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bstract

Functionalized MCM-41 samples containing different contents of phenyl groups (Ph-MCM-41) were synthesized by co-condensation of
henyltrimethoxysilane (PTMS) and tetraethyl orthosilicate (TEOS) at room temperature. These Ph-MCM-41 samples still exhibited the ordered
esoporous structure even at the Ph-content up to 20% and after depositing Pd particles to form the Pd/Ph-MCM-41 catalyst. For the iodobenzene
llmann coupling reaction in aqueous conditions, Pd/Ph-MCM-41 exhibited much higher activity and selectivity toward biphenyl than Pd/SiO2

nd Pd/MCM-41. The conversion reached 75.4% after 10 h at 100 ◦C and the selectivity remained 98%. In addition, the Pd/Ph-MCM-41 catalyst
as able to be used atleast three times with only a slight decrease in both activity and selectivity. The results show good potential of this kind of

atalyst for industrial application in viewpoint of green chemistry since the replacement of organic solvent with water could greatly reduce the
nvironmental pollution. According to various characterizations, such as XRD, TEM, NMR, N2 adsorption–desorption isotherms, the excellent
ctivity and selectivity of the Pd/Ph-MCM-41 could be attributed to the high surface area of Ph-MCM-41 which ensured the high and uniform

ispersion of Pd particles, the ordered mesoporous structure which facilitated the diffusion of reactant and product molecules, the increase in
ydrophobicity of the catalyst owing to the Ph-modification which favored the entrance of reactant molecules into the channels to have contact
ith Pd active sites and also inhibited the dehalogenation of iodobenzene to form benzene.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The iodobenzene (Ar-I) coupling reaction (Ullmann reaction)
as been widely used for synthesizing aromatic compounds for
ne chemical, agrochemical, and pharmaceutical applications
1,2]. In industry, the synthesis is usually carried out in anhy-
rous solvents. The use of large amount of organic solvents for
eaction and product isolation eventually causes environmental
roblems because volatile organic compounds are a principal
ause of industrial pollution. In viewpoint of green chemistry,
he Ullmann reaction carried out in aqueous conditions should be

ore environmentally friendly since water could be considered

s the most innocuous substance on earth and therefore the safest
olvent. Up to now, most studies are focused on homogeneous
atalysts in the presence of phase-transfer catalysts due to solu-
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ility limitation of organic substances in water [3,4]. Generally,
eterogeneous catalysts are superior to homogeneous catalysts
wing to their easy separation from the products. Meanwhile,
he heterogeneous catalysts can be used repetitively, which may
educe the catalyst cost. However, their low activity and/or selec-
ivity seems a problem [5,6]. Mesoporous materials usually
xhibited high surface area and large pore size [7,8]. Depositing
he metallic particles on the supports with mesoporous struc-
ure may ensure the high dispersion of active sites and facilitate
he diffusion of reactant molecules. Meanwhile, the enrichment
f OH groups on the mesoporous materials makes it possible
o modify the inorganic supports with organic groups on the
uter surface and pore surface, which could improve surface
hemistry of the catalysts, such as the acidic–basic property,
he hydrophilic–hydrophobic property, etc. [9–14], and thus,

ould promote chemical reactions, especially the organic syn-
hetic reactions carried out in water. In this paper, we report a
ew Pd/Ph-MCM-41 catalyst with the Ph-functionalized MCM-
1 (Ph-MCM-41) as the support. Its catalytic performance in

mailto:hexing-li@shnu.edu.cn
dx.doi.org/10.1016/j.molcata.2006.05.018
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41 [15]. The peak corresponding to ν(Si–C) should appear
at 1160–1170 cm−1. However, it was difficult to be distin-
guished since it was overlapped by the peaks corresponding to
νas(Si–O) in the network of MCM-41. In comparison with pure
0 Y. Wan et al. / Journal of Molecular

llmann reaction was examined and the correlation between
atalytic properties and structural characteristics are discussed
riefly based on various characterizations.

. Experimental

.1. Catalyst preparation

The Ph-modified MCM-41 sample (Ph-MCM-41) was pre-
ared by co-condensation of phenyltrimethoxysilane (PTMS)
nd tetraethyl orthosilicate (TEOS) as mixed silicon sources.
n a typical synthesis, 0.05 mol of PTMS and TEOS mixture
ith a given molar ratio were mixed with 108 ml aqueous

olution containing 2.4 g cetyl(hexadecyl)trimethylammonioum
romide (CTMABr) and 1.0 M NaOH and then the mixture was
tirred for 48 h at room temperature. After being filtrated out
nd dried in vacuum at 80 ◦C for 10 h, the solid was treated
ith 1.0 M HCl ethanol solution to remove the surfactant tem-
late and other organic residues. The resultant Ph-MCM-41
as washed thoroughly and dried in vacuum for another 10 h.
he Ph-content in the Ph-MCM-41 was adjusted by chang-

ng the molar ratio of PTMS/TEOS (x:y) in the initial mix-
ure. The as-prepared samples were denoted by Ph-MCM-41
x:y).

Pd/Ph-MCM-41 catalysts were prepared by impregnating the
s-prepared Ph-MCM-41 with PdCl2 dilute solution containing
.67 wt.% Pd at room temperature for 24 h. After being dried
t 100 ◦C, the supported Pd(II) species were reduced by 10%
2/N2 at 200 ◦C for 3 h.

.2. Characterization

Small-angle X-ray diffraction (XRD) measurements were
erformed on a Rigaku D/maxrB diffractometer with Cu
� X-ray. N2 adsorption–desorption isotherms were mea-

ured on a Quantachrome NOVA 4000e analyzer. Specific sur-
ace areas (SBET) were calculated by using the multiple-point
runauer–Emmett–Teller (BET) method in the relative pressure

ange of P/P0 = 0.05–0.25. Pore size distribution curves were
btained based on the Barrett–Joyner–Halenda (BJH) model,
rom which the average pore size (dP) and the pore volume (VP)
ere also determined. Transmission electron microscopy (TEM)

mages were obtained on a JEOL JEM2011 electron micro-
cope. X-ray photoelectron spectroscopy (XPS) measurements
ere performed on a Perkin-Elmer PHI 5000CESCA system
ith a base pressure of 10−9 Torr. All the binding energies were

alibrated by using the contaminant carbon (C1s = 284.6 eV)
s a reference. FT-IR spectra were recorded with a Nicolet
agna 550 IR spectrometer. Temperature-programmed reduc-

ion (TPR) was conducted on a Quantachrome CHEMBET-
000 system, during which all the samples were pretreated
ith H2 gas flow at room temperature for 2 h. 13C MAS
MR and 29Si MAS NMR spectra were recorded on a Bruker

RX-400 NMR spectrometer. The catalysts were analyzed
sing a Varian VISTA-MPX inductively coupled plasma optical
mission spectrometer (ICP-OES) to determine the palladium
ontents.
ysis A: Chemical 258 (2006) 89–94

.3. Activity test

In a typical run of activity test, 4.46 mmol PhI, 10 ml distilled
ater, 0.5 g as-prepared catalyst with Pd loading of 6 wt.%, 1.1 g
COONa as a reducing agent and 1.4 g KOH were mixed in a
0 ml round-bottomed flask. The mixture was vigorously stirred
o minimize any diffusion effects. After refluxing at 100 ◦C for
0 h, the reaction mixture was filtrated and then extracted with
oluene. The products were analyzed by a gas chromatograph
Agilent 1790) equipped with a JW DB-5, 95% dimethyl 1-(5%)-
iphenylpolysiloxane column and an FID detector. The column
emperature was programmed from 100 to 250 ◦C at the ramp
peed of 15 ◦C/min. N2 was used as carrier gas. All tests were
epeated at least three times, and were found the experimental
rrors within ±5%. The solid catalyst was washed by toluene
nd re-used with fresh solvent and reactants for subsequent runs
nder the same reaction conditions.

. Results and discussion

Fig. 1 shows the FTIR spectra of the as-prepared MCM-
1 and the Ph-MCM-41 (1:4) samples. The Ph-MCM-41 (1:4)
ample displayed absorbance peaks characteristic of MCM-
1 [15] at 3500 cm−1 for ν(O–H), at 1474 cm−1 for δ(O–H),
t 600 cm−1 for ω(O–H), at 1000–1300 cm−1 for νas(Si–O),
nd at 456 cm−1 for δ(Si–O), respectively. Besides, additional
bsorbance peaks were also found in the Ph-MCM-41. The peaks
t 3100–3000 cm−1 and 690–740 cm−1 could be attributed
o ν(C–H) and δ(C–H) in benzene ring, while the peaks at
450–1460 cm−1 resulted from the framework vibration, i.e.
(C–C) of the benzene ring. These results demonstrate the
uccessful incorporation of the Ph-group in the wall of MCM-
Fig. 1. FTIR spectra of MCM-41 and Ph-MCM-41 (1:4).
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ig. 2. (a) 13C CP MAS and (b) 29Si CP MAS NMR spectra of Ph-MCM-41
1:4).

ilica MCM-41, the intensity of the peak at 3100–3000 cm−1

ecreased abruptly, possibly owing to the substitution of Ph
roups for a large fraction of surface OH groups.

The incorporation of the Ph-group into the MCM-41 net-
ork could be further confirmed by solid-state NMR spec-

ra. As shown in Fig. 2(a), the 29Si MAS NMR spectra
f Ph-MCM-41 (1:4) displayed three resonance peaks up-
eld corresponding to Q4 (δ = −111 ppm), Q3 (δ = −102 ppm),
nd Q2 (δ = −91 ppm), and two peaks down-field corre-
ponding to T3 (δ = −67 ppm) and T2 (δ = −58 ppm), respec-

n
ively [16,17]. Where Q = Si(OSi)n–(OH)4−n, n = 2–4 and
m = RSi(OSi)m–(OH)3−m, m = 1–3 [18]. The presence of Tm

eaks confirmed the incorporation of the organic silane moi-
ties as a part of the silica wall structure. This was supported

d
o
d
t

Fig. 3. TEM images of (a) Ph-MCM-41 (1:4)
ig. 4. Small-angle XRD patterns of pure silica MCM-41, Ph-MCM-41 with
ifferent Ph-contents, and 6 wt.% Pd/Ph-MCM-41 (1:4).

y the 13C CPMAS NMR spectrum. As shown in Fig. 2(b), the
h-MCM-41 sample clearly displayed two peaks around 134.9
nd 127.5 ppm, corresponding to C atoms in the benzene ring,
hich was incorporated in the network of the SiO2 [19]. The
m/(Tm + Qn) ratio in the Ph-MCM-41 sample was estimated
t 0.20, almost the same as the PTMS/(PTMS + TEOS) molar
atios in the initial mixture, suggesting that nearly all the PTMS
olecules were co-condensed with the TEOS; i.e. the loss of
TMS during the co-condensation could be neglected.

As shown in Fig. 3, the TEM image demonstrated that Ph-
CM-41 (1:4) preserved the ordered hexagonal structure and

hat the Pd particles were distributed homogeneously in the pore
hannels of the Ph-MCM-41 support, resulting in a nanowire-
ike morphology. But the ordering degree decreased in compar-
son with pure silica MCM-41. The XRD patterns (see Fig. 4)
lso revealed that, like pure silica MCM-41, Ph-MCM-41 exhib-
ted a strong peak corresponding to (1 0 0) diffraction around
θ = 1.6–3◦ and weak peaks characteristic of (1 1 0) and (2 0 0)
iffractions around 2θ = 3–6◦, indicating that the long-range

rdered hexagonal mesoporous structure was retained [20]. The
ecrease in the peak intensity after Ph-modification suggested
hat the ordered mesoporous structure was partially damaged

and (b) 6 wt.% Pd/Ph-MCM-41 (1:4).
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ig. 5. N2 adsorption–desorption isotherms of pure silica MCM-41, Ph-MCM-
1 (1:4) and the 6 wt.% Pd/Ph-MCM-41 (1:4).

ince the interaction between the organic groups and the micelles
ay disturb the cooperative assembly of silica and CTMABr

urfactant into highly ordered mesostructure [21]. The ordering
egree of mesoporous structure decreased with the increase in
he Ph-content and further decreased after being loaded with

etallic Pd particles on the Ph-MCM-41 support. Meanwhile,
he principal peak of the Ph-MCM-41 samples shifted to higher
alues with the increase in the Ph-content and the Pd deposition,
ndicating a decrease in basal (d1 0 0) spacing [22].

Fig. 5 demonstrated that both Ph-MCM-41 and Pd/Ph-MCM-
1 samples displayed typical IV type N2 adsorption–desorption
sotherms as found in pure silica MCM-41, which was attributed
o the capillary condensation of N2 in the mesopores [23].
ased on the N2 adsorption–desorption isotherms, some struc-

ural parameters were calculated and listed in Table 1. One could
ee that the modification with the Ph-group slightly decreased
he surface area (SBET), the pore volume (VP) and the pore
ize (dP), possibly due to the coverage of the pore wall of the
CM-41 by the Ph-groups. These results were supported by

he wall thickness calculated by using a − d , where the lattice
0 P
arameter a0 = 2d1 0 0/

√
3. From Table 1, it was clear that wall

hickness slightly increased with the increase in the Ph-groups
ncorporated into MCM-41. Depositing Pd particles on the Ph-

t
o
d

able 1
tructural parameters of different samples

ample d1 0 0 (nm) SBET (m2/g)

CM-41 4.01 1242
h-MCM-41 (1:19) 3.96 1012
h-MCM-41 (1:9) 3.89 1006
h-MCM-41 (3:17) 3.72 1000
h-MCM-41 (1:4) 3.66 989
h-MCM-41 (3:7) 3.49 997
wt.% Pd/Ph-MCM-41 (1:4) 4.24 974

ore wall thickness = a0 − pore size, where a0(lattice parameter) = 2d1 0 0/
√

3.
Fig. 6. TPR profile of the precursor of 6 wt.% Pd/Ph-MCM-41 (1:4).

CM-41support further decreased the SBET, VP and dP, which
ould be easily understood by considering the occupation of Pd
articles in the pore channels, corresponding to the increase in
he pore wall thickness (see Table 1).

As shown in Fig. 6, the TPR profiles demonstrated that most
d(II) species on the Ph-MCM-41 or the MCM-41 support were
educed readily to PdH2 even at ambient temperature [24]. Only
small portion of the Pd(II) species (about 30%) was reduced at
80 ◦C, which could be attributed to the stronger metal–support

nteraction between the Pd(II) and the support. A significant neg-
tive peak appeared around 106 ◦C owing to the decomposition
f PdH2. A broad peak around 280 ◦C could be attributed to
ydrogen spillover [25] rather than the unreduced Pd(II) species.
his was supported by XPS spectra. As shown in Fig. 7, only the
etallic Pd species were observed, corresponding to the bind-

ng energies of 335.7 eV (Pd3d5/2) and 340.8 eV in (Pd3d1/2) [26],
espectively, indicating the Pd(II) species deposited on the Ph-

CM-41 were completely reduced by 10% H2/N2 at 200 ◦C.
The Ullmann reaction was a well-documented reaction.

nder the present conditions, only two products were identified
uring Ar-I Ullmann coupling reaction over different Pd-based
upported catalysts. One is the target product biphenyl (Ar-Ar)
he side-product benzene which resulted from dehalogenation
f Ar-I to Ar-H. Thus, the reaction mechanism could be simply
escribed as follows [25]:

VP (cm3/g) dP (nm) Wall thickness (nm)

0.90 3.6 1.0
0.85 3.3 1.3
0.77 2.7 1.8
0.62 2.3 2.0
0.51 1.9 2.3
0.49 1.8 2.2
0.48 1.8 3.1
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was able to be used atleast three times with only slight decreases
in the activity and selectivity. ICP-OES data revealed that the
palladium content remained almost unchanged in the catalyst
after the catalytic run and that palladium was undetectable in
Fig. 7. XPS spectrum of 6 wt.% Pd/Ph-MCM-41 (1:4).

where HCOONa was used to reduce Pd(II) for regenerating
he catalyst and KOH was used to neutralize the HX result-
ng from the reduction of PdX2. Preliminary kinetic studies
evealed that the increase in the stirring rate had no signif-
cant influence on the reaction rate. Meanwhile, the reaction
ate increased nearly proportionally with increasing amount of
d/Ph-MCM-41 catalyst. These results suggested that the dif-
usion effect on the reaction kinetics could be neglected under
he present conditions. From Table 2, one could see that the
ncrease in the reaction temperature enhanced the conversion.

ut the selectivity decreased abruptly when the reaction tem-
erature increased from 100 to 120 ◦C. Meanwhile, although
he conversion increased with the increase in reaction time, the
electivity to biphenyl decreased rapidly when the reaction time

able 2
nfluences of reaction temperature and time on the Ar-I Ullmann reaction

emperature (◦C) Time (h) Conversion (%) Selectivity (%) Yield (%)

80 10 70.6 99.1 70.0
00 10 75.4 98.0 73.8
20 10 81.6 94.6 77.2
00 12 88.4 87.9 77.7
00 14 86.3 86.3 74.4

eaction conditions: 0.5 g 6 wt.% Pd/Ph-MCM-41 (1:4), 0.91 g Ar-I, 10 ml H2O,
.10 g HCOONa and 1.40 g KOH.

T
C
r

C

P
P
P
P

P

R
H

ysis A: Chemical 258 (2006) 89–94 93

ncreased from 10 to 12 h. Thus, the optimum reaction conditions
ere reaction temperature = 100 ◦C and reaction time = 10 h.
As shown in Table 2, Pd/MCM-41 exhibited much higher

ctivity and better selectivity to biphenyl than Pd/SiO2, possi-
ly owing to the higher surface area and mesoporous structure
f the MCM-41, which increased the dispersion degree of Pd
ctive sites and also facilitated the diffusion of Ar-I molecules
n the channels to contact with the Pd active sites. Depositing the
d particles on the Ph-MCM-41 support could further enhance

he activity and the selectivity to biphenyl. Both the activity
nd the selectivity increased with the increase in the Ph-content
ncorporated into MCM-41. The promoting effect of the Ph-

odification on the activity and selectivity could be attributed
o the increase in the hydrophobicity of the outer surface and
specially on the pore surface. On one hand, the hydropho-
icity could facilitate the entrance of iodobenzene molecules
nto the channels of the catalyst and thus more iodobenzene

olecules could make contact with Pd active sites easily, which
ay increase the activity. On the other hand, the hydrophobic-

ty could also inhibit the entrance of water molecules into the
hannels, which may protect the pore walls from the attack of
ater [27]. The improvement of the hydrothermal stability may
rotect the mesoporous structure of the catalyst from collapse,
hich may retain the high dispersion of Pd particles on the

upport and also facilitate the diffusion of reactant and prod-
ct molecules in the channels, resulting in the high activity.
ccording to the above reaction mechanism, the byproduct Ar-
was formed mainly through a transition state of HCOO-Pd-Ar

btained via nucleophilic substitution of I-Pd-Ar with HCOO−
27]. Owing to the hydrophobicity of the catalyst resulting from
he Ph-modification, less water molecules could entrance the
hannels, which may inhibit the dissociation of HCOONa to
COO−. Thus, the formation of HCOO-Pd-Ar species could be

ffectively inhibited, which reduced the side reaction and as a
esult, increased the selectivity to biphenyl.

The heterogeneous catalyst is preferable owing to the recycla-
ility. It can be seen from Table 3 that Pd/Ph-MCM-41 catalyst
able 3
atalytic performance of various Pd-based catalysts on different supports and

ecycling tests of iodobenzene coupling reaction on Pd/Ph-MCM-41 (1:4)

atalyst Reaction
times

Conversion
(%)

Selectivity
(%)

Yield
(%)

d/SiO2 1 27.0 26.0 7.0
d/MCM-41 1 65.3 52.4 34.2
d/Ph-MCM-41 (1:19) 1 71.8 90.8 65.2
d/Ph-MCM-41 (1:9) 1 73.4 94.2 68.2

d/Ph-MCM-41 (1:4)
1 75.4 98.0 73.8
2 78.0 88.8 70.0
3 74.1 85.7 63.5

eaction conditions: 0.5 g catalyst with 6 wt.% Pd, 0.91 g Ar-I, 10 ml H2O, 1.10 g
COONa and 1.40 g KOH, reaction temperature = 100 ◦C, reaction time = 10 h.
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he reaction product, implying that the amount of Pd dissolved
rom the Ph-MCM-41 support is neglected.

. Conclusions

This study developed a new supported Pd catalyst (Pd/Ph-
CM-41) for the iodobenzene Ullmann reaction in aqueous

onditions and supplied a powerful way to design clean organic
ynthesis by using water instead of organic solvent as reaction
edia. More specially, the following points are highlighted:

. Pd/Ph-MCM-41 and Pd/MCM-41 showed higher activity and
better selectivity than Pd/SiO2, possibly owing to the high
and uniform dispersion of Pd active sites and the ordered
mesoporous structure.

. Modifying MCM-41 with Ph-groups could further enhance
the activity and selectivity owing to the increase in hydropho-
bicity of the catalyst which favored the entrance of iodoben-
zene molecules in the channels while inhibiting the entrance
of water molecules. On one hand, it facilitated adsorption of
reactant molecules on Pd active sites and thus enhanced the
activity. On the other hand, it reduced the side reaction to
form benzene by inhibiting the nucleophilic substitution to
form HCOO-Pd-Ar, a key transition state to produce benzene
during Ullmann reaction, and thus enhanced the selectivity
to biphenyl.
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