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A lyotropic, liquid crystalline (LC) phase of a silver nitrate/
oligo(ethylene oxide), water, and acid mixture was used for one-
pot synthesis of mesoporous silica materials in which Ag* ions are
uniformly distributed. We established that the AgNO;-to-surfactant
mole ratio is very important in a 50 wt% surfactant/water system
to preserve the hexagonal LC phase before and after the addition
of the silica source. Below a 0.6 AgNO;3-to-surfactant mole ratio,
the mixture is liquid crystalline and serves as a template for silica
polymerization. However, between 0.6 and 0.8 AgNOz-to-surfactant
mole ratios, one must control the composition of the mixture dur-
ing the polymerization processes. Above a 0.8 mole ratio, Ag* ions
undergo phase separation from the reaction mixture by complexing
with the surfactant molecules. The resulting silica materials ob-
tained from AgNOg;/surfactant ratios above 0.8 have anisotropy but
without a hexagonal mesophase. Here, we establish a AgNO3 con-
centration range in which the LC phase is preserved to template the
synthesis of mesoporous silica, and we discuss the structural behav-
ior of the mixtures at AgNOs/surfactant mole ratios of 0.00-2.00,
using POM, PXRD, FTIR, and UV-Vis absorption spectroscopy.
© 2001 Academic Press
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I. INTRODUCTION

surface modifications with different organic groups are some e
amples of new materials of this type in the field (11-13). Thes
nanoparticle-loaded mesoporous materials display unique prc
erties and may find applications in nanotechnology as senso
catalysts, etc. (5, 6, 8), due to the high internal surface area whi
dominates the properties of the materials (surface-to-bulk rat
increases dramatically).

Much effort has been devoted to preparing silver nanoparticls
in both organic and inorganic environments (14—20). The use
inorganic oxide coatings (16—19) rather than organic stabilize
provides several advantages (20). There are a few approache
producing silver nanoparticles either in the silica-coated forr
(21) or as silver nanoparticles containing mesoporous silica (1¢
The second approach was achieved through soaking the calcii
mesoporous materials in the AgNGolution. This approach
produces Ag particles of average diameter 2.5 nm (19). Her
we describe for the first time the incorporation of silver ion:
into the channels of mesoporous silica materials in their free ic
form using the LC templating approach (22). This method he
also been used to incorporate lithium triflate asaibn source
for ion-conducting materials (22).

We use a lyotropic liquid crystalline phase of oligo(ethylene
oxide) surfactants which house Agons in the hydrophilic
ethylene oxide head groups and allow Agpns to distribute
uniformly into channels of mesoporous silica materials. It wa

Since the discovery of mesoporous silica materials by a Molibtermined that the presence of the’Agn does not alter the LC

scientist (1), the field has been gaining increasing interest frgsRase of the surfactant molecules up to art Agrfactant mo-
the scientific community. One of the mostimportant interests Rfr ratio of 0.6—0.7 during silica polymerization. This has als
the field is creating new materials not only with desirable strupeen demonstrated with LiGEO; as an ingredient. The LC
tures but also with modified internal surfaces. These materiglsase of LiCESO; breaks above a 0.6—0.7 surfactant-to-sa
have some uses and functions. For instance, thiol-functionalizegio, and the resulting mixture yields amorphous silica with
mesoporous silica materials have been used to demonstratedifitta mesophase order (22). It was discovered by investigati
cleaning of mercury from contaminated water (2), and the CVidat CRSQ; and Li* ions are mainly in the free ion form (22).
of disilane, SiHe, in MCM-41 thin films (3) at around 100— |n this work, we also established the conditions for AgN®
140°C gives nanoclusters of silicon, which emit in the visiblgligo(ethylene oxide) surfactant and used it as a template f
region with nanosecond lifetimes (4). Syntheses of semicondiglica polymerization in the synthesis of uniformly distributed
tor nanoclusters (4-8), metal nanoparticles (9), and polymejig/er-ion-containing mesoporous silica materials. Silver ions i
(10) in the internal surfaces of inorganic mesostructures apfésoporous silica materials were later reduced to silver nanop
ticles by using hydrazine in the gas phase, and the reaction v
monitored with UV-Vis absorption spectroscopy. Structural an

1To whom correspondence should be addressed. E-mail: dag@fen.bilk&Rectral Char!ges during silica polymerization and reduction pr
edu.tr. cesses are discussed.
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Il. MATERIALS AND METHODS A fr,‘ b ""‘

All the materials used in this work are Aldrich grade, and nc
further purification was carried out. First, the addition of 0.10-
0.20 g of nitric acid acidified the solution of 0.00-0.30 g of
AgNOg3, which was dissolved in 2.00 g of distilled water. Then
addition of 2.00 g of the surfactant; §H,5(CH,CH,0);00H,
C12E;0 into this mixture and heating to 50—1D allowed the
mixture to homogenize. The sample at this stage is liquid cry:
talline and stable in the dark and in closed containers. To th
mixture, preliminarily dissolved in 0.50 g of methanol, 2.50-
2.90 g of tetramethyl orthosilicate (TMOS) was added, an
either by shaking or gentle heating, the mixture was again h
mogenized. At this stage, the preparation mixture is liquic
However, the hydrolysis of TMOS into various silica specieB &
and the evaporation of methanol (hydrolysis product) make tf
mixture thicker and allow the system to reorganize into th
hexagonal mesophase. Further silica hydrolysis and polymeriz
tion/condensation take place in the solvent parts in the vicinit
of the hydrophilic regions of the LC phase of the surfactant. i
a few hours, samples become solid. However, the polymeriz
tion/condensation reaction continues slowly for days and montl
in the solid state. The silica film samples were prepared on
glass and/or a quartz and silicon(100) surface. The sampl
on glass slides were used for POM images; quartz-deposit
samples were used for,N4 reduction, which can be mon-
itored using UV-Vis absorption spectroscopy. The thin film:s
prepared on a silicon wafer were used for FTIR spectral me
surements (note that undoped Si(100) is transparent to mid-¢
radiation).

Polarized optical microscopy (POM) images were recorde
in transmittance mode on a Meije Techno ML9400 series pc
larizing microscope with reflected and transmitted light illu-
mination and by using convergent white light between paralle
and crossed polarizers. FTIR spectra were recorded from fil
samples deposited on Si(100) using a BOMEM 102 FTIR spe:
trometerintransmittance mode. UV-Vis absorption spectrawe
recorded from film samples prepared on quartz windows usir
a Varian Cary 5 double-beam spectrophotometer. Powder X-r:
diffraction (PXRD) patterns were obtained on a Siemens D50C
diffractometer using a high-power 8w source operating at
50 kV/35 mA.

FIG. 1. Optical images taken with a polarized optical microscope showing
(A) the fan texture of the hexagonal LC phase of AgNQ 2E;0/H2O/HNO;;
(B) the fan-like texture of the mesoporous silica film; and (C) the anisotropit
I1l. RESULTS AND DISCUSSION brushes on the surface of the aged silica film (scale bar i3@200

The hexagonal LC phase of thgE;0/AgNO3/H,O/HNO;

mixture is preserved during polymerization of a silica sourcejesophase. FTIR spectroscopy was extensively used to illun
TMOS, that was forced to undergo a hydrolysis and polymamate the structural and phase changes.

ization reaction in the hydrophilic regions of the LC phase. The The evaporation of methanol (a side product of the hydrolysi
liquid mixture of the ingredients solidifies in time into any shapef TMOS) and further polymerization of the mixture resulting
and form, such as monoliths and films of any thickness. TH®m reformation of the mesophase induce an optical birefrir
POM was used at every stage of the polymerization reactigence texture. The resulting transparent, soft, but not mobile fil
to monitor the texture of the film samples (Fig. 1). PXRD wasamples (early stage of the reaction mixture) display a fan textu
used to establish the type of structure and degree of order of (Regy. 1A). Inspection of rigidified film samples by POM reveals
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12000 shifted to higher energy and the split peaks at 1286, 1256, a

1234 cn1?, respectively (CH twisting mode region).
10000

: All of these indicate the presence of a semicrystalline PEC
8000 type surfactant phase and suggest an interaction of silver w
; the oxygen of ethylene oxide units of the surfactant molecule
6000 in a crown-like fashion. We propose here that'Aigns undergo
1 complexation with surfactant molecules, Agurfactant/NQ,
and cause a phase separation from the mixture. The shi
— PP IR spectral features at 1467, 1446, 1427, 1286, 1256, al
0.5 1234 cn! (Fig. 3f) are assigned to the mode of the complex
i 0.3 Dissolving AgNQ in surfactant/water (50 wt%) mixture and
° ' ' — " ' allowing water to evaporate in time checked this. It was als
2 4 6 8 10 X
20 observed that upon drying these peaks appear, become m
prominent as the concentration of salt increases, and resem
“he spectra of saturated samples.
This is a likely proposal because Fragala and co-worke
have investigated the process in whichAgns and polyethers,

a fan-like texture for transparent samples (Fig. 1B) and birefriflch @s tetraglyme, 2,5,8,11,14-pentaoxatetradecane, unde
gence brush-like features for cloudy relatively white samplesPmMPplexation to yield a crystalline complex (23). The crysta
We propose that the complexing of the Agpn with surfac- structure has been resolved, and it was determined that thi
tant molecules gives Agsurfactant/N@ complex aggregates, ©f the oxygens of tetraglyme were coordinated to the Aan
which account for the white brush structures (see text). (23). Here we also believe that coordination of the surfactal
Powder X-ray diffraction (PXRD) data were recorded for fivé0lecules occursinasimilar way, through oxygens of the etho>
different samples of mesoporous silica materials with differeffoUP, and resuits in isolation and phase separation of thie A
amounts of AgNG. The samples up to 0.7 AgN@er surfac- 10N from the LC phase by surfactant. The concentrated sampls

tant display three low-angle diffraction lines at 42.2, 45.1, aréch as 2.0 AgNgJsurfactant (50% water : surfactant and 2.

48.3A d-spacing; no high-angle peaks are observed from tHf9NOz/surfactant mole ratio), in time yield a film sample on

system (Fig. 2). However, the samples above AgidOrfactant top of the mixture. This film sample was peeled from the mix'
mole ratio 0.8 display only a very broad peak around 20 ture surface, and the I_:TIR spectrum in the same spectral regi
due to amorphous silica. It is clear from the PXRD pattern ¥fas recorded on a Si(100) wafer. It was found that the pea
samples of high AgN@surfactant ratio (above 0.7 molar ratio)charac.tenspc of the complex. predominate over the gnt|re SpeE
that there is no mesophase. This is also verified by POM imad&& Which display peaks relatively sharper and more intense th
that do not display a fan-like bifringence texture between cross
polars.

FTIR spectroscopy was extensively used in an attempt to es
tablish the mesophase. Typical FTIR spectra of bulk template
mixtures with low AgNQ/surfactant ratios (Figs. 3a—3c), and
(higher or middle) AgNQ@ content (Figs. 3d, 3e) resemble one
another. However, the template mixture with AgM&urfactant
ratio 2.00 displays drastic spectral changes (Fig. 3f). The FTIF'@
spectra of similar surfactant molecules in both solid and LC.g
phase have been recorded, and the assignments of the peaksyg
the §-CH, and v-CO regions have been made (24, 25). How--%
ever, thes-CH, andv-CO regions of the spectra become highly
broad and hard to convolute when the AgM€irfactant ratio
is between 0.5 and 1.5 (Figs. 3c—3e). There are characterist
changes in spectrum f, namely the following:

4000
07

Normalized Intensity

2000

e

FIG. 2. Low-angle PXRD patterns for silver/surfactant/silica mesophas
Ag™/C12E10 molar ratios are indicated along the spectra.

T
ane

(1) The broad band of the GHvagging mode, which could

be decomposed into two peaks at 1349 and 1363'calong 3200 3000 2800 2600 ’2600.18|ool16'00'14l0(1>'12'oo'1o|00' 800 600
with three peaks at 1130, 1096, and 1078 érim a C-O-C Wavenumber / cm
stretching region. FIG.3. FT-IR spectraofthe AgN@surfactant : HO(50 wt%) : HNG; bulk

(2) The presence of three well-resolved peaks at 1467, 144&splate mixture in the frequency range 3200—600 tnigNOg/surfactant
and 1427 cm? referred to the Chiscissoring mode and a peakratios are indicated along the specira.
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those of low-concentration samples. Since the film was forme -
at the air/mixture interface, the AgNQ@ontent in the mixture
and the film must be different. Further study to determine the
chemical composition of the film samples is on-going.

Similar IR spectral changes were observed indteH, de-

) ! o : s 0.8

formation region of the mesoporous silica materials at higts 30,
AgNOs/surfactant ratios (Fig. 4A). The peaks at 1467, 1446 § 0.7, m
1427, 1286, and 1254 crhdominate the spectrum of the silica

60
0.9,

45,

relative intensity

relative int

sample with the 0.9 Atysurfactant molar ratio, where we be- 06 v

lieve there is a complexing of Agwith surfactant molecules.

The complexing causes phase separation and collapse of t 9.5 ' 0

LC phase; as a result the template property of the mixture i 0.3

lost. The FTIR spectra of the samples with low AghN&éntent

where the ratio is between 0.0 and 0.7 result in typical surfac ———— ——T—T— ——T—T—
1500 1400 1300 1500 1400 1300 1500 1400 1300

tant peaks, free of the characteristic complex peaks. Howeve
further silica polymerization, in its soft stage and in the solid
state, causes contraction of the silica walls and the entire filn¥IG. 4. FTIR spectra recorded for silica film samples on Si(100) in the
samples; as a result some surfactant/AgM@y be squeezed frequency range 1500-1220 cfshowing (A) films aged for a month, with

tto th t | £ fth terial t f NOs/surfactant ratios indicated along the spectra; (B) silica films with
outto the external surface of theé materials as aggregates o ,& ﬁoalsurfactant ratio 0.6 () freshly prepared, (Il) one month old, and

Ag*/surfactant/N@ complexes (Fig. 4A). Note also that dry-(j) pressed in a KBr pellet; and (C) silica film with AgNsBsurfactant ratio
ing of the template mixture (GE1o/AgNO3/H,O/HNQO3), even 0.9 upon prolonged reduction, where the reduction time (minutes) is indicate
with low AgNOs/surfactant ratios, displays signals of the comrrlong the spectra.
plex. Keeping this in mind, it is also reasonable to assign the
weak signals in the FTIR spectra of aged silica samples to tbe color changes observed was colorless/white pale —
Agt/surfactant/N@ complex. This phase separation and conerange— brown — black. The reduction process was moni-
plexing yield soft aggregates at the surface of the silica thiared by UV-Vis and FTIR absorption spectroscopy and PON
films. Note that wiping the surfaces of the film samples (with km the first step of the reduction process, one observes the f
salt-to-surfactant ratio below 0.8) results in changes in the FTI&ving: growth of a weak broad absorption band in the visible
spectra due to diminishing and disappearing of the complexegion of the spectrum between 400 and 500 nm due to the ple
related peaks. POM images of all of the film samples, whighon mode of metallic silver, disappearance of the IR spectr
show IR spectral features characteristic of the complex also dieatures (§CH, mode) related to the complex (Fig. 4C), and
played brushes of aggregates on the surface of silica mater@ianges in the morphology of the surface brushes under PC
(Fig. 1C). (Fig. 1C). Notice thatthere is a correlation between POM image
Pressing the silica samples with KBr causes an ion-excharayel FTIR spectral features that originated from brushes at 14¢€
reaction and the formation of AgBr, which gives a yellow colot446, 1427, 1286, and 1254 ci The peak revealed by UV-
to the pellets. Upon AgBr formation the peaks at 1467, 144%is spectroscopy blue-shifts and becomes narrower and mc
1427, 1286, and 1254 crh characteristic of the complex dis-intense, broad overlapped bands are observed in FTIR spec
appear and a sharp and intense peak at 1381 eppears due and there is no trace of brushes in POM images upon prolong
to the formation of KNQ crystals (Fig. 4B). This was also in-reduction. A shiny silver mirror forms on the film surface. This
vestigated by making samples which contain KNfistead of thin layer can be wiped out, leaving a black film behind. Such
AgNOs. Again, at low KNQ/surfactant ratios, there is a ho-black silica film usually displays a plasmon band-a25 nm,
mogeneous distribution of the ions;"kand N, in the silica broad bands in IR spectra, and filament-like aggregates of s
mesophase, but at high concentrations of KkNiBe crystals of verin the POM images. Summarizing all of the aforementione
KNO3 appear at the surface of the film samples in a nice culbbservations, it is clear that silver is in its ion form, is stabilizec
and hexagonal morphology. The ion-exchange reaction resi(isssolved) in surfactant and/or silica matrix, or is complexed a
in the decomposition of the Agsurfactant/NQ complex, and Ag*/surfactant/NQ under ambient conditions. However, sil-
the related peaks disappear. However, the solubility of KNQ@er is in a metallic zero-valance state surrounded by surfacta
in the PEO-surfactant is much lower than that of AgN®Iso, and/or silica matrix in the samples exposed to a low atmosphe
the K* ion does not undergo complexation at higher concenf N,H4. The nanometer size of the metallic silver particles
trations; instead it crystallizes as KNCkeeping the LC phase accounts for the black color of the silica films. The optical prop
unperturbed. erties and particle size distribution of silver nanoparticles wil
The formation of the Ag/surfactant/NQ complex was be discussed elsewhere.
also investigated by the reduction of Agons to silver metal By combining POM images and UV-Vis and FTIR spectra
nanoparticles. The transparent and white samples were subjegtectan propose that, over certain concentrations of AghO
to stepwise exposure to hydrazine vapor. The typical sequetice surfactant, Agions may associate with surfactant molecule:

wavenumber / cm’”
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to form complexes. We believe that this isAgurfactant/NQ, surfactant ethoxy groups. This has been established on the |
which aggregates upon the removal of water into a soft so of our experimental observations and FTIR assignments, k
in the samples free of silica source and forms brush-like apere are no crystallographic data available showing the compl
gregates at the surfaces of silica materials. These aggregéatégcture.

at the surfaces of silica are also soft, and we believe they are
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