
Nanocluster Catalysts

Benzene Formation at 70 8C by Coupling of
Propylene on Supported Pd Nanoclusters**

Ju Chou, Siyan Zhang, Shouli Sun, and
Eric W. McFarland*

Reactions on supported transition metal clusters have impor-
tant applications and often display unexpected reactivity
when the cluster size is on the nanometer scale.[1] As reliable
methods of preparing size-selected supported clusters have
been developed, relationships between the preparation
method, size, and/or support have become apparent, albeit
poorly understood. Metal clusters can be synthesized by using
micelle encapsulation, and this method has been further
developed to make nanocluster powders supported on metal
oxides.[2–4] The metal ions are initially dissolved homogene-
ously within the hydrophilic block copolymer cores of the
micelle solutions, and the length and structure of the
copolymers can be used to control the sizes of the clusters.[3,5]

A uniform distribution of metal nanoclusters is created
throughout the polymer matrix[5] and in the resulting
powder catalyst.

Supported Pd clusters on metal oxides are widely used as
industrial heterogeneous catalysts.[6] They are known catalysts
for the hydrogenation of olefins,[7] propylene epoxidation,[8–9]

and the production of hydrogen peroxide.[10] Coupling or
cyclization of the alkynes acetylene[11–14] and propyne[15–16] has
also been observed. The cyclotrimerization of acetylene on Pd
deposited on MgO thin films or W surfaces was observed to
occur at 330 K and higher, and was found to be dependent on
the size and coverage of Pd nanoclusters. This coupling
reaction leads to the formation of benzene through C
activation on the Pd surface and end-to-end C�C coupling.
Propyne has also been observed to couple to benzene on a Cu
surface at 260 K in an ultra high vacuum (UHV) system.
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Head-to-tail interaction of two propyne molecules takes place
to produce benzene with the elimination of hydrogen.[16]

Though observations of propylene coupling to form aromatic
compounds on acid or bifunctional catalysts has been
previously observed, these have all been attributed to radical
processes that require high temperatures (> 300 8C).[17] To our
knowledge, there are as yet no reports of propylene coupling
to benzene on supported metal catalysts at low temperature.

In our previous investigations of propylene partial oxida-
tion (epoxidation) on supported Au in the presence of
hydrogen and oxygen, we observed traces of benzene while
using Au–Pd alloys. With an increased Pd/Au ratio we
observed an increase in the rate of benzene production.
Herein, we describe our subsequent follow-up to the prelimi-
nary observations in which we addressed the following
questions: what are the conditions under which Pd clusters
supported on TiO2 can catalyze propylene coupling to
produce benzene? Is the propylene coupling reaction size-
dependent? What is the mechanism involved in the formation
of benzene from propylene coupling?

Three Pd nanocluster sizes were prepared in micelles of
three different block copolymers respectively and supported
on TiO2 by impregnation. The powders were dried and
calcined at 300 8C. The calcination procedure removed the
polymer surrounding the metal cluster (observed by MS, Mr =

44) and partially reduced PdII to metallic Pd0. The calcination
was followed by treatment with hydrogen at 250 8C to
complete the reduction of PdII to Pd0. The final powder
catalysts, Pd/TiO2, were characterized by HRTEM (Figure 1).

The micrographs and corresponding histograms show Pd
nanoclusters uniformly dispersed on TiO2 with a narrow size
distribution. The diameters of the nanoclusters from the three
different polymers were determined by HRTEM to be 3� 1,
6� 2, and 12� 3 nm.

X-ray photoelectron spectra (XPS) were collected with
the Pd/TiO2 catalyst to determine the Pd oxidation states
before and after calcination, after reduction in hydrogen, and
after the reaction. Figure 2 shows the measured Pd 3d core-

level spectra of the Pd/TiO2 (1= 6 nm). While still sur-
rounded by the polymer micelle before calcination, the
binding energy (Eb) of the Pd catalyst is observed as two
broad peaks which are thought to be the superposition of two
pairs of peaks at Eb = 336.3 and 341.6 eV, and at Eb = 338.1
and 343.3 eV. The former pair is assigned to PdO[10] and the
latter (Eb = 338.1 and 343.3 eV) we believe corresponds to
PdII bound to the CH3COO� groups of the micelle. Both
peaks are consistent with PdII.

After calcination the binding energy decreases, and two
chemical states of Pd are observed. Peaks at 336.3 and
341.6 eV are still assigned to PdIIO; however, the peaks at
335.0 and 340.3 eV are attributed to Pd0.[18] Therefore,
calcination partially reduces palladium(ii) and removes the
measurable polymer surrounding Pd. After reduction in
hydrogen, the major peaks are at 335.0 and 340.3 eV which
arise from Pd0; a small tail of PdIIO remains, however.

The activity of Pd/TiO2 in a mixture of propylene,
hydrogen, and oxygen was measured in a packed bed reactor
with argon as a carrier and calibration standard. The mixture
was controlled by a mass flow controller at 2 mLmin�1 for
each gas with a total flow rate of 8 mLmin�1. The reaction
products were analyzed by MS, GC, and 1H NMR spectros-
copy.[4,19]

Figure 3 shows the products of the reaction of propylene,
hydrogen, and oxygen on Pd/TiO2 as measured by on-line MS
during a temperature increase at a rate of 2.5 8Cmin�1. At
approximately 70 8C, a rapid increase in benzene production
(Mr = 78) was observed as well as increases in the production
of species with Mr = 44 (CO2 and C3H8), Mr = 43 (C3H8), and
Mr = 58 (C3H6O). The masses of both CO2 and C3H8 are 44;

Figure 1. TEM images (left) of Pd nanoparticles prepared on titania
supports from polymers with three different head sizes after calcina-
tion and reduction. Histograms (right) show the corresponding Pd
size distributions obtained for: a) PS(54300)-P2VP(8800),
1=3�1 nm; b) PS(81000)-P2VP(14200), 1=6�2 nm;
c) PS(53000)-P2VP(43800), 1=12�3 nm.

Figure 2. XPS of the Pd 3d region of the Pd/TiO2 catalyst before calci-
nations (&), after calcinations (*), after reduction in hydrogen (~),
and after propylene reaction (!).
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however, C3H8 has a unique fragment at Mr = 43. Therefore,
the change in Mr = 44 results from the presence of both CO2

and C3H8, whereas the signal at Mr = 43 is solely that of C3H8.
The signal at Mr = 58 is also ambiguous and could be from the
isomers acetone, propanal, or propylene oxide.

Further identification of each product was confirmed by
both GC and NMR spectroscopy. On-line GC analysis shows
that the products include CO2, acetone, propane, and
benzene. Finally, the reaction products were collected by a
cold trap of CDCl3. Figure 4 shows the 1H NMR spectrum of

collected products. The chemical shift at d = 7.4 ppm is that of
benzene. Propane and acetone were also observed in the
NMR spectrum (Figure 4), which is in good agreement with
our analysis of the GC and MS results. For all cases in which
benzene was formed, we observed that it is preceded by
oxidation and hydrogenation, and is accompanied by the
condensation of water at the reactor outlet.

The activities of the different Pd nanocluster sizes on TiO2

were determined, and Table 1 shows product conversion and
selectivity as a function of nanocluster size at 70 8C. Under the
same experimental conditions, the 3-nm diameter Pd clusters
were the most active. The selectivity for deep oxidation to
carbon dioxide is inhibited on the smallest clusters, which

favor hydrogenation, coupling, and partial oxidation. As a
control, large (bulk) Pd clusters were prepared by sintering
the powder catalyst to 1000 8C. The large cluster sizes were
confirmed by SEM and were inactive for propylene coupling
to form benzene at 70 8C; the only observed products in this
case were propane and acetone.

After reaction, XPS analysis of the catalyst shows the
presence of only Pd0. To test the hypothesis that Pd0 is
required for the formation of benzene, the reaction was
carried out with a Pd catalyst lacking prior reduction, leaving
PdIIO on the surface. Under the same reaction conditions as
above, benzene formation was not observed, which suggests
that metallic Pd0 is necessary for the formation of benzene.

The production of benzene requires the co-reactants
oxygen and hydrogen; on Pd/TiO2 (1= 3 nm) in the presence
of both oxygen and hydrogen (O2/H2/C3H6 = 2:2:2 mLmin�1),
benzene formation was observed. Upon replacement of
hydrogen with Ar to maintain the total flow rate at
6 mLmin�1 (Ar/O2/C3H6 = 2:2:2 mLmin�1), the production
of benzene and all other products (CO2, propane, and
acetone) stopped. No activity was observed at 70 8C without
hydrogen.

When oxygen was absent, not surprisingly, oxidation of
propylene to CO2 and acetone stopped; however, hydro-
genation to propane was observed by both MS and NMR
spectroscopy. Upon returning to the original flow rates of
propylene, oxygen, and hydrogen (2:2:2 mLmin�1) on the
same catalyst, the formation of benzene was again observed.

These observations indicate that both oxygen and hydro-
gen are required for the production of benzene at low
temperatures on the Pd clusters. The product reactions are
summarized in Equations (1)–(4) :

H3C�CH¼CH2 þH2 ! H3C�CH2�CH3 ð1Þ

H3C�CH¼CH2 þO2 þH2 ! ðH3CÞ2�C¼OþH2O ð2Þ

H3C�CH¼CH2 þ 5 O2 þH2 ! 3 CO2 þ 4 H2O ð3Þ

H3C�CH¼CH2 þO2 þ
1
2

H2 !
1
2

C6H6 þ 2 H2O ð4Þ

For the reaction of propylene to produce benzene we
tentatively propose a mechanism on the Pd cluster surface
that involves H-atom abstraction that initially couples two
propylene molecules. This is energetically driven by the

Figure 3. On-line MS data from the reaction of propylene, hydrogen,
and oxygen on Pd/TiO2 (1=3 nm) as the catalyst temperature is
increased from room temperature to 70 8C. Species shown and their
corresponding Mr values are: a) Ar, 40; b) C3H6, 42; c) O2, 32;
d) (CO2+C3H8), 44; e) C3H8, 43; f) C6H6, 78; g) C3H6O, 58.

Figure 4. 1H NMR spectrum of the products of the catalytic reaction at
25 8C on Pd/TiO2 (1=3 nm). The peaks are assigned to b) C3H6;
e) C3H8; f) C6H6; g) C3H6O (acetone); h) CDCl3.

Table 1: Performance of TiO2-supported Pd nanoclusters (�1% by
weight) of different sizes for the reaction of a mixture of propylene,
hydrogen and oxygen.

Pd Size
[nm]

T [8C] Selectivity [%] Conversion
C3H6 [%]

Benzene Acetone Propane CO2

3 70[a] 4.9 1.7 69.5 23.9 20.3
6 70[a] 4.2 0.7 36.5 58.6 12.0
6 70[b] 4.3 0.9 19.8 75.0 33.5
12 70[a] 2.5 0.4 31.1 66.0 11.4

Reactant gas molar ratios: [a] Ar/O2/H2/C3H6=2:2:2:2. [b] Ar/O2/H2/
C3H6=1:3:2:2.
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formation of water with C�H bond activation through an
activated intermediate of the hydrogen/oxygen reaction.
Figure 5 illustrates the proposed reaction cycle. The observa-
tion that benzene formation from propylene is preceded by

hydrogenation and oxidation suggests that the Pd surface is
populated by hydroxy and/or peroxide species that result
from the dissociative chemisorption of hydrogen and
oxygen.[10,20] These species abstract a hydrogen atom from
the terminal methyl group of a p-bound propylene molecule
on the surface. This initial hydrogen abstraction produces a
symmetric allyl intermediate[21] which then cyclizes with an
adjacent allyl group to form the cyclic intermediate I and
water. Although it is known that on a bifunctional catalyst,
two allyl groups can couple to form 1,5-hexadiene as a by-
product and benzene by dehydrogenation, 1,5-hexadiene
products were not observed by MS. Thus, in the low-temper-
ature Pd-catalyzed propylene coupling reaction, the cycliza-
tion apparently does not follow the conventional mechanism
via 1,5-hexadiene; instead, it may proceed to form inter-
mediate I (Figure 5). The mechanism of propyne coupling to
form benzene via cyclohexadiene intermediates has been
proposed.[16] The formation of water provides the energetic
drive necessary for the removal of hydrogen. The fact that Pd
nanoclusters are required for efficient low-temperature
coupling suggests that either the very low coordination
(giving rise to the suggested structures analogous to bis-
(allyl)palladium complexes) and/or surface intermediates that
are sufficiently different from the pure metal (or metal–ligand
complexes previously studied) are responsible for this
unusual reactivity.

Experimental Section
Block copolymers of poly(styrene)–block–poly(2-vinylpyridine) (PS-
b-P2VP) of three molecular weights were used to make Pd micelle

solutions.[3,17] Pd/TiO2 catalysts were prepared by using Pd acetate
with the following procedure: 50 mg block copolymer PS(x)-b-
P2VP(y) (54300/8800, 81000/14200, 54000/43800, Polymer Source,
Inc., Canada) was dissolved in toluene (10 mL) and stirred for 5 h.
This was followed by the addition of 20 mg Pd acetate (or 16 mg for 3-
nm diameter Pd) into the solution and continuous stirring for 48 h.
The different Pd nanocluster sizes were obtained by changing the
length of the polymer head (PS). The Pd micelle precursors were then
deposited onto anatase TiO2 (1 g, donated by Siant-Gobain) which
was ground into powder and filtered by a sieve (mesh size 60). The
surface area of the support was 34.8 m2 g�1. The solvent was slowly
evaporated in air until the sample was completely dry. The dry sample
(200 mg) was calcined in the mixture of oxygen and argon (20:80 v/v)
at 300 8C after increasing the temperature 5 8C min�1 for 1 hour, after
which the temperature was decreased to 50 8C. The sample was
reduced at 250 8C for 30 min in the hydrogen/argon mixture (10:80
v/v). The sample was cooled to room temperature before starting the
reaction studies. Bulk Pd catalyst was prepared by mixing Pd (2 mg)
with TiO2 (198 mg). The sample was calcined at 1000 8C for 4 h to
form large Pd and was also reduced with hydrogen at 250 8C before
the catalytic reaction.

A continuous-flow packed-bed reactor (0.6 G 30 cm) was used for
the activity studies. In a typical run, the volumetric flow ratios of
argon, propylene, hydrogen, and oxygen were 1:1:1:1, controlled by
mass flow controllers. The total flow rate was 480 mLh�1. The
products were analyzed by GC (SRI 8010 A), MS (SRI), and NMR
spectroscopy (Varian UNITY INOVA 400 MHz). A Porapack
column was used for the separation of products. Both a thermal
conductivity detector and flame ionization detector were used. For
NMR spectroscopic analysis, the products were collected in a CDCl3
solvent cold trap.

The Pd/TiO2 catalysts were imaged by HRTEM (JEOL 2010FX)
to determine the morphology and size of the Pd nanoclusters. The
binding energies of Pd in the Pd/TiO2 catalyst were monitored by XPS
(Kratos, Axis Ultra) with a monochromated AlKa source.
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