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Periodic Mesoporous Organosilicas: A Type of Hybrid Support for

Water-Mediated Reactions

Ying Wan,*"! Dieqing Zhang,"”! Yunpu Zhai,” Cuimiao Feng,”! Jia Chen,” and

Abstract: Hybrid mesoporous periodic
organosilicas (Ph-PMOs) with phenyl-
ene moieties embedded inside the
silica matrix were used as a heteroge-
neous catalyst for the Ullmann cou-
pling reaction in water. XRD, N, sorp-
tion, TEM, and solid-state NMR spec-
troscopy reveal that mesoporous Ph-
PMO supports and Pd/Ph-PMO cata-
lysts have highly ordered 2D hexagonal

Hexing Li+*

was 94 %, 34%, 74% and for palladi-
um-supported Ph-PMO, pure silica
(MCM-41), and phenyl-group-modified
Ph-MCM-41 catalysts, respectively. The
selectivity toward biphenyl reached
91% for the coupling of boromoben-
zene on the Pd/Ph-PMO catalyst. This
value is much higher than that for Pd/
Ph-MCM-41 (19%) and Pd/MCM-41
(0%), although the conversion of bro-

mobenzene for these two catalysts is
similar to that for Pd/Ph-PMO. The
large difference in selectivity can be at-
tributed to surface hydrophobicity,
which was evaluated by the adsorption
isotherms of water and toluene. Ph-
PMO has the most hydrophobic sur-
face, and in turn selectively adsorbs the
reactant haloaryls from aqueous solu-
tion. Water transfer inside the meso-

mesostructures and covalently bonded
organic—inorganic (all Si atoms bonded
with carbon) hybrid frameworks. In the
Ullmann coupling reaction of iodoben-
zene in water, the yield of biphenyl

Introduction

Periodic mesoporous organosilicas (PMOs), which were first
reported in 1999, are synthesized by replacing the precursor
tetraethoxysilane (TEOS) with a bridged organosilsesquiox-
ane through the surfactant self-assembly approach analo-
gous to that used in the preparation of ordered mesoporous
silicates.'"! The structures of the pore walls are composed
of tetrahedrally coordinated silicon centers bridged with
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channels is thus restricted, and the cou-
pling reaction of bromobenzene is im-

supports
proved.

mesoporous

oxygen atoms and organic groups.'*! Unlike functionalized
mesoporous silicates, in which the organic ligands are anch-
ored in or onto the pore walls, PMOs demonstrate a unique
organic-group distribution inside the inorganic pore walls.
This type of hybrid material therefore does not contain the
slitlike and bottle-neck pores that guarantee fast and effi-
cient mass transport of species.”) Both chain and ring organ-
ic compounds have been integrated into inorganic matrices,
including methylene, ethane, ethylene, benzene, ethylben-
zene, 4-phenyl ether, 4-phenyl sulfide, and so on."'" These
organic ligands within the matrix display characteristics sim-
ilar to those of organic molecules. Simultaneously, the silica
component of PMOs endows on them both structural rigidi-
ty and a degree of hydrophilic character.

Although much is known of the synthesis of PMOs, the
number of applications that exploit their hybrid nature is
limited.”! Much effort has been spent on developing packing
materials for chromatography and adsorbents. For example,
Olkhovyk and Jaroniec synthesized isocyanurate-containing
PMOs that can adsorb up to 1.8 g of Hg** per gram of ad-
sorbent."! The high affinity to contaminant cations is
strongly related to the chelating or complexing agents rather
than the hybrid nature of the PMOs. The potential of PMO-
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based materials as candidates in catalysis has also been in-
vestigated.'>®l Tnagaki and co-workers fabricated Pt nano-
wires embedded in PMO frameworks and used them as cat-
alysts for CO oxidation in the presence of excess oxygen.!'”
The turnover frequency was only slightly higher than that of
nanowires inside mesoporous silicate frameworks. By using
a laboratory-made bridged organosilsesquioxane as precur-
sor, Corma et al. synthesized a PMO material that contained
a carbopalladacycle complex.!"¥ They found that this type of
catalyst exhibits higher activity in the Suzuki coupling reac-
tion than amorphous silica grafted with the carbopalladacy-
cle. When functionalized with sulfonic acid or arene sulfonic
groups, PMOs can serve as acidic catalysts in several types
of reactions."> ™! For example, PMO-SO;H can catalyze the
alkylation of phenol with 2-propanol. The catalytic activity
is much larger than that of microporous aluminosilicate mo-
lecular sieves ZSM-5 but similar to that of sulfonic acid
modified MCM-41 (MCM-41-SO;H) with a pure inorganic-
silica matrix.'”) The mesopore structures or the chelating
agents themselves were studied instead of the hybrid organ-
ic/inorganic nature. The difference in the adsorption and
catalytic properties between PMOs and mesoporous silica
anchored with organic moieties is worthy of investigation.
Organic reactions in water have been extensively investi-
gated for the fine-chemical and pharmaceutical industries,
because they offer the possibility of providing environmen-
tally benign reaction conditions by lowering the burden of
organic-solvent disposal.l'>?!! Therefore, the development of
new catalysts that allow reactions to be conducted in the
presence of water is important for both economical and en-
vironmental concerns. In this paper, we report the use of
PMOs as a novel type of catalyst support for organic reac-
tions in water and compare Ph-PMO with pure silica MCM-
41 and MCM-41 modified with phenyl groups (Ph-MCM-
41). The coupling reaction of haloaryls to biphenyls is
chosen as an example, which is of significance in the produc-
tion of various agrochemicals and pharmaceuticals. Such re-
actions are usually carried out in organic solvents such as

Abstract in Chinese:

AN SO R B A LA RE (Ph-PMO)D 10 2 A (318 A KA i
rft Ullmann {1 % . XRD, TEM, NMR Fil N, 25358 B 25 AR £ 8] Ph-PMO
AR Pd 18 Ph-PMO AL L BATH PR s A FLASH B A ML — LA TE
e ELAAKCA TSR R R R, SR AT PA/Ph-PMO LA, BRFRAY
BAEAFAE T 94%. A Pd SR ERZ AN FLEMRE (PA/Ph-MCM-41) FI
4t (PAMCM-41) EACHE, WERRIR R0 74%H1 34%. 4 N4
AR, BARAE L AR LA R (LR AL, {2 Pd/Ph-PMO KK
AR 91%, KAKFT PA/Ph-MCM-41 (19%) K1 PA/IMCM-41 (0%).,
IXFRE R TR K R 2 BT Ph-PMO H A IR IR M BR/K I,
] DLEFRAE R OK T A DU A, L BL RN, B/ i BRI T /K L
B HL RUAR T AL SN e

876 www.chemasianj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

N,N-dimethylformamide and toluene. Phenylene-containing
Ph-PMO displays a unique hybrid nature that is inherited
from the homogenously distributed organic phenylene
groups inside the pore walls and the inorganic silicate moiet-
ies, as well as a uniform pore-size distribution without obvi-
ous pore blockage. The Ph-PMO support has the ability to
adsorb selectively a large amount of organic molecules con-
taining the benzene ring in water, and, in turn, the Pd/Ph-
PMO catalyst exhibits high catalytic activity in the water-
mediated Ullmann coupling reaction. As such, we envision
that this unique hybrid inorganic/organic framework will
find wide application in environmentally benign catalysis.

Results and Discussion

Phenylene-containing Ph-PMOs were synthesized by surfac-
tant self-assembly and were subsequently supported with
palladium ions by impregnation. After reduction under a hy-
drogen-containing atmosphere, palladium-supported cata-
lysts were obtained. Meanwhile, PA/MCM-41 and Pd/Ph-
MCM-41 were prepared by similar procedures. The small-
angle XRD patterns for the solvent-extracted Ph-PMO sup-
port and the Pd/Ph-PMO catalyst are shown in Figure 1.
Three well-resolved diffraction peaks are indexed as 10, 11,
and 20 reflections associated with the P6mm hexagonal mes-
ostructure for both materials. The XRD data indicate that
the highly ordered 2D hexagonal mesostructure is obtained
for Ph-PMO materials and retained after supporting palladi-
um. The unit-cell dimensions of the hexagonal lattice for
Ph-PMO and Pd/Ph-PMO were calculated to be 6.58 and
6.03 nm, respectively. The shrinkage of the domain may be
related to the deposition of palladium and high-temperature
reduction. The XRD patterns show that pure silica and
MCM-41 with pendant phenyl groups and their correspond-
ing Pd-containing catalysts also have highly ordered 2D hex-
agonal mesostructures (see Supporting Information, Fig-
ure S1). The wide-angle XRD pattern (Figure 1, inset) of
the Pd/Ph-PMO catalyst shows three weak diffraction peaks
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Figure 1. Small-angle XRD patterns for the Ph-PMO support with phen-
ylene moieties embedded inside the silica matrix and the palladium-sup-
ported catalyst Pd/Ph-PMO. Inset: corresponding wide-angle XRD pat-
terns.
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at 26=40.1, 46.5, and 68.0°, which correspond to the (111),
(200), and (220) reflections of the face-centered cubic (fcc)
Pd lattice, respectively. One broad reflection at 26 =24° in
both solvent-extracted Ph-PMO and the Pd/Ph-PMO cata-
lyst can be assigned to amorphous silica, similar to that in
the pure silica MCM-41. These results indicate that the
frameworks of Ph-PMO are composed of amorphous walls
that are different from materials with molecular periodicity
in the pore walls, which are prepared by using the same
bridged organosilsesquioxane as precursor and cationic sur-
factant as template. This phenomenon is in accordance with
that reported by Inagaki and co-workers.**! The XRD re-
flections for Pd metal are broad, which indicates the pres-
ence of relatively small palladium nanoparticles in the cata-
lyst. By using H,~O, titration, the size of the Pd nanoparti-
cles was estimated to be about 1.9 nm on the basis of the
spherical model.

Both the Ph-PMO support and the Pd/Ph-PMO catalyst
exhibited large domains of ordered arrays in their TEM
images (see Supporting Information, Figure S2), thus further
revealing the high degree of hexagonal mesoscopic organiza-
tion. In the case of the Pd/Ph-PMO catalyst, energy-disper-
sive X-ray spectroscopy (EDS) revealed the presence of pal-
ladium. The representative low-magnification TEM image
of this catalyst reveals almost no obvious aggregation of
nanoparticles, thus suggesting that palladium particles dis-
perse well in the silica matrix (Figure S2). A loading of
6 wt% Pd per gram of Ph-PMO was established by induc-
tively coupled plasma atomic emission spectroscopy (ICP-
AES).

The BC cross-polarized magic-angle spinning (CP MAS)
NMR spectra of the Ph-PMO support before and after sol-
vent extraction are shown in Figure 2a. The synthesized Ph-
PMO material displayed a strong resonance at 133.6 ppm
along with sidebands (labeled with asterisks), which can be
ascribed to carbon atoms in the benzene ring sandwiched by
silicon atoms.®?! Signals at 30 and 70 ppm are attributed to
the carbon atoms of the surfactants. After solvent extrac-
tion, the maintenance of the first strong resonance at
133.6 ppm proves the integrity of the organic fragment in
the silica matrix. The disappearance of the latter two signals
indicates almost complete removal of the surfactants by
acidified ethanol extraction. The two resonances at 18 and
58 ppm are due to carbon atoms from ethanol that was pos-
sibly trapped and underwent surface esterification during
solvent extraction. The *Si MAS NMR spectra (Figure 2b)
of the synthesized and solvent-extracted Ph-PMOs show
three characteristic T signals assigned to Si species cova-
lently bonded to carbon atoms T' (C—Si(OSi)(OH),: 6=
—61.5 ppm), T? (C=Si(OSi),(OH): 6=—-71.5ppm), and T°
(C-Si(0Si);: 6=—81 ppm). No distinct signals assigned to
the Q" groups (Si(OSi),(OH),_,) of the silicates were ob-
served between —90 and —120 ppm, which confirms the ab-
sence of carbon-silicon cleavage of the Si—C¢H,—Si moiety
inside the frameworks during synthesis and solvent extrac-
tion. These results indicate that the frameworks consist of
covalently bonded organic-inorganic networks of the
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Figure 2. a) *C and b) ®Si NMR spectra of the synthesized (top) and
solvent-extracted (bottom) Ph-PMO supports.

0, 5Si—C¢H,~SiO, 5 unit. The *C CP MAS NMR spectrum
(see Supporting Information, Figure S3) of the phenyl-
group-anchored Ph-MCM-41 material shows resonances cor-
responding to the phenyl functional groups (134.9 and
127.5 ppm). The *Si MAS NMR spectrum (Figure S4) of
this material reveals the Q" and T" silica species, thus indi-
cating the presence of phenyl groups on the silica pore
walls. By assessing their relative intensities, it is possible to
determine the approximate formula of the product by
Si0; s5(OH)(43(C¢Hs)y, loading of the pendant phenyl
groups in Ph-MCM-41 within about 20 %.

The intensities of adsorptions below 3000 cm ™ in the
FTIR spectra of Ph-PMO (see Supporting Information, Fig-
ure S5) decreased dramatically after solvent extraction. This
phenomenon suggests the elimination of the aliphatic moiet-
ies of the surfactant, in accordance with the NMR spectro-
scopic results. Simultaneously, the maintenance of the ad-
sorptions at 1634 and 1448 cm ™ attributed to organic phen-
ylene moieties and at 1000-1100 cm™! assigned to inorganic
Si—O—Si frameworks suggest the formation of an inorganic—
organic hybrid matrix and its preservation during solvent ex-
traction. After incorporation of palladium, the organic
groups and inorganic frameworks remain intact, as evi-
denced by the presence of the characteristic vibrations. The

1
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disappearance of adsorptions below 3000 cm ™ reveals the

complete decomposition of the residue surfactants during
the reduction of the metal catalyst at 280°C in the forming
gas.

Thermogravimetric curves (see Supporting Information,
Figure S6) confirm that the Ph-PMO material has high ther-
mal stability and that the phenylene groups bridged to the
frameworks can be preserved up to 500°C; this is similar to
the reported benzene-containing PMOs.*??! The small
weight loss between 200 and 400°C is probably due to the
removal of trace surfactant or further condensation of the si-
lanol groups.

N, sorption isotherms (Figure 3) of the hybrid Ph-PMO
support and Pd/Ph-PMO catalyst show representative
type IV curves indicative of uniform mesopores. The calcu-
lated Brunauer-Emmett-Teller (BET) surface areas are 968
and 851 m’g~! for Ph-PMO and Pd/Ph-PMO, respectively.
Uniform pore-size distributions with an average diameter of
3.2 and 2.8 nm were estimated by the Barrett-Joyner-Ha-
lenda (BJH) method with the adsorption branches. The
total pore volumes are 0.85 and 0.66 cm’g™' for the Ph-
PMO support and Pd/Ph-PMO catalyst, respectively. The
decrease in BET surface area, pore size, and pore volume
after the impregnation of Pd in the Ph-PMO material is pos-
sibly due to the anchorage of metal nanoparticles inside the
pore channels. Typical type IV nitrogen sorption isotherms
were also detected for MCM-41 and Ph-MCM-41 (see Sup-
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Figure 3. a) Nitrogen-sorption isotherms and b) pore-size distribution
curves for the Ph-PMO support (O) and the Pd/Ph-PMO catalyst (@).
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porting Information, Figure S7). Their BET surface areas,
pore sizes, and pore volumes (Table1) are 1543 and
989 m?g~!, 2.4 and 1.9 nm, and 0.91 and 0.51 cm’g~!, respec-
tively. After modification of the phenyl groups on the silica
pore walls, the nanospace is occupied, as evidenced by the
decrease in pore volumes and surface areas.

Table 1. Physical properties of pure and phenyl-group-anchored mesopo-
rous silicas and Ph-PMOs with phenylene moieties embedded in the
silica framework.

Adsorbate  Parameter MCM-41 Ph-MCM-41 Ph-PMO
Nitrogen dyg [nm] 4.0 3.7 5.7
Sger [m*g '] 1543 989 968
Pore diameter [nm] 2.4 1.9 32
Pore volume [em’g™'] 0.91 0.51 0.85
Wall thickness [nm] 22 2.3 3.4
Water K (x107) 0.86 0.43 0.34
Sger [m?g '] 200 116 439
Pore diameter [nm] 44 9.0 9.2
plpo 0.443 0.588 0.742
0[] 29 49 68
c 7.98 7.80 2.28
Toluene K (x107°) 1.19 2.02 2.44
Sger [m*g '] 414 432 470
c 324 34.35 111.44

The Ullmann coupling reaction of iodobenzene in water
was chosen as a probe reaction to evaluate the activities of
supported palladium catalysts (Table 2). Only the coupling

Table 2. Catalytic performance of palladium-supported MCM-41,
Ph-MCM-41, and Ph-PMO.

Catalyst PhI PhBr
Conv. Sel. Yield Conv. Sel. Yield
[%] (%]  [%] [%] [%] %]
Pd/MCM-41 60 57 34 84 0 0
Pd/Ph-MCM-41 75 98 74 84 22 19
Pd/Ph-PMO 95 99 94 93 98 91

product biphenyl and the hydrodehalogenation by-product
benzene were detected for all the catalysts. Pd/Ph-PMO
with organic phenyl groups embedded in the inorganic silica
matrix displayed the highest conversion of iodobenzene and
yield of biphenyl, reaching 95 and 99 %, respectively. The
Pd/Ph-MCM-41 catalyst with organic moieties anchored on
the pore walls showed a lower conversion of 75%, but a
similar, high yield of biphenyl of 98%; the pure silica
MCM-41-based catalyst exhibited the lowest catalytic activi-
ty: 60% conversion and 57 % yield. The coupling reactions
of bromobenzene were also tested with different catalysts,
and the catalytic activities are compiled in Table 2. Pd/Ph-
PMO showed a high conversion of bromobenzene (93 %)
and yield of biphenyl (98 %). This is more valuable as bro-
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mobenzene is cheaper than iodobenzene. By comparison,
84 % conversion of bromobenzene and 22% yield of bi-
phenyl was detected for Pd/Ph-MCM-41. The yield was four
times less than that for Pd/Ph-PMO, although it is almost
the same for the two catalysts in the coupling reaction of io-
dobenzene. In the case of MCM-41 as support, almost no
bromobenzene was converted into biphenyl. Only benzene
was detected, which suggests that hydrodehalogenation oc-
curred in all cases.

It has been proved that palladium in the catalyst is the
active site for the Ullmann coupling reaction of haloaryls.
This type of coupling reaction occurs by two consecutive
single-electron-transfer processes.”>! An organopalladium
intermediate, for example, [-Pd—Ar, is formed by oxidative
addition of the catalyst to the aryl halide. Insertion then
takes place to form a diarylated palladium moiety. Finally,
reductive elimination gives the biaryl product and the palla-
dium(0) species to complete the catalytic cycle. By contrast,
the side reaction of dehalogenation occurs probably through
nucleophilic substitution of I-Pd—Ar by HCOO™ anion in
solvent followed by decomposition to benzene. Therefore,
oxidative addition and nucleophilic substitution are the com-
peting reactions.”*! On the basis of this mechanism, the
metallic palladium sites may not have a pronounced effect
on the selectivity. As all the catalysts have a palladium load-
ing of about 6 wt %, the large discrepancy in the selectivity
of the Ullmann coupling reaction of haloaryls, in particular,
bromobenzene, is possibly related to the nature of the sup-
ports. All the supports have highly ordered 2D hexagonal
mesostructures. On the other hand, highly ordered palladi-
um-supported phenyl-functionalized mesoporous silica cata-
lyst Pd/Ph-SBA-15 (space group P6mm, characterization not
shown) with a pore size of 4.4 nm shows a similar catalytic
performance to Pd/Ph-MCM-41, which has a pore size of
1.9 nm. This indicates that pore size may not be the key
issue affecting the catalytic properties for the Ullmann cou-
pling reaction of iodobenzene and bromobenzene. It there-
fore implies that the large difference between the catalysts
is mainly caused by surface properties, namely, the hybrid
hydrophilic/hydrophobic character.

The hydrophilic/hydrophobic nature of Ph-PMO, Ph-
MCM-41, and MCM-41 was characterized by adsorption iso-
therms with both water and toluene vapor. Figure 4 shows
that the water adsorption isotherms are of type V, which is
indicative of weak adsorbent-adsorbate interactions.” At
low relative pressures, the adsorption amount is low. The
Henry constants for the three adsorbents calculated from
the isotherm data at low pressures are listed in Table 1,
which reflect the adsorption affinity. The Henry constants
for water decrease in the order MCM-41 >Ph-MCM-41 >
Ph-PMO. This indicates that pure silica MCM-41 has a
higher affinity for water than phenyl-group-modified meso-
porous silica. It is possible that the different degree of sur-
face hydrophobicity leads to the discrepancy in the affinity
sequence. The intrinsic hydrophobic property of both Ph-
MCM-41 and Ph-PMO probably originates from the phenyl
groups. Ph-PMO has a more-hydrophobic nature than Ph-
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Figure 4. Water-adsorption isotherms of mesoporous pure silica MCM-
41(0), silica anchored with phenyl groups (Ph-MCM-41) (@), and silica
embedded with phenylene moieties inside the pore walls (Ph-PMO) (O)
at 25°C.

MCM-41. This result may be explained by the embedding of
phenylene groups inside the silica frameworks instead of
their anchoring on the pore walls. The relatively regular ar-
rangement of phenyl groups inside the pore walls results in
a more-hydrophobic surface. By contrast, the hydrophobic
benzene moieties are randomly distributed in Ph-MCM-41
owing to mixing, diffusion, and differences in the hydrolysis
and condensation rates of the precursors.””! The affinity of
water to the surface is thus decreased to some extent.

A steep increase in adsorption occurred at medium rela-
tive pressures of 0.45-0.75, which suggests capillary conden-
sation. The condensation steps occurred at higher relative
pressures than those in nitrogen adsorption isotherms. How-
ever, mesoporous silicas modified with organic groups have
larger shifts in p/p, values than MCM-41. This value is ex-
tremely large for Ph-PMO, which has an indistinct capillary-
condensation step at a p/p, value of 0.74. The shift could be
attributed to the change in contact angle between the sur-
face and water due to the difference in hydrophobicity.”!
The calculated contact angles (Table 1) increased from 29
through 49 to 68° in the order MCM-41, Ph-MCM-41, and
Ph-PMO. This order reflects the sequence of increasing hy-
drophobicity on the surface of these mesoporous silicas.

The change in hydrophobicity after the modification of
the phenyl groups is confirmed by the toluene adsorption
isotherms (Figure 5). Both MCM-41 and Ph-MCM-41 dis-
play type I toluene isotherms. In the case of Ph-PMO, the
isotherm is a typical type IV curve with a distinct increase in
adsorption in the p/p, range 0.4-0.7 owing to the filling of
toluene in the mesopores. Kapoor et al.’?l also found that
the capillary-condensation step of benzene is related to the
surface properties of mesoporous silicas. A shift of this equi-
librium to the right suggests a more-hydrophobic surface.
Therefore, Ph-PMO is more hydrophobic than the others.
The pore size was calculated to be 8.4 nm, which is larger
than the value estimated from nitrogen sorption isotherms.
The affinity for toluene was also evaluated with the Henry
constants (Table 1), which dramatically increase in the order
Ph-PMO >Ph-MCM-41 >MCM-41. The phenylene groups
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Figure 5. Adsorption isotherms of toluene vapor on MCM-41(0),
Ph-MCM-41 (@), and Ph-PMO (Q) at 25°C.

embedded inside the silica pore walls improve the affinity
for toluene to a larger extent than those anchored on the
pore walls (Ph-MCM-41). The ratios of the Henry constants
(or the selectivity) for toluene to those of water at 25°C
were estimated to be 1.39, 4.69, and 7.20 for MCM-41, Ph-
MCM-41, and Ph-PMO, respectively. This result indicates
that Ph-PMO has the greatest potential for the separation of
toluene from water at moderate temperatures.

The ¢ constant is useful for evaluating the interaction be-
tween adsorbent and adsorbate. The ¢ constants are 111.44,
34.35, and 3.24 for Ph-PMO, Ph-MCM-41 and MCM-41, re-
spectively, which suggests that Ph-PMO has a strong interac-
tion with toluene molecules. Local adsorption occurs, and
the effective sectional area of adsorbate reflects the size of
the adsorption site instead of the real molecular size of the
adsorbate. This leads to large calculated pore sizes, which
are in good agreement with the above estimate.

Thus, the diffusion and adsorption of reactants and water
inside the mesochannels are different. The adsorption of
haloaryls is improved owing to the strong interaction be-
tween the surface and the substrate, whereas the adsorption
of water is inhibited in the hydrophobic mesochannels of
Pd/Ph-PMO. This character, together with the pore accessi-
bility to palladium nanoparticles, results in the high conver-
sion of haloaryls and the high yield of biphenyl. The Pd/Ph-
PMO catalyst was also tested for reusability. It was reused
at least four times in the Ullmann coupling reaction of iodo-
benzene without obvious loss in both conversion and yield
(see Supporting Information, Figure S8). The XRD pattern
for the Pd/Ph-PMO catalyst shows only minor changes after
four cycles (Figure S9), thus indicating the maintenance of
the highly ordered mesostructure. These results suggest that
the Pd/Ph-PMO catalyst is stable in basic hot water, possibly
owing to its high surface hydrophobicity.

The low activity of the PA/MCM-41 catalyst can be ex-
plained by the restrictions of iodobenzene transfer inside
the relatively hydrophilic mesopores of MCM-41. On the
other hand, the coverage of water on the active sites may fa-
cilitate nucleophilic substitution and inhibit the selectivity of
the catalyst. In the case of more-active bromobenzene,
direct reduction to benzene is more likely to occur rather
than the coupling reaction to biphenyl. For the Pd/Ph-
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MCM-41 catalyst, the hydrophobic surface favors the diffu-
sion of haloaryls and inhibits the diffusion of water inside
the mesochannels to some extent. High activity was ob-
tained when iodobenzene was used as the reactant. Howev-
er, the yield of biphenyl was as low as 19 % in the coupling
reaction of bromobenzene, much lower than the value for
the Pd/Ph-PMO catalyst.

Conclusions

The palladium-supported Ph-PMO catalyst exhibited excel-
lent catalytic performance for the Ullmann coupling reac-
tion of iodobenzene and bromobenzene in water. The yield
of biphenyl reached 95 and 91 %, respectively, whereas the
yield was 0 and 19 % in the coupling reaction of bromoben-
zene on pure silica MCM-41 and Ph-MCM-41, respectively.
The ratios of the Henry constants (or the selectivity) for tol-
uene to those for water at 25°C increased in the order
MCM-41, Ph-MCM-41, and Ph-PMO, thus reflecting an in-
creasing ability in the selective adsorption of toluene from
water. It is the pore accessibility and the unique hybrid
sandwiched inorganic-organic framework of Ph-PMO that
contribute to the hydrophobic surface and, in turn, the high
affinity for hydrophobic organic molecules. These features
make it possible to extend this type of PMO hybrid catalyst
to other organic reactions in water.

Experimental Section
Chemicals

Oligomeric nonionic surfactant Brij76 (C;sH3;EO,) and high-purity tolu-
ene were purchased from Aldrich Chemical Inc. 1,4-bis(triethoxysilyl)-
benzene and phenyltriethoxysilane were obtained from Gelest Chemical
Inc. Other chemicals were purchased from the Shanghai Chemical Com-
pany. All these chemicals were used as received without any further pu-
rification. Millipore water was used in all experiments.

Preparation of Catalysts

Ph-PMO was prepared by hydrothermal synthesis. Brij76 (2.0 g) was dis-
solved in water (93.5 mL) with stirring. The solution was heated to 50°C,
and HCI (6.6 mL, 37 wt %) was added. After 12 h, 1,4-bis(triethoxysilyl)-
benzene (5.3 g) was poured in with rigorous stirring, and the mixture was
kept at the same temperature for another 12 h. The resulting mixture was
then transferred into a stainless-steel autoclave and heated at 90°C for
24 h. After it was cooled, the white precipitate was recovered by filtra-
tion and dried at 80°C overnight. Thereafter, the products were treated
with HCI (1 m)/ethanol (350 mLg™" of solid) under stirring to extract the
surfactant.

Ph-MCM-41 was synthesized according to the procedure given in the lit-
erature.”’! TEOS (9.01 mL) and phenyltriethoxysilane (1.88 mL) was
added in turn to a mixture of n-tetradecyltrimethylammonium bromide
(2.4 g), NaOH (24 mL, 1.0m), and distilled water (84 mL). After stirring
for 48 h, the slurry solids were filtered, washed, dried in vacuum at
100°C for 10 h, and extracted with HCI (1wm)/ethanol to remove the sur-
factant. For the purpose of comparison, MCM-41 was also prepared by
using the established procedure.”!

Supported palladium catalysts were prepared by isochoric impregnation
of the above mesoporous silica supports with an aqueous solution of
PdCl,. Ethanol was used as the cosolvent to enhance the diffusion of pal-
ladium ions in aqueous solution into the pores of the PMOs and Ph-
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MCM-41. After impregnation, the catalysts were dried at 100°C and re-
duced at 280°C in forming gas (10% H, in nitrogen) for 3 h.

Characterization

Powder XRD was carried out on a Rigaku D/Max-RB diffractometer
with Cug, radiation. The samples were loaded on a sample holder with a
depth of 1 mm. N, adsorption isotherms were recorded at —196°C with a
Nova 3000 analyzer. The catalysts were outgassed at 120°C overnight
before measurement. The catalyst pore-size distribution was calculated
by using the BJH formula. The specific surface area (Sggr) of the samples
was determined from the linear part of the BET plot (p/p,=0.05-0.25).
H,-O, titration experiments were conducted on a Quantachrome Chem-
BET-3000 system, during which all samples were pretreated with H, gas
flow at room temperature for 2 h. The catalysts were analyzed with ICP-
AES to determine the palladium content. TEM experiments were con-
ducted on a JEOL 2011 microscope operating at 200 kV. Samples for
TEM were suspended in ethanol and supported on a holey-carbon film
on a Cu grid. EDS was performed on a Philips EDAX instrument. FTIR
spectra were recorded on a Nicolet Magna 550 IR spectrometer with
KBr pellets of the solid samples. Weight changes of products were moni-
tored by using a Mettler Toledo TGA-SDTAS851 analyzer (Switzerland)
from 25 to 900°C under nitrogen with a heating rate of 5°Cmin~". ®C
solid-state CP MAS NMR and #Si solid-state MAS NMR spectra were
recorded on a Bruker DRX-400 NMR spectrometer with adamantane
and QgMj ([(CH;);Si0]sSig0,) as a reference, respectively.

Adsorption Tests

Adsorption-equilibrium measurements were performed by using a digital
microbalance (CAHN Instrument, model D-200) with a sensitivity of
0.1 pg. Isotherm measurements were carried out by introducing a dosed
amount of high-purity toluene or water vapor directly into the sample
chamber and recording the weight change after stable equilibrium pres-
sure was reached. Consecutive measurements were made by stepwise in-
crease of the vapor pressure. Before isotherm measurements were carried
out, the sample was heated to 100°C for at least 3h in a high-vacuum
system. The temperature was then gradually raised to 250°C and main-
tained constant for at least 6 h. Once the sample weight remained con-
stant, the sample was cooled to the required experimental temperature.
The contact angles 6 were calculated by using the corrected Kelvin equa-
tion as follows: In(p/py) = —2yV,cosb/[(r—t,)RT], in which p/p, is the rel-
ative vapor pressure at capillary condensation, y and V| are the surface
tension and molar volume of the liquid in bulk values at the measured
temperature, respectively, ¢, is the thickness of multilayer adsorption, R
is the gas constant, and T is the absolute temperature.

Catalytic Tests

Ullmann coupling of iodobenzene in water was chosen to test the activi-
ties of Pd/mesoporous silica catalysts. In a typical reaction, iodobenzene
(0.91 g), water (10g), sodium formate (1.1g), potassium hydroxide
(1.4 g), and the supported palladium catalyst (0.5 g) were placed in a
closed vessel under reflux. After 10 h of stirring at 100°C, the products
were analyzed by a gas chromatograph (Agilent 1790) equipped with a
JWDB-5 (5% diphenyl)(95% dimethyl)polysiloxane column and an FID
detector. The analysis was repeated at least three times for all tests, and
the experimental errors were within =5 %. After the reaction, the Pd/Ph-
PMO catalyst was separated, washed with toluene and water, and then
dried under vacuum. It was then reused with fresh solvent and reactants
for further runs with the same reaction conditions maintained.
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