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Abstract

Highly dispersed gold nanoparticles within mesoporous thin films (MTFs) have been synthesized through a newly developed
controllable strategy, in which (1,4)-bis(triethoxysilyl)propane tetrasufide (BPTS) organosiloxane coupling agent was co-assembled with
tetraethyl orthosilicate (TEOS) to form organic groups functionalized mesoporous composite films followed with oxidization, ion-
exchange with Au(en),Cls (en: 1,2-ethanediamine) compound and calcination under hydrogen/nitrogen mixing atmosphere. Small-angle
X-ray diffraction (XRD) characterization indicated that up to 10 mol% of BPTS could be incorporated into mesoporous hybrid films,
and that would not breakup the structural integrity and long-range periodicity. The loaded gold nanoparticles were uniformly distributed
due to the molecular level homogenous mixing of the BPTS precursor with TEOS, and its concentration could be controlled via the
original ratio of BPTS to TEOS. The nanoparticles had a narrow size distribution with diameters in the size range of 3—7 nm through
transmission electron microscopy (TEM) observation and underwent a slight size increase with the higher gold load level. An overall
increase in the absorption intensity, a red shift of absorption peak, together with a comparatively narrower bandwidth could be observed
at higher gold concentration within composite films from UV-vis spectra. Wide-angle XRD, TEM, X-ray photoelectron spectroscopy
(XPS) and UV-vis spectra characterizations all agreed on the fact that the gold loading level could be controlled by the amount of BPTS

in the starting sol for preparing MTFs.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Mesoporous thin films; Silica; Gold nanoparticles; Host—guest assembly

1. Introduction

Composite films containing metal nanoparticles have
been the focus of many researchers due to their current and
potential applications in the fields of photochemistry,
biosensors, nonlinear optics as well as their fundamental
scientific significance [1-5]. Numerous physical and chemi-
cal methods have been successfully employed to fabricate
these kinds of composite films, including ion implantation
[6], sputtering [7], sol-gel process [8], and their combina-
tions [9]. Although homogeneously dispersed metal nano-
particles could be obtained in the films from some of those
fabrication methods [10,11], the development of alternative
preparation routes that allow for the production of metal
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nanoparticle with uniform size, high dispersion, and
controllable concentration is still desirable.

Recently, periodic mesoporous materials, synthesized via
the polymerization of inorganic silica around organic
template [12,13], have been used as molds for the growth
of different metals with controlled size and morphology,
which provided an ideal route to optimize the space filling
with nanoparticles in a solid porous matrix [14-20]. In fact,
due to the easy control of macroscopic morphology of the
mesoporous material, the mesoporous silica thin films are
very facile to prepare and easy to be integrated into the
existing structures such as waveguides to meet the practical
optical needs [5,21]. However, up to date, the preparation
of metallic nanoparticles within mesoporous thin films
(MTFs) has not been well explored [22-24]. Most attempts
have been centered on aqueous impregnation methods,
which are somewhat limited by the tendency of metallic
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Scheme 1. Proposed mechanism for the formation of Au nanoparticles embedded composite films. (a) BPTS co-assembly MTFs, (b) SO3 dispersed MTFs
after oxidation, (c) Au(en,)* " contained MTFs, and (d) Au nanoparticles loaded MTFs.

nanoparticles to agglomerate on the outside surface of
MTFs [25]. In addition, wet impregnation process is time
consuming [26] and could not be used to introduce
controllable amount of metal precursors since it is
dependent on the charge of the silica matrix [27].
Functionalization of the mesoporous silica with charged
groups via postsynthesis grafting or co-condensation
method to enhance the interaction between metal complex
precursors and silica surface seems to be an efficient
strategy to incorporate or dope metal nanoparticles in
mesoporous materials [28,29]. However, the postsynthesis
grafting method typically results in inhomogeneous inner
surface coverage because the introduced organic charged
moieties congregate near the entries to the mesoporous
channels. Therefore, the resultant incorporated metal
nanoparticles could not be uniformly distributed within
MTFs [30]. Furthermore, the key drawback of this method
is difficult to control over the concentration of grafted
organic group since its grafted amount is dependent on the
number of free Si-OH bonds on the inner pore surface of
MTFs as our group [31] and the other group demonstrated
[32]. In our previous work, it was found that BPTS
((CH3CH;0)3S1(CH,)3S-S—-S—-S(CH,»);Si(OCH,CH3)3) was
facile to be co-assembled into the framework of mesopor-
ous molecular sieves, and the co-assembly amount of BPTS
was controllable [33]. Moreover, BPTS was easy to be
oxidized to form —SOj3 bearing anionic compounds [34],
which would effectively enhance the interaction with
cationic complex such as Au(en)3". Since this co-con-
densation method is based on the molecular level mixing of
BPTS with tetraethyl orthosilicate (TEOS), the thioether
bearing organosiloxane of BPTS could be uniformly
distributed in the framework of MTFs [35].

Herein, we developed a new ion-exchange method for
the incorporation of controllable amount of Au(en)3 " into
MTFs functionalized with —SO3 group which was
introduced from the co-condensation reaction of BPTS
with TEOS in a template environment. The synthesis route

is shown in Scheme 1. Controllable amount of BPTS
compounds were first co-assembled into the mesoporous
wall of MTFs. After oxidation with concentrated HNOj,
—SO5 groups were uniformly dispersed within MTFs [34].
Following with ion-exchange, a variety of metal cationic
complex, such as Au(en); in this study, could be
introduced into MTFs in a short time. Finally, MTFs
loaded with controllable amount of gold nanoparticles
could be obtained after the calcinations of composite films
under hydrogen and nitrogen (with H, molar ratio of 5%)
mixing atmosphere [36].

2. Experimental section
2.1. Preparation of composite films

In the current investigation, using  Brij56
(CH;3(CH»),5(EO);(OH, Fluka) as templates, samples were
synthesized by the one-step co-condensation of TEOS
(98%, Aldrich) with different proportions of BPTS (Acros
Organics). Typically, 0.03435 x (1-2x) (when x =0, it is
7.68 mL) mol of TEOS were prehydrolyzed in a solution
containing 3.71g of dilute hydrochloric acid (pH=2,
isoelectric point of silica) and 10mL of tetrahydrofuran
(THF) under vigorous stirring at room temperature. A few
minutes later, 0.03435x mol of BPTS was added. Follow-
ing stirring for 120min, this prehydrolyzed precursor
solution was mixed with a solution containing 2.33 g
of Brij56 dissolved in 30mL of THF. The resultant
solution was further stirred for 15 min. From this mixture
with a final molar composition of TEOS:BPTS:Brij:
H,O:HCI.THF = (1—2x):x:0.0994:5:0.0090:25, thin films
were prepared by dip-coating onto cleaned glass slides at
75mmmin~", where x = 0, 0.02, 0.04, 0.06, 0.08 and 0.10
corresponding to BPTS molar ratio of 0%, 2%, 4%, 6%,
8% and 10% to TEOS, respectively. The films were stored
at room temperature for 24h and then extracted using
ethanol with a little HCI1 (37%) being added under refluxed
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condition to remove the Brij56 surfactant. The resultant
films were extensively washed with ethanol and deionized
water and denoted as S0, S2, S4, S6, S8, S10 correspon-
ding to the BPTS molar concentrations of 0%, 2%,
4%, 6%, 8% and 10%, respectively. It should be kept
in mind that 1mol of BPTS contained 2mol of
—S—-S—(CH,»);Si(OCH,CH3); moiety, which meant that if
10mol% of BPTS was co-condensed into the MTFs,
20mol% negative charged groups of SOz could be
obtained. The resultant films were dipped into concen-
trated HNO; (63%) solution for 3—5min and then washed
with de-ionized water for several times. Subsequently,
—SO5 bearing composite films were dipped into 0.05M
Au(en),Cl; aqueous solution, which was synthesized
according to the literature [37]. Because the electrostatic
interaction between anionic SO3 and cationic complex of
Au(en)3’ was very strong, mixing for ca. Smin was
sufficient to have fully ion-exchange samples. The resultant
films were washed with copious amounts of ethanol, dried
in ambient air and then reduced at 300 °C for 2h under
hydrogen and nitrogen mixing atmosphere to obtain the
gold nanoparticles loaded MTFs.

2.2. Characterizations

Fourier transformation infrared (FT-IR) spectra were
conducted using a Nicolet 7000-C spectroscopy with
4cm™! resolutions. The samples were prepared by scratch-
ing the films off the substrate and dispersed in KBr pellets.
X-ray diffraction (XRD) patterns were collected with
Rigaku D/MAX-2200PC X-ray diffractometer using CuKo
radiation (40kV, 40mA 1= 1.5418&). Transmission
electron microscopy (TEM) images, selected area electron
diffraction (SAED) patterns and energy dispersive spec-
trum (EDS) were performed with a JEOL 200CX electron
microscope equipped with an Oxford EDS analysis system
operated at 200kV. The TEM samples were prepared by
scratching the film off the substrate, dispersed the scraps in
ethanol, and deposited them onto a holey carbon film on a
Cu grid. UV-vis absorption spectra were recorded on a
Shimadzu UV-vis 3101 spectroscopy. X-ray photoelectron
spectroscopy (XPS) analysis was performed on a VG
Microlab MK-II (MgKa 300 W) system. Calibration of the
binding energies was made with the Cls binding energy of
standard hydrocarbons (284.6¢V).

3. Results and discussion

The assembly process was monitored with FT-IR and
XPS spectra. Fig. 1 shows FT-IR spectra of MTFs without
any BPTS as well as the co-assembled MTFs. The
disappearance of the IR absorption at 2900-3000cm ™'
assigned to C—H bonds after the extraction using ethanol
with a slight of HCI indicates that the surfactant has been
removed from the MTFs as shown in Fig. la. However,
when BPTS is co-assembled with TEOS, strong absorption
at 2900-3000cm ™" can be clearly observed before extrac-
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Fig. 1. FT-IR spectra of the MTFs (a) after the removal of Brij56

surfactant of sample S0, (b) as-synthesized sample of S6 and (c) after the
removal of Brij56 surfactant of sample S6.
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Fig. 2. XPS spectra of sample S4 before (a) and after (b) oxidation with
concentrated HNOs;.

tion, and after extraction, these kinds of absorption peaks
are preserved with reduced relative intensity which should
be originated from the C—H bonds in BPTS [31]. These
results indicate that BPTS has been successfully introduced
into MTFs, which will provide thioether bonds for further
oxidation to form negatively charged —SO3 groups. Fig. 2
shows XPS spectra of co-condensed MTFs samples of S4
before (a) and after (b) oxidation with concentrated HNOs.
A peak with binding energy of 163.3 eV is observed for S2p
electron of the pristine BPTS co-assembled into MTFs [34].
After oxidation, two peaks can be observed with binding
energy of 163.4 and 167.9eV. The second peak is the
characteristic of —SOj3 species [38]. From the integrated
areas of S2p peaks, almost equal amounts of these two
types of sulfur are obtained. These results confirm the
proposed mechanism illustrating the incorporation of the
gold nanoparticles within MTFs as shown in Scheme 1.
Mesostructural and ordered characteristics of the films
were manifested by XRD measurements. Curves a, b, ¢c and
d in Fig. 3 correspond to the small-angle XRD patterns of
S2, S4, S6 and S8 samples before extraction, respectively.
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Fig. 3. Small-angle XRD patterns of the as-synthesized (a) S2, (b) S4,
(c) S6, (d) S8 and (e) S10 samples; (f) samples S6 after the extraction of
Brij56 surfactant, and (g) the gold-loaded composite films from S6
samples.

They all show a strong and a weak XRD reflection. For S2
sample, two peaks at 20 = 1.89 and 3.79° correspond to d
values of 4.7 and 2.3nm, respectively. With more BPTS
organosiloxane being introduced into the framework of
MTFs, the reflection peaks shift to higher angle possibly due
to the different molecular size of BPTS from that of TEOS,
which is in agreement with our previous work [33]. However,
when the molar ratio of BPTS:TEOS is up to 10:90 in the
starting sol used for the preparation of MTFs, the peak
intensity decreases dramatically and broadens, and no
second-order peak can be detected as shown in Fig. 3e. This
indicates that the structural ordering of the organic and
inorganic mesoporous composite films suffer disturbance
from higher concentration of BPTS. After the extraction
under acid condition for ordered mesoporous composite
films, the peaks shift toward the higher angle as shown in
Fig. 3f and further shift during the calcination process at
300 °C due to the further contraction of silica framework. An
apparent decrease of the small-angle XRD peak intensity can
be found after the incorporation of gold nanoparticles, which
indicates that gold nanoparticles have been indeed embedded
within MTFs and cause the reduction of the peak intensity in
consistent with our previous work [5,31].

Curves b, c and d in Fig. 4 show the wide-angle XRD
(WAXRD) patterns of the gold/MTFs composite prepared
from S4, S6 and S8 samples. For composite films prepared
from S8 samples containing more —SO3 groups oxidized
from thioether moieties, an obvious diffraction peak at
20 = 38.2° assigned to (111) planes of face-centered cubic
(fcc) structure gold is observed, which indicates that gold
nanoparticles have well crystallized [5]. The small crystal-
line grain size can cause the broadened diffraction peak
[39]. It should be emphasized that since the films are as thin
as ca. 100nm, the diffraction signals are generally
undetectable if the incorporated gold amount within the
films is not high enough [26]. When the concentration of
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Fig. 4. Wide-angle XRD patterns of gold-loaded composite films from
(b) S4, (c) S6 and (d) S8 samples.

—SO5 groups reduced, e.g. for composite films prepared
from S6, the relative intensity of (111) diffraction peak
decreases and the peak shape further broadens. However,
no diffraction peak can be observed for those prepared
from S4 and S2 samples due to the relatively lower gold
contents. These results show that the gold loading level is
correlated with the amount of BPTS and controllable since
the amount of organosiloxane mixed into the precursor sol
for preparing MTFs is readily adjustable.

The morphology and distribution of gold nanoparticles
within the MTFs were directly observed by TEM. Fig. 5a,
b, ¢, and d correspond to the composite films prepared
from S2, S4, S6 and S8 samples. From Fig. 5, it can be
observed that gold nanoparticles as dark dots are well
separated from each other and are homogeneously
distributed in the mesoporous silica matrix, which results
from the molecular level homogeneous dispersion of the
co-assembled organosiloxane coupling agent in the silica
matrix. The gold nanoparticles are in the size range of
3—7nm. It should be noted that since the BPTS has both
acted as building units of the silica framework and also
provided organic surface groups, the gold nanoparticles
could penetrate the framework of MTFs and occupy more
than one pore/wall period. For composite films prepared
from S4 (Fig. 5b), it can be found that the gold loading
level increases as compared to those prepared from S2 in
Fig. 5a. The sizes of the embedded nanoparticles have also
increased slightly due to the more gold precursor of
positively charged Au(en)s" ions adsorbed by —SO3.
The more BPTS organosiloxane precursor is mixed into the
starting sol for preparing MTFs, the higher gold concen-
tration is obtained as shown in Fig. 5¢ and d corresponding
to S6 and S8 samples. This change trend can also be
analyzed via the histograms in the bottom inset of Fig. 5. It
is found that mean diameters of gold nanoparticles are
statistically around 5.9 and 5.5 nm corresponding to S8 and
S6 samples. For S4 and S2 samples, the mean diameters are
about 4.7 and 3.9nm from histograms, respectively. The
inset of SAED patterns (top) in Fig. 5a clearly shows that
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Fig. 5. Typical TEM images of the MTFs embedded with gold nanoparticles from (a) S2, (b) S4, (c) S6, and (d) S8 samples. The inset (top) in Fig. 5a
shows the selected area electron diffractions of the composite films and the inset (top) in Fig. 5b shows HRTEM image of a single gold nanoparticle. The
insets (bottom) in Fig. 5a, b, ¢ and d show the histograms of the introduced gold nanoparticle size distribution.

the gold nanoparticles have well crystallized. The inset in
Fig. 5b shows HRTEM image of a single Au nanoparticle,
which demonstrates {111} lattice fringes with an inter-
planar spacing of ca. 0.24 nm similar to those of fcc gold
[39]. The simultaneous EDS of Fig. 6 corresponding to
Fig. 5c further indicates the presence of gold within MTFs.

Fig. 7 shows the XPS spectra of Si2s, Si2p and Audf
electron states. The two peaks at 83.7 and 87eV
correspond to the spin doublet of the metallic state
Au4f;, and Au4fs, [40], which suggests that gold
precursor has been effectively reduced under H, and N,
mixing atmosphere at 300°C. The gold weight content
calculated from the integrated areas of Si2s peaking at
153.5eV [41] and Audf'is shown in the inset (top) of Fig. 7.
It can be seen that the gold loading level increases with the
higher ratio of BPTS/TEOS in the starting sol, which is in
agreement with the results of WAXRD and TEM
observations, and further demonstrates that with our
strategy, one can obtain controllable gold concentration
within MTFs. The resultant gold weight content is as high
as 5.1wt% for the composite films prepared from S8
samples. For S6, S4, and S2 samples, their weight contents
are about 4.3%, 2.8% and 2.1% calculated from the
spectra of XPS, respectively.
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Fig. 6. EDS spectrum of the MTFs embedded with gold nanoparticles
corresponding to the region of Fig. 5(c).

Fig. 8 shows the optical absorption spectra of the blank
films and the composite films with the Au nanoparticles
being incorporated. Though the parent films show no
absorption in the wavelength region >400nm, the
composite films containing gold nanoparticles demonstrate
an surface plasmon resonance (SPR) absorption peak
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Fig. 7. XPS spectra of Si2s, Si2p and Audf electrons. The inset (top) shows

the gold weight content calculated from the integrated areas from Si2s and
Audf electrons corresponding to S2, S4, S6 and S8 samples.
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Fig. 8. UV-vis spectra of gold-loaded composite films prepared from
(a) S2, (b) S4, (c) S6 and (d) S8 samples. The inset shows the relation of
SPR peak position with the BPTS concentration.

along with increased backgrounds, which originate from an
interband transition of valence electrons in the d band to
the Fermi surface [42]. An overall increase in the
adsorption intensity can be observed at higher gold loading
levels. According to Mie’s scattering theory [43,44] in the
electric dipole approximation, the absorption coefficient is
closely related to the volume fraction of the embedded
metal nanoparticles. Therefore, it is believed that the
increased relative peak intensity and backgrounds from
curve a, b, c to d is due to the relative higher gold loading
level. This result further indicates that gold load level
within MTFs is controllable dependent on the original
BPTS/TEOS ratio in agreement with the results of
WAXRD, XPS and TEM characterizations. From the
spectra, a red shift of absorption peak together with a
comparatively narrower bandwidth can also be found as
the gold concentration within the films increase. Generally,
the SPR absorption peak position should be at the
frequency where ¢;(w) + 2¢,,(w) = 0. The peak position
and the full-width at half-maximum (FWHM) of SPR

depend implicitly on particle size through the dielectric
constant of the gold nanoparticles. When the diameters of
the incorporated gold nanoparticles are smaller than the
mean free path in the bulk metal, the conduction electrons
are additionally scattered by the surface [43,45] as shown in
our case. Since the size of gold nanoparticles has increased
slightly at higher gold loading level as shown in TEM
images, the electron-surface scattering possibility will
certainly decrease. This results in the decrease of the total
electrons collision frequency I' including the bulk con-
tribution Iy (electron—phonon coupling, impurities, de-
fects, etc.) and surface scattering rate. It has been
demonstrated that the I’ correlates directly with the
FWHM of SPR of the incorporated gold nanoparticles
over wide size ranges between 2 and 20 nm diameter [46]. In
addition, dielectric functions &(w) and &(w) also change
with different size gold nanoparticles due to the changed
electron collision frequency. Therefore, we attribute the red
shift and the narrower bandwidth of absorption peaks at
higher Au concentration to the quantum confinement
effect (or classically, electron-surface scattering) and the
changed dielectric function resulted from the increase of
gold nanoparticle size [47].

4. Conclusion

Homogeneously distributed BPTS organosiloxane cou-
pling agent has been successfully co-assembled with TEOS
to form organic groups functionalized mesoporous com-
posite films. After oxidization, the negatively charged SO3
groups obtained could effectively enhance the interaction
with cationic complex precursors of Au(en,)’". Following
with calcinations under hydrogen and nitrogen mixing
atmosphere, highly dispersed gold nanoparticles loaded
MTFs were obtained. The gold content was controllable
dependent on the original ratio of BPTS to TEOS. The
method can be extended to prepare a variety of other metal
and metal oxides nanoparticles via the selection of the
different metal ions and calcinations under different
atmospheres. The current method will be useful in the
preparation of novel electronic and photonic composite
films.
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