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Platinum-mordenite (Pt-MOR) catalysts were prepared from
NH,-MOR by ion exchange with [Pt'(NH,),][OH],, calcination
in O, at 350°C, and reduction in H, at 350°C. The resultant
Pt-H~-MOR was active for n-hexane isomerization and hydro-
cracking via bifunctional catalysis at 240-300°C and 1 atm. The
observed activation energies for C¢ branched-isomer formation are
unusually low, suggesting that the isomerization rates were con-
trolled by pore diffusion. A Pt—-KH-MOR catalyst was prepared
by ion exchange with aqueous KNO; and re-reduction at 350°C;
elemental analysis evidenced 90% exchange of protons for K+ ions.
The product distribution and observed activation energies for Cg
branched-isomer formation over Pt~-KH-MOR are consistent with
n-hexane isomerization via bifunctional catalysis. Hydrocracking
was strongly suppressed, and light hydrocarbons were formed pri-
marily by Pt-catalyzed hydrogenolysis. From in situ extended X-
ray absorption fine structure spectroscopy and H, temperature-
programmed desorption, we conclude that the Pt—-MOR catalysts
consist of small Pt clusters hosted within the mordenite crystals.
The Pt L;;; X-ray absorption near-edge structure (XANES) spectra
of Pt-H-MOR and Pt—-KH-MOR are closely similar, suggesting
that the electronic structure of the Pt clusters is unaffected by
mordenite acid—base chemistry. For the freshly reduced catalysts,
a XANES feature at 10 eV relative energy is assigned to Pt—-H
antibonding states. The infrared spectrum of CO adsorbed on
Pt-H~MOR contains an intense band at 2084 cm™!, which is
assigned to linear CO moieties on Pt clusters. A small peak at
2124 cm™! is assigned to isolated Pt'-CO species, which we infer
are formed by oxidative fragmentation of Pt clusters. The infrared
spectrum of CO adsorbed on Pt—KH-MOR evidences a red shift
of the linear CO band, which we suggest is due to electrostatic
interactions between carbonyl O atoms and nearby K* ions. © 1994

Academic Press, Inc.

INTRODUCTION
Support acidity can markedly influence the product dis-

tribution of n-hexane conversion over Pt—zeolite cata-
lysts. Pt-K-L and Pt—-BaK-L catalysts are highly selec-
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tive for the aromatization of n-hexane to benzene (1). The
high aromatization selectivity of Pt clusters hosted in L
zeolite was ascribed first to a geometrical influence of the
zeolite channels (2), but recent studies indicate that the
extremely small size of the Pt clusters and the absence
of support acidity are responsible (3, 4). Platinum-hydro-
gen-mordenite (Pt~H~MOR) catalysts are used commer-
cially for isomerization of C;—C, normal alkanes to higher-
octane branched isomers (5). Isomerization is believed to
occur via bifunctional catalysis (6), involving both acid
and metal sites. Yield loss from formation of light alkane
products can occur by bifunctional hydrocracking and by
monofunctional Pt-catalyzed hydrogenolysis (7, 8).
Typically, highly dispersed Pt—zeolite catalysts are pre-
pared by ion exchange (e.g., with tetraamine Ptl).
Calcination by slow heating in flowing O, to 300-350°C
and subsequent reduction in H, are reported to produce
intracrystalline Pt clusters (9, 10). The low Pt loadings of
Pt-H-MOR catalysts (typically 0.3—-1% by weight) and
the large internal surface area of the support favor forma-
tion of Pt clusters containing only a few atoms. In this
regime, size and support effects on Pt electronic structure
have been reported (11). Small Pt clusters in zeolites have
been characterized as electron deficient on the basis of
data from X-ray photoelectron spectroscopy (XPS) (12,
13), infrared spectroscopy of adsorbed CO (14), and X-ray
absorption near-edge structure (XANES) spectroscopy
(15). Electron deficiency is believed to be greatest for
Pt clusters in hydrogen zeolites. Recently, Samant and
Boudart reported the characterization of Pt clusters con-
taining 20-40 atoms in Y zeolite using extended X-ray
absorption fine structure (EXAFS) spectroscopy,
XANES spectroscopy, chemisorption measurements,
and Fourier transform infrared (FTIR) spectroscopy of
adsorbed CO (16). They concluded that there was no
evidence of charge transfer from the Pt to the support
and that the intrazeolitic Pt clusters were electron defi-
cient owing to their small size. Nonetheless, Samant and
Boudart inferred from FTIR spectra of adsorbed CO and
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chemisorption measurements that the ionization potential
of Pt increases with support acidity.

Herein, we report the preparation, testing, and charac-
terization of Pt~-MOR catalysts for n-hexane isomeriza-
tion. To suppress hydrocracking activity, Pt-H-MOR
catalysts were reduced and then most of the protons were
exchanged for K* ions. The Pt-H-MOR and
Pt-KH-MOR catalysts were characterized by EXAFS,
XANES, and FTIR spectroscopies and by temperature-
programmed desorption of H, (H, TPD) to determine the
Pt cluster size and the effects of mordenite acidity on Pt
electronic structure.

EXPERIMENTAL METHODS

Catalyst preparation. Dealuminated Na-MOR (To-
soh, SiO,/Al,O; = 18.5) with an average crystallite size of
0.5 um was ion-exchanged three times with 2 M NH,NO,
solution at 32°C. The resultant NH,-MOR was washed
with 18-MQQ deionized (DI) water and dried in air at 100°C.
A 1000-ppm solution of [Pt(NH,),]IOH], (Strem Chemi-
cals) in DI water (40 ml) was added dropwise to a slurry of
NH,-MOR (4 g) in DI water (40 ml). The initial 1000-ppm
[Pt(NH,),][OH], solution was basic (pH 11); after ex-
change, the solution was nearly neutral (pH 7.3-7.5). After
a contact time of at least 12 h, the Pt-exchanged mordenite
was recovered by filtration, washed with DI water, and
dried in air at 100°C. Pt(II)-NH,~MOR (2 g) was heated at
0.5°C/min to 350°C in flowing extra-dry O, (600-700 ml/
min) and held at this temperature for 2-3 h. The resultant
Pt(I[)-H-MOR was yellow-green after the O, treatment,
but turned pale green during transfer in air. Pt—~-KH-MOR
catalysts were prepared by twice exchanging Pt-H-MOR
samples, which had been reduced in H, at 350°C, with a
40% excess (estimated from the Si/Al ratio) of KNO, in
aqueous solution. Each sample was washed with DI water
and dried at 100°C after K™ exchange. The catalysts were
stored in a desiccator until needed.

n-Hexane isomerization and cracking. Catalyst sam-
ples (0.30 g) were supported on plugs of glass wool in
Pyrex reactor tubes. The catalysts were dried in flowing
He (20 liters/h/g) for 1 h at 200°C, cooled to below 50°C,
and reduced in a stream of flowing H, (20 liters/h/g) by
heating at 5°C/min to 350°C and holding at this tempera-
ture for 1 h. The catalysts were allowed to cool to 300°C
in flowing H, and then tested for n-hexane conversion.
The reactant stream was generated by passing H, (100
mi/min) through a saturator containing n-hexane (Fisher,
99%) at 25°C. GC analysis indicated that the hydrogen/
n-hexane mixture was within 10% of saturation at 25°C,
corresponding to a H, : HC mole ratio of 4.0. The reactor
effluent was analyzed for C,—C4 hydrocarbons by gas
chromatography at 70°C using a 30-ft, -in. stainless-steel
column containing 23% SP-1700 on 80/100 Chromosorb P
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AW (Supelco). The n-hexane was contaminated by small
amounts of 3-methylpentane and methylcyclopentane;
this was taken into consideration in the data analysis. All
tubing between the n-hexane source and the gas chro-
matograph was heat-traced to prevent condensation. The
catalysts typically deactivated approximately 5% during
the first hour on stream, and deactivated more slowly
after that (<5% in 5 h). After a catalyst had been on
stream for 1.5 h at 300°C, the temperature dependence of
the reaction rates was determined by taking measure-
ments between 240 and 300°C. After the temperature was
changed, the reactor required about | h to achieve steady
state. Typically, the reported production rates at each
temperature are averages of four measurements taken
over a 3-h period.

X-ray absorption spectroscopy. X-ray absorption
spectroscopy (XAS) measurements were made on beam-
line X-11A at the National Synchrotron Light Source,
Brookhaven National Laboratory. The storage-ring en-
ergy was 2.5 GeV and the current decayed from 250 to
110 mA during a typical fill. The beamline monochromator
was equipped with a pair of Si(111) crystals for operation
in the region of the Pt L;;; absorption edge. Transmission
spectra were recorded by using gas-filled ionization cham-
bers to measure the incident (/) and transmitted (/)
beams. Reference spectra were recorded simultaneously
by placing a thin Pt foil between the I detector and a
third ionization chamber (/). Normalized EXAFS and
XANES spectra were obtained from the experimental
XAS data by using standard data processing procedures
(17). The EXAFS data were Fourier-filtered to isolate the
first coordination shell, and the resultant chi function was
fitted in & space using areference derived from the EXAFS
spectrum of Pt foil at approximately —196°C.

Calcined [Pt(I)-H-MOR] and KT"-exchanged
(Pt-KH-MOR) samples were loaded in high-vacuum-
compatible XAS cells and treated at the beamline. Sam-
ples were evacuated at 150°C for 0.5 h, cooled to below
50°C, and reduced in flowing H, (100 ml/min) at 350°C
for 1 h. Spectra were measured with the samples under
H, and cooled to approximately —173°C. After the initial
XAS measurement, a Pt—-H-MOR sample was evacuated
(to base pressure of 107° Torr) at 300°C for 0.5 h; the cell
was back-filled with He and the XAS spectrum measured
at approximately —173°C. Another Pt-H-MOR sample
was heated in static H, to 300°C and then exposed to H,
(100 ml/min) saturated with n-hexane. After 1 h under
reaction conditions, the catalyst was cooled in flowing
H,, and its XAS spectrum was measured, as described
above. H, and He (UHP grade) were used after passage
through water- and oxygen-getter traps.

H, TPD. Catalyst samples (0.4 g) were loaded into a
fritted quartz tube and dried in flowing He (100 ml/min)



Pt—-MORDENITE n-HEXANE ISOMERIZATION CATALYSTS

TABLE 1
Elemental Composition of Pt—~MOR Catalysts®

Element
Si Al K Pt Na Fe
Catalyst (Wi%)  (wt%) (wt%) (wt%) (ppm) (ppm)
Pt-H-MOR 39.13 4.23 —_ 0.89 12 321
Pt-KH-MOR 33.40 3.39 435 0.84 —_ —_

7 Performed by Galbraith Laboratories, Inc. A dash indicates that an
analysis was not performed for that element.

for 1 h at 200°C. The samples were cooled to less than
50°C, and the gas stream was switched to H,. Samples
were reduced in flowing H, (100 mi/min) at 350°C for 1 h
and cooled to below 30°C. The gas stream was switched
to Ar, and the reactor was purged until a constant baseline
was observed on a downstream thermal conductivity de-
tector (TDC). The sample was then heated at 10°C/min
to 600° C, and the thermal conductivity difference be-
tween the Ar streams (5 ml/min) entering and exiting the
reactor was recorded. A liquid-N,/acetone slush bath,
which was located between the reactor and the working
side of the TDC, was used to trap condensable gases.

FTIR spectroscopy. Self-supporting wafers (approxi-
mately 50 mg each) of Pt(I1)-H-MOR and Pt-KH-MOR
were pressed using a circular die. Wafers were pretreated
and measured in glass cells which were fitted with NaCl
windows and high-vacuum stopcocks. Before CO adsorp-
tion, samples were pretreated by evacuation at 150°C for
0.5 h, reduction in flowing H, at 350°C for 1 h, and evacua-
tion at 300°C for 0.5 h (to base pressure of 107° Torr); the
samples were allowed to cool to less than 50°C after
each pretreatment step. At 30°C, samples were exposed
to CO at 100 Torr for 15 min. FTIR spectra were recorded
after CO desorption for 15 min in vacuo at 30, 100, and
200°C. Each spectrum was recorded at 30°C. To obtain
the presented spectra, zeolite absorption bands in the
region of interest were removed by subtraction.

RESULTS AND DISCUSSION

1. Catalysis of n-Hexane Isomerization and Cracking

Pt—-H-MOR Catalysts. The elemental composition of
the Pt(I1)-H-MOR catalyst after calcination at 350°C in
flowing O, is given in Table 1. This corresponds to a unit
cell formula of H, (Pt, (,Al, ¢Siy; Oy, which is in good
agreement with the reported Si/Al ratio of 9.2. The Pt
loading corresponds to about 1 Pt atom per 7 unit cells
orequivalently 1 Pt per 120 A of mordenite channel length.
The catalyst contained a negligible amount of residual
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Na. The Fe content, although in the range expected for
a good commercial material, is a concern, as it corre-
sponds to about | Fe atom per 10 Pt atoms. Catalysts
were tested for n-hexane conversion following in situ re-
duction in flowing H, at 350°C.

At 300°C and 1 atm (H,: HC = 4), the yield of Cq
branched isomers from n-hexane is nearly 75% over
Pt—H-MOR. The balance of the products consists almost
exclusively of light alkanes; the methylcyclopentane
(mcp) yield is less than 1%. The detailed product distribu-
tion is given in Table 2. The C, branched alkane isomers
are those expected for n-hexane isomerization via bifunc-
tional catalysis (Scheme 1) (18). The metal function serves
to establish equilibrium between alkanes and alkenes, and
the acid sites protonate the alkenes to form carbenium
ions. The resultant secondary carbenium ions isomerize
to form more stable tertiary carbentum ions, but also
undergo oligomerization and B-scission. The tertiary car-
benium ions form branched alkenes and alkanes via pro-
ton transfer or hydride abstraction reactions, respec-
tively. Cracking via 8-scission of teritary hexyl carbenium
ions is expected to be prohibitively slow, owing to the
very low stabilities of the resultant primary and methyl
carbenium ions.

For bifunctional catalysts with sufficient metal sites,
skeletal rearrangement of secondary carbenium ions is
believed to be the rate-limiting step in isomerization (6b).

TABLE 2

Conversions and Product Distributions for n-Hexane Reac-
tion over Pt—-MOR Catalysts at 300°C and 1 atm

Catalyst
% Conversion: Pt-H-MOR Pt-KH-MOR
Product 7 4

% Yield!
Methane 0.23 0.55
Ethane 0.69 1.0
Propane 9.0 2.1
Isobutane 6.9 0.18
n-Butane 2.4 1.8
Isopentane 4.6 0.30
n-Pentane 2.1 2.0
2(C-Cy) 25.9 7.9
2,3-dmb 39 0.90
2-mp 48.1 55.4
3-mp 21.2 32.1
2(i-Cp) 73.2 88.4
mcp 0.93 3.8
benzene — trace

4 Moles of n-hexane converted to each product per 100 10tal
moles of n-hexane consumed.
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SCHEME 1

Methylpentanes (2-mp and 3-mp) and 2,3-dimethylbutane
(2,3-dmb) are reported to be primary products of n-hexane
isomerization over Pt-H-MOR catalysts at atmospheric
pressure (6a). For the present catalyst, the observed 2-
mp/3-mp mole ratio is 10-15% in excess of the equilibrium
ratio of 2.0 at 300°C. Formation of 2,3-dmb is not kinet-
ically favorable, as it requires two carbenium ion skeletal
isomerization steps and consequently a longer lifetime
for the carbocation intermediate. Among the light alkane
products, the large yields of propane, isobutane, and iso-
pentane are diagnostic of hydrocracking, which is consis-
tent with the bifunctional nature of the catalyst (18).
Metal-catalyzed hydrogenolysis occurs, but the C,/2C;
and C,/EC, molar ratios are 0.17 and 0.15, respectively,
indicating that these reactions account for about 15% or
less of the cracking yield. The formation of C, and C;
alkanes can be explained by acid-catalyzed oligomeriza-
tion of hexenes and subsequent hydrocracking (6a). We
infer that mcp is produced by monofunctional Pt catalysis.

Arrhenius behavior was observed for the formation of
the C branched alkane isomers, C;—C; cracking products,
and mcp (Fig. 1) in the range of 240 to 300°C. In contrast,
the apparent activation energies for the formation of meth-
ane and ethane increased with increasing temperature,
suggesting a change in the reaction mechanism with tem-
perature. The apparent activation energies for the individ-
ual isomerization products are nearly equal (Table 3),
which is consistent with their formation by a common
mechanistic pathway. The situation is similar for the
C,-C, cracking products; the average activation energy
(37 kcal/mol) agrees well with the activation energy re-
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FIG. 1. Arrhenius plot for n-hexane conversion over Pt-H-MOR:

2(i-C¢) (solid circles), 2(C,-C;) (solid triangles), ethane (open triangles),
methane (open squares), methylcyclopentane (open circles). Reaction
conditions: P = 1 atm, H,: HC = 4.0 (molar basis).

ported for n-hexane cracking by Pt—-H-Y catalysts (35
kcal/mol) (19). The activation energy for dehydrocycliza-
tion of n-hexane to mcp is also in reasonable agreement
with literature values for Pt-zeolite catalysts (39 kcal/
mol) (20).

In contrast, the observed activation energy for n-hex-
ane isomerization over Pt—-H-MOR is approximately one-
half of the average of values reported for this reaction over
similar metal-zeolite bifunctional catalysts: Pt-H-MOR
(29-36 kcal/mol) (6, 21, 22), Pt—-H-Y (37 kcal/mol) (19),
and Pd-H-MOR (34 kcal/mol) (23). Because the activa-

TABLE 3

Apparent Activation Energies for Isomerization and
Cracking of n-hexane over Pt—-MOR Catalysts

Catalyst
Product Pt—-H-MOR Pt-KH-MOR
E, (kcal/mol)
Methane 4 25
Ethane a a
Propane 40 23
Isobutane 37 b
n-butane 35 23
Isopentane 37 b
n-pentane 35 21
2,3-dmb 16 b
2-mp 14 44
3-mp 15 43
mcp 32 32

“ Non-Arrhenius behavior: E, appeared to increase with
increasing temperature.

b Rate of formation was too low to allow an accurate
determination of the apparent activation energy.
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tion energy for isomerization is lower than that for hydro-
cracking, isomerization selectivity is higher at lower tem-
peratures. The unusually low apparent activation energies
of the isomerization products suggest that the true values
may be disguised by pore diffusion effects. Isomerization
proceeds at the highest rates and may approach equilib-
rium within the pores, if transport of reactants and/or
products is diffusionally limited. According to the contin-
uum Thiele reaction—diffusion model, in the limit of strong
pore-diffusion limitations the effectiveness factor () is
inversely proportional to the Thiele modulus (¢). For a
first-order reversible reaction, the Thiele modulus con-
tains the reaction equilibrium constant (K,,) in addition
to the forward rate constant, the effective diffusion coef-
ficient (D.), and the diffusion length (24). Under condi-
tions of strong pore diffusional limitations (i.e., n x 1/¢),
it can be shown that the observed activation energy will be

AH
E,. =3 [Ea +E; + (‘r:;(—x:sjlq
where E, is the true apparent activation energy, E; is the
activation energy for diffusion, and AH,, is the reaction
enthalpy change. For the conversion of n-hexane to 2-mp
at 300°C, K, is approximately 1.8, and AH,,, is approxi-
mately —2 kcal/mol. Thus, E,, will be approximately one-
half of E,, which is consistent with the results obtained
for n-hexane isomerization over Pt-H-MOR. Moreover,
Guisnet et al. (6a) have reported that for Pt-H-MOR
catalysts with a Si/Al ratio of 8, the maximum rate of n-
hexane isomerization at atmospheric pressure and 250°C
was observed for catalysts containing 0.3 wt% Pt. The
decrease in the rate for catalysts with higher Pt loadings
was attributed to partial blockage of the mordenite chan-
nels by Pt crystallites. The characterization results (vide
infra) suggest that the present Pt—-H-MOR catalyst con-
tains Pt clusters hosted within the mordenite crystals
which could restrict the diffusion of C, molecules within
the unidirectional channels.

Pt—KH-MOR Catalysts. The elemental composition
of the Pt-KH-MOR catalystis givenin Table 1. Assuming
complete reduction of Pt, this corresponds to a unit cell
formula of H, (K, ;Al, (Si;; 4Oy, which is consistent with
the reported Si/Al ratio of 9.2 and indicates approximately
90% exchange of protons for K*. As expected, the Pt
loading was nearly equal to that of the Pt—-H-MOR cata-
lyst prior to exchange. Pi-KH-MOR catalysts were
tested for n-hexane conversion following in situ reduction
in flowing H, at 350°C.

The catalytic activity of Pt-KH-MOR for n-hexane
conversion was lower than that of Pt-H-MOR, but the
isomerization selectivity was higher. In addition, benzene
was formed over Pt-KH-MOR with an estimated yield
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FIG. 2. Arrhenius plot for n-hexane conversion over Pt-KH-MOR:

3.(i-Cy) (solid circles), 2(C,~C;) (solid triangles), ethane (open triangles),
methane (open squares), methylcyclopentane (open circles). Reaction
conditions: P = 1 atm, H,: HC = 4.0 (molar basis).

of less than 1% at 300°C and 1 atm (H,: HC = 4). The
branched-isomer yield at 300°C was nearly 90% (Table
2), owing chiefly to strong suppression of hydrocracking
activity. In comparison to the Pt~H-MOR catalyst, the
yield of propane was reduced by a factor of more than 4,
and the yields of isobutane and isopentane were reduced
by a factor of more than 10. We infer that sufficient acid
sites remained after K* exchange to allow n-hexane iso-
merization via bifunctional catalysis, because catalysts
which were subjected to more extensive K* exchange
exhibited very low activity and low isomerization selectiv-
ity. In fact, n-hexane isomerization over Pt-KH-MOR
may be a better example of bifunctional catalysis than
this reaction over Pt—-H-MOR, because the metal and acid
functions are in better balance. The strong suppression of
hydrocracking activity by partial K* exchange indicates
that hydrocracking requires a higher density of strong
acid sites than bifunctional isomerization. Moreover, n-
hexane isomerization to 2,3-dmb was suppressed, which
is consistent with a shorter carbocation lifetime.
Arrhenius behavior was observed for the formation of
C, branched isomers, C,—C; hydrocarbons, mcp, and
methane over Pt-KH-MOR in the range of 240 to 300°C
(Fig. 2). The ethane formation rate was anomalously high
at 240°C, but at higher temperatures, the apparent activa-
tion energy is similar to that of methane formation. In
contrast to the behavior of Pt—~-H-MOR, the isomerization
selectivity of Pt—~-KH-MOR increased substantially with
increasing temperature, as the apparent activation energ-
ies for formation of light alkanes and mcp are substantially
lower than for isomerization (Table 3). The apparent acti-
vation energy for isomerization over Pt—KH-MOR is
more than double that observed for Pt-H-MOR and is
in reasonable agreement with values reported for
metal-hydrogen—zeolite catalysts. This result supports
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the hypothesis that in Pt~-H-MOR most of the acid sites
were ineffective for isomerization owing to diffusional
limitations. Even after 90% of the acid sites were poi-
soned, the isomerization activity of Pt—-KH-MOR was
less than a factor of 2 lower than that of Pt—-H-MOR at
300°C. In contrast, the Pt-H-MOR catalyst was a factor
of 30 more active at 240°C.

The low yields of branched isomers and the distribution
of C,-C; products over Pt-KH-MOR suggest that light
alkanes are formed primarily by hydrogenolysis of n-hex-
ane. In contrast to Pt-H-MOR, the C,/ZC; and C,/2C,
molar ratios are close to 1.0, as expected for n-hexane
hydrogenolysis. The apparent activation energies deter-
mined for formation of methane, propane, n-butane, and
n-pentane (Table 3) agree well with reported activation
energies for alkane hydrogenolysis (e.g., 28 kcal/mol for
n-pentane hydrogenolysis over Pt/SiO, (25), and 22-26
kcal/mol for n-hexane over single-crystal Pt(26)). The ap-
parent activation energy for mcp formation was unaf-
fected by K* exchange; the increased rate is inferred to
result from an increase in the active site density for this
Pt-catalyzed reaction.

2. Catalyst Characterization

EXAFS  spectroscopy. The Pt-H-MOR  and
Pt—-KH-MOR catalysts were characterized by in situ X-
ray absorption spectroscopy following reduction in flow-
ing H, at 350°C for | h. The Pt L;;; EXAFS spectra (Fig.
3) are closely similar and are characteristic of highly dis-
persed Pt. These qualitative conclusions were confirmed
by analysis of the Fourier-filtered first-shell data. The &*-
weighted spectrum of the Pt—-H-MOR catalyst (Fig. 3A)
was Fourier transformed (2.8 < k < 13.3 A™!), and the
resultant radial structure function was inverse trans-
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Pt L;;, EXAFS spectra of (A) Pt-H-MOR and (B) Pt-KH-MOR.

formed (1.28 < R < 3.18 A) to isolate the first coordination
shell. Using the first shell of Pt foil as a reference, the
Pt—Pt contribution was estimated by fitting the inverse
transform (Fig. 4A) in k space between 6.0 and 12.8 A",
The result is given in Table 4. Within the fitting range,
there is good agreement between the calculated Pt-Pt
contribution and the first-shell data in k space and R space,
as illustrated in Figs. 4A and 4C. The large deviations at
low energies (k < 7 A™') are due to backscattering from
low-Z elements (27, 28). A detailed analysis of these con-
tributions, which we believe are associated with the
Pt—zeolite interface, will be presented elsewhere.

The EXAFS spectrum of the Pt~-KH-MOR catalyst
(Fig. 3B) was analyzed similarly. The forward and inverse
transform ranges were 2.8 < k < 12.9 A~!'and 1.22 <
R < 3.18 A, respectively, and the inverse transform was
fitted in k space between 6.0 and 12.4 A~!. The result is
given in Table 4, and the calculated Pt—Pt contribution is
compared with the Fourier-filtered data in Figs. 4B and
4D. Significantly, the first-shell Pt—Pt coordination param-
eters obtained from EXAFS spectroscopy are equivalent
within experimental uncertainty for the Pt~-H-MOR and
Pt-KH-MOR catalysts.

If Pt-Pt bonding (metal atom connectivity) is max-
imized in the clusters, the observed Pt—Pt coordination
numbers indicate an average cluster nuclearity of about
six atoms. Moreover, the average Pt—Pt bond distance is
shorter than bulk value by 0.05 A, even though the clusters
are saturated by adsorbed hydrogen. This result is consis-
tent with small, electron-deficient Pt clusters. By approxi-
mating the cluster shape as octahedral, we estimate an
average cluster size of 6.6 A, just small enough to fit within
the mordenite channels. These observations suggest that
the Pt clusters are intracrystalline and that their size is
nearly unique, as it is limited in two dimensions by the
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FIG. 4. Comparison of k*-weighted first-shell EXAFS data (solid curves) and calculated best fits (dashed curves) in 4 and R space: (A)
Pt—-H-MOR chi functions and (B) Pt—-KH-MOR chi functions; (C) Pt—Pt phase-corrected Fourier transforms (6.0 < k < 12.8 A~!) associated
with A and (D) Pt-Pt phase-corrected Fourier transforms (6.0 < k& < 12.4 A~!) associated with B.

mordenite channels. We infer that the low Pt loading,
which is equivalent to only 1 atom/120 A of pore length,
limited cluster growth along the channel direction. Similar
results have been reported by Koningsberger and co-
workers (29) for Pt clusters in BaK—~L zeolite, which like
mordenite has a unidirectional channel structure. Appar-

TABLE 4

Pt—Pt Contributions to the EXAFS Spectra of
Pt-MOR Catalysts

Catalyst N¢ R? (A) Ac? (A AE, (eV)
Pt-H-MOR 3.7 2.72 0.0058 3.1
Pt-KH-MOR 3.9 272 0.0055 1.3

2 Pt—Pt coordination number; estimated uncertainty: *15%.
¢ pt—Pt nearest neighbor distance; estimated uncertainty: +0.01 A.

ently, the clusters are well-anchored within the pores as
the cluster size is unaffected by K* exchange and re-
reduction.

The EXAFS spectra of a freshly reduced Pt-H-MOR
catalyst and the same sample after catalysis of n-hexane
isomerization at 300°C and 1 atm (4:1 H,: HC) for 1 h
are compared in Figure 5. The high-k data evidence that
the Pt morphology was essentially unchanged after cataly-
sis, indicating that the clusters were stable under the reac-
tion conditions, at least in the short term. In addition,
because the EX/}FS amplitudes are closely similar at low
energy (k < 8 A™!), we infer that the cluster surfaces
remained relatively free of covalently bonded hydrocar-
bon moieties during catalysis.

H,TPD. The H, temperature-programmed desorption
spectrum of a freshly reduced Pt~-H-MOR catalyst con-
tains peaks at 115, 220, 350, and 550°C. The spectrum (Fig.
6A) is in good agreement with that reported by Lerner et
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FIG.5. Insitu EXAFS spectra of freshly reduced Pt-H-MOR (solid

curve) and the catalyst after n-hexane conversion (H,: HC = 4) at 300°C
and 1 atm for 1 h on-stream time (dashed curve).

al. for a 0.49% Pt—-H-MOR catalyst reduced at 350°C in
H, (30). The sharp, low-temperature peak (designated by
«) is assigned to desorption of H, from Pt clusters, in
agreement with the previous work. The H/Pt ratio associ-
ated with the « peak (H/Pt), and the total H/Pt value for
the spectrum are given in Table 5. The values are indica-
tive of highly dispersed Pt and are in good agreement
with those reported by Sachtler and co-workers for a 1%
Pt—-H-MOR catalyst which was reduced at 350°C in H,
(30). The assignment of the high-temperature desorption
peaks is more ambiguous, since it is unlikely that H,
adsorbed on Pt clusters would require temperatures
greater than 300°C for desorption. Sachtler and co-work-
ers proposed that these peaks arise from oxidation of

rate of H, evolution (arb. units)

0 100 200

400 500 600

1
300
T(C)
FIG. 6. H, TPD spectra of (A) Pt~H-MOR and (B) Pt~-KH-MOR.
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TABLE 5

H/Pt Ratios of Pt—-MOR Catalysts
Determined by H, TPD

Catalyst (H/Pt),* (H/PD)yg
Pt-H-MOR 0.85 2.47
Pt—-KH-MOR 0.65 2.49

9 Integration range: 25 to 180°C.
¢ Integration range: 25 to 600°C.

isolated Pt atoms by zeolite protons (30). We favor an
alternative interpretation, because extensive K* back ex-
change to remove protons shifted but did not significantly
reduce the intensity of the high-temperature desorption
peaks (vide infra). We infer that the broad desorption
features at 350 and 550°C in the H, TPD spectrum of
Pt—H-MOR arise from desorption of spilled-over H,. This
interpretation is supported by the recent work of Koning-
sberger and co-workers which examined H,TPD from
Pt-L zeolite, Pt-Omega, and Pt/Al,O, catalysts (31).

The H, TPD spectrum (Fig. 6B) of Pt-KH-MOR con-
tains peaks at 115, 215, 275, 430, 500, and 580°C. In com-
parison to the spectrum of Pt-H-MOR, the a peak area
is reduced by about 25%, but the total H/Pt ratio is nearly
the same (Table 4). For Pt~-KH-MOR there is an increase
in H, desorption between 200 and 300°C relative to that
observed for Pt-H-MOR. As the EXAFS analysis indi-
cates that the Pt cluster size was not affected by K*
exchange, we infer the (H/Pt) ratio for chemisorption
should be approximately the same in the two catalysts.
Consequently, we suggest that the peaks at 215 and 275°C
in the H, TPD spectrum of Pt/KH-MOR arise from de-
sorption of more strongly chemisorbed H,. The amount
of H, desorbed at temperatures greater than 300°C is rela-
tively unchanged by K* exchange, but the peaks are
shifted to higher temperatures. This is indicative of a
change in the nature of the spilled-over H species owing
to K* modification of the mordenite.

XANES spectroscopy. Analysis of the X-ray absorp-
tion near-edge structure spectra of the catalysts revealed
that the acid-base character of the mordenite had no
detectable effect on the electronic structure of the Pt clus-
ters. In Fig. 7, the XANES spectra of the freshly reduced
catalysts are compared to that of a Pt foil reference which
was measured simultaneously. For each catalyst, an ap-
parent edge shift (A E) of about 1 eV toward higher binding
energy is observed (Table 6). Similar Pt L,; edge shifts
were reported for highly dispersed Pt/SiO, and Pt/AlO,
catalysts (32); these data were interpreted as indicating
that the supported Pt clusters were electron deficient rela-
tive to the bulk metal. We caution that the apparent edge
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and (B) Pt-KH-MOR.

shifts could result from changes in the L threshold reso-
nance rather than shifts of the continuum absorption
threshold.

In Fig. 7, it is apparent that the L, threshold resonance
(white line) of the Pt clusters is altered in shape and area
in comparison to that of Pt foil. The L;; resonance
is due to electronic transitions from 2p;,, states to unoccu-
pied 5d bound states; its intensity correlates with the
number of d band holes (33). For bulk Pt, a sharp Lo-
rentzian peak centered at about 4 ¢V relative to the L,
edge is observed, and the maximum corresponds to the
Fermi level (Eg) (34). The effects of cluster size and ad-
sorbed H, on Pt electronic structure are best illustrated
in the difference spectra (Fig. 8), which were created by
subtraction of the normalized spectrum of Pt foil from
the normalized and edge-shift-corrected spectra of the
catalysts. For the Pt~-H-MOR and Pt-KH-MOR cata-
lysts, the difference spectra (Fig. 8A) are closely similar,
indicating that the nature of the charge-compensating ca-
tion has little effect on the electronic structure of the
hosted Pt clusters. This result is consistent with the earlier
work which found no detectable differences in the Pt L,
XANES spectra of a series of Pt-M-Y (M = H, Na, and
Ce catalysts (16).

In agreement with XANES difference spectra reported

TABLE 6
L;;; Edge Shifts of Pt—-MOR Catalysts Relative to Pt foil

Catalyst Description AE (eV)
Pt-H-MOR Hy-covered Pt 1.2
Evacuation at 300°C 0.7
Pt-KH-MOR H,-covered Pt 1.2

“ The estimated experimental uncertainty is +0.5 eV.
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Normalized Pt Lj;; XANES spectra of the freshly reduced catalysts (solid curves) and a Pt foil reference (dashed curve): (A) Pt—-H-MOR

by others (16, 35) for highly dispersed supported Pt, two
principal features are observed in the region between —10
and 20 ¢V: a small negative peak at 4 ¢V and a broad
positive peak at 11 eV. The feature at 11 eV is associated
chiefly with H, adsorption by the Pt clusters, as its inten-
sity is reduced significantly by evacuation of Pt-H-MOR
at 300°C (Fig. 8b). Concomitantly, there is a shift of the
apparent absorption threshold by approximately 0.5 eV
toward lower energy. Samant and Boudart (16) suggested
that this XANES feature is due to electronic transitions
from Pt 2p,, states to unoccupied Pt—-H antibonding
states. This is reasonable as H, chemisorption on Pt is
expected to create occupied Pt—H bonding states below
Ey and unoccupied antibonding states above Ej (36). After
accounting for the influence of chemisorbed H, on the
XANES spectra, we infer that the negative difference at
4 eV and the residual positive difference at 11 eV result
from broadening and shifting of the L, threshold reso-
nance toward higher energies. This could arise from quan-
tum size effects on Pt electronic structure and/or from
cluster-host interactions. After H, desorption, the net
area difference between — 10 and 17 eV is small, indicating
that there is little change in the number of 4 band holes
relative to bulk Pt.

CO adsorption. Notwithstanding the absence of an
electronic effect on the hosted Pt clusters, the acid-base
character of the mordenite did have a significant influence
on the infrared spectrum of adsorbed CO. The infrared
spectra of CO adsorbed on Pt—H-MOR are shown in Fig.
9A. At saturation coverage, bands are observed at 2124,
2084, and 1870 cm™'. The position of the intense linear v¢q
band shifts toward lower wavenumbers as CO coverage is
reduced by in vacuo desorption. This effect arises from
a reduction of dipole~dipole interactions between neigh-
boring CO moieties in the adsorbed layer as coverage
decreases (37). Extrapolation to zero coverage gives an
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XANES difference spectra of (A) freshly reduced Pt-KH-MOR (solid curve) and freshly reduced Pt-H-MOR (dashed curve); (B)

freshly reduced Pt-H-MOR (solid curve) and sample after evacuation at 300°C for 0.5 h (dashed curve).
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FIG. 9. Infrared spectra of (A) Pt-H-MOR and (B) Pt-KH-MOR

after exposure to 100 Torr CO and evacuation at 30°C (solid curves),
100°C (dashed curves), and 200°C (dotted curves).

estimated v frequency of approximately 2065 cm™!' for
isolated linear CO moieties on the Pt clusters. The 1870-
cm™! bridging v, band appears to shift slightly to higher
wavenumbers with decreasing coverage. This could be
explained if the bridging CO band consisted of two peaks
due to species of different thermal stabilities. If the lower
wavenumber peak were associated with the less stable
species, the apparent shift could be explained.

The species responsible for the 2124-cm™! peak has a
higher thermal stability than linear and bridged CO moie-
ties on the Pt clusters, as this peak is unaffected by CO
desorption at 100°C in vacuo (Fig. 9A). The absence of
dipolar interactions, as evidenced by the sharpness of
the band and invariance of the peak position with CO
coverage, indicates that this species is associated with
isolated Pt centers. The location of the peak suggests that
this Pt species is in a low positive oxidation state. Kustov
and Sachtler (38) assigned this peak to CO adsorbed on
very small clusters or monoatomic Pt! monocarbonyl spe-
cies; we favor the latter assignment. A Pt!'~CO species
might be formed by CO adsorption on small Pt clusters
which are hosted in the strongly acidic mordenite matrix.
A similar oxidative fragmentation of Rh clusters sup-
ported on y-Al,O, occurs concomitant with CO adsorption
at 25°C (39). EXAFS spectra of Pt-H-M measured after
exposure to CO, while not of sufficient quality to justify
a complete analysis, are suggestive of cluster fragmenta-
tion. Moreover, a substantial increase of the Pt L;; white
line area was induced by CO adsorption.

The infrared spectra of adsorbed CO on Pt-KH-MOR
are shown in Fig. 9B. At saturation coverage, bands are
observed at 2120 (sh), 2073, 1990 (sh), 1895 (sh), 1845,
and 1795 (sh) cm™!, In comparison to the spectrum of CO
adsorbed on Pt—-H-MOR, the linear vy band is broad-
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ened and red-shifted by approximately 10 cm™! and the
bridging CO bands are substantially more intense. The
location of the linear CO band is coverage dependent;
extrapolation of the v frequency to zero coverage gives
2050 cm~!, which is 15 cm™! less than the corresponding
frequency for Pt~-H-MOR. For Pt-zeolite catalysts, a red
shift of the linear vy band is usually observed as the

support is made more basic (16, 40). These shifts have
been interpreted in terms of changes in Pt d electron

occupancy, which in turn affect d~7* back-bonding with
CO. Using this model, the observed red shift would be
indicative of greater Pt d electron density (fewer d holes)
for Pt—-KH-MOR than for Pt—-H-MOR. Conversely, the
Pt clusters in Pt—-H-MOR would appear to be more elec-
tron deficient. However, the XANES results indicate that
the d electron occupancy and core levels of Pt atoms in
the clusters are unaffected by exchange of H* by K*.
Consequently, we sought an alternative explanation for
the effect of K™ exchange on the infrared spectrum of
adsorbed CO.

Changes in the electrostatic environment within the
mordenite channels following K* exchange could directly
affect the adsorbed CO molecules. In Na-MOR, the cat-
ions are located primarily in the side pockets along the
main channels (41). If K ions were placed in these sites
by exchange, they could interact with the basic O atoms
of adsorbed carbonyl moieties. C- and O-bonded carbon
monoxide ligands are more w-acidic than terminally
bonded ligands and are characterized by lower v, fre-
quencies (42). Interaction of the K* ions with carbonyl
O atoms could also explain the observed increase in the
proportion of bridging CO moieties following K™ ex-
change. For Pt—-KH-MOR, the ratio of bridging to linear
veo band areas is 0.15, twice that observed for
Pt~H-MOR. The O atoms of bridging CO moieties are
expected to interact more strongly with K* ions. In molec-
ular metal carbonyl clusters, the O atoms of bridging CO
ligands are more basic than those of terminailly bonded
CO ligands. Bridging carbonyls are the preferred sites of
cation attachment in anionic metal carbonyl clusters, and
CO ligands are known to switch from terminal to bridged
configurations in order to interact more favorably with
metal cations and molecular Lewis acids (42).

The 2120-cm ™! peak which was assigned to isolated Pt!
sites is much weaker in Fig. 9B than in Fig. 9A. This is
consistent with the previously suggested role of mordenite
protons in the oxidative fragmentation of small Pt clusters.
Among the other bands observed in Fig. 9B, the peaks
at 1990 and 1795 cm™' are suggestive of molecular Pt
carbonyl clusters, in particular the Chini-Longoni
[Pty(CO)J2~ clusters (43). For example, the hexaplatinum
cluster (n = 2) exhibits v~4 bands at 1995, 1818, and 1795
cm™!. As basic conditions are required for the syntheses
of these clusters in solution, K* exchange of Pt-MOR
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should favor their formation. Moreover, syntheses of an-
ionic Pt carbonyl clusters in the supercages of basic alkali-
exchanged faujasites (44) and on the surface of basic MgO
(45) have been reported. We suggest that these clusters
are formed as minority species by CO adsorption on
Pt—KH-MOR; higher vields should be possible by reduc-
tive carbonylation of Pt(II)-K-MOR with CO or CO +
H, mixtures.
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