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Dimensionally stable, optically clear, highly porousg5% of the apparent volume), and high surface area (up to
1400 n#/g) silica monoliths were fabricated as thick disks (0.5 cm) by templating the isotropic liquid crystajline L
phase with silica through the hydrolysis and condensation of a silicon alkoxide and then removing the organic constituents
by supercritical ethanol extraction. Theliquid crystal is a stable phase formed by the cosurfactants cetylpyridinium
chloride monohydrate and hexanol in HCI(aq) solvent. Extracted 0.5 cm thick disks exhibited a low ratio of scattered
to transmitted visible light (1.5« 107 at 22 from the surface normal). The degree of silica condensation in the
monoliths was high, as determined®8i NMR measurements of{@nd Q peak intensities (0.53 and 0.47, respectively).

As aresult, the extracted and dried monoliths were mechanically robust and did not fracture when infiltrated by organic
solvents. Photoactive liquid monomers were infiltrated into extracted silica monoliths and polymerized in situ,
demonstrating the possible application of templated silica to optical storage technology.

Introduction with sol—gel precursofito form porous photoactive glasses. In

Photopolymer composites typically consist of a photoactive general., each of thgse systems suffers from I|m|tat|9ns in the
component held within the interstitial volumes and channels of '€SPective processing andfor structural propeftee&inary
a matrix! A two-photon process, combining a modulated signal Photopolymer systems offer high chemical compatibility between
beam with a reference beam within a photopolymer composite, Matrix and photomonomers but exhibit poor transparency to
can be used to write a holographic optical pattern, or grating, Visible waye!engthé.ll The low transmissivity of the photo-
through preferential photoreaction by the monoAiEne grating  Polymer?limits the form of the composite: thin films must be
has both Spatia| and angu|ar dependence, andthe origina| patterhlsed to ensure adequate transmission of ||ght This limitation to
can be recovered by reading the grating with a reference beamthe phySical volume reduces the space available for Storing data.
held at the same angle. Several such gratings can then be writtef\dditionally, polymer matrixes are not physically robust and
to the same spatial volume, separated from each other by thecan warp and distort, exhibiting significant changes in volume
Bragg effec® These composites are of interest for use in optical and flexibility with changes in environment or under illumina-
storage applications, but developments have been hampered byion.5*Vycor, a nanoporous silica glass, has been shown to be
the lack of a suitable host matrf®. The utility of the composite a dimensionally stable matrix for photomonomers, combining
depends on the physical properties of the host, including rigidity, excellentoptical properties with increased thickrié&ut channel
environmental stability, and thickness. The optical properties of access is poor in Vycor, demonstrated by the several days to
the matrix, such as its transparency to visible wavelengths, affectweeks required for complete infiltration by a liquid. The effective
the optical properties of the composfteThe composites must  void volume in the matrix is low, limiting the amount of
exhibit high dimensional stability to avoid degraded or lost data photomonomer that can be held in the mat#%3 Photoactive
caused by shape changes in the matrix that could affect the spatiaglasses from selgel$ have been made that exhibit high

and angular location. diffraction efficiency (near 100%) coupled with excellent
Suggested photopolymer composites include binary photo- dimensional stability, but selgel processing requires careful
polymer systems$? organic-inorganic nanocompositésPand matching among the chemistries of the-sgél precursor(s),
photomonomers either infiltrated into porous glass mixed photoinitiator, and photomonomer to ensure uniform distribution
c p . E— g of the photoactive material throughout the silica matrix.
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can ultimately lead to the mechanical failure of the silica and/or for longer times appeared to cause the loss of channels
framework?!” through densification of the monolith.

In this paper we describe the fabrication of dimensionally =~ Continuous solvent (Soxhlet) extraction proved effective in
stable, optically clear silica monoliths with high void volumes obtaining environmentally stable, intact monoliths, but this
(~65 vol %). Our method uses supercritical ethanol extraction process failed to completely remove the organic matettaigen
of the surfactants from anglliquid crystal templated with silica ~ compared to preliminary supercritical extraction experiments
to fashion porous silica that resembles aerogels in void volume using methanol as the extracting solvent, solvothermal extraction
and channel accessibility but combined with physical and optical was not as effective in increasing void volumes and surface
properties more similar to those of Vycor glass. We show that, areas®* Heat treating solvothermally extracted samples often
due to the uniform distribution of the void space and uniform resulted in coloration, notas severe as that seen in the unextracted
wall thickness, the matrix is strong enough to withstand infiltration or COy-extracted silica, but sufficient to reduce the transmission
by monomeric liquids and in situ polymerization of photoactive of visible wavelengths. Samples were strong enough to withstand
monomers, suggesting that this material would be a promising liquid infiltration, most likely because continuous solvent
candidate for applications in optical storage. extraction kept the monolith at higher temperatures under solvent

We have previously described the processing of porous silica for long periods (up to 4 days) and thus yielded stronger cell
formed by the templation of the isotropig Liquid crystalline walls due to polymerization.
phase'®190ur goal in this past work was to fabricate mesoporous ~ The procedure we describe here improves upon our past efforts
structures with randomly oriented, isotropic channels of uniform by almost completely removing the organic component from the
channel diameter. A channel network based on therystal templated silica, maintaining high optical quality during sub-
template would have large continuous channels<2I0 nm sequent heat treatments, and strengthening the monolith to
diameter) that extend throughout the monolith. Theliguid withstand subsequent liquid infiltration and polymerization. The
crystal phase is a thermodynamically stable phase formed byresulting optical properties of trial photopolymer composites are
mixing the cosurfactants cetylpyridinium chloride monohydrate excellent.

(CpCkFH20) and hexanol in aqueous solutions of NaCbr ) _

HCI.1819The structure of the liquid crystal is simply described Experimental Section

as an isotropic three-dimensionally interconnected network of ~ Templation of the L3 Phase.We have previously described in
uniform channels with tunable diameter, the open channels defineddetail the procedure for templating silica onto thédiguid crystalline

by surfactant bilayer walls and filled only by the aqueous phasé®and so provide only a brief outline of the process here. The
solvent!® 23 The channel structure was replicated in silica using Lz phase was formed by mixing the cosurfactants cetylpyridinium
the surfactant bilayer walls as the template for condensing gg:sggte ?ﬁno()slq)\;\?;??h(ecfr?jsfg {aenrgpl?aet)i(r?ggglgn?'zAll\lﬂc%ﬂé%?nds
hydrolyzed tetramethoxysilane (TMO%)®Monoliths formed s . . . :

bg Ls t)émplation retaineyd struchre ng?ile under solvent, were were obtained from Aldrich Chemical (Milwaukee, WI) and used

. o . as received, excepting the HCl(aq), which was diluted with triply
optically clear, and were shown to preserve the liquid crystal's jisiiled water to 0.2 M. Hexanol (0.45 g) and CpaO (0.40 g)

nonperiodic channel network and uniform channel size distribu- \yere first gently mixed to form a homogeneous paste. The 0.2 M

tion.1819 However, drying usually resulted in fragmentation, HCI (1.0 g) solvent was added to the paste and the mixture stirred

typically forming powders or granules. Slow, carefully controlled  vigorously until the solution became clear {280 min). This vigorous

drying yielded larger pieces, but these were invariably cracked stirring is essential for the conversion of Cpg4O from lamellar

and suffered from significant shrinkage (up to 50% of the initial (its as-received form) to theslstructure?® Solutions that did not

volume)18.19 clear within 30 min were discarded. The apparent viscosity of the
Discoloration, shrinking, and cracking during subsequent heat final solution was similar to that of water. The solution was silicified

treatments were found to be serious disadvantages with as-dried?”, SoWly adding TMOS (2.0 g). The hydrolysis of TMOS in acid
- . . . solution is very exothermic so TMOS was added dropwise to the
L3 silica. In an effort to improve the mechanical and optical

- . . stirred solution to avoid overheating.
properties, combinations of extractions and heat treatments wer

. . . i =S € After cooling, the liquid solution was cast into 2.5 cm diameter
tried. Supercritical C@extraction proved to be ineffective in  pjastic Petri dishes to a depth of 1 cm, tightly sealed and placed in

removing the organic template and byproducts of the hydrolysis an airtight container to prevent drying. Left undisturbed at room
and condensation of the silicon alkoxide. Heat treating monoliths temperature, a typical solution gelled withir-2 days to form a

also failed, resulting in samples that were heavily cracked at bestclear solid monolith. Gelation was considered complete when the
and usually fragmented and that appeared cloudy or discol- monolith no longer flowed when tilted.

ored%24 Cloudiness, especially in G&xtracted samples, To reduce the possibility of cracking when the monolith was
resulted from retained water, and discoloration was caused byexposed to solvent changes, it was necessary to perform a series of

organic residuethe solubility of the polar CpCH,0 surfactant
is not high in CQ.1%242%eating the silica to higher temperatures

(17) Merzbacher, C. I.; Barker, J. G.; Swider, K. E.; Rolison, DJRNon-
Cryst. Solids1998 224, 92—6.

(18) McGrath, K. M.; Dabbs, D. M.; Yao, N.; Aksay, I. A.; Gruner, S. M.
Sciencel997, 277, 552—-6; 1998 279, 1289.

(19) McGrath, K. M.; Dabbs, D. M.; Yao, N.; Edler, K. J.; Aksay, I. A;;
Gruner, S. M.Langmuir200Q 16, 398-406.

(20) McGrath, K. M.Langmuir1997, 13, 1987-95.

(21) Schwarz, B.; Moch, G.; ligenfritz, G.; Strey, RLangmuir200Q 16,
8643-52.

(22) Carlsson, I.; Wennerstmg H. Langmuir1999 15, 1966-72.

(23) Roux, D.; Coulon, C.; Cates, M. BH. Phys. Chenll992 96, 4174-87.

(24) Dabbs, D. M.; Mulders, N.; Aksay, I. A. Solvothermal Removal of the
Organic Template from4 Templated Silica Monoliths. Submitted for publication
in J. Nanoparticle Res.

(25) McHardy, J., Sawan, S. P., E®upercritical Fluid Cleaning: Funda-
mentals, Technology, and Applicatiophioyes Publications: Westwood, NJ, 1998.

solvent exchanges, systematically replacing the initial solvent with
pure methanol, a liquid with surface tension lower than that of water,
to reduce the capillary pressures associated with di/fifige first
solvent exchange was done using a methanol/water solutidf (
mL, 50% each by volume), closely matching the polarity and
composition of the liquid solution filling the channels of the gel
following the hydrolysis and condensation of TMOS. This step was
necessary to avoid solvent gradients within the gel leading to
differential stresses in the gel boéRR°After 1 day this initial wash
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Pressure gauge 1 Pressure gauge 2 temperature at 260C. The pressure was reduced+0.5 MPa
increments by opening and closing valve 2. After each stepwise
reduction, the system was held at pressure for-@D min to

Metering equilibrate. Stepped reductions were repeated until the values on
valve 2 “T" joint gauges 1 and 2 were equal (120 steps). Valve 2 was then closed
) , Elbow joint ;
Valve 1 with & ~ and valve 3 opened to remove the condensate from the condensing
rfp‘t'ﬁre e flask. [Adequate ventilation of the extraction apparatus was required

1/4" SS tubing to avoid exposure to the extraction byproducts.] Valve 3 was closed,

and the entire cycle was repeated until all of the supercritical ethanol

had been removed from the chamber (typically 4 complete cycles).
After the chamber pressure equaled the ambient pressure, the

/- Union connection 1

LRI .
% Union connection 2

50 mL chamber, still at 260C, was evacuated under dynamic vacuum, by
. . connecting a vacuum line to the condensing chamber and opening
E’S‘Lﬁglzg'— 300 mL condensing valves 2 and 3. After8 h, the sample was oven-cooled to 8D
pressure flask (~6 h) and kept under vacuum for another 48 h to anneal.

Sample — vessel 7 Characterization of the Silica Monoliths. Thermogravimetric

analysis (TGA) was performed in air on a Perkin-Elmer (Wellesley,

Valve 3 with MA) Pyris instrument, and nitrogen adsorption isotherms were

Oven rupture disk acquired using a Micromeritics (Norcross, GA) ASAP 2010.

Transmission FTIR spectroscopy was performed on powders

Figure 1. Schematic diagram of supercritical drying apparatus. ?Jspendedin pressed KBr pellets using a Thermo-Nicolet (Madison,

The 300 mL pressure vessel was loaded with sample under ethano
and placed into a high-temperature oven (shaded square). The res;
of the equipment was kept out of the oven.

I) Magna-IR 560 FT-infrared spectrophotometer. Elemental

nalysis for C, H, and N was done by Robertson Microlit Laboratories,
Inc. (Madison, NJ). Void volume was determined by helium

. pycnometry using a Micromeritics AccuPyc system and confirmed

was replaced by a solution of 75/25 methanol/water, and after another,y measuring the dielectric constants of representative monoliths
day, with methanol. The methanol wash was repeateﬂ émes. sing a capacitance/loss bridge (Andeen Hagerling Model 2500A,
Itwas assumed that all water and accessuble_ organic had been remove%evdand, OH). Capacitors were prepared by evaporating gold layers
from the gel when no residue was apparentin the evaporated methanol, poth sides of 1.9 mm thick silica sample disks and heating the
wash. During solvent exchange a typical disk shrank by less than samples above 101 to remove moisture.
<5% across its diameter, enough to permit easy removal from the Solid-state?si NMR spectra, recorded on a Varian (Palo Alto
Petri dish. The resulting disks were clear and free of cracks, physicaIIyCA) 400 MHz NMR spectrométer at 79 MHz with magic anglé

fr{a;]glle,land wo(;:ld fr"’.‘CtLI’.Le if dried |nfa|r. Solv?nt eiﬁcrsanges tW'tE spinning and proton decoupling, was used to quantify the degree of
ethanol were done In ke manner for samples that were 10 D€ ., ,qansation within the silica netwokThe delay between pulses

supercrltlc_a_lly extracte_d. " was set to 100 s, and a small flip angle pulse was used to obtain
Supercritical Extraction. Ethanol was chosen as the supercritical 4 angitative spectra.

extraction solvent for several reasons: (i) the respective solubilities Infiltration with a Liquid and in Situ Polymerization. Extracted
of the cosurfactants Cp€1,0 and hexanol in either ethanol or .4 qried monoliths were prepared for infiltration with liquid by

methanol are very simil&(ii) ethanol and its extraction byproducts exposing the sample to ethanol vapor at room temperature. After
are less noxious; and (iii) ethanol has a comparatively moderate 12—24 h exposure, monoliths could be submerged in liquid ethanol
critical tempe.rature (246C) anq pressure (6.12 MPa).. ~without cracking. Other liquids, such as hexane, xylene, silicone oil,
_A schematic for the supercritical drying apparatus is shown in pydroxyethyl acrylate, and isobornyl acrylate, could be introduced
Figure 1. The components were obtained from Parr Instruments after vapor saturation. The two acrylates were chosen because both
(Moline, IL), Swagelok (Solon, OH), and High Pressure Equipment are photopolymerizable monomers of interest for optoelectronic
Co. (Erie, PA). A 300 mL 316 alloy stainless steel pressure vessel gppjications. In this study, a mixture of hydroxyethyl acrylate and
(Parr No. 4761) equipped with a pressure gauge and valve with photginitiator [bis(eta-52,4-cyclpendadien-1-yl)bis(2,6-difluoro-
20.68 MPa rupture disk (Parr gauge block assembly #NJ4316PDA) 3.(1H-pyrrolyl) phenyltitanium (Ciba-Geigy 784, Basel, Switzer-
was used as the extraction chamber. A Teflon gasket was sufficient|and)] was infiltrated into a silica monolith and polymerized by
toform the seal between the cap and chamber. This unitwas connectegiood exposure under a UV lanfETIR spectroscopy was used to
by 316 stainless steel alloy 6.35 m#f(n.) tubing (Swagelok No. confirm the extent of polymerization.
457HC?2) to a Grafoil packed metering valve (Swagelok No. SS-
31RS4-G-3263) to permit the controlled release of supercritical fluid
into a 50 mL 316 stainless steel alloy pressure vessel (Swagelok No.
304L-HDF4-50). A second pressure gauge (High Pressure No. A successfully extracted and annealed sample is shown in
4PGB5) was used to monitor the pressure in the second pressuréigure 2. The monolith has the shape of its gelling mold (a Petri
vessel during the release of pressure from the extraction chamberdjsh), is transparent to visible light, colorless, and has no obvious
The gel monolith was loaded into the 300 mL pressure vessel flaws. These materials can be handled without special precautions,
along with~210 mL of ethanol and sealed following the manu-  anq subsequent heat treatments up&8o not cause cracking,
facturer’s instructions. The chamber was placed in an oven and discoloration, or shape changes. After vapor saturation with

connected via stainless steel tubing to the 50 mL condensing flask : . L . P
(Figure 1). The chamber was slowly heated at a rate of©/&in. gtha_r:ol, th? mor?oll';h can lethstand rellnf;lﬂatlcz[n b)(/:hqwd a_rt'ld
to 230°C and held at this temperature for-690 min to allow the InSitu “polymerizalion of monomer infiitrants. - L.omposite

Results and Discussion

vessel to equilibrate. The temperature was then raised t6Q60 coloration and transparency depend on the nature of the polymer
arate of 0.2C/min. The pressure climbed rapidly to 10 MPa during @nd polymerization reagents. In the polyacrylates used here, the
this heating step. The sample was equilibrated at°ZB6or 3—4 resulting composites were inititially colored due to the presence

h.[Valve 1 was briefly opened as needed during temperature rampingof photoinitiator, but the intensity of the color faded over time

and isothermal soak to keep the chamber pressure below 10 MPa.and the final composite closely resembled the uninfiltrated matrix
The rate of depressurization was kept slow to lessen stress on theshown in Figure 2.

sample by preventing large pressure differences between the sample

interior and the chamber atmosphere. A cycle started by opening (30) Grimmer, A. R.; Rosenberger, H.: Bjer, H.; Vogel, W.J. Non-Cryst.

valve 1 while keeping valve 2 closed and holding the chamber Solids1988 99, 371-8.
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Figure 2. Representative silica sample following supercritical 3 ol 0 S~ T 3
ethanol extraction. The original gel was cast into the shape of a disk 3 L i
using a Petri dish. The rim at the edge of the disk formed through r ]
the wetting of the dish by the liquid silica solution before gelling. o N B B B E

100 200 300 400 500 600
Supercritical Extraction. The entire process needed to

produce a good sample took between 4 and 7 days, from loading __ . -
the sample gel into the extraction chamber to removing the Figure 3. Typical TGA traces for surfactant-templated silica samples

. . . dried in supercritical carbon dioxide and supercritical ethanol. Silica
extracted monoll_th. Most of the requ|re_d time was needed to thatwas dried using supercritical ethanol showed much better thermal
slowly depressurize the chamber following extraction plus that gabjlity up to almost 250C. After 250°C, the weight loss was

required for annealing under vacuum. Extraction was assumedattributed to adsorbed water or alcohol on the silica surface. For

complete atthe end of the depressurization cycle when the pressursilica dried in supercritical carbon dioxide there was a nearly constant

in the extraction chamber (Figure 1) matched the ambient pressureyveight loss above 25T, which was attributed to the loss of organic

the point at which fluid would no longer flow spontaneously Surfactant from the silica. Thus it was surmised that supercritical

from the extraction chamber into the condensing chamber. &ihanol processing was much better atremoving organic components
o . L " from the silica.

Depressurization took-2 days, depending on the initial amounts

of solvent and extractant in the chamber, the time allowed for sample was solvent-exchanged with methanol. The retention of
each stepwise reduction in pressure, and the time allowed foris solvent during C@extraction most probably explains the
equilibration following a pressure reduction step. To ensure weight loss below 250C. The degradation of the Cp&,0
complete removal of solventand to anneal the matrix, the samplegtactant entrapped in the silica walls is a reasonable explanation
was kept under dynamic vacuum and heated feB Bays while 5 the Jong “tail” seen in the thermal profile above 250,
still in the extraction chamber. matching previous observatiof24

The construction of the extraction system made itimpossible  |n contrast, there is little weight loss up to almost Z&Din
to determine the state of the sample after loading and beforesamples that underwent extraction by supercritical ethanol,
removing it from the chamber. As noted in the described indicating little retention of solvent within the channels or
procedure, the pressure in the extracting chamber was monitoredsyrfactant in the channel walls. In a companion study, we showed
atalltimes. The pressure in the sample chamber was periodicallythat a solvothermally extracted sample exhibited a similar weight
reduced by slightly opening valve 1 (Figure 1) during extraction |oss profile albeit with a much more abrupt, stepwise appearance,
to relieve excess pressure. If during this procedure the pressureand differential scanning calorimetry results indicated that
was allowed to fall below the critical point, the sample could organics were retained by the extracted samfi§¥ith super-
fracture due to the high capillary pressures that would form in critically extracted samples, weight loss above 26@loes not
the monolith. Also, during the depressurization step at the end appear to be due to retained CHJO surfactant. As confirma-
of the extraction process, it was necessary to reduce the pressurgion, elemental analysis of supercritically extracted samples could
slowly over a long period to allow ample time for the monolith  notdetect C, H, or N in the monoliths. Also, supercritical ethanol-
to equilibrate with the ambient environment. Too-rapid depres- extracted samples did not discolor during high-temperature heat
surization would prevent any remaining fluid from escaping the treatments (up to 600C), whereas solvothermally extracted
monolith, and capillary pressures could rise to damaging levels. samples were typically colored following heat treatment. While
The overallyield of unbroken monoliths against the total number the amount of total weight loss is comparable between solvo-
of attempts approached 50% with practice. thermal and ethanol-extracted sampte$8% total weight los3*

Extraction Efficiency. In our earlier work on ksilica matrixes, the mechanisms for the respective thermal profiles above 250
discoloration and reduction in the transparency to visible light °C are different. In the case of the solvothermally extracted
were determined to be due to the presence of organic residuesamples, approximately 3% of the original sample weight is lost
after heat treatments and inadequate solvent extraciéhs. below 100°C, indicating the retention of some volatile material.
Thermogravimetric analysis (Figure 3) was used to compare theThis is followed by a sharp decrease in weight beginning at
efficiency of extraction for samples extracted using supercritical ~250 °C, similar to that observed in the supercritical ethanol-
CO;, to that for samples extracted using supercritical ethanol. extracted samples described in this study. But the supercritically
The degradation profile for the G@xtracted sample resembles extracted samples are very dry, exhibiting only insignificant
that of unextracted silica2*with slightly less total weight loss.  weight loss prior to 256C (Figure 3). Due to the (slight) coloration
The more significant weight loss below 250 exhibited by the seen in solvothermally extracted samples that have been heat-
COy-extracted sample and the pronounced inflection in the curve treated following extraction, we suspect that some of the retained
near 200C implies that supercritical carbon dioxide was atleast solvent in these materials is organic.
partially effective in removing organics, most likely the less- The supercritically extractedsLsilica is likely to be very
polar hexanol cosurfactant. It was less effective in removing the hygroscopic, similar to aerogels prior to heat treatniérn,
solvent retained in the channels of the silica, signified by the contrast to the solvothermally extracted samples which appear
large weight loss below 25€C. Prior to CQ extraction, the to retain some of the extracting solvent after the Soxhlet prdéess.

Temperature (°C)
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1200 ——————F—— T regions of the two isotherms. The void volume in the super-
E critically extracted monoliths was determined to range from 1.0
to 1.2 cn¥/g, from the isotherms (Figure#y33and from helium
pycnometry measurements. The larger volumes resulting from
L3 silica gels dried supercritically in ethanol, with surface areas
similar to that of gels dried in supercritical GGsuggests that
supercritical ethanol is a better solvent for effectively drying
these gels without loss of porosity. Bulk volumes were between
1.6 and 1.8 crilg, so 66-65% of the L3 silica volume was void,
significantly higher than that found in Viycor 7930 porous glass
and within the range of silica aerogéfs.

Another check on the measured value of the void volume is
through the comparison of the dielectric constant of the matrix
material, silica, and the measured constant of a simple capacitor
made by gold-coating opposite sides of amonolith and heating
the sample to 108C to remove moisture. The dielectric constant,
Figure 4. Typical nitrogen mass accumulation isotherms for as measured under ambient conditions, was 1.6 for the super-
surfactant-templated silica samples dried in supercritical carbon critically extracted I silica monoliths. Then, assuming that the
dioxide or supercritical ethanol. At low relative nitrogen pressures, \ya|is of the material are composed of fused silica having a
the two samples are similar; however, at higher relative Pressure .o otric constant of 4.1 (1 MHz, ZT)?536and the remainder

(>0.6) the sample that was dried in supercritical ethanol exhibits . . .
more nitrogen accumulation, corresponding to a larger cumulative ©f the volume is composed of air, this value corresponds to a

void volume. The calculated surface areas (using the BET model) Void volume between 50% total volume (in the series limit) and
ranged from 1000 to 1400#y. The void volumes ranged from 50  80% total volume (in the parallel limit). For comparison, Vycor
to 65% total volume. 7930 has a void volume of 28% of the total volume and a dielectric
constant of 3.1 at 28C and 100 HZ*
The adsorption of water from the environment may well explain - The calculated dielectric constant assumes that the material
the nature of the weight loss at temperatures above®25r consists entirely of dry silica and air. It is possible that water was
the supercritically extracted samples, the results of elementaladsorbed onto the pore surfaces when the measurement was
analysis, and the high optical clarity of these samples following taken. If this had been the case, then we would conclude that the
high-temperature heat treatments. It also suggests that thesgore fraction is even higher, since the dielectric constant of the
materials must be protected from exposure to water vapor prior water adlayer would presumably be even higher than that of the
to heat treatment. silica, and an even greater volume fraction of air would had to
L3 Silica following Supercritical Extraction. High void have been present to produce the greatly diminished dielectric
volume in the matrix is a necessary property for photopolymer constant observed.
composites, needed to maximize the amount of the photoactive Strength in a silica matrix is related to the degree of
component in the composite and increase, in the case of storageondensation within the silicon oxide network, higher condensa-
media, the data storage capacity. Nitrogen “accumulation” tionimplying more cross-linking between silicon centers through
measurements were used to determine the void volume andoxygen bridges# A standard method for determining the extent
effective surface area of extracted monoliths (Figure 4). The of condensation in a silica framework3%i NMR, comparing
isotherms that result from these measurements are commonlythe relative intensities of the:QQ», Qs, and Q peaks (chemical
referred to in the literature as “nitrogen adsorption” isotherms. shifts betweer-85 and—110)3°In supercritical ethanol-extracted
Since the isotherm shows evidence of adsorption as well as| ;silica the Q and Q peaks were very intense, measuring 0.53
condensation of liquid in the channels, referring to the entire and 0.47, respectively, indicating a high degree of condensation
isotherm as an “adsorption isotherm” is not accurate and hencewithin the silica framework. @peak intensities were very small
we refer to these isotherms as accumulation isotherms. Weto nonexistent. Th&%Si NMR spectrum of C@extracted |
determine the surface areas of the supercritically extracted gelssilica was very different: the relative intensities of thg Qs
by applying the BET model to the region of the isotherm that and Q peaks were 0.16, 0.57, and 0.27, respectively, indicating
results from multilayer adsorptiot. much less condensation within the silica matrix. A simple
In the isotherms shown in Figure 4, nitrogen accumulates via explanation is the difference in critical temperatures, Z4¢or
monolayer-multilayer adsorption up te-0.5P/Py. For both the ethanol and 31C for CO,,%%as higher temperatures increase the
accumulation isothermsL s silica dried in supercritical Céand degree of condensation in silica gété\dditionally, condensation
supercritical ethanetthis region of the isotherm overlaps, withinthe silica gel produces water, which is much more soluble
indicating that the two extraction solvents result in gels with inethanolthanin C@ Excess water is more effectively removed
similar surface areas. The calculated BET surface areag of L from the silica gel by the action of the ethanol solvent, further
silica ranged between 1000 and 1408gnin close agreement  encouraging condensation within the silicate network.
to our preliminary studies using supercritical methanol extragtion Drying and annealing were crucial steps in preparing a sample
and comparable to silica aerogéts. for infiltration. Heating the monolith promoted condensation
For relative pressures beyond @/®,, the respective isotherms
for the Ls silica supercritically dried in the two solvents begin (32) Horvah, G.; Kawazoe, KJ. Chem. Eng. Jpr983 16, 470-5.
to differ. The volume of nitrogen accumulated is greater in the 5, {33Barett & P Joyner, L. G.; Halenda, PIPAm. Chem. S04951,73
monoliths supercritically dried in ethanol than in those super-  (34)Corning Information Shegycor Brand Porous Glass 7930; Corning

it i i i i Inc.: Corning, NY, 2001.
Crltlca”y dried in CQ, as seen by the caplllary condensation (35) CRC Handbook of Chemistry and Physigsi electronic ed. (81st printed
ed.); CRC Press: Cleveland, OH, 2000.

(31) Brunauer, S.; Emmett, P. H.; Teller, &. Am. Chem. Sod 938 60, (36) Gidley, D. W.; Frieze, W. E.; Dull, T. L.; Yee, A. F.; Ryan, E. T.; Ho,
309-109. H.-M. Phys. Re. B 1999 60, R515760.
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Figure 5. Infrared spectra of (a) porous silica before infiltration, -4 -2 0 2 4
(b) silica infiltrated with monomers of hydroxyethyl acrylate, and Sample angle (°)

(c) silica after polymerization. The doublet peak indicated by the
arrow in b is attributable to the monomer only and is diminished
after polymerization (c).

Figure 6. Typical Bragg peak obtained from photomonomer-filled
Ls silica. The diffraction strength exhibited does not reflect the
maximum refractive index contrast available from the material and
could be improved with optimized recording conditions.
between neighboring SIOH groups to form St O—Si linkages,
thereby strengthening the silica structure, a process aided byfrom the porous silica and infiltrating photomonomers with desired
heating under dynamic vacuum to remove the products of yefractive indices and index changes on photopolymerization.
condensation. Annealing may also relax residual stresses withinggr example, optical paths could be defined by selectively
the channel walls, further strengthening the monolith. photopolymerizing regions of the infiltrated material. As further
Infiltration of L 3 Silica by Liquids. Silica monoliths dried  evidence that regioselective photochemistry can occur, exposure
in supercritical ethanol were robust enough to withstand re- of a sample infiltrated with photomonomer and photoinitiator to
infiltration by liquid ethanol and a variety of other organic liquids  a pair of interfering laser beams produced a grating that gave rise
and solutions. This was animportant confirmation of its suitability to a diffraction peak (Figure 6). While this grating alone does
as a matrix material. One of the significant results of this study not constitute firm evidence of information storage capability,
is the synthesis of porous silica capable of withstanding the it does show that the liquid was fully infiltrated into the bulk of
infiltration of liquid following extraction and drying. However,  the sample and retained photoactivity after infiltratfon.
it was found necessary to expose dried monoliths to ethanol The demonstration that organic monomers can be inserted
vapor prior to introducing the liquid into the channels. The dried into our porous silica monoliths, can undergo photopolymeri-
samples were not strong enough to withstand capillary stressesation, and produce a hybrid that retains transparency after both
caused by the presence of the vapliguid boundary at the  processes opens up a variety of opportunities for fabricating
wetting front of the infiltrating liquid. Pretreatment with ethanol  hybrid photonic devices and for producing information storage
vapor was sufficient to reduce the capillary stresses by wetting media. Photonic devices depend first of all on index contrast
the channel surfaces with condensed ethanol. Liquids could thenpetween cores and claddings in waveguides, between maxima
be safely infiltrated into the monolith. and minima in gratings, and between written and unwritten
Photopolymerization. The optical clarity of the extracted domains for data recording. In all of these cases, distances and
monoliths (Figure 2) was excellent; arepresentative measuremengeometries need to be preserved once defined by an initial
of the ratio of scattered to transmitted light equaled1.506 patterning process; subsequent patterning should not distort the
at 22 from the surface normai0.2 cm thick disk), equivalent  original spatial relationships among domains.
to that of a high-quality glass and superior to samples of infiltrated ~ Acrylate polymerizations are compatible with a wide variety
Vycor 37 of functional groups that confer index contrast, index anisotropy,
Polymerization of hydroxyethyl acrylate monomers after andindex modulation. The ability to perform a high-yield acrylate
infiltration into the silica matrix was done using flood exposure photopolymerization within the monolith, as judged by infrared
to UV. An initial yellow color was due to the presence of the spectroscopy (Figure 5), means that these monoliths can be
photoinitiator within the polymer/silica composite and slowly provided with defined bulk refractive index, as well as patterns
faded over several hours, yielding an optically clear and colorless of refractive index, in a static sense. In addition, dynamic
material. The mid-infrared spectrum of the silica monolith is capabilities such as optical shuttering can be conferred, depending
simply that of silica (Figure 5a). After infiltration, the resulting on side groups attached to the acrylates. While acrylate
spectra are still dominated by the silica absorption spectrum polymerizations usually cause significant shrinkage, on the order
(Figure 5b,c). Infiltrating with the hydroxyethyl acrylate monomer of 5—10%, the rigid host matrix maintained its dimensions during
is apparent with appearance of the characteristic absorptionthe conversion to polymer, preventing the distortion that would
doublet centered near 1650 chFigure 5b). After exposureto  otherwise accompany polymerization in a soft medium. The
UV, this doublet has virtually disappeared, indicating that the polymerization capability is probably not limited to acrylates;
monomer has polymerized in situ. A significant aspect of this other vinyl monomers and even photoacid-induced epoxy
process was the maintenance of a coherent structure as the silicaolymerizations should be possible.
monolith did not fracture during polymerization. The maintenance of transparency is of course highly desirable
The samples remained optically clear following polymerization, for any photonic application. The ability to produce a grating is
suggesting that composite optical devices could be made startingsuggestive of a holographic storage capability, though is by no
means a complete demonstration of data capacity. Rather, it is
(37) Wiltzius, P. Technical Memorandum, Lucent Technologies, 1997. further evidence that useful photochemistry can be accomplished
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inside this new porous silicate and that the photopolymerization that a composite of photomonomer angidilica can be used to
can be done in a way that forms a usable refractive index pattern.successfully write holographic gratings.
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