
In Situ Formation of Gold Nanoparticles within Thiol
Functionalized HMS-C16 and SBA-15 Type Materials via

an Organometallic Two-Step Approach
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Using a two-step procedure based on (i) anchoring an organogold precursor within the
channels of functionalized ordered mesoporous silica containing mercapto groups; (ii) followed
by chemical reduction, we prepared materials containing gold (0) nanoparticles exclusively
located within the pore channels. By modifying the organogold precursor/mercapto groups
ratio, we demonstrate the necessity of the complexation of the organogold precursor prior to
reduction. Using this methodology, gold content as high as 16.1 wt % with a narrow size
distribution of nanoparticles regularly distributed within the pores of the material was
achieved.

Introduction

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.1 Thus, selective synthesis of such nanomaterials
with well-defined size remains a significant challenge.2
Composites of nanometer-sized metal particles with a
narrow particle size distribution homogeneously dis-
persed in a SiO2 matrix have been reported based on
the incorporation of preformed nanoparticles within
silica3 or by sol-gel processing of the metal complex.4
In this last case, a transition-metal-complex-containing
gel is oxidized in air leading to nanosized metal oxide
particles within the matrix which are then reduced
under hydrogen to give metal particles. The metal
dispersion and size distribution obtained by this ap-
proach depends on the kind of metal, the reaction
conditions, and the metal loading.

Another approach consisted of making use of the pore
channels of hexagonal mesoporous silica5,6 as matrixes
for controlling the nanoparticles size. Thus, the ordered
mesoporous silica materials MCM-41,7-11 MCM-48,12

and FSM-1613 have been used as templates for the
growth of mono-8-13 or bimetallic7 transition metal
nanoparticles. The general procedure used was based
on impregnating the metallic precursor or grafting
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silaferrocenophanes14 onto the support followed by
calcination to generate the nanoparticles. The final size
of the nanoparticles is dependent on both the pore size
and the calcination temperature. Furthermore, the main
problem of all these impregnation/calcination methods
is the growth of nanoparticles outside the pores of silica.
This problem could be circumvented in a few cases by
suspending the previously impregnated material in
deionized water10 or by adding the metal salt during
the material preparation.11 However, these procedures
display drawbacks: numerous washings in the first case
and lack of size control in the second.

In a preliminary communication, we described a new
methodology consisting of coordination of an organogold
precursor within the pore channels of functionalized
mesoporous silica15 followed by metal nanoparticles
growth under mild chemical reduction. Other research
groups seeking cadmium sulfide16 or gold17 nanopar-
ticles growth using, respectively, thiol- or amino-func-
tionalized MCM-41 mesoporous materials have also
explored this approach. This methodology should pre-
vent outer pores growth and allow a good control of the
size of the particles.18 In this paper, we report the
development and extension of this methodology. Mer-
capto-functionalized ordered mesoporous silica with pore
sizes ranging from 21/21 to 72/59 Å (adsorption/desorp-
tion branch) are used as matrixes. These materials are
prepared following the direct synthesis method, which
consists of processing by the sol-gel method a solution
of 3-mercaptopropyltrimethoxysilane (MPTMS) with
tetraethyl orthosilicate (TEOS) in the presence of a
surfactant. Following this method, the amount of or-
ganic functions incorporated, which plays a crucial role
in the process leading to gold (0) nanoparticles contain-
ing materials with a narrow size distribution, can be
finely tuned from 0.49 to 1.57 mmol g-1. We show that
the amount of gold incorporated within the materials
is linked to the amount of mercapto functions and varies
from 1.05 to 16.1 wt %.

Experimental Section
Reagents. (3-Mercaptopropyl)trimethoxysilane (MPTMS),

tetraethyl orthosilicate (TEOS), sodium borohydride (NaBH4),
sodium acetylacetonate monohydrate (Na(acac), H2O), citric
acid trisodium salt ((HOC(CO2Na)(CH2CO2Na)2)), n-hexade-
cylamine, and Pluronic 123 (PEO20PPO70PEO20 with PEO )

poly(ethylene oxide) and PPO ) poly(propylene oxide)) were
purchased from Aldrich. Hydrogen tetrachloroaurate (III)
hydrate was purchased from Strem. Chloro(tetrahydrothio-
phene)gold(I) (AuCl(THT)) was synthesized as described in the
literature.19 Tetrahydrofuran and ethanol were distilled and
degassed before use.

Analytical Methods. Cross-polarization magic angle spin-
ning (CP MAS) 29Si NMR spectra were recorded on a Bruker
FTAM 300 as were CP MAS 13C NMR spectra. In both cases,
the repetition time was 5 and 10 s with contact times of 5 and
2 ms. Qn and Tn notations are given respectively for ((SiO)n-
SiO4-n) and ((SiO)n(R)SiO3-n) environments. Specific surface
areas were determined by the Brunauer-Emmett-Teller
(BET) method on Micromeritics ASAP 2010 and Micromeritics
Gemini III 2375 analyzers. Elemental analyses were per-
formed by the Service Central d’Analyse (CNRS, Vernaison,
France). IR spectra were recorded on a Perkin-Elmer 1600
spectrometer. UV-Visible spectra were obtained on the UV-
Visible Perkin-Elmer Lambda 14 spectrometer. Powder X-ray
diffraction patterns were measured on a Bruker D5000 dif-
fractometer equipped with a rotating anode (Institut Européen
des Membranes, Montpellier, France). Transmission Electron
Microscopy (TEM) observations was carried out at 100 kV
(JEOL 1200 EXII). Samples for TEM measurements were
prepared by one of the following methods. (i) The samples were
prepared using ultramichrotomy techniques and then depos-
ited on copper grids. (ii) A drop of a suspension of the solid in
ethanol was deposited on cleaved mica and followed by carbon
film evaporation. This sample was then immersed in a dilute
solution of HF and the recovered carbon film (replica) was
deposited on copper grids. (iii) A drop of a suspension of the
solid in ethanol was deposited on carbon-coated copper grid
and the solvent evaporated.

Materials. All manipulations were carried out with stan-
dard high vacuum and dry-argon techniques. Functionalized
materials 1-4 were prepared using the so-called direct method
via co-condensation of the primary building blocks (MPTMS
and TEOS) in the presence of the surfactant.

Material 1. A mixture of MPTMS (85.4 mg, 0.43 mmol) and
TEOS (4.55 g, 21.8 mmol) was added under stirring to 22.5
mL (60.6 mmol) of a 0.27 M solution of n-hexadecylamine in a
55:45 EtOH (95%)/H2O mixture at 30 °C. A white precipitate
appeared within some minutes. The reaction mixture was kept
at 30 °C for 24 h. The solid was filtered, the n-hexadecylamine
was removed by Soxhlet extraction over ethanol for 24 h, and
the solid was then dried at 120 °C under vacuum.

Material 2. 2 was prepared using the same protocol as that
for 1 with MPTMS (294 mg, 1.50 mmol) and TEOS (5.94 g,
28.5 mmol).

Material 3. We prepared functionalized hexagonally ordered
mesoporous silica by hydrolysis and co-polycondensation of
MPTMS (441 mg, 2.25 mmol) and TEOS (8.89 g, 42.7 mmol)
in the presence of the nonionic surfactant P123 as structure-
directing agent under acidic conditions at 60 °C. Our procedure
was inspired by that described by Prouzet et al.20 leading to
MSU silica by using tergitol as structure-directing agent. It
involves two steps: first, the formation of a micro-emulsion
from the nonionic surfactant P123, MPTMS, and the TEOS
under acidic conditions, then addition of a catalytic amount
of fluoride (NaF; 75 mg, 1.85 mmol) ion to induce the poly-
condensation. 13C NMR (75 MHz, CPMAS) δ: 11.5 (CH2Si),
16.6 (CH2CH2Si), 27.6 (CH2SH). 29Si NMR (60 MHz, CPMAS):
-57.1 (T2), -64.7 (T3), -90.9 (Q2), -100.8 (Q3), -108.9 (Q4).

Material 4. This was prepared using the same protocol as
that for 3 with MPTMS (454 mg, 2.31 mmol) and TEOS (4.44
g, 21.3 mmol). TGA (weight loss %, [T, °C]): -18.9% [220-
1200 °C]. IR (DIRFT, KBr) ν: 2576 cm-1 (S-H stretching).

Method A. (A10.2). A suspension of 1 (200 mg) in deionized
water (40 mL) was heated at reflux for 10 min. Then, a solution
of HAuCl4‚3H2O (5 mg, 0.013 mmol) in water (7 mL) was
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added. The suspension was stirred (about 5 min) until the solid
became yellow and the solution was colorless. Then, a solution
of HOC(CO2Na)(CH2CO2Na)2 (50 mg, 0.194 mmol) in water
(5 mL) was added to the suspension. The resulting mixture
was refluxed 5 min more and filtered off. The white solid (A10.2)
(153 mg) obtained was vacuum-dried at 120 °C for 12 h.

(A20.2), (A30.2), and (A40.2) were prepared using the same
protocol from 2 (400 mg), 3 (400 mg), and 4 (400 mg),
respectively, using HAuCl4‚3H2O (25 mg, 0.065 mmol for (A20.2)
and (A30.2); and 47 mg, 0.122 mmol for (A40.2)) and HOC(CO2-
Na)(CH2CO2Na)2 (250 mg, 0.970 mmol for (A20.2) and (A30.2);
and 500 mg, 1.94 mmol for (A40.2)).

[A10.2]. A 50-mg portion of (A10.2) was suspended in 10 mL
of ethanol (EtOH). A 1wt % freshly prepared solution of NaBH4

in ethanol (240 µL) was added. The resulting pinkish suspen-
sion was stirred in an oil bath at 60 °C for 12 h. The solution
was filtered off, and the purple solid obtained (47 mg) was
vacuum-dried at 120 °C for 12 h to give [A10.2]. [A20.2], [A30.2],
and [A40.2] were prepared using the same protocol from (A20.2),
(A30.2), and (A40.2), respectively.

Method B. (B20.2). A suspension of 2 (200 mg) in tetrahy-
drofurane (THF, 15 mL) was placed in a Schlenk tube
immersed in an oil bath at 60 °C. A solution of AuCl(THT)
(10 mg, 0.031 mmol) in THF (5 mL) was then added, followed
15 min later by addition of a solution of Na(acac)‚H2O (5 mg,
0.037 mmol) in THF (5 mL). Addition of Na(acac) results in
the formation of the unstable complex Au(acac)(THT), which
reacts immediately with thiol groups to give the polymeric
complex -(AuISR)-. The resulting suspension was stirred for
15 min more and filtered off. The white solid (B20.2) (205 mg)
obtained was vacuum-dried at 120 °C for 12 h.

(B30.2) was prepared according to the same protocol as (B20.2)
from 3 (200 mg) using AuCl(THT) (10 mg, 0.031 mmol) and
Na(acac)‚H2O (5 mg, 0.037 mmol).

(B30.5) ([Au]/[SR], 0.5), (B31) ([Au]/[SR], 1), and (B32) ([Au]/
[SR], 2) were also prepared using the same protocol as for
(B30.2) from 3 (100 mg) using AuCl(THT) (12.5 mg, 0.039 mmol
for (B30.5); 25 mg, 0.079 mmol for (B31); and 50 mg, 0.158 mmol
for (B32)) and Na(acac)‚H2O (6.2 mg, 0.039 mmol for (B30.5);
12.5 mg, 0.079 mmol for (B31); and 25 mg, 0.158 mmol for
(B32)).

(B40.77) was prepared using the same protocol as for (B20.2)
from 4 (150 mg) using AuCl(THT) (55 mg, 0.173 mmol) and
Na(acac)‚H2O (27.4 mg, 0.173 mmol). The suspension was
stirred for 48 h instead of 15 min after addition of the
reactants.

[B20.2]. A 100-mg portion of (B20.2) was suspended in 10 mL
of ethanol. A 2.3-mL aliquot of a freshly prepared solution of
NaBH4 in ethanol (0.132 M) was added. The resulting pinkish
suspension was stirred in an oil bath at 60 °C for 12 h. The
solution was filtered off, and the purple solid obtained was
vacuum-dried at 120 °C for 12 h to give [B20.2]. [B30.2], [B30.5],
[B21], and [B22] were prepared using the same protocol as for
[B20.2] from (B30.2), (B30.5), (B31), and (B32), respectively.

[B32]. SBET: 308 m2 g-1. Elemental analysis calcd (%) for
C3H7O39.5SSi20Au2: Au 24.16, S 1.96, Si 34.45. Found: Au
19.87, S 1.53, Si 31.78; i.e. C3H7O46.5SSi23.5Au2.1. Yield: 93%.

[B40.77] was prepared as [B20.2] from (B40.77) but stirred for
48 h after addition of NaBH4 instead of 12 h.

Results and Discussion
Synthesis of Materials 1-4 and Characteriza-

tion. Four materials were prepared by the co-condensa-
tion route of MPTMS with z equivalents of TEOS in the
presence of a structure-directing agent: n-hexadecyl-
amine for HS-HMS-C16 materials 1 (z ) 41) and 2 (z )
19), and Pluronic 123 for HS-SBA-15 materials 3 (z )
19) and 4 (z ) 9) (Santa Barbara nï. 15) (Scheme 1).20,21

The surfactant used induces pore size going from 21/
21 Å for 2 to 72/59 Å (adsorption/desorption branch) for
3 (Table 1). As the composition of the final materials is
directly linked to the amount of reactants introduced,
this direct synthesis method of functionalization of
ordered mesoporous silica allows a strict control of the
organic content incorporated within the hybrid material.
Furthermore, by increasing the amount of organic

Table 1. Textural Data of the Ordered Mesoporous Materials Prepared

sample RSi(OEt)3/TEOS
organic contentsa

(mmol g-1)
SBET

(m2 g-1)
Dpb

(Å)
Vp

(cm3 g-1)
d100
(Å)

wall thicknessc

(Å)

1 1/41 0.49 1055 23/23 0.920 45 29/29
(A10.2) 1/40 0.39 580 52/34 0.941
[A10.2] 1/37 0.42 535 51/39 0.889

2 1/19 1.01 955 21/21 0.885 46 33/33
(A20.2) 1/18 0.82 730 27/30 0.931
[A20.2] 1/23 0.62 390 26/30 0.479
(B20.2) 1/16 0.91
[B20.2] 939 -/24 0.631

3 1/19 1.01 870 72/59 1.378 102 46/59
(A30.2) 1/16 0.88 520 70/50 0.582
[A30.2] 1/15 0.93 70 71/50 0.105
(B30.2) 813 70/60 1.253
[B30.2] 1/29 0.53 588 72/50 0.987
(B30.5) 662 73/66 1.053
[B30.5] 1/26 0.55 811 72/50 1.333
(B31) 446 72/59 0.682
[B31] 1/23 0.57 494 59/51 0.836
(B32) 430 71/52 0.691
[B32] 1/23 0.53 308 59/50 0.539

4 1/9 1.57 675 53/46 0.806 92 53/60
(A40.2) 1/6 1.96 660 45/34 0.720
[A40.2] 1/6 2.06 270 39/34 0.392
(B40.77)
[B40.77] 1/10 1.08 105 34/30 0.136
a Calculated from elemental analysis. b Calculated from adsorption/desorption branch. c Calculated by a0 - pore size (a0 : 2d100/3(1/2)).

Scheme 1. Preparation of Materials 1-4
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content, a decrease in the pore size is obtained from 72/
59 (adsorption/desorption branch) for 3 to 53/46 (adsorp-
tion/desorption branch) for 4 (Table 1). 29Si CP MAS
NMR spectra of all the materials displayed resonances
for siloxane (Qn) and organosiloxane (Tn) centers with,
in this last case, predominance of T3, which is indicative
of extensive condensation of the organic moiety. For all
the materials prepared, results of elemental analyses,
particularly for the silicium element, are lower than the
expected theoretical values (Table 2). This is due to the
incomplete condensation in the silica framework, which
results in the presence of residual alkoxy groups as it
can be concluded from the presence of T1, T2, Q2, and
Q3 centers. The solid state 13C CP MAS NMR spectra
of these materials exhibit signals at δ 27.6 (CH2-SH)
and δ 16.6 (CH2-CH2-SH) in addition to a slightly
shifted downfield CH2-(Si) signal at δ 11.5 for the
-(CH2)3SH moiety (Figure 1). This confirms the pres-

ence of mercaptopropyl groups anchored to the pore
walls. Furthermore, IR spectra of 4 (x ) 9) display a

characteristic S-H stretching vibration of low intensity
at 2575 cm-1.22 The N2 adsorption/desorption isotherms
of materials 1-4 are characteristic of mesoporous ma-
terials with a narrow pore size distribution (Figure 2).23

High values ranging between 675 and 1055 m2 g-1 for
the Brunauer-Emmett-Teller24 (BET) surface areas for
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Embert, F.; Guari, Y.; Mehdi, A.; Reyé, C. Chem. Commun. 2001, 1116.
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and Porosity; Academic Press: London, 1982.

(24) Brunauer, S.; Emmett, P. H.; Teller, E. J. Am. Chem. Soc. 1938,
60, 309.

Table 2. Elemental Analysis Data and Yields of the Ordered Mesoporous Materials Prepared

sample elemental analysis calcd elemental analysis found yield

1 S 1.01, Si 45.13 for C3H7O101.5SSi51 S 0.99, Si 36.30 i.e. C3H7O83.5SSi42 100
(A10.2) Au 1.22, S 1.00, Si 44.58 for C3H7O101.5SSi51Au0.2 Au 1.08, S 1.05, Si 37.10 i.e. C3H7O82.3SSi41.4Au0.2 78
[A10.2] Au 1.22, S 1.00, Si 44.58 for C3H7O101.5SSi51Au0.2 Au 1.05, S 1.14, Si 36.45 i.e. C3H7O74.7SSi37.6Au0.2 94

2 S 2.53, Si 44.27 for C3H7O39.5SSi20 S 2.08, Si 36.09 i.e. C3H7O39.1SSi19.8 100
(A20.2) Au 3.01, S 2.45, Si 42.94 for C3H7O39.5SSi20Au0.2 Au 3.45, S 2.36, Si 36.10 i.e. C3H7O36.5SSi18.5Au0.2 58
[A20.2] Au 3.01, S 2.45, Si 42.94 for C3H7O39.5SSi20Au0.2 Au 3.30, S 1.63, Si 33.30 i.e. C3H7O48.1SSi24.3Au0.3 100
(B20.2) S 1.01, Si 45.13 for C3H7O39.5SSi20Au0.2 S 0.99, Si 36.30 55
[B20.2] 100

3 S 2.53, Si 44.27 for C3H7O39.5SSi20 S 2.14, Si 26.00 i.e. C3H7O39.1SSi19.8 100
(A30.2) Au 3.01, S 2.45, Si 42.94 for C3H7O39.5SSi20Au0.2 Au 3.12, S 2.28, Si 37.42 i.e. C3H7O37.1SSi17.8Au0.2 83
[A30.2] Au 3.01, S 2.45, Si 42.94 for C3H7O39.5SSi20Au0.2 Au 3.20, S 2.56, Si 36.20 i.e. C3H7O33.7SSi17.1Au0.2 100
(B30.2) 99
[B30.2] Au 3.01, S 2.45, Si 42.94 for C3H7O39.5SSi20Au0.2 Au 2.22, S 1.47, Si 32.82 i.e. C3H7O58.5SSi23.5Au0.28 100
(B30.5) 89
[B30.5] Au 7.20, S 2.34, Si 41.11 for C3H7O39.5SSi20Au0.5 Au 6.73, S 1.47, Si 32.82 i.e. C3H7O52.5SSi26.5Au0.75 100
(B31) 100
[B31] Au 13.74, S 2.23, Si 39.18 for C3H7O39.5SSi20Au1 Au 11.24, S 1.53, Si 33.01 i.e. C3H7O48.1SSi24.3Au1.19 87
(B32) 100
[B32] Au 24.16, S 1.96, Si 34.45 for C3H7O39.5SSi20Au2 Au 19.87, S 1.53, Si 31.78 i.e. C3H7O46.5SSi23.5Au2.1 93

4 S 4.80, Si 42.00 for C3H7O19.5SSi10 S 4.20, Si 33.70 i.e. C3H7O18.1SSi9.3 97
(A40.2) Au 5.56, S 4.53, Si 39.70 for C3H7O19.5SSi10Au0.2 Au 7.70, S 5.90, Si 29.70 i.e. C3H7O12.9SSi5.7Au0.2 63
[A40.2] Au 5.56, S 4.53, Si 39.70 for C3H7O19.5SSi10Au0.2 Au 6.40, S 4.74, Si 26.20 i.e. C3H7O12.1SSi6.3Au0.2 100
(B40.77)
[B40.77] Au 18.53, S 3.92, Si 34.31 for C3H7O19.5SSi10Au0.77 Au 16.13, S 2.77, Si 24.74 i.e. C3H7O21.9SSi11.2Au0.95 92

Figure 1. 13C CP MAS NMR spectra of material 3.

Figure 2. Nitrogen adsorption/desorption isotherms of 2 (top)
and 3 (bottom).
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1-4 were obtained (Table 1). Pore size distribution
was calculated from Barrett-Joyner-Hellenda (BJH)
theory25 on the basis of nitrogen adsorption/desorption
measurements. The values obtained for the pore diam-
eters are given in Table 1 as the maximum of the BJH
pore size distribution calculated from adsorption and
desorption curves. The low angle X-ray diffraction
(XRD) patterns of the materials synthesized were
characteristic of mesostructured phases (Figure 3). The
expected wormlike13 and hexagonal20 structures were
confirmed, respectively, for 1 and 3 by transmission
electron microscopy (TEM) studies.

Gold Complexation and Nanoparticles Forma-
tion. Anchoring of gold within materials of type 1-4
was performed following two methods.

Method A is the well-known Turkevich method,26

which uses hydrogenotetrachloroaurate (III) hydrate

(HAuCl4‚3H2O) as organogold precursor, and method
B is a new method using chloro (tetrahydrothio-
phene) gold (I) (AuCl(THT)) as organogold precursor.
Both of them are described in the Experimental Sec-
tion.

The solids obtained after this first step (anchorage
of the organogold precursor) were named (yNx) (see
Scheme 2); where y indicates the conditions of anchor-
age of the organogold precursor (A for method A and B
for method B), N specifies the starting material used
for gold incorporation (1, 2, 3, or 4), and x indicates
the theoretical [Au]/[SR] ratio. Thus, from materials
1-4, anchorage of gold with a ratio [Au]/[SR] ) 0.2 gave
rise to materials (A10.2), (A20.2), (A30.2), and (A40.2)
following method A, and (B20.2) and (B30.2) following
method B.

After this first step (Scheme 2), gold content of these
materials was inferred from the results of elemental
analyses of Au, S, and Si. The BET surface area, pore
volume, and pore size for materials (yN0.2) decreased
in comparison to the textural data of starting materials,
which is consistent with pore filling (Table 1). An
important textural modification of the HS-HMS-C16
type materials 1 and 2 treated according to method A
to give (A10.2) and (A20.2) was observed at this stage,
whereas there was no textural modification for material
2 treated following method B (material (B20.2)). This
alteration consists of a shift of the pore size to higher
values and an enlargement of the pore size distribution.
It is worth noting that the same textural modification
occurred when the HS-HMS-C16 type materials 1 and
2 were treated in the same way but in the absence of
organogold precursor. Furthermore, no such textural
modification was observed for HS-SBA-15 type materi-
als 3 and 4, whatever the method of anchorage of
organogold precursor (A and B). Therefore, the textural
modifications undergone by the HS-HMS-C16 type
materials 1 and 2 during the anchorage of the organ-
ogold precursor according to method A were attributed
to the poor hydrothermal stability of these materials
(Figure 4).

(25) Barrett, E. P.; Joyner, L. G.; Hallenda, P. P. J. Am. Chem.
Soc. 1951, 73, 373.

(26) Turkevich, J.; Stevenson, P. C.; Hillier, J. Discuss. Faraday
Soc. 1951, 73, 55.

(27) Marler, B.; Oberhageman, U.; Vortmann, S.; Gies, H. Mi-
croporous Mater. 1996, 6, 375.

(28) Templeton, A. C.; Wuelfing, W. P.; Murray, R. W. Acc. Chem.
Res. 2000, 33, 27.

Figure 3. Powder XRD diffraction patterns for 2 (top) and 3
(bottom).

Scheme 2. Preparation of the Gold (0) Nanoparticles-Containing Materials: Method A (i) HAuCl4‚3H2O, (ii)
HOC(CO2Na)(CH2CO2Na)2; Method B (i) AuCl(THT), (ii) Na(acac)‚H2O
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In all cases, the X-ray diffractograms revealed a
decrease of reflections from materials 1-4 to composite
materials (A10.2), (A20.2), (A30.2), (A40.2), (B20.2), and
(B30.2). This is a confirmation of the pore filling of the
host material, which reduces the scattering contrast
between the pores and the walls of the molecular
sieves.27

For the materials (yN0.2) obtained after the first step
(Scheme 2), neither observance of plasmon band absor-
bance in the UV-Vis spectrum nor diffraction peaks in
the X-ray diffractograms characteristic of gold (0) nano-
particles-containing materials were observed, whatever
the method followed.

TEM images show weakly contrasted particles with
sizes less than 1.5 nm. These particles, the size of which
is not dependent on the host material pore size, were
attributed to formation of an (-AuISR-)n- polymer.28

Therefore, these colorless solids (yN0.2) were treated
with an ethanolic sodium borohydride (NaBH4) solution
at 60 °C for 24 h (step 2, Scheme 2) giving rise to
purple solids, after filtration and drying (see Ex-
perimental Section). The solids obtained after NaBH4
treatment were named [yN0.2] to distinguish them from
the materials (yN0.2) obtained before treatment with
NaBH4.

Slight decreases in BET surface area and pore volume
were observed (Table 1) for the materials [yN0.2] in
comparison to materials (yN0.2).

All the materials [yN0.2] exhibited intense plasmon
band absorbance at 520 nm, indicative of gold (0)
nanoparticles. The XRD pattern of [A10.2] (Figure 5)
displayed for the high angle region (2θ ) 20-70) broad
reflections characteristic of gold (0) nanoparticles. For
the materials [yN0.2], ([Au]/[SR] ) 0.2), the gold (0)
nanoparticles size derived from TEM measurements are
in good agreement with the pore size values obtained
from BET measurements whatever the method followed,

taking into account the experimental errors (Figures 6
and 7a). TEM photographs clearly show a single distri-
bution even for [A10.2] and [A20.2] materials obtained
respectively from 1 and 2 following method A. However,
in both cases, the large size distribution observed results
from the modification of the silica matrix during the first
step of the process. A narrower size distribution was
obtained for the gold (0) nanoparticles included in
materials, [A30.2], [A40.2] (Figure 6), and [B30.2], what-
ever the method adopted (Method A or B). However, the
presence of gold (0) nanoparticles could not be demon-
strated by TEM, UV-Visible, or XRD measurements for
material [B20.2]. In this case, the diffusion of the
reducing agent is probably difficult if one considers the
pore size of these materials (24 Å). Another explanation
could be the very small size of the as-obtained particles,
which rendered their characterization difficult by the
techniques used.

To confirm the anchoring role of the thiol functions,
we increased the ratio [Au]/[SR] step-by-step from 0.2
to 2. This series of experiments was performed following
method B using the HS-SBA-15 material 3. Anchorage
of gold with [Au]/[SR] ratios of 0.5, 1, and 2 led,
respectively, to materials (B30.5), (B31), and (B32), which
after the reduction step gave rise to materials [B30.5],
[B31], and [B32], respectively (Figure 7b). For material
(B30.2) with [Au]/[SR] ) 0.2, and as for material (B30.5)
with [Au]/[SR] ) 0.5, no nanoparticles formation was
observed at the first step of the process. In these cases,
the amount of thiol present in the solid allows the
stabilization of the entire organogold precursor in the
form of the polymer (-AuISR-)n. In contrast, when [Au]/
[SR] g 1 (materials (B31) and (B32)), outer pore growth
of nanoparticles was observed after the addition of the
organogold precursor. For [Au]/[SR] ) 1, even if the
necessary amount of thiol for stabilization of the
organogold precursor is present, because of diffusion
and/or accessibility problems in the experimental condi-
tions used, outer pore growth of nanoparticles was
observed but only in small quantities. For [Au]/[SR] )
2, the excess of organogold precursor, which could not
be stabilized by the thiol functions, gave rise to the
formation of nanoparticles at the surface of the
grains in large quantities. This is consistent with the
necessity of the complexation of the organogold precur-
sor onto the thiol function prior to chemical reduction
in order to control the size distribution of the as-
obtained nanoparticles. Furthermore, these thiol func-

Figure 4. Nitrogen adsorption/desorption isotherms (top)
and BJH pore size distribution (bottom) of 1 (a) and [A10.2]
(b).

Figure 5. XRD pattern of [A10.2]. (*) Indicated impurity
attributed to boron silicate species.
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tions interact strongly with the gold nanoparticle sur-
face, which retains the nanoparticles within the pores.
Considering these results, we prepared material (B40.77)
with a ratio [Au]/[SR] ) 0.77 from material 4 following
method B, giving rise to material [B40.77] after reduction
step.

The organogold precursor was stirred in the presence
of material 4 for 48 h to allow complete diffusion within
the channels before isolation of material (B40.77). NaBH4
was added to a suspension of this material and stirred
for 48 h to obtain complete reduction and avoid the
presence of residual gold polymer particles. Material

Figure 6. Left: Correlation between the pore diameter (solid/dotted lines for adsorption/desorption data from N2

studies) and the gold (0) nanoparticles size (columns) for [A40.2]. Right: TEM image of a replica of material [A40.2]. Scale bar:
50 nm.

Figure 7. Left: Correlation between the pore diameter (solid/dotted lines for adsorption/desorption data from N2 studies) and
the gold (0) nanoparticles size (columns) for (a) [B30.2] and (b) [B32]. Right: TEM photographs representative of materials (a)
[B30.2] (replica) and (b): [B32]. Scale bar: 50 nm.
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[B40.77] containing 16.1wt % of gold as given by elemen-
tal analysis displays a high density of nanoparticles

located exclusively within the channels of the mesopo-
rous material, as can be seen from TEM measurements
(Figure 8).

Conclusion

We report here the preparation of gold (0) nanopar-
ticles within channels of mesoporous materials func-
tionalized with mercaptopropyl groups. These materials
prepared using the so-called direct method contain
various and controlled numbers of thiol functions, which
are homogeneously distributed exclusively within the
pore channels. The regular distribution of organic
groups allows the exclusive growth of nanoparticles with
a narrow size distribution within the pores of the
materials with gold content as high as 16.1 wt %. The
good control of size distribution of the nanoparticles
obtained, due to their exclusive location within the
channels of the materials, demonstrates the crucial role
of the thiol functions both for (i) the complexation of the
organogold precursor prior to the reduction step, and
(ii) for their strong interaction with the gold nanopar-
ticle surface during and after the nanoparticle growth
process.
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Université de Montpellier II for financial support. C.T.
thanks Air Liquide for a grant. S.G.G. thanks EU, TMR
network CLUPOS for a grant.

Supporting Information Available: Graphs of correla-
tion betwwen pore diameters and gold (0) nanoparticles size,
and TEM images of materials (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.

CM0213218

Figure 8. TEM images of [B40.77]. Scale bar: 50 nm.

2024 Chem. Mater., Vol. 15, No. 10, 2003 Guari et al.


