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ABSTRACT

Organic/inorganic hybrid films exhibiting ordered mesophases were prepared by a simple
dip-coating procedure. Beginning with a homogeneous solution of tetraethyl orthosilicate,
organoalkoxysilane ((R Si(OR);, R is a non-hydrolyzable functional ligand) surfactant, we
relied on solvent evaporation to induce micellization and continuous self-assembly into hybrid
silica-surfactant thin film mesophases. Surface acoustic wave (SAW)-based nitrogen sorption
measurements indicate that the films have high surface areas and unimodal pore diameters after
removal of surfactants.

INTRODUCTION

Organic-inorganic hybrid mesoporous silica (with controlled pore structure and tailored
pore chemistry) could find many applications in new types of catalysis and separation,
environmental and industrial processes, electronics, and sensors.[1-4] A route to functionalized
amorphous silica materials that has been widely investigated in sol-gel chemistry involves the

co-condensation of organosilanes with silicate to produce hybrid organic-inorganic networks[ 3
6], In these materials, an organic functional group, R, is covalently bound to siloxane that is

hydrolyzed to form silica copolymer. Mann et al. [7] first used this concept in direct synthesis of
ordered organic-inorganic mesoporous powders containing octyl- and phenyl- groups in 1996,

later extending to mesoporous materials containing mercapto-, amino-, epoxyl- groups.[8, 91 At
the same time, several other studies were reported about direct synthesis of hybrid functional

mesoporous silical2, 10-12] A solvent extraction procedure was used to remove the surfactant,
resulting in a functionalized mesoporous product with a hexagonal MCM-41-type architecture.
In each case mentioned above, the hybrid mesoporous silica was in the form of powder,
precluding its use in such promising applications as membranes and optically-based sensors that
generally require transparent, defect-freed supported thin films.

We recently reported on a rapid and continuous approach to form thin silica films with

ordered mesoporous structures[13]. Films with 2-dimensional hexagonal, 3-dimensional
hexagonal, cubic, or lamellar structures were prepared from initially homogenous silica sols by
evaporation-induced surfactant enrichment during sol-gel dip-coating. In this paper, we
extended our work to the preparation of hybrid organic/inorganic thin films with tailored pore
surface chemistries.

EXPERIMENTAL
Precursor solutions were prepared by addition of surfactants (cationic, CTAB;
CH3(CH,)1sN"(CH3):Br" or non-ionic, Brij-56; CH3(CH,);s-(OCH,CH,);0-OH ), organosilanes
(R Si(OR)3, see Table 1), or organic molecules (see Table 1) to an acidic silica sol prepared from
TEOS [Si(OCH,CH3; )s] (A2**). The acid concentration employed in the A2** synthesis
procedure was chosen to minimize the siloxane condensation rate, thereby promoting facile self-
- assembly during printing. In a typical preparation, TEOS [Si(OCH,CHj; )& ethanol, water and
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dilute HCI (mole ratios: 1:3.8:1:5x107°) were refluxed at 60 BC for 90 min. The sol was diluted
with 2 volumes of ethanol followed by the further addition of water and HCl. Organosilanes
(R -Si(OR);, (where R is a non-hydrolyzable organic functional ligand) were added followed by
surfactants and (optionally) organic additives (see Table 1). Surfactants were added in requisite
amounts to achieve initial surfactant concentrations ¢y ranging from 0.004 to 0.23 M (¢, << cmc).
The final reactant molar ratios were: 1 TEOS : 22 C,HsOH : 5 H,0 : 0.093 — 0.31 surfactant :
0.039 — 0.8 organosilanes : 2.610° organic additives. For the ethane-bridged silsesquioxane,
(RO);Si-(CH,),-Si(OR); (6), the neat precursor was diluted in ethanol and mixed with 1-8 wt%
CTAB or Brij-56 surfactant followed by addition of an aqueous solution of HCl. The final
reactant molar ratios were: Si:EtOH:H,O:HCl:surfactant = 1:22:5:0.004:0.054-0.18. It should be
noted that co-hydrolysis of organosilanes with TEOS in the initial A2** sol preparation,
generally resulted in disordered worm-like mesostructures. After pattern deposition and drying,
the surfactant templates were selectively removed by calcination in a nitrogen atmosphere at a
temperature sufficient to decompose the surfactant molecules (~350 BC) without degrading the

covalently-bound organic ligands R. (confirmed by *’Si MAS NMR spectroscopy[14]) or by
solvent extraction. .

Thin films were prepared by dip-coating the sols onto <100> single crystal silicon wafers
or ST-cut piezoelectric crystalline quartz surface acoustic wave (SAW) substrates at a rate of 50
cm/min . X-ray diffraction (XRD) (Siemens Model D500 diffractometer using Ni-filtered CuK _
radiation with A=1.5418 A in 6-26 scan mode) combined with high-resolution transmission
electron microscopy (HRTEM) (JEOL 2010, operating voltage 200 KV) were used to
characterize the hybrid film mesostructures.

The films deposited on the SAW substrates were used to estimate surface area, pore size,
and total pore volume. The SAW devices (97 MHz) prepared with Ti-primed Au transducers

were designed and fabricated at Sandia National Laboratories[13; 16]. The measurements were
conducted at 77 K by measuring the frequency shifts of the SAW device configured as the
feedback element of an oscillation circuit during adsorption and desorption of nitrogen. The
amount of nitrogen adsorbed as a function of relative pressure was determined from the
frequency change, assuming that the SAW frequency is only perturbed by a mass loading
variation. Nitrogen adsorption isotherms at 77 K were obtained by plotting the amount of
nitrogen adsorbed versus the corresponding relative pressure of nitrogen. Surface areas were
estimated by using the Brunauer-Emmet-Teller (BET) equation; pore radii (r) were estimated by
modeling the pores as cylinders: the hydraulic radius r=2V/S, where V is the pore volume and S
is the surface area.

RESULTS AND DISCUSSION

Figure 1A shows the X-ray diffraction pattern of a supported thin film prepared with 1 wt
% Brij-56. At low surfactant concentration (1 wt %), silica-surfactant co-assembly results in the
formation of a disordered mesophase composed of worm-like micelles. The d-spacing is about
42 (Figure 1A). Addition of tridecafluoro-1 ,1,2,2 -tetrahydrooctyltriethoxylsilane (1 in Table
1) results in favorable hydrophobic solvation of R’ with the micellar interior, effectively
increasing the surfactant tail volume V. Increasing of surfactant tail volume drives the surfactant

packing parameter g (g=wa,l) toward 1.[17, 18] This procedure leads to the transformation of
the worm-like micellar structure to a lamellar thin film mesophase. The corresponding XRD
pattern (Figure 1B) after the addition of TFTS reflects first order and second order peaks. The
transmission electron microscopy (TEM) image in Figure 2A shows a worm-like texture for the
film prepared with Iwt% Brij-56. After addition of organosilane, TEM of the hybrid film shows
a layered mesostructure with d-spacing a = 35.3 , consistent with the XRD results.
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Figure 1 X-ray diffraction patterns of mesostructured silica thin films. (A) Film prepared by 1
wt% Brij-56 and (B) film prepared by 1wt % Brij-56 and TFTS.
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Figure 2 Cross-sectional TEM images of mesostructured silica films prepared by (A) 1wt% Brij-
56 and (B) 1wt% Brij-56 and TFTS.




The evidence from the above experiments has verified that the formation of hybrid
organic/inorganic mesophase is based on a co-assembly process. During pre-reaction with water
and oligomeric silica species within the A2** sol, organic silanes (TFTS) form functional silica
oligomers. During dip-coating, preferential alcohol evaporation induces co-assembly of
surfactants and co-polymerized organo oligomeric silicate into a liquid crystalline mesophase.
Further drying and silica condensation solidify the mesostructure. Subsequent surfactant removal
results in mesoporous films with organically modified pore surfaces. The whole mesoporous
hybrid film is formed within a single step.
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Figure 3. X-ray diffraction patterns of Figure 4. Nitrogen sorption isotherms
mesostructured hydrophobic silica films (at 77 K) of hydrophobic silica film
prepared by 4 wt% Brij-56 and TFTS. (a) As- measured by using a surface acoustic
deposited film; (b) calcined in N, at 3908C fo1 wave (SAW) technique.
three hours.

Figure 3 shows XRD patterns of TFTS/silica mesostructured films prepared by 4wt%
Brij-56 and TFTS before and after calcination. For the as-deposited film, the XRD pattern has
two peaks with d spacings at 60 A and 30 A. This pattern can be indexed as a one-dimensional
hexagonal mesostructure. After calcination, the XRD is consistent with a three-dimensional
hexagonal (3-dH) mesophase with unit cell constants ¢ = 78 Aanda=462A (c/la = 1.68). The
mesophase transition from 1-d hexagonal to 3-d hexagonal is consistent with the mesophase
pathway of nonionic surfactant[19],

Figure 4 shows the corresponding SAW-based N, sorption isotherm of a'calcined
TETS/silica mesoporous film prepared with 4wt% Brij-56. The isotherm was acquired directly
from a supported film without detachment from the substrate. It shows a type IV isotherm
typical of surfactant templated mesoporous materials. The lack of hysteresis and absence of any
appreciable adsorption at relative pressures above 0.3 is consistent with a uni-modal pore size
distribution with no interparticle meso- or macroporosity, consistent with what is observed by
TEM. The surface area calculated is 850m” /g, the pore diameter is 25, and the fraction

porosity is 50%. The water contact angle is about 90;, and the measured dielectric constant k is
2.2

Utilizing hybrid sol-gel chemistry and co-assembly techniques, a variety of functional
silica thin films have been prepared. The surfactants were removed in nitrogen at a low




temperature or washing procedure while preserving the organo-silicon bonds[14]. The physical
and chemical properties are summarized in Table 1.

Table 1. Chemical and physical properties of multiple functional mesoporous silica thin films.

Functional Silancs¥additives T Mesophase | Pore Size” | Surface Area’ Properties and Applications
R’-Si(OR), &) (m?/g)

F,C(CF,);CH,CH,Si(OC,H,), Hydrophobic;

1 Tridecafluoro-1,1,2,2- 3-dH 25 850 low k dielectrics
tetrahydrooctyltriethoxysilane (TFTS)
2 HS-(CH,),Si(OCH,), 3-dH . 25 1060 Coupling of noble metals
Mercaptopropyltrimethoxysilane (MPS)
NH,-(CH,),Si(OCH,), Coupling of noble metals, dye,

3 cubic 22 750 and bioactive molecules

Aminopropyltrimethoxysilane (APS)

4 Dye’-NH-(CH,),Si(OCH;,), cubic 21 545 pH sensitive
Chromophore; nonlinear optical
s 0N NH(CH,)S(OC:Hy, 3 2 560 material (1)
NO,
P (H,C,0),SiCH,CH,Si(OC,Hy), cubic 40 430 low k dielectrics

/' Additives investigated include rhodamine-B, cytochrome ¢ (from Fluka), oil blue N, disperse
ellow 3 (from Aldrich), silver ions and silver nanoparticles.
4 was prepared by a conjugation reaction between a thin film mesophase containing 3 and the
dye molecule (5,6-carboxyfluorecein, succinimidyl ester (5,6-FAM, SE) from Molecular
Probes).

CONCLUSIONS ,

Mesoporous hybrid silica thin films with controlled pore surface chemistry can be readily
prepared using a surfactant-templating approach through the dip-coating process. The formation
of hybrid organic/inorganic mesophase is based on a co-assembly process. Nitrogen sorption
results by SAW techniques show type IV isotherms with high surface areas. This approach
offers a new pathway for the fabrication of functional porous thin films with both controlled pore
structure and pore surface chemistry.
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