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influence of the size of the counter ion on the electrical 
characteristics and the EL emission spectra was found. 

Experimental 
The dielectric properties of the films have been determined using a Solatron- 

Schlumberger SI-1260 in the frequency interval from lo-' to 106Hz. Dielectric 
spectra were measured both for untreated films and after annealing at approx. 
100 "C. Absorption spectra were recorded with a Perkin-Elmer Lambda-9 
spectrophotometer. Photoluminescence spectra were recorded using a com- 
mercially available spectrofluorometer (Spex Fluorolog 212) with single 
photon-counting detection (Hamamatsu R928P photomultiplier) and a 
450 W Xenon lamp as excitation source. PL spectra were detected normal to 
the sample surface. The angle of incidence of the excitation light was 22.5" from 
the sample surface normal in order to minimize re-absorption. Samples of the 
light-emitting devices were prepared by spin coating the polymer solution onto 
ITO-covered glass substrates. The upper 50-55 nm thick aluminum electrode 
was prepared by vacuum evaporation. Film thicknesses were measured using a 
Tencor alpha-step 200 profilometer. Current-voltage characteristics were 
recorded with a Keithley 236 source measure unit. Electroluminescence spectra 
were measured using a triple-grating spectrograph EG&G Model 1235 with a 
1200 line/mm grating and single photon-counting detection (Hamamatsu 
R928P photomultiplier). The total light output was determined with a 
calibrated silicon photodiode Newport Model 818 UV in connection with an 
optical power metex (Newport Model 835). The measured EL and PI. emission 
spectra were corrected for the spectral response of the detection systems, as 
determined with a calibrated halogen lamp (CL2 Bentham 18175). 
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Amorphous Silica Molecular Sieving 
Membranes by Sol-Gel Processing** 

By Guozhong Cao, Yunfeng Lu, Laurent Delattre, 
C .  Jeffrey Brinker, and Gabriel P .  Ldpez* 

There has been continued interest in developing micro- 
porous ceramic membranes, which have potential applica- 
tions in the chemical, environmental, energy conversion, 
and automotive industries because of their many unique 
characteristics such as good chemical, thermal, and mechan- 
ical stability. Several techniques have been used to 
synthesize porous ceramic membranes, such as sol-gel 
synthesis,['-61 phase separation and and chemi- 
cal vapor depositi~n.[~-'~I Among these, sol-gel processing is 
the most widely used technique since it can be used to coat 
tubular and high surface area monolithic supports and 
potentially allows precise control of the pore structure. 
Brinker et al.['3"41 have proposed several strategies for 
synthesis of microporous membranes. De Lange et a1."s7'6J 
have reported experiments in which they have successfully 
synthesized microporous silica membranes that demonstrate 
molecular sieving properties. In general, however, a reduc- 
tion of pore size in microporous ceramic membranes is 
achieved at the expense of porosity or pore volume and, 
thus, good separation properties are coupled with a low gas 
flux. It has remained a great challenge to the research 
community to synthesize ceramic membranes having micro- 
pores with a uniform or very narrow pore size distribution 
and with a large pore volume. 

In the present study, we have investigated general routes 
to the synthesis of microporous ceramics and ceramic 
membranes with pores in the ultra-microporous regime 
(pore radius 5 0.5 nm) and with a narrow pore size 
distribution using an organic template approach by sol-gel 
processing. The technical approach is conceptually straight- 
forward: to synthesize a dense inorganic-organic hybrid 
material (without adventitious pores) using the sol-gel 
method and then to create pores by removing the organic 
templates from the dense material during pyrolysis at 
elevated Our hypotheses in this 
approach are that the size and shape of pores developed in 
the membrane are determined by the size and shape of the 
organic ligands (templates) and that the porosity (ie., total 
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pore volume) is determined by the molar ratio of the 
inorganic precursor to the organic template-substituted 
precursor. 
In the experiments carried out for this study, the chemical 

precursors used were tetraethyl orthosilicate, Si(OCZH& 
(TEOS, from Kodak, Rochester, NY), and 3-methacryloxy- 
propyl trimethoxysilane, H2C=C(CH3)C02(CH2)3Si(OCH3)3 
(MPS, from PCR, Gainesville, FL). Each MPS mole- 
cule contains one non-hydrolyzable organic ligand, 
H2C=C(CH3)C02(CH2)3, hereafter also referred to as the 
organic template. Sols were prepared by mixing TEOS, 
MPS, C2H50H, H20,  and HCI in a molar ratio of 
1.00.25:4.7:6.3:5.3 x lop3 at 60°C for 90 min under 
stirring, and aged in a closed bottle for 140 h at 50°C. 
The sols diluted with ethanol in a volume ratio of 1:2 were 
cast as thin sheets in a petri dish and dried rapidly to obtain 
xerogels or were dip-coated onto porous alumina tubular 
substrates to form supported films, also referred to as 
membranes. The alumina support tubes (Membralox from 
US filter, Warrendale, PA) were asymmetric in structure 
with an inner layer of mesoporous y-alumina having an 
average pore diameter of 5 nm deposited on a ol-alumina 
macroporous tubular substrate. The apparatus and proce- 
dure for dip-coating have been described in detail pre- 
v i o ~ s l y . " ~ ~ ' ~ ~  Both xerogels and membranes were dried by 
heating them to 150°C at 1 "C/min and keeping them at 
150°C for 3 h. The pyrolysis step designed to remove the 
organic templates consisted of further heating the materials 
after drying to 350°C (1 "Clmin) in air and holding them at 
350°C for 3 h. This thermal treatment resulted in the 
formation of white microporous films and xerogels. 

The xerogel powders were characterized by means of 
thermal gravimetric analysis (TGA), differential thermal 
analysis (DTA, using STA 1500 from Rheometrics, Piscat- 
away, NJ), and nitrogen sorption porosimetry at 77 K 
(Micromentics ASAP ZOOOM, Norcross, GA). Single gas 
permeation measurements were performed in a home-made 

on membranes dried at  150 "C and after 
pyrolysis of the organic templates at 350°C. For compar- 
ison, gas permeation measurements were also performed on 
the bare porous alumina support tubes. Prior to the gas 
permeation measurements, all samples were out-gassed at 
150 "C in helium for more than 8 h. Four gases-He (purity 

with kinetic diameters ranging from 0.265 to 0.55 nm (see 
Table 1)-were chosen for the measurements. Details of the 

99.999 yo), N2 (99.995 yo), C3H6 (99.5 YO), and SF6 (99.5 YO) 

Table 1. Gas permeance and ideal separation factors of various gases through 
microporous silica membranes (AP = 2.76 bar, T = 50°C). 

caS(X) Molecular Molecular am6 tbl Permeance a w 6 [ c l  
me [a] "n l  0 [crn'(~~~)/(rm' s d g ) ]  

He 0 265 4003 6040 364~10-' .2400 
7-42 0 364 28014 2284 8 3  x lo-' 557 
c3H6 045 42081 1863 1 01 x 10 678 
SF' 0 55 146 052 - 149 x 104 - 

[a] Kinetic diameter 1231. [b] Knudsen gas separation factors 
as ( M W ~ ~ # z / ( M W # 2  [20,24]. [c] Ideal gas separation factors calculated 
from single gas permeation measurements. 

calculated 

single gas permeation apparatus and experimental proce- 
dures have been described p r e v i o u ~ l y . " ~ ~ ' ~ ~  

The hybrid inorganic-organic xerogels prepared as 
described above and dried at 150°C for 3 h in air exhibited 
no detectable nitrogen adsorption at 77 K and, thus, are 
considered to be dense or to contain sufficiently small pores 
that nitrogen sorption at 77 K is severely kinetically 
limited.[201 The exact mechanism of formation of these 
dense hybrid organic-inorganic materials is not yet clear 
and is currently under investigation. Under comparable 
polymerization conditions, xerogels formed only from 
TEOS can exhibit considerable nitrogen adsorption (i.e., are 
not dense).12] A possible mechanism for the formation of the 
dense hybrid materials is that the introduction of MPS into 
the silica network results in the formation of weakly branched 
structures due to the presence of a non-hydrolyzable organic 
ligand on each MPS molecule. In addition, only a short aging 
time (140 h, about 0.1 gelation time) was applied in this study 
to limit growth of silicate oligomers and/or polymers. Thus 
the silicate network formed upon drying would have a very 
low modulus, which in turn would promote collapse of the 
network. The effects of a short aging time and the presence of 
organic templates, therefore, combine to make the possibility 
of restructuring andlor collapse of the silicate network high, 
and a relatively dense hybrid organic-inorganic material with 
respect to nitrogen adsorption porosimetry can be more 
readily obtained, as compared to xerogels obtained from 
TEOS alone, or other inorganic polymer precursors.[21 

Figure 1 shows the weight loss and heat evolution of a 
xerogel during TGA/DTA in air (with a heating rate of 1 "C/ 
min). Two peaks were observed at approximately 180°C 
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Figure 1. Weight loss and heat evolution of hybrid organic-inorganic xerogel 
during thermal gravimetric analysis (TGA) and differential thermal analysis 
(DTA) in air (1 atm). The xerogel was prepared by co-polymerization of MPS 
and TEOS in a ratio of 1:4. The heating rate was 1 "C/min. The dashed lines 
indicate the two pyrolysis temperatures used to prepare materials for nitrogen 
adsorption and gas permeation measurements. 

and 350°C, respectively. The peak at  180°C is ascribed to 
the reaction of the vinyl groups in the organic templates.IZ1] 
The second peak at 350°C was accompanied by a drastic 
weight loss of about 30 YO, which is approximately equal to 
the weight percentage of the organic templates in the hybrid 
material. From the same figure, it is seen that, above 400 "C, 
there was no further appreciable weight loss up to 700°C. 
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Thus the second peak is attributable to the pyrolysis of the 
organic templates from the hybrid xerogel[211 and the 
accompanying weight loss of approximately 30 % suggests 
that practically all of the organic templates are removed. 
The initial weight loss at temperatures below 250 "C 
(between 5 and 10%) may be due to the removal of 
physically adsorbed solvents (ethanol and water) in the 
xerogel, which was not dried prior to the TGA/DTA 
experiment, along with loss of water due to continuing 
condensation reactions. 

The xerogel pyrolyzed at 350 "C for 3 h in air (again with 
a weight loss of 30 %) has a characteristic type I nitrogen 
adsorption isotherm (as shown in Figure 2), which indicates 

150 
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Figure 2. The nitrogen adsorption isotherm (77 K) of a bulk silica xerogel after 
removal of organic templates by pyrolysis at 350°C in air for 3 h (heating rate 
1 "Cjmin). The xerogel was prepared by co-polymerization of MPS and TEOS 
in a ratio of 1:4. Also included is the nitrogen adsorption isotherm (at 77 K) of 
the zeolite ZSM-5. 

that the xerogel is microporous with pores smaller than 
2 nm in diameter.r201 In a separate experiment, the xerogel 
was pyrolyzed at 350°C for 6 h in oxygen; however, there 
was no appreciable difference observed with respect to 
weight loss and nitrogen sorption analysis. The above 
experiments suggest that the organic templates in the hybrid 
inorganic-organic xerogel were removed during pyrolysis at 
350 "C for 3 h in air. 

Comparison of the nitrogen adsorption isotherm of the 
porous xerogel to that of the zeolite ZSM-5 (also shown in 
Figure 2) indicates that both the pore size and pore size 
distribution in the xerogel are similar to those of ZSM-5, 
which has uniform pores with diameters of 0.5 nm1.[229233 The 
difference between pore sizes and size distributions inferred 
from these two nitrogen adsorption isotherms falls well 
within the uncertainty of the measurements. This observa- 
tion implies that the xerogel, after removal of the organic 
templates by pyrolysis, contains pores approximately 
0.5 nm in diameter (approximately the diameter of the 
organic ligands, based on estimates from molecular models) 
with a very narrow size distribution. These results further 
imply that the organic templates were well dispersed in the 
dense hybrid inorganic-organic composite and that associa- 
tion or phase separation of the organic ligands was not 

appreciable. The experimental results above suggest that the 
pores in the xerogel are due to the removal of the well- 
dispersed organic templates from the dense, hybrid inor- 
ganic-organic composite. 

Thin, hybrid, organic-inorganic films were formed by 
dip-coating the sols onto porous alumina tubular substrates. 
After the membranes had been dried at 150 "C for 3 h in air, 
gas permeation measurements were conducted on them. 
These experiments revealed that the hybrid organic- 
inorganic membranes were almost gas-tight, with a very 
small He permeance (less than 4 x 10@'cm3 (STP)/ 
(cm2 s cmHg), very near the detection limit of the apparatus 
used). This result corroborates the nitrogen adsorption 
analysis and indicates that the films before pyrolysis were 
practically dense (i.e., free of adventitious pores). Further- 
more, this result implies that the films were defect-free, i.e., 
there were no macroscopic pinholes or cracks. The organic 
templates were removed from the films by pyrolyzing the 
films at 350°C for 3 h in air. Some of our single gas 
permeation data are summarized in Table 1 and the 
temperature dependence of gas permeation of various 
gases through the membranes is presented in Figure 3. 

B 
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Figure 3. Gas permeance through supported, microporous silica membranes 
prepared by dip-coating onto mesoporous y-alumina tubes from a diluted sol. 
The sol was prepared from MPS and TEOS in a ratio of 1:4. The membranes 
were dried in air at 150°C for 3 h, and then subjected to pyrolysis in air at 
350°C for 3 h prior to measurements (heating rate 1 "Cjmin). The measure- 
ments were performed at temperatures ranging from 50°C to 200°C with a 
differential pressure across the membrane of 2.76 bar in a home-made single 
gas permeation appa ra tu~ . [~~- '~ ]  

Both Table 1 and Figure 3 clearly indicate that the 
membranes are almost impermeable to SF6, whereas He, 
Nz, and C3H6 can permeate through the membranes, 
although the permeances vary due to differences in the 
molecular weight, size, and adsorption properties of these 
gases. 

The ideal separation factors of SF6 from He, N2, and 
C3H6 calculated from their respective permeances are at 
least 200 times larger than those expected for a Knudsen 
diffusion separation mechanism, as shown in Table 1; for 
the latter case, the separation factors are inversely propor- 
tional to the ratio of the square roots of the respective 
molecular Another mechanism, namely sur- 
face flow, can contribute to gas permeation through 
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microporous materials.'251 The high permeance of C3H6 
relative to that of N2 and the weak temperature dependence 
of the permeance (see Fig. 3) may be a result of the 
contribution of surface flow to C3H6 permeation.[25p271 A 
high surface flow, however, would also be expected for SF6 
(similar to C3H6), while surface flow would contribute less to 
the permeance of He and N2.125-271 While a detailed 
discussion of surface flow in microporous media is beyond 
the scope of this communication, the data in Figure 3 do not 
support these expectations and, thus, we attribute the large 
ideal separation factors obtained to the third mechanism of 
gas separation, that of molecular sieving (i.e., size exclusion) 
of SF6 by the membranes. Comparison of the molecular 
sizes of the four probe gases reveals that only gases having a 
kinetic diameter smaller than or equal to 0.45 nm can 
permeate through the membranes. As a result, the transport 
of SF6, which has a kinetic diameter of 0.55 nm, is severely 
restricted. Although it is expected that the gas separation 
factors would be infinite for a true molecular sieve, the ideal 
gas separation factors observed with the microporous 
membranes cannot be accounted for by any other separation 
mechanism. However, the weak temperature dependence of 
the permeation of He and N2 observed in this study could 
not be explained satisfactorily by any mechanisms men- 
tioned above. 

It is argued that the single gas permeation measured in the 
present study could not be used to draw conclusions about 
gas separation factors of a gas mixture. Indeed, gas 
permeation of a mixture can be different from that of 
single gas systems. The interference and/or partial blocking 
of pathways by large molecules may result in a reduced 
permeance of gases composed of small molecules and, thus, 
reduced true gas separation factors. Our experiments on 
other microporous silica membranes have shown that the 
true gas separation factors determined from the permeation 
measurements of mixtures are always somewhat lower than 
the ideal gas separation factors calculated from single gas 
permeances. While it could be misleading to draw definite 
conclusions about gas separation properties from single gas 
permeation measurements, the results indicate that the 
microporous membranes prepared in this study consist of 
pores of approximately 0.5 nm diameter with a very narrow 
pore size distribution. Such membranes would be expected 
to exhibit a true molecular sieving effect. The investigation 
of the true gas separation properties of the microporous 
silica membranes prepared as described above is underway 
and will be reported elsewhere. 

In summary, the present work demonstrates that micro- 
porous amorphous silica can be synthesized by an organic 
template approach using sol-gel synthesis. After heating to 
150 "C a relatively dense hybrid organic-inorganic material 
without adventitious pores with respect to nitrogen sorption 
was obtained, most probably due to the presence of the 
organic templates and the short aging time used. After 
pyrolysis of the organic template ligands, both xerogels and 
membranes were shown to contain pores approximately 

0.5 nm in diameter with a very narrow pore size distribution 
comparable to those of the zeolite ZSM-5. The single gas 
permeation measurements demonstrated that the mem- 
branes have ideal gas separation factors at least two orders 
of magnitude larger than those of Knudsen separation 
factors. 
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