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bstract

Pd–MCM-41 materials were synthetized by using the cationic surfactant tetradecyltrimethylammonium bromide (C14TABr) for both the stabi-
ization of the Pd particles and the construction of the mesoporous structure of MCM-41. Two Pd–MCM-41 samples, for which the Pd particles
ere generated before and after formation of the MCM-41 framework (Pd-A and Pd-B, respectively), were investigated. Structural characterization
f the samples was carried out by ICP-AES, N2 sorption, XRD and TEM measurements. It was established that the highly ordered structure of
CM-41 was not appreciably affected by the formation of the Pd particles. Further, a similar particle size control was achieved for both Pd–MCM

amples. However, both the location and the size distribution of the Pd particles were found to depend strongly on the preparation procedure.
or Pd-A, the Pd nanoparticles were essentially situated on the external surface of MCM-41, whereas for Pd-B, the particles were found to be
ncapsulated inside the mesopores. For the liquid-phase hydrogenations of alkynes, the catalytic activity of Pd-A clearly surpassed that of Pd-B,

ndicating that the external Pd crystallites were more readily accessible for the reactants than those incorporated in the MCM-41 framework. The
imited activity observed for Pd-B was attributed to mass transport limitations due to diffusion of the reactants into the mesopores of the MCM-41
ost.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since their discovery in the early 1990s, ordered mesoporous
aterials, including MCM-41, have been the subject of an

xtended research, mainly in terms of their syntheses, synthesis
odifications and applications in the fields of adsorption, sep-

ration, host–guest type interactions and catalysis [1–5]. The
avourable properties of MCM-41 comprise a regular pore sys-
em (hexagonally shaped pores with a uniform size of 2–10 nm
n nonintersecting straight channels), a high specific surface area
∼1000 m2 g−1) and an enhanced thermal stability [3,4,6]. The
urface properties of MCM-41 can also be modified by the incor-

oration of B, Ti or V atoms, and the mesopores tend to accom-
odate various complexes or reactant molecules [2,3,7,8]. It

ollows that MCM-41 can be widely employed for a number of
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atalytic reactions, either as a catalyst or as a host material for
etal complexes or nanoparticles [2,9–11]. As related to their

cidity, MCM-41 materials have long been utilized for cracking
nd hydrocracking reactions [9], whereas doped or organically
odified MCM-41s have found various applications in the field

f organic catalysis [2,12,13].
MCM-41 is typically synthetized from a silica source and

cationic alkyl ammonium surfactant via a micelle-based liq-
id crystal templating mechanism [1] at a variety of pH values,
t concentrations under which micelle formation is favourable.
his method implies the formation of a surfactant-rich precip-

tate and thus templating occurs in a heterogeneous gel phase
14,15]. Other procedures, based on the application of neutral
r anionic surfactants, resulting in the formation of MCM-41-
ike structures of lower crystallinity, have also been reported

2,9,15,16]. Several methods have been published in the litera-
ure for the preparation of MCM-41 supported metal nanopar-
icles, including the incipient wetness impregnation [17–19],
on exchange with metal precursors [19–21], the adsorption

mailto:mastalir@chem.u-szeged.hu
dx.doi.org/10.1016/j.molcata.2006.09.021
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f molecular cluster precursors [22] and photocatalytic reduc-
ion [23]. The formation of noble metal nanoparticles inside
he mesopores of MCM-41 has also been described [24–26].
s reported by Niederer et al., [27] the synthesis of MCM-41

n the presence of colloidal surfactant-stabilized noble metal
anoparticles resulted in the appearance of isolated metal clus-
ers in the mesopores. Nevertheless, the application of such
articles in catalytic reactions is far less common than that of
CM-41-supported metal nanoclusters. Recently, Pd–MCM-41
aterials, with particles incorporated in the mesoporous struc-

ure, have been investigated for alkene hydrogenations [25,27]
nd Pd–MCM-41 samples with similar structures have been
tudied for the enantioselective hydrogenation of ethyl pyruvate
28].

The aim of the present study was the in situ generation of
urfactant-stabilized Pd nanoparticles in MCM-41. The effect
f the variation of the synthesis steps on the formation and
he size distribution of the Pd particles was investigated. The
d–MCM-41 samples were tested as catalysts for the liquid-
hase hydrogenations of terminal and internal alkynes under
ild conditions.

. Synthesis strategy

As reported by Attard et al., [29] regular mesoporous nanos-
ructures are formed via the sol–gel synthesis of silicates in
ulk lyotropic liquid crystals, consisting of ordered surfactant
ggregates in a suitable solvent, mostly water. The water-soluble
norganic monomer is dissolved in the aqueous domains of the
rganic surfactant molecules. In the synthesis gel of MCM-41,
he inorganic precursor molecules of the silica framework are
venly distributed in the hexagonal phase of rod-like surfac-
ant micelles of alkyltrimethylammonium bromides (CnTABr;
= 8–18) [14,15] and the solid inorganic network around the
icellar template is generated by hydrolysis of the precursor

ompound. Upon hydrothermal treatment, well-ordered pores
re formed and then the surfactant molecules can be removed
rom the pores by either Soxhlet-extraction or thermal decom-
osition [30,31]. As the pore size of the mesoporous structure
ncreases with the cross-sectional diameter of the template rods,
he pore diameter of MCM-41 can be controlled by changing
he alkyl chain length of the surfactant molecules [1–3,32] and
lso by solubilization of suitably selected organic guest species,
ncluding swollen micelles [1,2].

In a previous study, Pd nanoparticles have been synthetized
rom the precursor K2[PdCl4], dissolved in a concentrated
icellar solution of CnTABr [31]. In the presence of a large

xcess of Br−, originating from the counterions of the surfac-
ant molecules [PdCl4]2− is transformed to [PdBr4]2−. This
igand-exchange reaction is followed by the formation of
CnTA]2[PdBr4] stoichiometric complex-surfactant aggregates,
hich subsequently undergo solubilization to form palladate-

urfactant metallomicelles [33]. Reduction of Pd(II) to Pd(0) in

hese metallomicelles ensures rapid adsorption of the surfactant

olecules on the surface of the nascent particles, and a protective
ilayer appears, leading to the formation of a Pd hydrosol with
ong-term stability. The Pd nanoparticles obtained by this proce-
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ure are fairly monodispersed and their mean particle diameters
re 1.5–7 nm. The particle size can be controlled by varying the
ength of the alkyl chain, the precursor concentration and the
urfactant concentration.

According to the above considerations, the synthesis strat-
gy of Pd–MCM-41 applied in the current study involved a
ystematic combination of the surfactant-mediated synthesis
f MCM-41 [2–4,9,14] with the surfactant-controlled synthesis
f Pd nanoparticles [33]. The Pd–MCM-41samples were syn-
hetized by two different methods:

. The silica precursor was added to a Pd hydrosol stabilized
by C14TABr, followed by hydrolysis of the silica compound,
which proceeded in a concentrated surfactant solution, in the
presence of the Pd particles. This way, the Pd nanoparticles
were incorporated in the silica framework upon its formation.
After hydrolysis has been completed, the reaction mixture
was subjected to hydrothermal treatment and the surfactant
template was removed by Soxhlet-extraction.

. The silica precursor was added to [CnTABr]mic·
[CnTA]2[PdBr4] metallomicelles, the precursor species
of the Pd nanoparticles. Hydrolysis of the silica precursor
was performed in a concentrated surfactant solution con-
taining these metallomicelles. After complete hydrolysis,
the Pd(II) species in the template were reduced to produce
Pd(0) particles in the silica mesophase. Similarly to method
1, this procedure was also terminated by hydrothermal
treatment and removal of the surfactant molecules by
Soxhlet-extraction.

Both syntheses resulted in the in situ formation of Pd parti-
les in MCM-41. The major difference between methods 1 and
was that the Pd nanoparticles were generated before and after

ormation of the silica framework, respectively. The other syn-
hesis steps and the overall composition of the reaction mixtures
ere similar for the two procedures.

. Experimental

.1. Preparation of Pd–MCM-41 (Pd-A)

About 14.4 g of tetradecyltrimethylammonium bromide
C14TABr, an Aldrich product) was dissolved in 80 cm3 of
istilled water and then thoroughly mixed with 30 cm3 of an
queous solution of K2[PdCl4] (0.8%, 0.075 g Pd), to produce
he red, water-insoluble salt [CnTA]2[PdBr4]. Overnight stir-
ing of the micellar system resulted in solubilization of this
alt in the surfactant micelles, whereby a dark-orange transpar-
nt solution, consisting of [CnTABr]mic·[CnTA]2[PdBr4] met-
llomicelles, was obtained. Upon introduction of an excess of
educing agent (5 cm3, 5 M hydrazine in water, Fluka) into the
eaction system, the colour of the micellar solution turned to
ark brown, indicating the formation of Pd nanoparticles. After-

ards, 18.7 g of Na2Si3O7 solution (27% SiO2, 5 g) was added
ropwise to the Pd hydrosol. The pH of the suspension was
djusted to 10 by using a 50% H2SO4 solution. On addition of
he inorganic silica precursor, the Pd particles were gradually
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ncorporated in the silica framework formed upon hydrolysis.
fter stirring for 4 h, the gray-brown suspension was placed in

n oven and maintained at 383 K for 6 days. After hydrothermal
reatment, the solid precipitate was filtrated under suction and
ried. The template was removed by Soxhlet-extraction for 30 h,
ith a mixture of methanol:cc HCl = 30:1. After filtration and
ashing, the sample was dried and stored in a vacuum desic-

ator. The Pd content of this material proved to be 1.47% from
CP-AES analysis.

.2. Preparation of Pd–MCM-41 (Pd-B)

About 14.4 g of C14TABr was dissolved in 100 cm3 of dis-
illed water (>100 times the cmc), followed by the addition of
0 cm3 of an aqueous solution of K2[PdCl4] (0.8%, 0.026 g
d), which resulted in the precipitation of a red organic salt
CnTA]2[PdBr4]. Upon vigorous stirring, solubilization of the
rganic salt occured, producing a quasi-homogeneous micellar
olution. The formation of [CnTABr]mic·[CnTA]2[PdBr4] met-
llomicelles was indicated by a deepening of the dark-orange
olour observed initially. Then, 18.7 g of Na2Si3O7 solution
27% SiO2, 5 g) was added dropwise to the micellar solution,
hich led to the formation of a pale-yellow suspension. The

uspension was set to pH 10 with a 50% H2SO4 solution. After
tirring for 6 h, an excess of hydrazine hydrate (2 cm3, 5 M in
ater) was introduced into the reaction system. The colour of

he suspension turned to gray-brown in a few minutes, indicat-
ng that reduction of Pd(II) to Pd(0) took place. The suspension
as subsequently stored in an oven at 383 K for 6 days. After
ydrothermal treatment, the solid precipitate was purified in the
ame way as for sample A. The Pd content of the sample was
ound to be 0.50% by ICP-AES.

.3. Preparation of MCM-41 (C)

In a blank experiment, MCM-41 was synthetized in the
bsence of Pd, under otherwise the same conditions as those
or Pd-A and Pd-B.

.4. Characterization

The Pd contents of the samples were determined by induc-
ively coupled plasma atomic emission spectroscopy (ICP-
ES), using a Jobin Yvon 24 sequential ICP-AES spectrometer

t 229.7 and 324.3 nm. Before analysis, the samples were dis-
olved in a 1:2 mixture of aqua regia and 0.5 M (NH4)HF2 at
33 K for 24 h. The Pd loadings were obtained from the emission
ntensities by means of a calibration curve.

N2 sorption measurements were performed after degassing
he samples at 13 Pa and 393 K for 12 h, using a Micromeritics
375 BET apparatus at 77 K. The specific surface areas were cal-
ulated from the BET equation and the total pore volume Vt was
btained from the amount adsorbed at the relative pressure of

.99 [32,34,35]. Accordingly, the average pore diameters were
etermined as 4Vt/AsBET [4].

H2 and CO adsorption measurements were carried out in the
ame apparatus which was used for N2 sorption studies. The

(
c
c
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amples were pretreated in a H2 atmosphere of 67 kPa at 373 K
or 1 h, followed by evacuation at 413 K for 3 h. Measurements
ere made in the scan mode up to 1.33 kPa. CO adsorption was

tudied at 298 K and H2 adsorption was measured at 333 K, to
inimize �-hydride formation [36]. The dispersion of the Pd

articles was determined from the H/Pd and the CO/Pd ratios
xtrapolated to zero pressure (chemisorption), by using the gen-
rally accepted 1:1 adsorption stoichiometries for both H/Pd and
O/Pd [37,38].

X-ray diffraction (XRD) patterns were obtained with a Philips
W 1820 diffractometer operated at 40 kV and 35 mA (Cu K�
adiation, λ = 0.154 nm). Diffraction data were collected in the
ange 1◦ < 2� < 6◦ at an interval of 0.01 2�. The interplanar
pacing of the MCM-41 structure (d1 0 0) was calculated from
he first order Bragg reflections using a PW 1877 automated
owder diffraction software. The lattice parameter a, regarded
s the average distance between two neighbouring pore cen-
res in the MCM-41 structure [6], was calculated as a = d1 0 0
2/

√
3) [4,6,30]. The average pore diameter dp was obtained as

p = a − 1, by assuming a pore wall thickness of 1 nm [3,4].
TEM images were recorded with a Philips C 10 transmission

lectron microscope (LaB6 cathode, 100 kV) equipped with a
egaview II digital camera. The samples suspended in ethanol
ere mounted on Formvar-coated copper grids and then the sol-
ent was evaporated. The size distribution of the particles was
etermined using the UTHSCSA Image Tool program and the
ean particle diameters d were calculated as number average

alues
(∑

nidi/
∑

ni
)
, for at least 250 particles.

.5. Catalytic test reaction

The liquid-phase hydrogenations of the reactants 1-pentyne,
-hexyne and 3-hexyne (all Aldrich products of 99% purity)
ere investigated in an automated vibration reactor equipped
ith a pressure regulator, which ensured that the reactions pro-

eeded at a constant hydrogen pressure of 105 Pa [39]. The mass
f catalyst was 3 × 10−3 g, the reaction temperature was 298 K
nd the reactant:Pd ratio was S:Pd = 1000 for each measurement.
he sample was pretreated in 105 Pa of static H2 for 60 min. After
vacuation and reintroduction of H2, 1 cm3 of toluene was added
nd pretreatment was completed under an efficient stirring for
5 min. The hydrogenation reaction was initiated by injecting
he reactant into the reactor and vigorous stirring (1400 rpm) was

aintained throughout the reaction to eliminate mass transport
imitations. As the reaction progressed, the H2 consumption was

onitored at a data collection frequency of 0.5 s−1. The reac-
ion products were analyzed by a HP 5890 gas chromatograph
quipped with a DB-1 capillary column and a flame ionization
etector (FID). The catalytic activities were characterized by the
nitial reaction rates and the turnover frequencies (TOF).

. Results and discussion
The N2 sorption isotherms of the Pd–MCM-41 samples
Fig. 1a and b) correspond to type IV according to the IUPAC
lassification. The adsorption and the desorption pathes coin-
ided for both samples and no hysteresis loops could be
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may be attributed to the ordered mesoporous framework of the
MCM-41 host material.

The TEM images obtained for Pd-B, for which the Pd parti-
cles were generated after formation of the MCM-41 structure,
Fig. 1. (a and b) N2 sorption i

bserved, which is in accordance with previous data reported
n the literature for C14–MCM-41 materials [3,4,6].

There was a sharp increase in the N2 uptake over a narrow
ange of relative pressure, arising from the capillary condensa-
ion of N2 inside the primary mesopores. The steep adsorption
nd desorption branches indicated a narrow mesopore size distri-
ution [40]. In the pressure range where the primary mesopores
ere essentially filled with the condensed adsorbate, the plots

evelled off. Secondary mesopores were not detected. The find-
ng that the position of the capillary condensation step was the
ame for both samples (p/p0 = 0.34) indicated a similar pore
iameter [32,41]. Further, the somewhat higher steepness of the
ondensation step for Pd-A suggested a slightly higher unifor-
ity of the pore sizes as compared with Pd-B [34].
XRD analysis (Fig. 2) revealed four characteristic Bragg

eflections at small diffraction angles (2� = 2–8◦), which can

e indexed in a hexagonal lattice and correspond well to the
exagonally arranged pore structure of MCM-41 [1], indicating
ong-range orders for both Pd–MCM-41 materials [6,9].

Fig. 2. X-ray diffraction patterns of the Pd–MCM-41 samples.
ms of Pd-A (a) and Pd-B (b).

The arrangement and the size distribution of the Pd crystal-
ites in the Pd–MCM-41 materials have been investigated by
EM measurements. Fig. 3 displays the TEM image of Pd-A,

or which the particles were generated before formation of the
CM-41 framework. It may be observed for this sample that

pherically shaped particles were formed. There is no evidence
f Pd encapsulation inside the mesopores, as the particles are
ituated on the external surface of MCM-41. Although the loca-
ion of the particles appears to be random at first sight, a closer
ook reveals a regular arrangement for several Pd clusters, which
Fig. 3. Transmission electron micrograph of Pd-A.
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Fig. 4. (a and b) Transmissi

re demonstrated in Fig. 4. The regular pore structure of MCM-
1 can be clearly distinguished in both images. It may also be
een that the Pd particle size is comparable with the pore diam-
ter of the host material. In Fig. 4a, a relatively low contrast
or the Pd particles can be observed, which may be regarded
s an indication of Pd encapsulation inside the mesopores. This
s also suggested by the directed arrangement of the Pd crys-
allites: they are oriented in the same way as the channels of

CM-41. The typically elongated particle shape equally refers

o encapsulation. It follows that the Pd nanoparticles of Pd-B are
ncorporated in the mesoporous host material.

Although the Pd particle size range was the same (1–7 nm)
or both Pd–MCM-41 samples, the size distributions were sig-

P
r
s
c

Fig. 5. (a and b) Particle size distribu
ctron micrographs of Pd-B.

ificantly different (Fig. 5a and b). For Pd-A, 70% of all the
articles fell in the range 2–4 nm, whereas the frequency of par-
icles smaller than 2 nm and larger than 4 nm was considerably
ower. For Pd-B, the majority of the Pd crystallites were equally
etween 2 and 4 nm, but the number of Pd clusters smaller than
nm was considerably higher than that for Pd-A. The frequency
f 4–5 nm crystallites was of a similar order, whereas the number
f aggregates larger than 5 nm was insignificant. Despite the dif-
erence in the size distributions, the mean particle diameters for

d-A and Pd-B proved to be very close values, 3.24 and 3.35 nm,
espectively. It may therefore be established from TEM mea-
urements that both synthesis methods afforded a similar size
ontrol for the Pd particles, by preventing the formation of large

tions of Pd-A (a) and Pd-B (b).
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Table 1
Structural characterization of the Pd–MCM-41 samples

Sample Pd (%) AsBET (m2 g−1) d1 0 0 (nm)a dp (nm)b dp (nm)c Vt (cm3 g−1)d

Pd-A 1.47 876 4.08 3.62 3.71 0.79
Pd-B 0.5 1037 3.78 3.54 3.36 0.92
C – 1042 3.98 4.17 3.60 1.09

a Periodicity of the MCM-41 host, determined from XRD data.
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Table 2
Dispersions of the Pd–MCM samples obtained by different methods

Sample DH2 DCO DTEM
a dTEM (nm)

Pd-A 0.39 0.34 0.31 3.24
P

t
f
r
d
T
w
m
a
t
o
g
t
t
t

b Average pore diameter, obtained as 4Vt/AsBET.
c Average pore diameter, calculated from XRD data as dp = d1 0 0 (2/

√
3) − 1.

d Total pore volume.

d aggregates. Nevertheless, the sequence of the synthesis steps
reduction of Pd(II) and formation of the MCM-41 framework)
as found to have a crucial effect on both the location and the

ize distribution of the Pd particles. The results obtained from
he structural characterization of the Pd–MCM-41 samples are
isted in Table 1.

The specific surface area of Pd-B was very close to that of
ure MCM-41, whereas that of sample A was somewhat lower,
ndicating a slightly less ordered structure [6,42], which was also
etected by TEM. Nevertheless, all the structural parameters of
he Pd-containing samples proved to be very similar to that of
ure MCM-41. Hence, it may be pointed out that, irrespective of
he preparation procedure, the formation of the Pd nanoparticles
xerted no significant influence on the highly ordered structure of
he host material [26]. It should also be emphasized that the aver-
ge pore diameters determined from N2 sorption were in good
greement with those calculated from XRD data [4]. Further,
oth values are comparable with the mean particle diameters.

The Pd dispersions, obtained from both H2 and CO
hemisorption measurements, are displayed in Table 2. The dis-
ersion values were also cross-checked by TEM [36].

It may be observed from Table 2 that the dispersions obtained
y adsorption techniques were remarkably close and only

lightly higher than those calculated from the mean particle
iameters. Accordingly, the average of the dispersion values
etermined experimentally (0.37 and 0.35 for Pd-A and Pd-B,
espectively) was used for further calculations.

m
1
[
w

Fig. 6. (a and b) Hydrogenation of 1-pentyne over Pd-A (a) and Pd-B (b) m = 5 ×
d-B 0.32 0.38 0.30 3.35

a DTEM = 1.00/dTEM [36].

As related to a favourable combination of activity and selec-
ivity, Pd has long been regarded as the most efficient metal
or alkyne hydrogenation [45,46]. This reaction is typically
egarded as structure insensitive [45,46], although recent studies
isclosed a structure sensitivity at high Pd dispersions [44,47].
he first reaction investigated over the Pd–MCM-41 samples
as the selective hydrogenation of 1-pentyne, for which the
ain reaction product was 1-pentene. As shown in Fig. 6a

nd b, the H2 consumption was monitored as a function of
he reaction time. For Pd-A, a typical zero order reaction was
bserved, which is characteristic of alkene and alkyne hydro-
enation over supported metal catalysts [18,48,49]. The ini-
ial rate was maintained as the reaction progressed, indicating
hat the active centres were readily accessible for the reac-
ant molecules [50]. Recently, similar observations have been

ade for the hydrogenation of phenylacetylene and 1-phenyl-

-hexyne over Pd particles supported on mesostructured silicas
51]. The linear trend of the hydrogenation rate is in accordance
ith the result of TEM measurements, which revealed the occur-

10−3 g, S:Pd = 1000, p = 105 Pa, T = 298 K and solvent: 1 cm3 of toluene.
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Table 3
Hydrogenation of terminal alkynes over Pd–MCM-41 catalysts

Samplea Reactant Reaction rate
(cm3 H2 min−1 g Pd−1)

TOF (s−1) Conversion (%)b Selectivity (%)b

Pd-A 1-Pentyne 4,927 0.97 55.5 100
Pd-B 1-Pentyne 35,333 7.32 38.1 100
Pd-A 1-Hexyne 6,369 1.25 33.3 100
P
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d-B 1-Hexyne 26,853

a m = 5 mg, T = 298 K, p = 105 Pa and S:Pd = 1000.
b Reaction time: 30 min.

ence of quasi-spherical Pd particles on the external surface of
CM-41.
On the other hand, the catalytic behaviour of Pd-B proved

o be completely different. As may be observed in Fig. 6b,
he high initial rate declined rapidly after a few minutes and
hen the reaction slowed down considerably. This trend may be
ttributed to the effect of mass transport limitations, as related
o the encapsulation of Pd particles in the mesoporous structure.
uch particles can only be accessed by diffusion of the reactant
olecules inside the mesopores, which tends to have a limiting

ffect on the reaction rate. Similar results have been obtained
or the hydrogenation of phenylacetylene over clay-intercalated
d nanoparticles [39]. As revealed in Fig. 6a and b, the Pd parti-
les incorporated in MCM-41 are clearly less accessible for the
eactant molecules than those exposed on the surface of the host
aterial. It follows that the actual Pd dispersion of Pd-B must

e significantly lower than that obtained from the mean particle
iameter. The decreasing trend observed for the H2 consump-
ion over Pd-B may also be regarded as an indirect evidence that
his sample contains no external Pd crystallites on the surface of

CM-41. The results obtained for the catalytic hydrogenations
f 1-pentyne and 1-hexyne over the Pd–MCM-41 samples are
ummarized in Table 3.

The initial turnover frequencies, calculated from the initial
ydrogenation rates, proved to be significantly higher for Pd-B
or both reactants. Nevertheless, given the significant decrease of
he reaction rate observed for this sample, the catalytic activities

ay be more adequately characterized by the conversions at the
ame reaction time. It may therefore be established that Pd-A was
more active catalyst for both reactants. The activity difference
roved to be more pronounced for 1-hexyne, whereas the alkene
electivity was 100% in all cases.
It should be emphasized that the catalytic behaviour of Pd-B
s in contradiction with the results of previous studies, which
eported substantial catalytic activities for noble metal particles,
laimed to be encapsulated in MCM-41, for either alkene or

o
o
Z
n

able 4
ydrogenation of 3-hexyne over Pd–MCM-41 catalysts

atalysta Reaction rate
(cm3 H2 min−1 g Pd−1)

TOF (s−1)

d-A 5,848 1.15
d-B 25,793 5.34

a m = 5 mg, T = 298 K, p = 105 Pa and S:Pd = 1000.
b Reaction time: 30 min.
5.56 8.7 100

thyl pyruvate hydrogenations [17,27,28]. However, for these
tudies, encapsulation of the noble metal particles has not been
onfirmed by TEM images and hence the catalytic performance
f such materials may be related to the presence of surface metal
lusters [17,28].

The catalytic performances of the Pd–MCM-41 samples were
lso examined for the hydrogenation of an internal alkyne, 3-
exyne. As reported in the literature, the stereoselective hydro-
enation of internal alkynes typically results in the predominant
ormation of the (Z)-alkene stereoisomer [43,52]. For the liquid-
hase hydrogenations of lower alkynes, the (Z)-alkene stereose-
ectivities have been found to exceed the selectivities of terminal
lkenes, obtained from monosubstituted acetylenes [52]. The
2 consumptions detected for the two samples are displayed in
ig. 7a and b. Similarly to that observed for terminal alkynes,
ydrogenation proceeded with a constant rate for Pd-A, whereas
or Pd-B, a decreasing trend could be observed. Nevertheless,
he decline for 3-hexyne over Pd-B was less pronounced than
hose for terminal alkynes. Fig. 7a also demonstrates the repro-
ucibility of the measurement, as the two plots were obtained
rom independent runs. The hydrogenation rates were deter-
ined from the slopes, which proved to be very similar. The

ompositions of the product mixtures obtained for the hydro-
enation of 3-hexyne are listed in Table 4.

Despite the high initial rate and turnover frequency observed
or Pd-B, the conversion for Pd-A proved to be considerably
igher, indicating that the latter sample was a more active cata-
yst. Nevertheless, there was practically no difference between
he product selectivities, which is in accordance with the results
f our previous studies [53]. The main reaction product was
he (Z)-alkene, and only very small amounts of (E)-alkene and
lkane were detected. The selectivities of the by-products were

f the same order. As related to the similar Pd particle diameters
btained for both Pd–MCM-41 samples, the remarkably high
stereoselectivities (>94%) may be attributed to the predomi-

ance of terrace surface sites, which have been reported to be

Conversion (%)b Selectivity (%)b

Z E Alkane

46.3 94.2 4.2 1.6
8.2 94.5 4.4 1.1
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Fig. 7. (a and b) Hydrogenation of 3-hexyne over Pd-A (a) and Pd-B (b) m

he most selective surface structure of fcc Pd nanoparticles [54].
n this respect, the significant (Z) stereoselectivity of 3-hexyne
ydrogenation tends to originate from the decreased hydrogena-
ion rate of the (Z)-alkene, due to a relatively low-energy Pd
urface [55], rather than from alkyne overhydrogenation [54].

For Pd-A, which proved to be a more efficient catalyst,
he product selectivities of 3-hexyne hydrogenation were also
nvestigated as a function of the reaction time (Fig. 8). For
he stereoselectivity of the (Z)-alkene formation, only a minor
ecrease could be observed as the reaction progressed. Hexane
as an initial product [42] and the low extent of overhydrogena-

ion displayed no variation up to 50 min. The small amount of
Z)-3-hexene was formed both directly [56] and through Z → E

somerization [57]. As the total amount of the by-products did
ot exceed 7%, the pronounced (Z) stereoselectivity of Pd-A
as essentially maintained throughout the reaction.

ig. 8. Reaction time dependence of the conversion and the product selectivi-
ies for the hydrogenation of 3-hexyne over Pd-A m = 5 × 10−3 g, S:Pd = 1000,
= 105 Pa, T = 298 K and solvent: 1 cm3 of toluene.

a
t
s
t
r
P
f

4
g
h
t
c
o
N
t
s
e

A

a
e

10−3 g, S:Pd = 1000, p = 105 Pa, T = 298 K and solvent: 1 cm3 of toluene.

. Conclusions

Pd–MCM-41 samples were prepared by a novel synthesis
ethod, based on a systematic combination of the surfactant-
ediated formation of MCM-41 and the in situ generation of

urfactant-stabilized Pd nanoparticles. Pd nanoparticles were
btained by the reduction of K2[PdCl4], both before and after
ormation of the MCM-41 framework.

Structural characterization of the Pd–MCM-41 samples gave
vidence that the presence of the Pd particles had no decreas-
ng effect on the pronounced structural order of MCM-41. On
he other hand, the variation in the sequence of the synthesis
teps resulted in significant differences between the location
nd the size distribution of the Pd particles. For Pd-A, for which
he particles were generated before formation of the MCM-41
tructure, spherically shaped Pd nanoparticles were detected on
he external surface of MCM-41. This sample may therefore be
egarded as an MCM-41-supported Pd catalyst. In contrast, the
d particles of Pd-B, obtained after formation of the MCM-41
ramework, were found to be encapsulated inside the mesopores.

It was pointed out that the Pd particles incorporated in MCM-
1 were significantly less active in liquid-phase alkyne hydro-
enation than those on the external surface of the mesoporous
ost. This finding can be attributed to limited access of the reac-
ants to the active centres situated in the mesoporous framework
hannels. It is therefore suggested that the hydrogenation rate
bserved for Pd-B is restricted by mass transport limitations.
evertheless, despite the difference in the catalytic activities,

he selectivities of the Pd–MCM-41 samples proved to be very
imilar, as both samples displayed remarkably high (Z) stereos-
lectivities for the hydrogenation of 3-hexyne.
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53] Á. Mastalir, Z. Király, F. Berger, Appl. Catal. A 269 (2004) 161–168.

54] J.G. Ulan, W.F. Maier, J. Org. Chem. 52 (1987) 3132–3143.
55] R. van Hardeveld, F. Hartog, Adv. Catal. 22 (1972) 75–113.
56] C.A. Henrick, Tetrahedron 33 (1977) 1845–1889.
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