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bstract

Thiol-functionalization is described for silica surfaces from diverging origin, including commercial silica nanoparticles and Stöber silica as well
s silica structures provided by porous glasses and novel polymer-templated silica membranes. The functionalization allows in all cases for the
rreversible binding of metal(oxide) particles from a solution. Examples are the adsorption of CoFe2O4 particles for the preparation of magnetizable
ilica colloids and silica structures, and gold nanoparticles that directly nucleate and grow on thiol-functionalized silica in a solution of HAuCl4
pon addition of a reducing agent.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

For many technical applications, it is desirable to chemi-
ally modify the surface of nanostructured materials, such as
olloidal particles, porous micron sized grains and membranes
1–4]. Such materials provide large surface-to-volume ratios and
t the same time they can readily be separated from a dispersion
edium either by sedimentation, removal by a membrane or –
hen having magnetic properties – with an external magnetic

orce, making them suitable for separation purposes. Arakaki et
l. for instance have reported on thiol-functionalized silica gel as
dsorbent to remove toxic metal species, such as mercury from
queous solutions [5]. Moreover, chemical adsorption of metals
o particles and grains might also be interesting for applications
n for instance decorative coatings due to their color properties.

A large variety of nanostructured materials are made of, or

an be coated with silica [6–12]. An important advantage of sil-
ca is its well-known surface chemistry and the broad spectrum
f organosilanes available to modify the silica surface with func-
ional groups to give it desired properties [13,14]. This type of
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ization; Polyethersulfone membranes

odification has for instance been used to stabilize colloidal sil-
ca in organic solvents [14] but also to chemically bind magnetic

etal oxide particles [15] or other metal nanoparticles to silica
articles [4,16–18] to give them different magnetic or optical
roperties.

In this work, we have investigated functionalization of a vari-
ty of silica nanostructures with thiol-groups as a general method
or chemical binding of various metal or metal oxide particles
o silica. Gold particles were used as a probe for the presence of
hiol surface groups since it is well-known that gold has a high
ffinity for thiols [18–20]. These gold particles, synthesized by
eduction of gold chloride hydrate (HAuCl4) with sodium boro-
ydride (NaBH4) are small (R ∼ 2 nm) and have a high electron
ensity which makes them easy to distinguish from the silica
uring electron microscopy characterization. The following four
ypes of silica structures were investigated:

1) Commercially available small silica particles (Bindzil, R ∼
6 nm), for which thiol-functionalization and metal adsorp-
tion, as far as we know, have only been described for gelated
particles [21] but not for silica particles of this size while

they remain in a stable dispersion.

2) Larger silica colloids prepared with the Stöber method
[6,22] (R = 158 nm), as well as magnetic Stöber silica with
embedded cobalt ferrite (CoFe2O4) (R = 217 nm)[15].

mailto:e.m.claesson@chem.uu.nl
dx.doi.org/10.1016/j.colsurfa.2006.10.019
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3) Micron-sized porous silica grains, such as so-called CPG’s
(controlled porous glasses, see for instance refs. [8,9]) and
the mesoporous silica structure SBA-15 [7].

4) Commercially available polyethersulfone (PES) filter mem-
branes were coated with the same method, after that these
membranes had first been embedded in a silica crust.

Polymeric materials cannot as easily be chemically modi-
ed as silica, but it was recently shown that PES membranes
an be encapsulated in silica by performing Stöber synthesis
irectly onto the polymer [23]. Here, we show that the addition
f Bindzil silica nanoparticles results in a smooth, complete cov-
rage of the membranes leaving a large silica surface available
or functionalization with organosilanes.

The size, shape, and gold particle coverage of the various sil-
ca particles were characterized with transmission- and scanning
lectron microscopy. The presence of thiol-groups on the small-
st silica particles was additionally investigated with infrared
pectroscopy.

. Experimental

.1. Materials

Tetraethoxysilane (TES, Fluka), ethanol (technical grade),
mmonium solution (28.6%, Merck), gold chloride hydrate
Fluka), 3-mercaptopropyl trimethoxysilane (MPTMS, 97%,
luka), sodium borohydride (Aldrich). Commercial silica dis-
ersion (Bindzil® 30/360, Eka Chemicals AB), controlled
orous glass (CPG0300C, Controlled Pore Glass Inc.) AG®

01-X8 and Bio-Rex® MSZ 501 (D) mixed bed resin (Bio
ad), Millipore Express® PLUS Membrane, polyethersulfone,
ydrophilic, 0.22 �m, 47 mm (Millipore Corporation). For syn-
hesis of silica particles, the ethanol and TES were distilled prior
o use. In all other cases, the chemicals were used as received. A
tock solution of 100 mL of approximately 0.02 M HAuCl4,
ssuming HAuCl4·6H2O, was prepared by dissolving 0.90 g
AuCl4 (Fluka) in doubly distilled water. This stock solution
f HAuCl4 was used throughout all experiments. The sodium
orohydride solutions were prepared less than 30 min before
ach experiment due to the rapid oxidation of NaBH4 in water.

.2. Thiol-functionalization and gold particle synthesis
nto Bindzil silica nanoparticles

.2.1. Surface modification of Bindzil with
-mercaptopropyl trimethoxysilane

Bindzil silica nanoparticles were received as alkaline (pH 10)
queous dispersions, and had to be transferred to ethanol for the
PTMS grafting procedure. However, the dispersion contains

oluble silicates that precipitate and cause gelation when adding
thanol. Therefore, the first step was to remove these silicates by
dding 10 g of a AG501-X8 and Bio-Rex MSZ 501 (D) mixed

ed ion exchange resin (Bio Rad) in 100 mL Bindzil-dispersion
iluted to 200 ml with doubly distilled water. The resin was left in
he dispersion for several weeks [24]. After 2 weeks, the pH had
ecreased from 10 to 7, indicating all ions initially present in the

t
m
m
n
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olution had been changed to H+ or OH−. The resin was filtered
ut, and the dispersion was dialyzed for 1 week against ethanol
n Spectra/Por Type F polyvinylidene difluoride (PVDF) dial-
sis membranes, refreshing the ethanol reservoir once per day.
he hydrodynamic radius, Rh = 9.5 of the particles was deter-
ined by dynamic light scattering. This hydrodynamic radius

orresponds to a number averaged radius, R, of approximately
nm, for a polydispersity of 35% [25].

To a mixture of 10 mL of the Bindzil dispersion in ethanol
φm = 0.167 g/mL), 1 mL NH3 and 90 mL ethanol (pH 8.5),
mL MPTMS was added and the mixture was stirred for 40 min
efore heating it to ∼80◦C. Slowly, approximately 100 mL
f ethanol and ammonia was removed by distillation at ambi-
nt pressure. Tests with various concentrations of ammonia
howed that higher ammonia concentrations (pH > 8.5) caused
he Bindzil dispersion to gel. The reaction mixture was purified
rom unreacted MPTMS via dialysis for 2 days against ethanol.
fter these 2 days and after refreshing the ethanol four times,

he strong, characteristic smell of MPTMS was gone. The thiol-
unctionalized Bindzil particles were transferred back to (doubly
istilled) water by transferring the dialysis tubes in to a water
eservoir. Due to the difference in density between ethanol and
ater, the tubes were floating at the beginning of the dialysis

nd slowly sinking as the ethanol content inside the tubes was
educed. The dialysis was continued for 1 week, refreshing the
ater reservoir twice per day. The dialysis was stopped when

he refractive index of the reservoir was the same as that of
ure doubly distilled water. The resulting aqueous dispersion of
.5 mg/mL functionalized Bindzil particles was labeled Bindzil-
H.

.2.2. Synthesis of gold particles onto Bindzil particles
The gold-silica particles were prepared by reducing HAuCl4

n the presence of MPTMS-coated silica spheres. Solutions
0.1 M) of the reducing agent, NaBH4, were prepared less than
0 min before each synthesis. In the gold particle synthesis step,
AuCl4 stock solution was added first, followed by an equal
olume of NaBH4-solution. Immediately after adding the reduc-
ng agent, gas bubbles due to evolving H2(g) and a change in
olor, typically pink to purple, could be observed in the reaction
ixture. The experiment was repeated for a certain amount of
indzil-SH dispersion (2 mL,φm = 0.01 g/mL, in 50 mL doubly
istilled water) with various amounts of HAuCl4 and reducing
gent. Also the effect of stirring and the NaBH4 concentration
n the final product was investigated. For comparison, a blank
ample was prepared using Bindzil which had not been treated
ith MPTMS but adding the same amount of reagents for the

ynthesis of gold.

.3. Thiol-functionalization and gold adsorption onto
ES-membranes covered with a silica crust

To provide the filter membranes with a silica layer for fur-

her functionalization, two approaches were tested. In the first

ethod, amorphous silica was synthesized directly onto the
embranes. The PES-membranes were soaked in an ammo-

ia solution (10 mL, 25% in 40 mL ethanol) for approximately
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h before placing them in between two filter papers soaked
n TEOS (10 vol% in ethanol) [23]. To allow the reagents to
e homogeneously absorbed, the PES-membranes were care-
ully blotted, and left for 4 h in a covered Petri dish. After that,
he membranes were put into pure ethanol for at least 1 day to
emove any free silica particles. The membranes prepared in this
ay were labeled PESSt. In a second approach, it was investi-
ated whether the Bindzil particles could be adsorbed directly
nto the membranes and in this way create a silica crust on the
olymer. The PES membranes were left overnight in disper-
ions of Bindzil particles in water (label: PESBiW) as well as in
thanol (label: PESBiEt). Additionally, some membranes were
re-treated by soaking these in an ammonia solution to inves-
igate if the attraction between the polymer and silica particles
ould be due to electrostatic attraction between the silica and the
ES-membrane (label: PESBiEt2).

After rinsing the presumably silica covered membranes care-
ully, they were transferred to a mixture of 120 mL ethanol
nd 1 mL 25% ammonia solution. Under slow agitation, 0.4 mL
2.1 mmol) MPTMS was added and the mixture was heated to
0 ◦C for 15 h. Subsequently, they were rinsed with ethanol
nd immersed in deionized water. We noted that the PESSt
nd PESBiEt2-membranes had clearly become much more
ydrophilic after the treatment with MPTMS compared to the
ure PES membranes. When placing water droplets on the sur-
ace with a pipet, the water was immediately absorbed, although
t some parts of the PESSt membrane water stayed longer on
he surface.

The functionalized membranes were left overnight in an
queous dispersion of gold nanoparticles, prepared in the same
ay as described in Section 2.2.2.

.4. Thiol-functionalization and gold particle synthesis
nto Stöber silica

A stock-solution of silica particles (RTEM = 158 nm) was
repared by rapidly adding freshly distilled tetraethoxysilane
TES) to a mixture of 152 mL ammonia solution diluted to
5% and 1770 mL distilled ethanol according to the method
f Stöber et al. [6]. Four hundred milliliters of the obtained
ilica dispersion was diluted to 600 mL with ethanol. 2.8 mL
-mercaptopropyl trimethoxysilane was added and the mixture
as stirred for 40 min. Subsequently, the reaction mixture was
eated to 80 ◦C and the total volume was reduced to approx-
mately two-thirds by distillation of ethanol and ammonia at
mbient pressure [15,14]. The amount of MPTMS was chosen
o be 2.6 × 10−4 mol/m2 silica surface [15], assuming a density
f 1.8 g/cm3 for the silica particles. The mixture was left to cool
own to room temperature and was subsequently washed three
imes with 150 mL ethanol (by centrifugation at 513 × g) to
emove any unreacted MPTMS. The thiol-functionalized parti-
les were stored in ethanol to prevent hydrolysis of the MPTMS–
ilica bond.
Gold nanoparticles were synthesized in the presence of the
hiol-functionalized silica particles following the same proce-
ure as described for the Bindzil particles in Section 2.2.2, using
ypically 5 mL 0.02 M HAuCl4 and 0.1 M NaBH4, respectively.

p

a
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ne day before an experiment, the functionalized silica parti-
les were transferred to doubly distilled water by centrifugation
nd redispersion. In the gold nanoparticle synthesis, HAuCl4-
olution was added first, followed by an equal volume of NaBH4-
olution. All reaction mixtures were centrifuged at 228 × g to
emove free gold particles. The sedimentation and redispersion
rocedure was repeated until the supernatant had become color-
ess.

The silica colloids covered with small gold particles were –
ithout any further modification – coated with an outer shell
f silica in a seeded growth step. Three milliliters (0.018 g) of
he silica–gold dispersion Sg41 (φm = 0.006 g/ml) in water was
dded to a mixture of 5 mL ammonia solution and 95 mL ethanol
nd stirred vigorously while adding 0.01 mL TES. The reaction
ixture was stirred for 4 h. The experiment was repeated using

.0 mL TES for a thicker silica layer.

.5. Thiol-functionalization and gold particle synthesis on
agnetic silica particles

MPTMS-functionalized silica particles were covered with
agnetic cobalt ferrite particles and subsequently coated with an

uter layer of silica according to ref. [15]. After purification and
ransfer of the thiol-functionalized particles to demineralized
ater, 5 mL cobalt ferrite dispersion was added and the mixture
as gently shaken overnight. Free cobalt ferrite particles were

emoved by repeated sedimentation and redispersion and 30 mL
f cobalt ferrite-silica dispersion (0.04 g/mL) was transferred to
20 mL ethanol and 50 mL ammonia solution. Small portions
f TES were added every 15 min to obtain a silica layer around
he magnetic particles. The coated particles were sedimented by
entrifugation 1h at 100 g and redispersed three times in tech-
ical ethanol to remove any free cobalt ferrite or newly formed
ilica particles. The dispersion was labeled SibCs.

In the following step, 30 mL (0.002 g/mL) of the SibCs par-
icles (RTEM = 217 nm), was diluted with 10 mL of ethanol,

ixed with 5 mL ammonia solution and 0.5 mL MPTMS in a
ound bottom flask and stirred for 40 min. Subsequently, 20 mL
f the solvent was removed by distillation. The functionalized
agnetic silica particles were purified from unreacted MPTMS

y repeated centrifugation 1 h at 57 × g. The sediment was redis-
ersed three times in ethanol and three times in doubly distilled
ater, resulting in a stable light brown dispersion. While gen-

ly shaking, 0.4 mL HAuCl stock solution and 0.4 mL 0.1 M
aBH4 was added to the thiol-functionalized magnetic silica
ispersion, giving the reaction mixture a dark brown color. The
articles were centrifuged 1 h at 57 × g and the red supernatant
ontaining excess of gold particles was removed. Due to the ini-
ial brown color of the magnetic silica, no clear difference could
e observed in the color of the sediment compared to the starting
ispersion.

.6. Thiol-functionalization and gold particle synthesis on

orous silica grains

Silica grains of micron-size porous glasses (see Fig. 8a) with
mean pore size of 367 nm, and a surface area of 7.1 m2/g
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Fig. 1. IR-spectra of Bindzil particles before and after thiol-functionalization,
respectively. In the spectrum of thiol-functionalized (Bindzil-SH), a weak, but
c −1

b
m
t

d
s
g
t
g
l
c
f
t
t
i
a
c
p
s
t
p
p
o
s
S
c
t
M
i

o
c
c
p
F
a

E.M. Claesson, A.P. Philipse / Colloids and Surfa

data provided by supplier) were first coated with thiol-groups
ollowing the same procedure as described for Stöber silica.
hree grams of CPG0300C was added to a mixture of 90 mL
thanol and 10 mL ammonia solution. To this mixture, 1.04 mL
5.5 mmol) 3-mercaptopropyl trimethoxysilane was added and
he mixture was stirred magnetically for 40 min, before remov-
ng approximately one-third of the ethanol and ammonia by
istillation. The remaining white sediment was rinsed several
imes with pure ethanol to remove unreacted 3-mercaptopropyl
rimethoxysilane. Subsequently, the CPG-grains were trans-
erred to doubly distilled water and 2.5 mL of the 0.02 M
AuCl4-solution was added while stirring. After 10 min, the

tirring rate was increased and 2.5 mL 0.1 M NaBH4 was added,
pon which the color turned purple. The grains were subse-
uently sedimented and rinsed several times with doubly dis-
illed water until the supernatant became colorless and transpar-
nt. The color of the resulting sediment was light brown. The
ynthesis of gold nanoparticles was repeated – with the same
mounts – for 3 g CPG0300C which had not been coated with
PTMS. After rinsing the sediment with water, it had regained

ts original white color.
The procedure was repeated for SBA-15 mesoporous silica

see Fig. 8c). Also this resulted in a pink-colored sediment,
hich remained colored after several rinsing steps.

.7. Characterization techniques

Transmission electron microscopy was performed on a
hilips tecnai 12 microscope operating at 120 kV. TEM-samples
ere prepared by depositing drops of diluted dispersion on

ormfar-coated copper grids. Scanning electron microscopy was
arried out on a Philips SEMXL30SFEG microscope operating
t 30 kV. Dynamic light scattering was performed on a home-
uilt set-up measuring at λ = 514.5 nm. Infrared spectroscopy
as performed on a Perkin-Elmer System 2000 FT-IR spectrom-

ter. Since MPTMS is present only at the surface of the silica
articles, the MPTMS volume content in relation to SiO2 is low.
he samples were therefore measured on a self-supporting pel-

et, consisting of compressed silica particles only. Additionally,
he sample was heated to 120 ◦C under vacuum while measuring
o remove water and thereby reducing the O H peak in the spec-
rum. In this way, a higher concentration of sample is measured,
ith the drawback of overload of the signals from silica. How-

ver, since the peak of interest, the S H stretch peak does not
verlap with signals detected from silica, this is not a problem.

. Results and discussion

.1. Thiol-functionalization and gold particle synthesis on
indzil particles

The experiments with the Bindzil dispersion, show that the
rocedure for grafting Stöber silica particles with MPTMS, as

reviously described in literature [14,15], can be applied also
o commercial aqueous silica sols. However, the very small par-
icle size and the presence of soluble silicates in the aqueous
hase required a few modifications of the thiol grafting proce-

e
g
p
b

lear S H stretch band can be found around ν = 2585 cm , which cannot
e observed in the spectrum of the pure Bindzil. Since the IR-spectra were
ade after thorough purification from free MPTMS, it can be concluded that

he MPTMS is indeed bound to the silica particles.

ure: firstly, the silica sol as received had to be purified from
oluble silicates with a mixed bed ion-exchange resin to avoid
elation when adding ethanol. After treatment with the resin,
he small silica particles could be transferred to ethanol without
elation. Secondly, to avoid centrifugation at high speed for a
ong time, which would have been required to sediment parti-
les of this size, dialysis was employed to change the solvent
rom water to ethanol and vice versa when necessary. Finally,
he pH of the ethanol/ammonia mixture should not be higher
han 8.5 to avoid gelation. This repeatedly observed gelation
s not likely due to an increase in ionic strength upon adding
mmonia. This follows from the observation that even a con-
entration of 10 mM LiNO3 in the Bindzil dispersion does not
roduce a gel. Possibly too much ammonia promotes conden-
ation of surface silanol groups from different particles. Note in
his respect that the number concentration of the small Bindzil
articles is very high. After treatment with MPTMS, the Bindzil
articles were stable in water as well as in ethanol. FT-IR spectra
f Bindzil particles before and after treatment with MPTMS are
hown in Fig. 1. In the spectrum of Bindzil-SH a weak, but clear

H stretch band can be found around ν = 2585 cm−1, which
annot be observed in the spectrum of the pure Bindzil. Since
he IR-spectra were made after thorough purification from free

PTMS, it can be concluded that the MPTMS is indeed chem-
cally bound to the silica particles.

After performing the reduction of HAuCl4 in the presence
f MPTMS-grafted Bindzil particles, the resulting brightly red-
olored dispersions were stable without any gelation or floc-
ulation for at least 3 months. Unfortunately, the 6 nm silica
articles melt in the electron beam when performing TEM (see
ig. 2b) so that direct confirmation of that gold particles are
ttached to the silica particles is hindered. Nevertheless, sev-

ral observations clearly confirm the (covalent) attachment of
old particles to the Bindzil particles: without the MPTMS
resent, the gold particles coalesce and large gold clusters can
e found on the silica melt (see Fig. 2a). When using MPTMS-
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ig. 2. TEM pictures showing the results of direct synthesis of gold particles
lectron beam of the microscope, it can be observed that the sample where MPT
old particles in the sample where no MPTMS had been added, the gold particl

rafted Bindzil particles, discrete gold particles are found almost
xclusively in and around the melt of silica particles (see Fig.
b–d). This observation, together with the SH peak found in
he IR-spectrum of the MPTMS-treated Bindzil particles con-
rms the presence of thiol-groups on the silica surface. The
old particles vary in size, but we were not able to assess
clear relation between experimental conditions, such as the

tirring and concentration of NaBH4 on the size or polydis-
ersity of the gold particles. However, the amount of HAuCl4
as obtimized around 50 mL per gram Bindzil. When using
ore HAuCl4, free gold nanoparticles could be observed on the
EM-grid.

.1.1. Thiol-functionalization and gold adsorption onto
ES-membranes covered with a silica crust

PES membranes immersed in a Bindzil dispersion in ethanol,

n particular the ones which had been soaked in ammonia
olution prior to exposure to Bindzil (PESBiEt2) showed com-
lete coverage of the polymer with silica nanoparticles, even
nside the pores (see Fig. 3c and d). Membranes, which had

w
r
w
s

presence of Bindzil particles. Although the silica particles are melting in the
s present discrete gold nanoparticles are surrounding the particles, whereas the
lesce into large clusters.

ot been soaked in ammonia first, had a less homogeneous
overage of Bindzil particles. Moreover, the bindzil parti-
le crust remained intact even after exposure to ultrasonica-
ion, which suggests that attraction between silica and PES
s unlikely to be due to electrostatic forces only. Deposi-
ion of Bindzil from water (PESBiW) resulted in clusters of
indzil particles inside the pore-cavities rather than at the poly-
er surface. The PES-membranes, where silica growth had

aken place directly onto the membranes (PESSt), were only
artially covered with a silica crust as observed with SEM
see Fig. 4).

After thiol-functionalization and addition of gold particles,
he color of the PESBiEt2 membrane had become homoge-
eously purple whereas the PESSt membrane was indeed purple,
ut the color was less homogeneous, which can be explained by
he less homogeneous silica layer and therefore empty regions

ithout SH-groups. In both cases, the color of the membrane

emained the same after several days in continuously refreshed
ater. The TEM-picture in Fig. 5 shows the PESBiEt2 full of

ingle gold particles attached to the Bindzil crust.
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Fig. 3. SEM pictures of (a and b) PES-membranes as recieved, and (c and d) PES-me

An important thing to note is that the reaction time for
MPTMS with the silica covered filters had to be longer than
for the other particles and grains mentioned in this paper. The
fast method to let MPTMS react with the silica surface by par-

Fig. 4. SEM picture of PES-membrane PESSt. The membrane is only partially
covered silica, which has been grown directly onto the membrane.

t
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mbrane PESBiEt2 completely covered in a crust of Bindzil silica nanoparticles.

ial removal of ammonia and solvent was not applicable for the
lters.

.2. Thiol-functionalization and gold particle synthesis on
töber silica

The reduction of HAuCl4 in the presence of MPTMS-coated
ilica spheres resulted in silica spheres covered with gold parti-
les with a diameter of 5–10 nm (see Fig. 6). We observed that
sing 0.1 M NaBH4 resulted in gold nanoparticles which were
maller and less polydisperse than when lowering the concen-
ration of NaBH4 to 0.01 M.

After several cleaning steps, the homogeneous sediment of
articles remained colored, in contrast to the sample with non-
odified silica, for which the sediment became white again as

he free gold particles were removed. The silica–gold particles
orm colored, stable dispersions, which crystallize upon sed-
mentation. All dispersions remained stable for a long period
f time and sedimented particles could easily be redispersed

t least 6 months after preparation. Surprisingly, the gold cov-
red silica particles can be coated with silica by using them
s seeds in a Stöber synthesis (see Fig. 6), something which
s not possible on pure gold surfaces, due to gold’s low affin-
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Fig. 5. (a) Photograph showing pieces of the thiol-functionalized Bindzil-
covered PES-membrane before (left) and after (right) being soaked in a
g
P
b
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Fig. 7. TEM-picture of the magnetic silica particles (SibCs, R = 217 nm),
c
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old dispersion. (b) TEM-picture of the thiol-functionalized Bindzil-covered
ES-membrane clearly showing the silica nanoparticles covering the polymer
ranches and the gold nanoparticles (higher contrast) attached to the silica.
ty for silica [26,27]. Very likely, newly formed silica nucleates
n the silica surface in between the gold particles such that the
old particles are eventually capped by further deposition of
ilica.

a
b
T
m

ig. 6. TEM-pictures of silica–gold composite particles prepared via nucleation and g
a) and after coating these composites with a 20 nm (b) silica layer, respectively.
oated with MPTMS and covered with gold particles. The rough silica sur-
ace is due to the embedded cobalt ferrite particles, around which new silica has
ucleated and grown.

We have previously shown that magnetic particles of cobalt
errite and maghemite can be irreversibly attached to thiol-
unctionalized silica particles and subsequently coated with a
ilica layer [15]. Here, it is shown how multi-layer-structure
ype of composite particles can be prepared, by functionalizing
he outer silica shell of such magnetic silica colloids and per-
orm the direct synthesis of gold nanoparticles. The resulting
old decorated magnetic silica particles are shown in Fig. 7.

.3. Thiol-functionalization and gold particle synthesis
nto porous silica grains

The procedure for grafting Stöber silica with MPTMS could
e applied to porous glass grains as well as to SBA-15 without
ny additional modification. After synthesizing gold nanoparti-
les in the presence of the silica grains, and subsequent rinsing,

clear difference could be seen between the grains, which had
een grafted with thiol groups, and the grains which had not.
he thiol-functionalized grains remained colored, while the non-
odified grains became white again after rinsing with water.

rowth of gold nanoparticles in the presence of thiol-functionalized Stöber silica
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ig. 8. TEM pictures showing the results of synthesis of gold particles in the pres
orous glasses. In the presence of thiol groups, the surface of the pores are cove

EM-pictures (see Fig. 8) show that also the surface of the pores
n the modified CPG grains is covered with small (R ∼ 1–2 nm)
old particles.

. Conclusions

We have demonstrated that a method to functionalize silica
olloids with thiol groups can be applied to a variety of silica
articles and structures, including commercial silica nanoparti-
les and (magnetizable) Stöber silica as well as silica structures
rovided by porous glasses and novel polymer-templated silica
embranes. Commercially available membranes of polyether-

ulfone can be encapsulated in a crust of silica, by addition of
olloidal silica particles, which can form a dense layer around the
olymer. The functionalization of silica particles and structures

ith thiol-groups allows for irreversible binding of metal(oxide)
articles from a solution, as demonstrated here for gold as well
s CoFe2O4 nanoparticles. The functionalization step generally
ncludes transfer of the particles or grains to a mixture of ethanol

d
s
w
f

f thiol-functionalized (a and b) and not thiol-functionalized (c and d) controlled
ith small (R ∼ 1 nm) gold particles.

nd ammonia and addition of MPTMS followed by heating and
emoval of solvent for a fast reaction. For the smallest (R ∼
nm) silica particles, the grafting procedure must be slightly
odified to avoid gelation. This includes purification from sol-

ble silicates before transferring the particles from water to
thanol and thereafter not exceeding pH ∼8.5. Moreover, for
he silica covered polymer membranes, longer reaction time is
eeded during the functionalization step. The reaction is in this
ase slowed down by lowering the temperature from 80 to 50 ◦C
nd not removing solvent. Gold nanoparticles can be synthe-
ized directly in the presence onto the surface of the various
ypes of functionalized silica in a convenient one-pot synthesis
tep to obtain a wide range of silica–gold composites. It is worth
oticing here that the silica colloids remain stable in dispersion
hroughout this step, resulting in a dispersion of single gold-

ecorated particles. Since these silica systems all have a large
urface-to-volume ratio, surface modification of such materials
ith SH groups and chemical adsorption of metals can be use-

ul in for instance separation processes.
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