium for deuterium in
naphthalene and in biphenyl was catalyzed
by iridium and platinum films (Table 3).
The temperatures used were those required
to provide an adequate vapor pressure of
the aromatic hydrocarbon. The NMR
speetra revealed that naphthalene under-
went preferential exchange at the 8 posi-
tions, and this was supported by a marked
cutoff in the mass speetra after C;oHyD,
(Fig. 1d). A trace of tetralin was formed.

Table 3 shows that exchange between
biphenyl and deuterium was most rapid at
the meta and para positions taken together,
and a cutoff in the distribution at C;,H Dy

TABLE 3

IExchange between Typical Aromatic Hydrocarbons and Gaseous Deuterium

Aromatic  Catalyst Temper- Reaction %D in M Ratio of integrated %D in various
hydrocarbon  (film) ature time aromatic proton resonances positions
cC) (hr)
Obs. Equil. /B ortho/ (meta a B8 orthe (meta
<+ para) -+ para)

Naphthalene Pt 190 2.0 20 70 2.1 7 14 26

Ir 80 0.6 34 70 2.2 1.46 2t 44
Biphenyl Pt 100 0.3 46 66 3.0 1.40 21 62

Ir 80 0.1 47 66 2.6 1.36 23 62
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TABLEL 4

Exchange between Hexane and Gaseous D20 or Dy + Water Mixtures over Platinum Film

Film pretreat- Deute- Temper- Reaction %D in hexane M Ratioof in- %Din %D in
ment rium ature time e tegrated pro- meth- methyl
source (°C) (hr) Obs.  Equil. ton reson- ylene  groups
ances groups
(methylene:
methyl)

— b0 200 120 48 90 7.7 1.57 45 53

—_— D:0O 200 160 42 94 7.6 1.45 40 45

0.1 Torr of H,O* D, 65 65 40 60 9.4 1.08 46 33

1.0 Torr of H:O+ D. 85 85 40 58 8.9 1.19 43 36

15 Torr of D;O* D, 170 170 30 58 6.9 1.29 31 29

e Platinum film exposed to water vapor at stated pressure for 10 sec before admission of hexane and deute-

rium.

indicated that the reactivities at the meta
and para positions were comparable.

Exchange between Hexane and Deuterium
Oxide

Results for the platinum-catalyzed ex-
change between hexane and deuterium
oxide and between hexanc and water/D.
mixtures are shown in Table 4. Exchange
with deuterium oxide required a tempera-
ture of 200°C, and processes yielding
CsH 3D and CgDyy were evident (Fig. 1c).
The amounts of the other decuterated
species were considerably lower than those
observed in exchange with deuterium gas
(compare Figs. 1b and ¢), a property not
reflected in the M values. The proton NMR
spectra showed clearly that the rate of
exchange of protium atoms in the methyl
groups was faster than that of protium in
the methylene groups, i.c., the reverse of
the situation observed using gaseous deu-
terium as the isotope source. Platinum
films exposed to 0.1 or 1.0 Torr of water
vapor before admission of hexane and
deuterium catalyzed preferential exchange
of protium in methylene groups, but the
degree of preferential exchange diminished
as the partial pressure of water was in-
creased (Table 4). When 15 Torr of water

vapor was admitted, a temperature of
170°C was required for the achievement of
a comparable rate of exchange, and the
extent of preferential exchange of the
methylene groups was marginal. The mass
spectrum of hexane from this reaction was
intermediate between that typical of ex-
change with gaseous deuterium and that
typical of exchange with pure deuterium
oxide.

DISCUSSION
General Mechantsms of Exchange in Alkanes

Results of recent studies of metal-
catalyzed exchange of hydrogen in alkanecs
reveal that such cxchange is seldom a
random process. In some homogeneously
catalyzed reactions, protium in methyl
groups exchanges more rapidly than that
in methylene groups (2,6, 8), whereas in
this work, under appropriate conditions,
the reverse is observed. In this discussion
we attempt to rationalize these observa-
tions.

Tables 1 and 2 show that exchange of H
for D in methylene and in methine groups
of alkanes is more rapid than that in
methyl groups when the catalyst is an
evaporated film of Rh, Ir, or Pt, and the
isotope source is molecular deuterium.
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These catalyst surfaces, having been pre-
pared in ultrahigh vacuum, are considered
to have been clean except for carbonaceous
residues formed by dissociative chemi-
sorption of the alkane. Hence preferential
exchange of methylene and of methine
groups appears to be the normal behavior
at these clean surfaces. Furthermore, the
typical adsorption site is one in which a
metal atom has other surface metal atoms
as neighbors, these neighbors also being
available to play a role in the process by
functioning as additional adsorption sites.
Stepwise exchange in an alkane via Eqs.
(1), (2), and (3) requires the participation
of a group of at least three neighboring
sites, and multiple exchange [the first step
of which is shown in Eq. (4)] might require
more.

i —>
Cehu(g) + 2% ?Hzcsuu + }I«I (l)
* *
D, (g) + 2% — 2D ;
: | )
*
(,1H2C5H11 + D —» CH D)+ 2% (3)
* *
CHZCSHH — CHZTCHCA}ig + lll
* * *
or 4)
CIIQ—CHCZ‘H9 + lil
*® * *

(An alternative mechanism of the Rideal-
Eley type would likewise require a number
of adjacent sites to effect multiple ex-
change.) It seems reasonable to suppose
that, where (as on the surface of the clean
film) the number of available adsorption
sites 1s not artificially limited, the unit of
surface responsible for the complete process
of stepwise or multiple exchange is a group
of several metal atoms, and each asterisk
in Egs. (1)-(4) may represent an individual
surface metal atom. Under such conditions,
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where alkane chemisorption requires
carbon-hydrogen bond rupture, the rela-
tive concentrations of primary, secondary,
and tertiary alkyl intermediates initially
formed will depend on the strengths of the
carbon-hydrogen bonds to be broken. Since
the strengths of these carbon-hydrogen
bonds vary in the sequence

\ v 1
_CH~ -Gt~ ~CHi,,,

the formation of primary alkyl groups will
be disfavored, and thus the rate of exchange
of protium for deuterium in methyl groups
will be slower than that in methylene and
methine groups. Such a situation interprets
the results presented in Table 1. On this
model, it is expected also that protium in
methine groups should undergo exchange
more rapidly than that in methylene
groups, but the uncertainties in the ratios
reported in Table 2 prevent a firm conclu-
sion. However, such an expectation ignores
steric effects; the situation of methine
groups in branched alkanes is such that
the approach of these groups to the catalyst
surface may be particularly hindered.

The opposite orientation, in which the
exchange of protium for deuterium was
fastest in methyl groups and slowest in
methine groups was first reported for reac-
tions of alkanes eatalyzed by tetrachloro-
platinate ion in homogeneous aqueous
solution (2, 6). Here, the situation is very
different from that prevailing at a clean
metal surface in that the whole reaction is
achieved at a single metal atom. The initial
association of alkane with platinum was
the rate-determining step and it was pro-
posed that this occurred by clectron
donation from a filled molecular orbital of
the alkane to the metal. Furthermore, the
relative rates of exchange at methyl,
methylene, and methine groups were related
to the extent to which the relevant molec-
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ular orbital was associated with the various
C-H bonds in the alkane. Thus, multiple
exchange could be achieved by inter-

\\\ k//an2n+2
Pt
AN

not necessary to propose the participation
of coordinated alkene. The mechanism is,
in most respects, analogous to that pro-
posed earlier by Garnett and Hodges
(19, 20) for the exchange of protium for
deuterium in benzene catalyzed by tetra-
chloroplatinate ion.

The present work shows (Table 4) that
the exchange of hexane over platinum film
using deuterium oxide as the isotope source
provides the same preferential exchange of
protium in the methyl groups as the
reaction catalyzed by tetrachloroplatinate
ion. Moreover, this behavior is quite
general; Table 5 shows results sclected
from a current study by Garnett ef al. (21)
of reactions eatalyzed by carbon-supported

Pt
SN
H
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conversion of the initial charge-transfer
complex with an alkyl intermediate [Eq.
(5)] and it was

\\\ ///CnH2n+1
+

: ()

(S = solvent)

rhodium, iridium, and platinum. Reactions
catalyzed by ruthenium and palladium
behave similarly. Thus the sequence of
decreasing  exchange  rate,  methyl
> methylene > methine, appears to be
general for alkane exchange catalyzed by
polyerystalline metal when deuterium oxide
is the isotope source. This may be inter-
preted either as a geometric effect or as
an electronic effect.

Alternative A (geometric effect). If the
fraction of the surface covered by D20 and
the products of its dissociative adsorption
is high, then metal atom sites may exist
singly, or in groups insufficient in size to
catalyze reaction typical of the clean metal
surface. In this case, single metal atom

TABLE 5

Ixchange between Alkanes and Deuterium Oxide at 150°C+

Alkane Catalyst? Reaction %D in %D in %D in %D in

time sample® methine methylene  methyl

(hr) groups groups groups
Hexane Pt—carbon 26 37 — 32 43
Pt powder 144 284 — 22 35
Rh~carbon 48 28¢ — 27 30
Heptane Ir-carbon 216 6.6 — 6.0 74
2,4-Dimethylpentane Pt~carbon 12 21 11 18 24
Rh-carbon 48 20 12 19 22

¢ Conditions: alkane and deuterium oxide degassed and sealed in glass vials.

¥ Carbon-supported catalysts contained 109, by weight of metal and were activated with NaBH, imme-
diately before use; platinum-—carbon supplied by Matthey Garrett; others prepared from chloride salts ad-
sorbed on carbon; platinum powder prepared by reduction of PtO,-2H,0 with NaBH,,

< Percentage at equilibrium = 509,
i M =6.9.
M =417
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sites may exhibit a behavior similar to
that of the single metal atom in tetrachloro-
platinate ion, the mechanism of exchange
being similar,

Alternative B (electronic effect). A given
exposed platinum site might be polarized
positively by the chemisorption of D0,
OD, or O at a neighboring site, and this
positive polarization would then facilitate
the stabilization of the charge-transfer
intermediate shown in Eq. (5). [Such a
charge-transfer species is assumed to have
no more than a transient existence when
adsorption occurs at a clean metal surface
to give the dissociated species shown in
Eq. (1).] The surface coverage of platinum
by water and the products of its dissociation
under our experimental conditions is un-
known, Studies of water adsorption on Fe
(22), Co (23), and Ni (24) show that the
extent of adsorption is small at low pres-
sures (10~ Torr). We must therefore
consider the possibility that the coverage
on the more noble metal platinum is small,
even at the much higher pressures used in
this work. If indeed the coverage is suffi-
ciently small to permit numerous groupings
of four, five, or six adjacent platinum atoms
to exist, then behavior different from that
observed over clean platinum must be
attributed to a fairly long-range electronic
effect of oxygen adsorption on the behavior
of unoccupied sites. A somewhat com-
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parable long-range effect has been observed
for nickel and cobalt surfaces, the selec-
tivity of which has been modified by the
action of chemisorbed HoS (25).

The eclectronic effect of chemisorbed
oxygen may indeed be of critical importance
even when platinum sites oceur singly. If
this were so, there would be formal simi-
larities between (I) and (II), and we note

HO OH cl1 c1|”
~

[ | Pt<

— Pt— Pt — Pt — -~

| ] |
(1) (11)

that platinum complex ions having some
of the chlorine ligands in (II) replaced by
OH are even more active than (II) for
exchange of protium for deuterium in
alkanes, the orientation effect in the ex-
change being retained (7).

Formation of Alkane-d,

Exchange in hexane catalyzed by films
of iridium and rhodium (see Fig. 1a) gave
considerable yields of CsHy.D. (Fig. 1).
This, coupled with the observation that
exchange occurs preferentially in methylene
groups, supports the suggestion (17, 26)
that aa-diadsorbed species were formed and
that exchange occurred by processes typi-
fied by Eq. (6). Whether the

-H -0 +2D
CoH,, (8) = CH,CHC Ho—— CH,CC, H——=9 CH,CD,C H(g) (6)

614 3|49
*

site for adsorption of the aa species is a
single metal atom or a pair of adjacent
metal atoms is unknown.

Exchange in Naphthalene and Biphenyl

Exchange in naphthalene and in biphenyl
(Table 3) closely resembles exchange of
these compounds in aqueous solution with
homogeneous and heterogeneous metal
catalysts (13, 27). Preferential exchange at
the g positions of naphthalene, observed

3"49
*

over platinum and iridium films with
molecular deuterium as the isotope source,
is the same as that recorded for exchange
catalyzed by tetrachloroplatinate ion (28,
29), various forms of bulk platinum (73),
and other metals (21, 30), in which the
isotope source was deuterium oxide. Like-
wise, deactivation at the ortho positions in
biphenyl observed in the present work
concurs with that reported for platinum-
catalyzed reactions in aqueous media (13,
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28). The M value of 2.2 observed for
naphthalene is significantly higher than
the value of unity previously reported (13)
and may result from the higher temperature
used in the present study.

Thus, the similaritics discussed in detail
previously (1, 2, 81) for ecxchange of
aromatics in various catalyst systems is
now cxtended to include exchange with
gaseous deuterium over clean platinum
and iridium films. For exchange in aro-
matics (unlike that in alkanes) the mecha-
nism is the same whether the isotope source
is deuterium gas or deuterium oxide, and
hence the presence of water at the surface
is not a determining factor. The mechanism
proposed for this exchange reaction involves
the initial formation of a = complex between
an aromatic molecule and a metal atom.
Thus, the mechanism under all conditions
analogous to that more recently proposed
for exchange in alkanes catalyzed by chloro-
platinate ion and, in this paper, for cata-
lysis by platinum film in the presence of
water.
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