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The hydrogenolysis of neopentane (2.2-dimethylpropane) has been studied over the rhodium
catalysts Rh/HY, Rh/NaHY. and Rh/SiO,. The catalytic activity follows the sequence: Rh/HY >
Rh/NaHY = Rh/SiO,. For all catalysts, the conversion of neopentane was 100% selective to
hydrogenolysis products, methane, and isobutane; they are formed in a ratio of 1 : 1. In an attempt
to determine the true activation energies from the apparent activation energies derived from the
Arrhenius curves, corrections were made for the preequilibrium between gaseous and physisorbed
neopentane. The adsorption of neopentane on the metal-free supports was determined: isosteric
heats of adsorption were calculated from these data. For zeolites NaY and HY they are 8.2 and
7.0 kcal/mol, respectively. After correcting for the preequilibrium, the true activation energies are
33.5 and 38.8 kcal/mol for Rh/HY and Rh/NaHY, respectively. The results lend support to the
concept that the superior activity of Rh/HY is due to the “‘electron deficiency’ of the rhodium

particles.  © 1993 Academic Press, Inc.

INTRODUCTION

Rhodium is one of the most active Group
V111 metals for olefin hydrogenation (/) and
other hydrocarbon reactions, including hy-
drogenolysis (2-5). Assuming that the cata-
lytic activity of transition metals is related to
their percentage d-bond character as defined
by Pauling, Boudart and Ptak attribute the
high activity of Rh to the high d-bond char-
acter of its electrons (3). The underlying
concept that catalytic activity is correlated
to the electronic structure of the metal (6)
implies that it might be possible to alter cata-
lytic activity by modifying the electronic
structure of the metal.

Zeolite-supported metals have been used
to probe this concept, since the structure of
zeolites not only controls the geometry of
the encaged metal particles but has also
been claimed to affect their electronic struc-
ture. Boudart and co-workers (7, &) re-
ported the turnover frequency of neopen-
tane hydrogenolysis at 272°C to be 44 times
higher for Pt supported in CaY than for Pt

supported on AL,O,. They attribute this en-
hanced activity to a partial electron transfer
from the small (fewer than six atoms) Pt
particles to the zeolite support, thereby,
creating ‘‘electron-deficient™ Pt particies.
They argue that such Pt clusters will resem-
ble Ir in electronic structure, a metal that
has a higher percentage of d-bond character
and is much more active than Pt for this
reaction (3).

Homeyer ¢t al. (9, 10) report a strongly
enhanced activity of Pd supported in HY , in
comparison to Pd/NaY and Pd/SiO,. They
propose that the increased activity is due to
the “‘electron deficiency’ of the Pd parti-
cles, caused by an interaction between the
reduced metal and the zeolite protons. This
interaction leads to the formation of
Pd-proton adducts, [Pd,-H.]** (//-13).
This model has been tested by several tech-
niques, including infrared spectroscopy of
chemisorbed carbon monoxide (/4), X-ray
photoelectron spectroscopy (/5), and hy-
drogen isotope exchange (/6). The results
are in agreement that the electron-deficient
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Pd is present in Pd-proton adducts. They
do not, however, exclude other causes that
might also contribute to the differences in
the observed catalytic activity of Pd on vari-
ous supports. For instance, a preequilibrium
of gaseous and physisorbed molecules on
the support could lower the apparent activa-
tion energy and lead to an increased reaction
rate. Furthermore, diffusion must be con-
sidered when supports of different porosity
are compared.

The objective of the present study is to
consider these phenomena in conjunction
with the electron deficiency and proton-ad-
duct concepts, which suggest that rhodium
supported in a zeolite with a high proton
concentration will become similar, in elec-
tronic structure, to ruthenium, its left-hand
neighbor in the periodic table. Neopentane
conversion has been chosen as the test reac-
tion; it is examined over Rh, supported on
materials with different proton concentra-
tions, different pore dimensions, and differ-
ent heats of physical adsorption of neopen-
tane. The catalysts Rh/HY, Rh/NaHY, and
Rh/8i0, have been prepared and tested, and
physical adsorption of neopentane on the
metal-free supports has been measured.

EXPERIMENTAL
Sample Preparation

The acidic zeolite HY was prepared by
exchanging NaY (LZY-52, Linde) with 10
equivalents of NH,NO, (Aldrich) for each
equivalent of NaY in 2000 m! of doubly de-
ionized water. The exchange was performed
at room temperature (RT) for 24 h, followed
by filtering. This procedure was repeated
three times. The NH,Y sieve was then cal-
cined in a flow of oxygen (50 ml/min/g cata-
lyst), while the temperature was ramped
from RT to 500°C over 24 h and held at
500°C for an additional 12 h before cooling
to RT.

Before the rhodium was exchanged into
the newly formed HY, the zeolite was resat-
urated with water. This process was accom-
plished by flowing He (100 ml/min) through
a saturator containing doubly deionized wa-
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ter at 11.4°C; this temperature corresponds
to a water vapor pressure of 10.1 Torr (1
Torr = 133.3 N/m?). Water treatment con-
tinued until the zeolite was completely re-
saturated.

lon exchange of rhodium with NaY or HY
was performed by dropwise addition of a
dilute solution of [Rh(NH,);Cl]Cl, to a dilute
slurry of the zeolite in doubly deionized wa-
ter (200 ml/g) at 90°C for 24 h. These condi-
tions permit maximum exchange of Rh; of
greater importance is that minimum CI-
contentis achieved, because the equilibrium
between [Rh(NH;);Cl]** and [Rh(NHj;)s
(H.O)P** is shifted toward [Rh(NH;)s
(H O~ (7).

After exchange, the solid was filtered and
washed with doubly deionized water until
no Cl™ anions were detectable upon addi-
tion of AgNQ; to the supernate. Finally, the
catalysts were air dried and stored over a
saturated NH,CI solution in H,O. The ab-
sence of Cl~ was confirmed by XPS.

Davison Grade 62 wide-pore silica gel,
80-100 mesh, was used for the preparation
of Rh/SiO, by incipient wetness impregna-
tion of Rh(CO),, (Strem Chemicals). De-
tails have been previously reported (/8).

The weight loadings of the catalysts, de-
termined by atomic emission spectroscopy
(AES) of inductively-coupled plasma, were
4.0, 4.2, and 1.1 wt% for Rh/HY,
Rh/NaHY, and Rh/SiO,, respectively.

Calcination

For the temperature-programmed reduc-
tion or desorption and the catalytic tests,
approximately 150 mg of catalyst was used;
for measurements of the adsorption of neo-
pentane, approximately 100 mg of catalyst
was found sufficient. All samples were first
calcined under a high flow (>200 ml/min)
of pure oxygen in a packed-bed reactor
at atmospheric pressure. The temperature
ramp was programmed at 0.5°C/min from
RT to the specified calcination temperature
(T.) and held at T, for 2 h. Oxygen was
then replaced by flowing argon (30 ml/
min) for 20 min at 7, before cooling to
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RT. All further studies were carried out
in situ.

Temperature-Programmed Reduction and
Desorption

Temperature-programmed reduction
(TPR) and temperature-programmed de-
sorption (TPD) were used to determine the
extent of Rh reduction and the fraction of
surface-exposed Rh atoms. The symbol
Rh/NaHY is used, in leu of Rh/NaY,
throughout this paper for the reduced rho-
dium catalyst ion exchanged with NaY be-
cause the reduction of the Rh*~ cations by
hydrogen produces protons.

After calcination, the samples were
cooled to —78°C in flowing Ar (30 ml/min)
by submerging the reactor into a dry ice/
acetone bath. At this temperature, the Ar
flow was replaced by a flow (30 ml/min)
of H, in Ar (5% H, in Ar). For TPR, the
temperature was ramped from —78°C to the
specified reduction temperature (7g) at
8°C/min and held at T for an additional 20
min. The quantity of hydrogen consumed
was measured by an on-line thermal conduc-
tivity detector and recorded by a computer.

In preparing for TPD, the catalyst was
cooled to RT in the H, stream to saturate
the Rh metal surface with chemisorbed hy-
drogen. After 15 min, the H, flow was re-
placed with an Ar flow (30 ml/min) and held
for an additional 60 min to remove weakly
physisorbed hydrogen from the surface of
the reactor and catalyst.

Prior to the TPD runs, the reactor was
again immersed in the dry ice/acetone bath.
The temperature was then ramped from
—72°C to 600°C at 8°C/min and held at 600°C
for an additional 20 min. The amount of re-
leased H, was measured by the thermal con-
ductivity detector.

Kinetic Studies, Terminology

Prior to the reaction studies, the samples
were reduced in a pure H, flow (30 ml/min)
at atmospheric pressure. The temperature
ramp was, again, programmed at 8°C/min
from RT to Ty and held at T; for 20 min
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before cooling to the reaction temperature
(Trxn)-

The reaction of neopentane (2,2-dimeth-
ylpropane) with hydrogen was conducted at
atmospheric pressure in a continuous-flow
packed-bed reactor. A flow of neopentane
premixed with hydrogen (1:9) was diluted
with helium to obtain a neopentane partial
pressure of 6 Torr; the overall flow rate was
76 ml/min. Prior to entering the reactor, the
reaction mixture was passed through a mo-
lecular sieve 5A trap to remove hydrocar-
bon contaminants.

The reaction products were analyzed by
an on-line gas chromatograph (HP 5790,
50-m cross-linked methyl silicone capillary
column) equipped with a flame-ionization
detector. Since the three catalysts exhibit
different activities, different temperature
ranges were used to maintain similar con-
version ranges; the reaction temperature
varied between 100 and 140°C, 120 and
170°C, and 140 and 180°C, for Rh/HY,
Rh/NaHY, and Rh/SiO,, respectively.
Throughout the catalytic studies, the con-
version level never exceeded 10%; i.e., it
remained within the kinetic regime.

For each catalytic run, the temperature
was increased by 7°C increments and data
were collected at constant temperature. To
determine the extent of catalyst deactiva-
tion, the temperature was subsequently low-
ered and additional data were collected.
Product distributions were calculated as the
carbon percentage of neopentane consumed
in the formation of a product.

The turnover frequencies (TOF) reported
in this paper are expressed as numbers of
neopentane molecules converted per re-
duced surface rhodium atom every second.
The number of reducéd surface Rh atoms
is evaluated from the ratio of adsorbed H
atoms to reduced Rh atoms, H,./Rh,,4. de-
rived from TPD and TPR data, respectively.
The extent of reduction, Rh,.4/Rh,, . is de-
rived from integration of the TPR profile;
it is largely controlled by the local proton
concentration of the support (/9, 20) and,
therefore, is different for different supports.
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In this paper the notation Rh/support
(T./Ty) will be used to describe the support
(NaHY, HY, and SiQ,), the calcination tem-
perature (T), and the reduction (Tg) tem-
perature of the samples.

Adsorption Measurements

The uptake of neopentane by the metal-
free supports (HY, NaY, and SiO,) was
measured using a conventional static ad-
sorption procedure. After calcination, the
sample was cooled in vacuo (107° Torr) to
the first isotherm temperature; after ca. 60
min the uptake of neopentane was recorded
and the presence was increased (the initial
neopentane pressures were 1,2,3,5,7, 10,
15, 20, 30, 50, and 80 Torr). Subsequently,
the reactor was evacuated, and the dead
volume was determined by expanding Ar.
Before the next isotherm was registered at
a higher temperature, the sample was de-
gassed in vacuo at 350°C. In this way, five
adsorption isotherms were registered for
each support. Some isotherm measure-
ments were repeated; full reproducibility
was found, indicating that no changes in the
support structure had occurred during up-
take. The isosteric heats of adsorption were
calculated from the temperature required to
obtain the same coverage at different neo-
pentane pressures.

Mass spectra were also recorded in situ
during the adsorption and desorption of neo-
pentane using a Dycor M200 quadrupole
mass spectrometer. No ‘‘cracking’ prod-
ucts were detectable with any of the three
supports.

RESULTS
Kinetic Studies

Figure 1 shows the Arrhenius curves for
Rh/HY(500/300), Rh/NaHY(500/300), and
Rh/Si0,(250/300). Under the present reac-
tion conditions, no deactivation of the cata-
lyst is detectable; the rate of hydrogenolysis
and the product distribution observed when
returning to the initial reaction temperature
are found fully reproducible. This validates
the use of neopentane as a probe molecule:
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Fi1G. 1. Arrhenius curves for the hydrogenolysis of
neopentane over the following catalysts: Rh/SiO, (O);
Rh/NaHY (H); and Rh/HY (@).

As it is unable to form olefins or tertiary or
secondary carbenium ions in one step, coke
formation via such intermediates is minimal.
Arrhenius plots are similar for catalysts of
different pretreatment history and, there-
fore, are not shown.

Table 1 lists the turnover frequencies
and product distributions at different tem-
peratures for various catalysts. All cata-
lysts in this study displayed 100% selectiv-
ity for the hydrogenolysis of neopentane
to methane and isobutane, which were
always formed in a ratio of 1:1. Similar
product distributions have been reported
for Rh/SiO, (3). The good reproducibility
of the kinetic results permits determination
of the apparent activation energy, E,, and
preexponential factor, A, with high accu-
racy. These parameters are compiled in
Table 2. A compensation effect (2/-23)
exists between these kinetic parameters;
the linear plot of E, vs In(A) is shown in
Fig. 2.

Metal-free supports, similarly pretreated
as the Rh/NaHY, Rh/HY, and Rh/SiO, cat-
alysts, were also tested; they showed no
measurable hydrogenolysis of neopentane
over the range of reaction temperatures, in-
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TABLE i

Neopentane Hydrogenolysis over Supported Rhodium Catalysts: Product
Distributions and Turnover Frequencies®

Catalysts Tg °C) Trxn (°C) Product TOF¢
distributions (%)
Me Et Pr iB

Rh/HY"* 500 108 19.7 —_— — 80.3 3.54e-3
115 20.5 — — 79.5 6.92¢-3

400 107 19.2 — — 80.8 4.65¢-3

1 114 19.2 — — 80.8 8.94e-3
300 108 21.8 — — 78.2 4.02¢-3

114 20.9 — — 79.1 6.72¢-3

200 107.5 21.5 — — 78.5 3.52e-3

116 20.8 — — 79.2 8.18e-3

Rh/NaHY" 500 128 20.0 — — 80.0 7.87e-3
134.5 2222 — 2.8 77.5 1.620-2

400 127 21.2 — — 78.8 8.69¢-3

134.5 21.7 — 2.7 75.5 1.81e-2

300 128 21.7 — —_ 78.3 6.42e-3

134.5 22.5 — — 77.5 1.17e-2

200 128 24.4 — — 75.6 4.12e-3

135 225 — — 77.5 7.18e-2

Rh/Si0,! 500 147 21.9 — — 78.1 3.21e-2
156 23.6 — — 76.4 5.98e-2

400 147.5 21.5 — — 78.5 3.13e-2

154 2.4 — — 77.6 6.17e-2

300 148 21.6 — — 78.4 3.95¢e-2

154.5 21.7 — — 78.3 7.85e-2

200 147 21.5 — — 78.5 4.22e-2

154.5 23.2 — — 76.8 9.13¢-2

¢ Rate expressed in numbers of C5 converted per reduced surface rhodium atom

every second.
4 TC 500°C.
“TC 500°C.
4 TC 250°C.

dicating that the Rh sites are decisive for
this catalytic reaction.

Heats of Adsorption

Large amounts of neopentane are ad-
sorbed on NaY and HY at a variety of
temperatures. Figures 3 and 4 show the
isotherms for the uptake of neopentane;
from these isotherms, the heat of adsorp-
tion, AH, the standard Gibbs free energy
of adsorption, AG®, and the standard en-
tropy of adsorption, AS®, are determined.
In contrast to the zeolites, silica adsorbed

so little neopentane, even at rather low
temperatures, that it was not meaningful
to register adsorption isotherms with the
same apparatus.

Tables 3 and 4 list the thermodynamic
data for neopentane adsorption on zeolites
NaY and HY, respectively. By fitting the
data to a Langmuir isotherm for nondissoci-
ative adsorption, the equilibrium pressure
at constant coverage for each temperature
was calculated. The heat of adsorption was
then determined, at constant coverage, from
the Clausius—Clapeyron equation:
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TABLE 2

Neopentane  Hydrogenolysis over  Supported
Rhodium Catalysts: Apparent Activation Energies and
Preexponential Factors

Catalyst E, (kcal/mol) In(A)
Rh/HY(500/500) 29.4 334
Rh/HY(500/400) 28.8 32.8
Rh/HY(500/300) 229 24.4
Rh/HY(500/200) 249 27.7
Rh/NaHY (500/500) 21 36.1
Rh/NaHY(500/400) 32.1 359
Rh/NaHY(500/300) 299 32.5
Rh/NaHY(500/200) 28.4 304
Rh/Si0,(250/500) 39.2 42.4
Rh/S5i04(250/400) 37.9 42.0
Rh/8i0,(250/300) 359 38.8
Rh/Si0,(250/200) 35.7 40.6

ld In( P )/dT), = —AH/RT2. (1)

The coverage, 6, for the catalyst was chosen
to be comparable to that of the catalytic
tests. The isosteric heats of adsorption of
neopentane for NaY and HY are 8.2 and 7.0
kcal/mol, respectively (1 kcal = 4.184 kJ).

From these calculated heats and the es-
tablished isotherms, the Gibbs free energy
and the entropy of adsorption were calcu-
lated from first principles:

50 T

In(A)

20

20 25 30 35 40
Ea(kcal/mol)

FiG. 2. Compensation effect in the hydrogenolysis
of neopentane over supported rhodium catalysts.
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F1G. 3. Neopentane adsorption isotherms on zeolite
NaY, after calcination to S00°C. (4) 100°C: (O) 125°C;
(@) 150°C; (O) 175°C; (W) 200°C.

AG® = —RT In{[6/(1 — @)]P°/P} (2)

AG° = AH — TAS". 3)

The standard state is defined as P° = | atm
and # = 0.5. A more descriptive summary

1200 7
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Peguitibriem (Torr)

FiG. 4. Neopentane adsorption isotherms on zeolite
HY, after calcination to 500°C. (A) 100°C; (O) 125°C;
(@) 150°C; (O) 175°C; (W) 200°C.
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TABLE 3

Thermodynamic Data for Neopentane Adsorption on
Zeolite NaY after Calcination to 500°C

Temperature —-AH —-AG® —AS°
(°C) (kcal/mol)  (kcal/mol) (cal/mol K)
100 8.2 4.2 10.8
125 8.2 4.0 10.6
150 8.2 3.8 10.0
175 8.2 3.2 1.1
200 8.2 3.1 10.7

of the data analysis has been reported by
Eberly (24).

DISCUSSION

The results of this study provide a clear
pattern of the catalytic behavior of sup-
ported rhodium catalysts for the hydrogeno-
lysis of neopentane. The catalytic activity
over the three catalysts follows the se-
quence: Rh/HY > Rh/NaHY = Rh/SiO,
(see Fig. 1); the activation energy, E,, de-
creases as the proton concentration of the
support increases (see Table 2). The appar-
ent activation energies are 26.5, 30.6, and
37.2 kcal/mol for Rh/HY, Rh/NaHY, and
Rh/SiO,, respectively; within experimental
error, they are independent of the pretreat-
ment conditions.

Three possible causes will be considered
for these relations: (1) adsorption equilib-
rium, (2) pore diffusion limitations, and (3)
electronic modification of the metal sites.

TABLE 4

Thermodynamic Data for Neopentane Adsorption on
Zeolite HY after Calcination to 500°C

Temperature —AH -AG® —AS°
(°C) (kcal/mol) (kcal/mol) (cal/mol K)
100 7.0 4.5 6.8
125 7.0 4.3 6.7
150 7.0 4.2 6.9
175 7.0 3.5 7.8
200 7.0 3.8 6.8
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Adsorption Equilibrium

Presumably, the transition state of the ad-
sorbed neopentane molecule on the rhodium
will be reached from a precursor state in
which the molecule is also adsorbed on the
rhodium. If this precursor state is in equilib-
rium with physisorbed neopentane on the
support, we can use either the gas phase or
the physisorbed state as reference for the
enthalpy of the transition state. It has been
argued that physisorption of reactants on the
catalyst will lead to lowering of the apparent
activation energy, thus being one of the
causes forthe compensation effect as first de-
scribed by Schwab (27) and Cremer (22).

Recent work by Haag on hexane cracking
over various acid zeolites is consistent with
this view (25). Differences in the apparent
activation energy were noted, ranging from
37 kcal/mol for US-Y to 30 kcal/mol for
ZSM-510 27 kcal/mol for ZSM-23. When the
apparent activation energies were corrected
for the heats of physical adsorption of hex-
ane on these zeolites (12, 19, and 23 kcal/
ml for US-Y, ZSM-5, and ZSM-23, respec-
tively), using

E = E, - AH, 4)

intrinsic
it appeared that the true activation energy,
Eirinsic» Was equal for the three catalysts.
In this definition, E; .. is the enthalpy dif-
ference between the transition state and the
physisorbed molecule, but E, is the enthalpy
difference between the transition state and
the gas-phase molecule. Although applica-
tion of such formalism to the present reac-
tion might be debatable, it is of interest to
separate possible effects of different heats
of physisorption from other causes for the
observed differences of the apparent activa-
tion energy. Application of Eq. (4) to the
present data leads to the following values
for E,

intrinsic*

Rh/HY,
Rh/NaHY,

33.5 kcal/mo};
38.8 kcal/mol.

For Rh/Si0,, the low uptake of neopentane
did not permit us to derive a number for the



414

heat of physical adsorption; we can only
state that the intrinsic activation energy of
Rh/SiO, should be larger than 37.2 kcal/
mol. The heat of adsorption measured in
this study for neopentane on NaY is quite
similar to that reported by Biilow et ul. (26)
for neopentane on NaX (9.9 kcal/mol); triv-
ial experimental errors are, therefore, un-
likely.

The important conclusion is that correc-
tion for preequilibrium, as given by Eq. (4),
does not eliminate the differences in activa-
tion energies, but actually accentuates
them. Since the heat of physical adsorption
is larger on NaY than on HY, the difference
in the catalytic activity between Rh/NaHY
and Rh/HY, therefore, becomes even more
pronounced. The apparent activation ener-
gies for Rh/HY and Rh/NaHY differ by ap-
proximately 4 kcal/mol; after the correction
the difference is 5.3 kcal/mol.

Pore Diffusion Limitations

Pore diffusion control would lower the
apparent activation energy. It is, however,
unlikely that this phenomenon could explain
the observed differences in activation ener-
gies and turnover frequencies since the pore
dimensions and tortuosity are very similar
for the two zeolites, but different in SiO,.
The data show that Rh/NaY and Rh/SiO,
have very similar activation energies,
whereas Rh/HY displays a much lower
value. Pore diffusion control implies that
the measured reaction rate is lower than the
intrinsic rate in the absence of pore diffusion
control. Moreover, it is not reasonable to
assume that pore diffusion limitations would
be more severe for the wide pores of SiO,
than for the narrow channels of zeolite Y.
We thus conclude that pore diffusion control
cannot be the prevailing cause for the ob-
served differences in activity and true acti-
vation energy.

This conclusion is further supported by a
kinetic analysis based on the Weisz—Prater
criterion {27), using data published by Yao
and Shelef (5) for the reaction order of neo-
pentane hydrogenolysis over Rh/ALO; (first
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order with respect to the partial pressure of
neopentane), and data published by Biilow
et al. (26) for the diffusion of neopentane
into zeolite NaX. We refrain from reporting
this analysis in detail in the present paper.

From the above arguments, we conclude
that the pronounced differences in the in-
trinsic activation energy, between rhodium
on a support with a high proton concentra-
tion and rhodium on supports with low pro-
ton concentrations, reflect a genuine modi-
fication of the Rh sites.

Metal-Proton Interactions

Two kinds of interactions between re-
duced Rh clusters in zeolite cages and zeo-
lite protons can be visualized.

Model A. In analogy to the results found
previously with Pd/NaHY and Pd/HY sam-
ples, an adduct between transition metal
cluster and zeolite protons can be formed
(16). For rhodium, this would be written as
[Rh,—H_]*", whereby the protons are as-
sumed to bridge between the metal atoms
and the oxygen atoms of the cage wall: vis-
a-vis, Rh—H-0. The positive charge is, sub-
sequently, shared between the metal atoms
and the hydrogen atoms.

In the case of Pd, this positive charge on
the metal was derived from the shift in the
binding energy measured by XPS (/5).
Moreover, utilizing infrared spectroscopy,
the attachment of protons to the metal was
identified. In particular, upon admission of
carbon monoxide to the reduced Pd parti-
cles, the carbon monoxide displaces most
of the protons from the metal cluster; this
process, in turn, leads to an increase in the
intensity of the IR band characteristic for
zeolitic hydroxyl, O-H, groups (/4). Appar-
ently, some protons still remain attached
to the metal cluster because the remaining
positive charge results in a blue shift of the
CO absorption frequency, as reported by
Figueras et al. (28) and Zhang et al. (14).
This blue shift indicates an increase in the
force constant between the carbon and the
oxygen atoms of CO; this is caused by the
decrease in the back-donation of the d-elec-
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trons of the electron-deficient metal into the
vacant carbon monoxide =* orbital.

The bridging proton in the palladium-pro-
ton adduct also acts as a chemical anchor;
removing the anchor by admitting CO (29),
hydrocarbons or ammonia (30) leads to an
agglomeration of the palladium clusters. As
the formation of the palladium-proton ad-
duct results in a lowering of the activation
energy for neopentane conversion, and in a
significant decrease of the activation energy
of that reaction (9), it seems reasonable to
assume that the same model is also valid for
Rh in Rh/HY.

Model B. The reduction with hydrogen of
zeolite-encaged transition metal ions

M~ + z/2H, = M° + zH" (5)

leads to an equilibrium, which is shifted far
to the right for metals such as Pt and Pd;
only isolated atoms can be reoxidized by
protons (3/-34). For Rh, however, the situ-
ation is different; our previous data show
that reduction remains incomplete unless
the protons formed in (5) are neutralized
(19, 20). Presumably, some of the unre-
duced Rh cations will be located in the small
zeolite cages; but, as the proton concentra-
tion increases, some unreduced Rh cations
will be present in the supercages. Conse-
quently, the Rh, clusters formed in HY
share their cages not only with protons, but
also with Rh cations, presumably Rh™. The
interaction between a reduced Rh, cluster
and an unreduced Rh~ cation in the same
cage: i.e.,

Rh, + Rh™ = [Rh, ]’ (6)

will give rise to a larger cluster of n + 1
atoms, carrying a net positive charge. Al-
though this positive charge will be delocal-
ized over the entire cluster, the local charge
density will be highest near the negative
charge in the cage wall.

This interaction between reduced metal
particles and unreduced cations has been
claimed to be responsible for anchoring met-
als on oxide supports. For Pt/Al,O;, Hui-
zinga and Prins (35) reported on ESR results
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and showed a direct interaction between un-
reduced Pt* cations and reduced Pt parti-
cles. These cations are situated at the metal/
support interface, anchoring the Pt particles
to the oxide support. This phenomenon has
also been studied with bimetallic catalysts,
where the reduced metal particles are an-
chored by cations of different elements.
Tzou et al. (36) reported on EXAFS evi-
dence for the anchoring of Rh particles by
Cr cations. In the case of RhFe/NaY, Moss-
bauer and EXAFS results indicate chemical
bonding between reduced Rh and the Fe?*
cations (37). In addition to anchoring, this
interaction has been proposed to promote
the activity for syngas conversion (36,
38—40) and olefin hydroformylation (417).

The common features of Models A and B
is the partial positive charge on the Rh atoms
that serve as sites for adsorption and cataly-
sis. It is essential, however, to recognize
that Model A emphasizes the proton to re-
duced Rh ratio, (H*/Rh°), whereas Model
B emphasizes the Rh cation to reduced Rh
ratio, (Rh*/Rh°).

An estimate of the (H*/Rh°®) ratio can be
made. Rh/SiO, contains essentially no pro-
tons, but Rh/HY contains approximately 56
protons per unit cell. Rh/NaHY, however,
has an upper limit of 21 protons per unit
cell, assuming 100% reduction of Rh'" to
Rh°. The actual proton concentration will
be much lower, as part of the Rh is incom-
pletely reduced.

An estimate of the (Rh*/Rh°) ratio can
also be made. After ion exchange approxi-
mately, 7 Rh*~ cations per unit cell are pres-
ent in both Rh/HY and Rh/NaHY. The per-
centage reduction of Rh** is only slightly
greater in Rh/NaHY than in Rh/HY, indi-
cating only a small difference in the
(Rh*/Rh°) ratio for the two zeolite samples.
For Rh/SiO,, however, the percentage re-
duction is near 100%; i.e., the (Rh*/Rh°)
ratio is essentially zero.

It follows that the ratios, (H*/Rh®) and
(Rh*/Rh®), correlate differently: (H*/Rh°)
follows the sequence Rh/HY > Rh/NaHY
= Rh/Si0,, whereas (Rh*/Rh°) follows the
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sequence Rh/HY = Rh/NaHY > Rh/Si0O,.
It appears that the sequence of the catalytic
activities correlates better with Model A
than with Model B, as the activity difference
between Rh/HY and the other samples is
much more pronounced than the difference
between Rh/NaHY and Rh/SiO,. We there-
fore assume that the formation of metal-
proton adducts is the major cause of the
electron deficiency resulting in a lower acti-
vation energy and a higher rate for the con-
version of neopentane.

The activity of Ru, the left-hand neighbor
of Rh in the Periodic Table, for hydrogeno-
lysis of neopentane (3) or ethane (42, 43) is
higher than that of Rh. This lends justifica-
tion to the statement that electron-deficient
Rh resembles Ru in electronic structure.
This is analogous to previous statements
that electron-deficient Pd (44) and Pt (45-50)
are similar to their left-hand neighbors.

A similar trend was reported by Figueras
et al. (28) for the hydrogenation of benzene
over supported Pd catalysts. They found
that the catalytic activity increased with an
increase in the support acidity, i.e., LaY =
HY = CeY > MgY > CaY > NaY > NaX,
and concluded that an electron transfer
makes the electronic configuration of Pd
particles similar to that of Rh particles.

The statement that electron withdrawal
makes transition metal clusters similar to
their left-hand neighbors is not meant to be
a resurrection of alchemistic attempts to
transform elements into other elements; it
is merely a consequence of the fact that the
electronic structure and orbital filling are
essential for the strength of chemical bonds.

An electronic metal/support interaction
had been proposed in the past for much
larger particles of transition metals on amor-
phous supports. This early speculation was
found in contradiction with experimental
evidence. For large particles on a planar
support, the metal/solid interface is not
identical to that of the metal/gas interface;
the atoms of the latter interface are shielded
from electron transitions between metal and
support (51). For the much smaller particles
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located in almost spherical zeolite cages,
this shielding is less effective; adsorbing
atoms will often be the first neighbors of
metal atoms to form a chemical bond, e.g.,
with a zeolite ‘‘proton.”

Jansen and van Santen (52) have shown,
for Ir, clusters in a zeolite, that the polariza-
tion due to a Mg?* cation will also affect
the Ir atom, which is only the second neigh-
bor to the Mg?* cation. This interaction is
reflected in the pronounced modification of
its bond to an adsorbed CO molecule. In the
same light, it is conceivable that Rh atoms
in a small cluster carrying a positive charge
will display chemisorption and catalytic
characteristics different from those of ex-
actly neutral Rh clusters.

CONCLUSIONS

1. The supported Rh catalysts are 100%
selective for the hydrogenolysis of neopen-
tane to methane and isobutane. Their cata-
lytic activity decreases in the order: Rh/HY
> Rh/NaHY = Rh/SiO,.

2. The superior activity of Rh in a zeolite
with high proton concentration is tentatively
attributed to the formation of electron-defi-
cient rhodium metal particles.

3. Apparent activation energies have
been measured with high accuracy; after
correcting for the enthalpy of adsorption,
the intrinsic activation energies are signifi-
cantly different for zeolite supports of differ-
ent proton concentration.
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