In situ formation of gold nanoparticles within functionalised ordered
mesopor ous silica via an organometallic ‘chimie douce’ approacht
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Functionalized SBA-15 type materials containing mercapto-
propyl groups have been used for controlling the growth of
gold(o) nanoparticles from HAuCl,; or AuCI(THT) which
were chemically complexed within the channels prior to mild
chemical reduction.

Metal particles in the nanosize range represent a transition
between the molecular and solid states and are therefore of great
interest due to their unique properties attributed to quantum
confinement or surface effects.l Thus, selective synthesis of
such nanomaterial s with well-defined size2 and their dispersion
in an insulator like SiO, is a significant chalenge.3 One
approach to obtain such materials consists of using the regular
channels of hexagonal mesoporous silica# as matrices either for
the inclusion of aready prepared meta particless or for
controlling the growth of metal particles. Such matrices should
give rise to composite materials organised at the nano- and the
mesoscopic length scales. Thus, the ordered mesoporous silica
MCM-41,6-10 MCM-48,11 and FSM-16'2 materials have been
used as matrices for the growth of mono-7-12 or bimetallicé
transition metal nanoparticles. The genera procedure was to
generate the nanoparticles by calcination of the metallic
precursor onto the support. The final nanoparticle size is
controlled by the pore size but depends also on the calcination
temperature. Furthermore, outer pores growth of nanoparticles
is a major frequently encountered drawback of the impregna-
tion/calcination method. This problem has been circumvented
by suspending the previously impregnated material in deionised
water in order to allow complete migration of the metal salt
within the pores® or by adding the metal salt during the
preparation of the material.l0 Here, we describe a new
methodology based on the chemical control of the growth of
nanoparticles from organometallic precursors previously re-
ported.13 The precursor is chemically complexed within the
channels of functionalised mesoporous silical4 and the metal
nanoparticles growth is achieved by mild chemical reduction
which makes the final particle size only dependent of the pore
size on the matrix used.

Materials HS(CH;)3SiO15/xSI0, 1 (with 1,: x = 9, 1: X =
19) were elaborated by the co-condensation route of 3-mercap-
topropyltrimethoxysilane (MPTMS) with tetraethoxysilane
(TEQS) in the presence of Pluronic 123 [PEO,gPPO,oPEO,

T Electronic supplementary information (ESI) available: Table S1: Physical
properties of ordered mesoporous materials. Fig. S1: Nitrogen adsorption/
desorption isotherms of 1y, B2, and B3, and pore size distributions. Fig. S2:
Low angle XRD patterns of 1, B2, and B3, Fig. S3: UV-VIS spectrum of
B3p. Fig. $4: High angle XRD pattern of A3,. Fig. S5: TEM image of A3,.
Fig. S6 TEM image of B3,. See http://www.rsc.org/suppdata/cc/bl/
b102575a/
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with PEO = poly(ethylene oxide) and PPO = poly(propylene
oxide] as structure directing agent in acidic media.l> After
extraction of the surfactant by using a Soxhlet apparatus, the
materials were vacuum dried at 120 °C.

295 MAS NMR spectroscopy showed resonances for
siloxane (QM) and organosiloxane (T") centres with a predom-
inance of T3 compared to T2 or T! centres indicative of
extensive condensation of the organic moiety in the wall
structure. The solid state 13C CP MAS NMR spectra show
signals at 6 27 (C1, C2) in addition to a slightly shifted
downfield CH>—«Si) (C3) signal at 6 11 for the |(CH)3sSH
moiety. This confirms the presence of mercaptopropyl groups
anchored to the pore walls. Furthermore, IR spectraof 1, (x =
9) display a characteristic S-H stretching vibration of low
intensity at 2575 cm—1. High values for the BET surface areas
were obtained (Table S1t). The BJH pore size distribution was
calculated from adsorption and desorption branches (53/46 A
for 1, and 71/61 A for 1;). These values show a significant
decrease with increasing the content of thiol groups on the
channel surface (Table S1t). The low angle X-ray diffraction
(XRD) patterns of the materials show the (100) reflection while
higher order (110) and (200) reflections were not well
observed.15

Anchoring of gold within materials 1 was performed by using
two gold precursors with a similar strategy (Scheme 1). The
protocols used were based on procedures affording gold(o)
nanoparticles in solution.’¢ Path A: hydrogenotetrachloroaur-

HS(CHy)38i0 5/xSi0y
1,:x=9
1, :x=19

/\

Path B \ Path A

[Au'0 5S(CH,)38i04 5],/XSI0;
52,52, A2,, %2,

NaBH,
[AUC]0 2S(CH,)3SI0; 5/XSIO,

B3, B3, A3, %3y

Scheme 1 Preparation of the gold(o) nanoparticle-containing materials.

Reagents and conditions: path A: i, HAUCl4-3H,0; ii, HOC(CO,Na)(CH,-
CO,Na),. Path B: i, AuCI(THT); ii, Na(acac); H,O.
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ate(in) hydrate (HAuCl4-3H,0) was added to a suspension of
the material in water heated under reflux and allowed to stir
until the yellowish solution colour was transferred onto the
solid. Then, sodium citrate [HOC(CO,Na)(CH,CO,Na),] was
added. Thisisthewell known Turkevitch method which affords
in solution particles of mean size centred near 12 nm. Using this
procedure it will therefore be easy to discriminate between
nanoparticle growth inside or outside the channels of the
mesoporous material previously prepared. Path B: chloro-
(thiophene)gold(i) [AuCI(THT)] was added at 60 °C to a
suspension of the material in THF followed by addition of
sodium acetylacetonate hydrate [Na(acac)-H.O]. This proce-
dure is expected to be milder and to lead to a more
homogeneous system.

The presence of gold in the expected quantities for the
resulting materials 2 was established by elemental analysis. The
decrease in BET surface area as well as the decrease in pore
volume are consistent with pore filling (Table S17).

Inall cases, it was observed for the X-ray diffractograms that
when comparing the results on empty materials 1 and composite
materials 2, the intensity of the reflections was reduced in the
latter case. Thisprovidesaconfirmation of the porefilling of the
host material, which reduces the scattering contrast between the
pores and the walls of the materials.1” For materias 2, absence
of plasmon band absorbances in the UV-VIS spectra or of
diffraction peaks in the X-ray diffractograms (their presence
being characteristics of gold(o) nanoparticles-containing mater-
ias) were observed. TEM images show weakly contrasted
particles with diameter sizes less than 1.5 nm. These particles,
the size of which isnot dependent on the host material pore size,
were attributed to formation of (-Au'SR-),, polymers.18 There-
fore, the colourless solids 2 obtained at this stage were treated
with an ethanolic sodium borohydride (NaBH,) solution at
60 °C. This mild reduction afforded, after 12 h, purple solids 3
for which further decreasein BET surface areaand pore volume
was observed (Table S1t). Materials 3 exhibit intense plasmon
band absorbance at 520 nm indicative of gold(o) nanoparticles.
XRD patterns of materials 3 for the high angle region (20 =
20-70) show broad reflections characteristic of gold(o) nano-
particles. TEM studies clearly show a narrow gold(o) nano-
particle distribution size for materials 3 whatever the pathway
followed (A or B) (Fig. S5 and S61). It isalso clear that in both
cases the growth of the particles occurs within the channels of
the silica matrix since the size of the particles is quite small
(centred near 2.5 and 4.5 nm). The size distribution was found
to be more narrow via path B (B3y) than via path A (A3p) in
agreement with the milder conditions needed for the reduction
of the gold(i) precursor. In al cases, a good correlation was
demonstrated between the pore size values derived from BET
and the gold nanoparticles diameter size observed on TEM
micrographs when taking into account experimental un-
certainties (Fig. 1).
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Fig. 1 Correlation between the pore diameter (solid/dotted lines for
adsorption/desorption data from N, studies) and the gold(o) nanoparticle
size (columns) for: left A3,, right B3y,.

In conclusion, two main results are reported in this com-
munication:

(i) The growth of gold nanoparticles can be achieved
selectively within the pores of a mesoporous silica previously
functionalized with thiol substituents. The nanoparticle growth
follows atwo step procedure implying first the anchoring of the
gold precusors and secondly a chemical reduction.

(ii) This procedure allows a strict control of the size of the
particles, which in each experiment, remain smaller than the
pore size determined by BET and which furthermore adopt a
narrow size distribution. Further work isin progress to explore
the scope and limitations of this process.
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