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Single Gold Nanoparticles Encapsulated in Monodispersed Regular
Spheres of Mesostructured Silica Produced by Pseudomorphic
Transformation
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Monodispersed, uniform, gold encapsulategesoporous silica nanocomposites of +380 nm
diameter with a centered metal core at about 15 or 30 nm and high gold occupancy are prepared by
pseudomorphic transformation of preformed gedilica nanospheres. The characterization by X-ray
powder diffraction, transmission electron microscof¥gi and**C magic angle spinning NMR, and;N
adsorption isotherms indicates that these materials present the same morphology and particle size
distribution of the parent amorphous silica but with an ordered mesoporous shell of complex wormhole-
like pore structure and specific surface area of about 130§ tnThis method is particularly advantageous
for both stabilizing gold nanoparticles and tailoring structural and textural parameters of the outer shell,
thus, offering an exceptional support for particle functionalization.

Introduction introducing numerous possibilities for particle functional-
ization.

Although some reports deal with gold colloids dispersed
within a silicate matrix encapsulation of GNP in an ordered
mesoporous silica has gained great attention due to MCM-
41 analogous shell properties, including highly ordered
mesopores, controlled pore-size, and specific surface areas
of about 1000 rhg~1. Methods like the aerosol-assisted self-
assembl¥ and the sonochemical reduction of HAyECH!
allow the confinement of gold particles{5 nm diameter)
within the mesoporous channels of MCM#lor at the
surface of silica spheréd.In both cases, limitations come
by the non-homogeneous dispersion of the metal nanopar-
ticles throughout the material and the impossibility to define
independently the GNP diameter of the silica mesopore
geometry.

As a result of the growing interest of silica nanoparticles
for biological application#? if one desires to take advantage
of optical properties of embedded GNP it is mandatory both
to trap nanoparticles of arbitrary size in a mesoporous

Gold nanoparticles (GNP) are nowadays the subject of a
wide field of research because of the behavior of individual
nanoparticles, quantum-size effect, and applications in
catalysis and biolog¥.® In particular, there is an enormous
interest in exploiting gold colloids in (nano)biotechnology
for imaging and biosensificand gene and drug delivety.
However, the use of GNP in biomedical applications faces
limitations like their low stability in organic fluids, the
surface restrictions for binding biomolecules, and some
cytotoxicity ¢ If one could encapsulate GNP with a protecting
shield, it would be possible to stabilize nanoparticles and to
develop at the same time some surface functionalization.
Protection of GNP from coagulation can be done conven-
tionally by core-shell techniques, for example, by a polymer
coating that usually is made of PVP or PE@evertheless,
the encapsulation with silica is particularly advantageous as
a method for both stabilizing nanoparticles and tailoring
structural and textural parameters of the outer shell, while
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Au-colloid Au@Sio, GSN
Figure 1. Sequence of GMSN synthesis through pseudomorphic synthesis.

matrix® and to control particle size of goltmesoporous  M). Deep-red dispersions of GNP were obtained with an average
silica hybrids (i.e., 56-300 nm)2 In this sense, Ostafin and  particle diameter of 15 nm or 30 nm. The absence of aggregates
co-worker$3 have recently presented a liquid-phase seededwas confirmed by the UVvis pattern. These colloids were used
growth method using pre-existing GNP as nucleation sites Without further purification.

for the propagation of a mesoporous shell by controlled Synthesis of Silica-Coated GNP (Au@Si¢). To make gold,
hydrolysis of a silicon alcoxide in the presence of an organic Vitréophilic 3-aminopropyitrimethoxysilane (APTMS) was bound
template. Conversely to other techniques, well-ordered-gold to the surface of GNF: A freshly prepared aqueous solution of

il it ith di t . APTMS (2.5 mL, 1 mM) was added to 500 mL of the gold solution
MESOpOorous silica Nanocomposi ?S wi lame ers ranging,,,qer vigorous magnetic stirring. After 30 min, to ensure complete
from 150 to 450 nm are obtained by this procedure.

o i complexation of the amine groups with the gold surface, GNP were
Characteristics of this coreshell approach are the accurate protected against flocculation with a thin layer of amorphous silica
control of individual particle size, pore organization, and gold (Figure 1¥2 by introducing 20 mL of a sodium silicate solution
occupancy (percentage of particles with at least a single gold(0.54% SiQ) at pH = 10—11 under vigorous magnetic stirring.
core). A drawback of the above method is the need to The resulting dispersion (pE 8—9) was left for 48 h so that the
optimize the simultaneous incorporation of both components active silica polymerized onto the gold particle surface. The silica
of the desired silicasurfactant mesophase, as self-nucleation shell thickness was about-2 nm. Afterward, centrifugation at
(formation of pure mesoporous silica nanoparticles) takes 4000 rpm fo 6 h is essential to remove solution with nonreacted
place easily. In addition, the productivity of the synthesis is S|I|ca_te ions, av0|d|ng_furthe_r copreupltatlo_n of S|I|ca_ nuclei. After
severely reduced for particles lower than 200 nm in diameter centrifugation, Au@Sigparticles were re-dispersed in 500 mL. of

which are preferred for biological applications, and Iarge,OleioniZEd water.
volumes of the initial gold colloid are needed to produce Synthesis of GSNGSN with spherical shape were prepared by

- . controlled growth of the silica wall in Au@SiOparticles in an
small amounts of the final deS|r_ed product. o ethanol/water mixture, according to Stober et al.'s me#fod.
Here we report the preparation and characterization of ngivigual particle size and gold occupancy were both controlled
monodispersed gotémesoporous silica nanoparticles (GMSN) by the silica concentration and the introduction of ethanol as
ranging from 100to 350 nm by pseudomorphicaltransforniatitin cosolvent. Typically, 80 mL of the Au@Siolloid was diluted
of preformed golé-amorphous silica nanospheres (GSN) in in 400 mL of an ethanol/water mixture (EtOH@8 = 2.5:1, v/v)
an alkaline solution of cetyltrimethylammonium bromide and 56QuL of 1 N NaOH was added under magnetic stirring. Then,
(CTAB). This method allows a straightforward and fast 240uL of tetraethylorthosilicate (TEOS) was introduced followed
growth of an ordered mesoporous shell endowing the GNP by vigorous magnetic stirring for 24 h at room temperature to allow

and minimizes self-nucleation. A scheme of the procedure propagation of the silica shell. Further additions of TEOS were
is shown in Figure 1 ' subsequently done when required for growing of the silica wall

(240 uL every 24 h, up to five additions). Finally, nanoparticles

were collected by centrifugation (4000 rpm, 3 h). GSN of diameter

ranging 86-350 nm with a majority (up to 7080%) containing a
Preparation of GNP. In a former step, a colloidal dispersion of single Au core were obtained. In a 48 h process (total addition of

GNP (5.0x 104 M) was prepared according to the standard sodium TEOS= 480uL), the SiQ yield is estimated to be 80%, and the

citrate reduction methoH.A total of 500 mL of a boiling solution ~ Particle size distribution is 166140 nm.

of hydrogentetrachloroauric acid (HAWE3H,0) in deionized water Synthesis of GMSN.GSN are used as the silica source for the

is reduced with 3 mL of a solution of sodium citrate (61073 synthesis of spherical GMSN by a pseudomorphic transformttiéh.

In a standard experiment, 0.32 g of GSN (@0 nm) is stirred
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(15) Pseudomorph refers to an altered mineral whose form has the outwardcentrifugation (4000 rpm, 30 min), washed with deionized water,
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Figure 2. XRD patterns of coreshell gold-silica nanoparticles: (a) as-

made GMSN and (b) calcinated (air, 540) GMSN. Lwﬁi,ﬂ L_/\M

T A B 1 Ll L L L L 1

Table 1. Compositional and Structural Characteristics of ' ' ,
. - : 2 6 10 14 18 10 20 30 40 50 60 70
As-Synthesized Gold-Silica Nanoparticles Prepared by Stober’s
y P b y 2 theta (°) 2 theta (°)

Method and Pseudomorphic Synthesis at Different Times

Figure 3. XRD patterns of as-synthesized GMSN sample§ at 373
K within time (0.25-24 h): (a)t =0 h; (b)t = 0.25 h; (c)t = 1 h;
(dt=2h;(e)t=4h;and (it = 24 h. Besides the reflections

g&
i

Intensity (a.u.)
(
Q-

time Au d-spacing Ysio2 Yctma? CTMA/SIO;
sample (h)y  (wt%) A (wt %) (wt %) (M)

GSN 0 10.6 80 i i
corresponding to the hexagonal symmetry peaks corresponding to @NP

GMSN-025 025 107 37 49 63 0.143 can bepseeng 9 ymmetyp ponding to@NP (

GMSN-1 1 6.9 38 73 90 0.137 '

GMSN-2 2 8.5 38 62 87 0.132

GMSN-4 4 8.9 38 78 86 0.127

GMSN-24 24 10.8 38 74 85 0.128

aPseudomorphic transformation conditioris,= 373 K; gel molar
composition, 1:0.11:0.24:395:36 SIGTAB/NaOH/HO/EtOH.® Calcu-
lated from carbon analysis.

Liquid nitrogen adsorption isotherms of 200 mg of sample were
measured in a Micromeritics Flowsorb apparatus. Surface area
calculations were carried out using the BET method, whereas the
pore size distribution was calculated according to the Kruk
Jaroniee-Sayari estimatiod!

NMR spectra were recorded at room temperature under
magic angle spinning (MAS) on a Bruker AV400 spectrometer.
The single pulse?*Si spectra were acquired using pulses of
3.5us corresponding to a flip angle oftB4 rad and a recycle delay
of 240 s. The'H to 13C cross-polarization (CP) spectra were
acquired by using a 90pulse forlH of 5 us, a contact time of 5
ms, and a recycle of 3 s. All spectra were recordedhait7 mm
Bruker BL-7 probe and at sample spinning rate of 5 kHz. 7%

spectra were referenced to tetramethylsilane (TMS) ané*@eo Figure 4. (a) GSN prepared by Stober's method; (b, ¢) GMSN synthesis
adamantine. by pseudomorphic transformation of preformed GSN at an intermediate

- . state detected at= 15 min (b) and after complete change (c); and (d)
Samples for transmission electron microscopy (TEM) were geal of wormhole-like channels of GMSN microstructure; the inset shows

ultrasonically dispersed in 2-propanol and transferred to carbon the local arrangement in hexagonal symmetry.

coated copper grids. TEM micrographs were collected in a Philips

CM-10 microscope operating at 100 kV. similar particle size distribution, containing the GNP inside.
Finally, carbon percentage in surfactant-containing samples wasA main diffraction peak at-spacing ofd;po = 38 A is

measured by elemental analysis (FISONS, EA 1108 CHNS-O), and indexed according to a hexagona| cell wath= 44 A' typ|ca|

gold content in calcinated GMSN was determined by X-ray f \jCcM-41 materials. However, secondary reflexions of

fluorescence (Philips MiniPal 25 fm spectrometer). MCM-41 (indexed as (110) and (200)) overlap in a broad

band. This is not surprising, taking into account that the

spherical shape of MCM-41 sub-micrometer particles limits
The recovered solid after the hydrothermal treatment the pore ordering in a large scale, distorting the hexagonal

presents an XRD pattern of MCM-2% (Figure 2a) with ~ Symmetry and giving rise to broader lines in the XRD

the same morphology of the parent amorphous silica and pattern?

The transformation of the parent silica in the mesoporous

Amorphous Si0;
Mesoporous Si0;
100 nm

Results and Discussion

(21) Kruk, M.; Jaroniec, M.; Sayari, ALangmuir 1997, 13, 6267. structure takes place in only 15 min, and no further phase

(22) (a) Schacht, S.; Janicke, M.; SthuF. Microporous Mesoporous h b d h h hesi | d
Mater. 1998 22, 485. (b) Pauwels, B.; Van Tendeloo, G.; Thoelen, change was o Serve_ even when the Sy'nt eS'S' was prolonge
C.; Van Rhijn, W.; Jacobs, P. Adv. Mater.2001, 13, 1317. (c) Liu, for 24 h (Table 1, Figure 3). The fraction of incorporated

S.; Cool, P; Collart, O.; Van Der Voort, P.; Vansant, F. E.; Lebedev, ; ; ; of i :
0.1, Van Tendeloo. G.: Jiang, M. Phys. Chem. B003 107, 10405. surfactant increases with time up to 90% in the first hour

(d) Tan, B.; Rankin, S. EJ. Phys. Chem. 004 108, 20122. and remains stable (see Table 1). The structural integrity was
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Q4 Table 2. Textural Characteristics of Gold—Silica Nanoparticles
Prepared by Stober's Method and Pseudomorphic Synthesis
sphere averageunit cell VP Sger® D9 te
sample diameter (nm) (A)  (cmigd) (M2gl) (A) (A)
GSN 106-140 0.07 34
GMSN-4 110-150 44 0.65 1020 35 9

a Pseudomorphic transformation conditions,= 373 K; gel molar
composition, 1:0.11:0.24:395:36 SICTAB/NaOH/HO/EtOH. " Pore vol-
AT N ume. Value corrected for the pure silica samplBurface area. Value
L . ) . . . . . ) corrected for the pure silica sampiePore diameter. Calculated according

60 -70 -80 -90 -100 -110 -120 -130 -140 to the Kruk—Jaroniee-Sayari (KJS) methodt €Wall thickness.
3 (ppm) 600
Figure 5. 2°Si MAS NMR spectra of as-synthesized ceshell gold-
silica nanoparticles prepared by Stober's method (GSN, solid line) and 500
pseudomorphic synthesi¥ & 373 K,t = 4 h, sample GMSN-4, dashed

Iine). 400

K (Figure 2b), supporting the stability of the mesoporous
silica shell.

TEM images show clearly that GMSN retain the shape of
the preformed spheres and keep similar size distribution 0
(Figure 4). This suggests that the micelle-templated system 00 02 04 06 08 10
is created through progressive dissolution of amorphous silica PIP,
by the alkaline solution and interaction with the surfactant rigyre 6. BET nitrogen adsorption isotherms of GSN (a) and
(Figure 4b). After the hydrothermal treatment, formed GMSN GMSN-4 (b) samples and pore size distribution of the mesoporous material
reveal a quite complex pore structure, where the mesoch-(inseb.
annels do not align over the entire nanoparticle but form

©
retained after the removal of surfactant by calcination at 813 £ 3001
>N

20 40 100

60 80
Pore radius (A)

! I 1 L

of any phase transition as could be expected with other less

wormhole-like pores that are randomly distributed in all . . . )
directions, starting at the inner part of the sphere and going polymerizated materials obtained by pseudomorphic synthe-
1 . 17

out to the external edge (Figure 4d). Nevertheless, the SIS
hexagonal symmetry is easily recognizable in the mesoporous The adsorption pattern obtained from the nitrogen iso-
wall at small domains (Figure 4d, inset). Working at the therms for the precursor GSN corresponds to a nonporous
standard synthesis conditions, we obtain a narrow particle Silica with very low external surface area (34 g*) and
size distribution of 116150 nm. pore volume (0.07 cfg™%; Table 2, Figure 6). During the

In the development of a micelle templated system from hydrothermal_ t_reatmer?t, the incorporation of CTAB to the_:
an amorphous precursor the degree of condensation of th@morphous S|I!ca .matn).< leads to a mesostructured material
silicate framework can be affected. TRSi MAS NMR that after calcination gives a surface area of 1020gnt
spectrum of GSN shows a high degree of silica polymeri- with no.modlflcatlon of_the particle shape and size, obtaining
zation with typical resonances @92, —101, and-111 ppm, monodispersed spherical GMSN (Tab!e 2,_ Figure 4c). The
which are assigned to Q[Si(OSiL(OH).]), Qs ([SI(OSi)- sar_nple GMSN-4 presents an adsqrptlon |sotherm t'ype v
(OH)]), and Q ([SiI(OSi)]) species, respectively (Figure 3). typlcallof MCM—41 type materla!s with a sharp inflection at
Deconvolution of the NMR signals led to 29%,@2% Q, the point of capillary condensation aroupgh = 0.36 (see
and 65% Q. Conversely, after the pseudomorphic transfor- igure 4). The average pore diameter is 35 A according to
mation a slight increase in the concentration of silanol groups the Kruk—Jaroniee-Sayari (KJS) method, and no second-
is observed with @ Qs, and Q values of 6, 35, and 59%, ary porosn)_/ was observed in the pseudomorphically trans-
respectively. While it is true that the differences are rather formed solid. Moreover, due to the low surface area of
small, because of the reproducibility of the results we have Preformed GSN the kinetics of silica dissolution in alkaline
included such observation. If we accept these differences arg™edium is slow, which allows simultaneous incorporation
real, they would be in good correspondence with MCM-41 of the surfactant and avoids th_e formation of new gold-free
material obtained by pseudomorphic synthesis in low alkaline MCM-41 nanoparticles (see Figure 4).
media (OH/SIO, = 0.25)}* which presents about 60/0% _
of siloxane groups. As was said before, no phase transforma- Conclusions
tion takes place after formation of GMSN, even if the
synthesis is taken to extreme conditions like long synthesis
time (i.e., 1 week) or higher pH (i.e., O¥5i0, = 0.35—
0.75). The high degree of silica condensation achieved in
our synthetic conditions for the GMSN limits the possibility

We have synthesized by a simple and fast method
nanosized goledmesoporous silica hybrids by pseudomor-
phic transformation of preformed GSN. In an optimized
procedure, monodispersed, uniform nanoparticles ranging
100-350 nm and 1000 #g ! surface area with a centered
) . LM X Davie B tor1993 2 metal core of about 15 or 30 nm and high gold occupancy
23) (@ &)ecnﬁéi" GV L He X Dais, M. g&?cegi)ooﬂzusa&earte?fg‘gé are prepared. The abundant silanol groups present on the

2, 27. surface offer an exceptional support for particle functional-
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