
the role of molecular weight and polydispersity of the PNI-
PAAM on the pore size due to LCST of polymer.

In summary, we have prepared uniformly dispersed, tem-
perature-sensitive PNIPAAM in a dense silica matrix using
the sol±gel process. Permeation and DSC experiments re-
vealed the LCST behavior of PNIPAAM in silica±polymer hy-
brid materials and indicated that permeation occurred
through pores that are formed due to the hydrophilic to hy-
drophobic transition of PNIPAAM. Cycling of the mem-
branes between 25 and 40 �C demonstrated reversible toggling
of permeability. Permeation experiments on PNIPAAM±silica
membranes with various molecular weights of PEG have
demonstrated that PNIPAAM molecules dispersed in the hy-
brid membranes act as molecular switches that can be used to
control the selective permeability of the membranes. We are
currently exploring ways to extend the versatility of these
switches. Possible extensions of this work include the use of
multiple smart polymers with different transition properties in
the creation of tunable molecular filters and the development
of other methods of actuation of the transition (e.g., electro-
chemical, electrical, or optical).

Experimental

Chemicals used were tetraethyl orthosilicate (TEOS) (Aldrich), PNIPAAM
(weight average Mw = 349 200 Da; Mw/Mn = 3.64 from Polysciences, Inc), ethyl
alcohol (Aaper), crystal violet (Fischer Scientific), PEG of polymer standard
grade with molecular weights (Mw) of 100, 1000, 5000, 9000, and 15 000 with
Mw/Mn 1.1 (Polysciences) and PEG (Mw = 400, Aldrich). All chemicals were
used as received. Deionized water whose resistivity greater 18.2 MX cm from
Nanopore was used for all the experiments.

Silica sol was prepared by mixing TEOS, ethanol, water, and HCl in a molar
ratio of 1:3:1:0.0007 followed by a reaction at 60 �C for 90 min. The resulting
stock sol was stored at ±20 �C until use. For each membrane prepared, 0.25 mL
of stock sol was diluted with 0.043 mL of water and 0.6 mL of ethanol and
stirred well to yield a sol with final proportion TEOS/ethanol/water/HCl =
1:20:5.02:0.0007. Aqueous PNIPAAM solutions (4.4 mg/mL) were prepared at
various pHs (2.6, 4, 5, and 7) of which 1 mL was added to the diluted stock sol
and stirred to obtain a clear transparent sol. The concentration of PNIPAAM in
all cases was 20 % by volume to that of silica [22]. The resultant sols and sols
without added PNIPAAM, were coated on Millipore Microcon centrifugal filter
units (YM-30 with 30 000 molecular weight cut-off membranes; active mem-
brane area = 0.32 cm2; diameter = 1.23 cm) at 1500±2000 rpm using a spin
coater (Chemat Technology). Uncoated, silica-coated, and silica±PNIPAAM
coated filters were sputter coated with platinum and characterized by SEM (Hi-
tachi S-800).

To obtain bulk gels, the sol was aged at room temperature until gelation (see
above for gelation times). Silica±PNIPAAM composite gels were washed re-
peatedly in water and subjected to thermal analytical studies to determine the
LCST of PNIPAAM in silica gel matrix. Differential scanning calorimetric stud-
ies were carried out using a Universal V2.5H TA instrument. 40±50 mg of sam-
ple was used for the measurements. Experiments were carried out both in heat-
ing and cooling cycles in nitrogen atmosphere with heating/cooling rates of 1 K/
min. Silica gel without PNIPAAM obtained from the sol±gel process was used
as a reference.

Permeation experiments were carried out using an IEC Centra CL3R centri-
fuge at various temperatures ranging from 25 to 40 �C with a controlled temper-
ature of ±1 �C. 100±300 lL of solute (crystal violet (0.1 wt.-% aqueous solution),
PEGs (1±3 wt.-% aqueous solutions)) were centrifuged in uncoated, silica-coat-
ed, and silica±PNIPAAM-coated YM-30 centrifugal filters. Unless otherwise in-
dicated, permeation experiments were done at 1000 rpm, equivalent to an esti-
mated centrifugal field of 200 � g (gravities) for 3 min. Permeation experiments
were carried out at various temperatures. Initially the samples were equilibrated
to the test temperature in an oven for 10 min and transferred to the centrifuge,
which was maintained at the set temperature and the samples were again equili-
brated at that temperature and then centrifugation was carried out. The concen-
tration of crystal violet in the filtrate was determined from ultraviolet (UV)

spectrophotometric measurements at 591 nm. For PEG experiments, the con-
centration of the filtrate was determined from refractive index measurements
using a Kernco refractrometer by comparing to the calibration curve obtained
by measuring the refractive index of known concentrations of PEG. For mea-
suring the refractive index of the filtrate, we need a minimum of 100 lL of
filtrate. To obtain this amount, experiments were carried out 2000 rpm for
30 min. Prior to high temperature permeation, membranes were found to be
impermeable at 2000 rpm for almost 1 h at 25 �C. The minimum concentration
of PEG, which can be measured using a refractometer, was determined to be
0.3 wt.-%.
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Sol-Gel-Derived Mesoporous Silica Films with
Low Dielectric Constants**

By Seana Seraji, Yun Wu, Michael Forbess,
Steven J. Limmer, Tammy Chou, and Guozhong Cao*

A great deal of intensive research has been conducted on
low dielectric constant materials for inter-metal-dielectric
integrated-circuit (IMD-IC) applications.[1,2] A variety of

Adv. Mater. 2000, 12, No. 22, November 16 Ó WILEY-VCH Verlag GmbH, D-69469 Weinheim, 2000 0935-9648/00/2211-1695 $ 17.50+.50/0 1695

C
O

M
M

U
N

IC
A
TIO

N
S

±
[*] Prof. G. Z. Cao, S. Seraji, Dr. Y. Wu, M. Forbess, S. J. Limmer, T. Chou

Department of Materials Science and Engineering
University of Washington
Seattle, WA 98195-2120 (USA)
E-mail: gzcao@u.washington.edu

[**] The authors thank the University of Washington Center for Nanotechnol-
ogy for their financial support through fellowships. The authors also thank
Dr. B. Flinn for his assistance in conducting the thermal analysis (NSF
grant # DMR 9410981). S.S. thanks the Ford Motor Company for a fellow-
ship. Y.W. thanks the NSF-IGERT for a fellowship.



materials have been studied and examples include non-fluori-
nated polymers,[3] inorganic±organic hybrids,[3,4] and porous
polymers[5,6] and silica.[7±9] The dielectric constant is the physi-
cal property that describes the electric polarizability of a
dielectric. There are four possible polarization mechanisms:
electronic, ionic, dipolar, and interfacial polarization and the
dielectric constant is the sum of the contributions from all
four possible polarization mechanisms. It is obvious that in
order to achieve a low dielectric constant, ionic, dipolar, and
interfacial polarization would need to be eliminated; this
could be achieved by carefully selecting materials that consist
of highly covalent chemical bonds with non-polar crystal
structure. In addition, the material should have no local elec-
trical conduction. However, electronic polarization is present
in all solid materials and is dependent on both the atomic size
and the atomic density. The above consideration explains the
fact that much research on low dielectric constant materials
has been on various polymers.[3,10] Further reduction in dielec-
tric constant can only be achieved by introducing porosity into
the materials, since air has the lowest dielectric constant (of
1), and the dielectric constant of a composite is determined by
the mixture rule.[11] However, porous structures have other
problems such as mechanical integrity, moisture sensitivity,
and thermal and chemical stability. For mesoporous inorganic
films, one of the greatest challenges is the condensation of
moisture inside pores when exposed to the ambient environ-
ment, resulting in an increased dielectric constant.

In this communication, we report our preliminary results on
sol-gel-derived mesoporous silica films with low dielectric con-
stant and possibly closed pores. The technical approach was
conceptually straightforward: use a multiple-step sol-gel pro-
cessing to produce a composite structure with highly porous
clusters embedded into a dense matrix as schematically illustra-
ted in Figure 1. Using this process, thin films were made by dip-
coating and followed with heat-treatments at 300 �C, 400 �C,
and 450 �C. The relationship between the microstructure, di-
electric properties, and aging effect were discussed as well.

A multiple step sol-gel process was developed to produce a
mesoporous silica±based gel. Two types of organic±inorganic

hybrid sols were prepared: A sol consisting of linear oligo-
mers, which would form a dense matrix and hereinafter
referred to as sol A, was prepared by admixing tetraethyl-
orthosilicate (TEOS), Si(OC2H5)4, and methacryloxypropyl-
trimethoxysilane (MPS), H2CC(CH3)CO2(CH2)3Si(OCH3)3,
in a molar ratio of 95:5 with HCl as a catalyst, following the
same procedure as described in the literature.[12] Another sol
consisting of highly branched clusters (referred to as sol B)
was made by mixing TEOS and methyltriethoxysilane
(MTES), CH3Si(OC2H5)3, in a molar ratio of 1:1 with
NH4OH as a catalyst, following the same experimental proce-
dure as published previously.[13] Both sols were allowed to age
for half of their respective gelation times at room temperature
and then admixed with a volume ratio of A/B = 0.3:0.7. Prior
to coating, the AB sol was further diluted with ethanol in a
volume of AB sol/ethanol = 1:2. The films were made by dip-
coating the diluted AB sol onto either silicon or platinum
sputtered silicon substrates in an ambient environment, using
a withdrawal speed of approximately 14 cm/min. After each
coating, the film was dried in ambient conditions for 5 min
and then heat-treated at 250 �C for 5 min to remove the resid-
ual solvent. For most samples, three coatings were made.
Then, the films were heated at 300 �C for 120 min in air to
remove all of the residual solvent. Some films were further
heated to 400 �C for 30 min and other films were fired at
450 �C for 30 min. The AB sol was also poured into a petri
dish to form xerogel, which was used for thermal gravimetric
and differential thermal analyses (TGA/DTA). Dielectric
properties of the films were measured using a Hewlett Pack-
ard Precision 4284A LCR Meter at frequencies ranging from
20 Hz to 1 MHz by a metal±insulator±metal parallel-plate
capacitance method in the ambient environment. The thick-
ness and porosity of the films were determined by ellipsom-
etry. The film thickness was further verified with an optical
imaging profilometer and by scanning electron microscopy
(SEM).

Optical microscopy and SEM analyses indicated that the
films were uniform and crack-free, and the films adhered very
well to the substrates as revealed by tape testing. The thick-
ness was found to be ~910 nm for the films with three coatings
and treated at 450 �C, which implies that each coating pro-
duced a film of approximately ~300 nm in thickness. It was
also found that the film thickness decreased as the tempera-
ture of heat treatment increased; the thickness of 300 �C and
400 �C films were estimated to be ~1100 and ~950 nm, respec-
tively. Figure 2 is an SEM micrograph of a cross section of a
sample with two coatings, treated at 450 �C, illustrating the
thickness and uniformity of the film. TGA/DTA analysis of
the xerogels from gel A[14] and gel B[15] revealed that organic
ligands H2CC(CH3)CO2(CH2)3

. and CH3
. began to be pyro-

lyzed at 350 �C and 400 �C, respectively. These results were
verified by performing TGA/DTA analysis on the composite
gel, as can be seen in Figure 3. The film treated at 300 �C
retained both organic ligands H2CC(CH3)CO2(CH2)3

. and
CH3

., which were incorporated into the silica network during
the sol-gel processing through co-polymerization. The film
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Fig. 1. Schematic illustration of mesoporous sol-gel-derived silica film.



subsequently treated at 400 �C would consist of a very small
amount of organic components. The pyrolysis may not have
been complete, thus leaving some residual carbon compo-
nents. All of the organic components were removed complete-
ly from the film that was further treated at 450 �C. The porosi-
ty of this film was found to be approximately 50 %, calculated
from the index of refraction using the Lorentz±Lorenz equa-
tion.[16] Direct current (DC) conductivity of the 450 �C films
was found to be >3 ´ 109 X cm at room temperature.

Figure 4 shows the dielectric constants of the films treated
at 300 �C, 400 �C, and 450 �C as a function of frequency. The
dielectric constants of the 300 �C film were found to be much
higher than the other two samples; whereas the dielectric con-
stants of both 400 �C and 450 �C samples were almost identi-
cal, except at low frequencies. The relatively high dielectric
constants of 300 �C film could be attributed to the presence of
organic components. The removal of organic components
from the films when fired at 400 �C or 450 �C resulted in an
increased pore volume in the films, although accompanied
with small shrinkage of film thickness. An increased pore
volume would explain the reduced dielectric constants of the
400 �C and 450 �C films. A sharp decrease in the dielectric
constants of the 400 �C film with an increasing frequency at

the low frequency range may be attributed to possible space±
charge polarization, as a result of residual carbon components
from incomplete pyrolysis. Although there was no space±
charge polarization in the 450 �C film, slightly reduced porosi-
ty would lead to an increase in dielectric constant. As a result,
similar dielectric constants were found for films treated at
400 �C and 450 �C.

Figure 5 shows the loss tangent as a function of frequency
for all three films. It is seen that the loss tangent generally
decreases with an increase in heat-treatment temperature.

The high loss tangent at low frequencies for the 400 �C film
would also be attributed to the space±charge polarization, due
to the possible residual carbon components resulted from the
incomplete pyrolysis. This figure also reveals that the loss tan-
gent increased with an increasing frequency. The exact mecha-
nism causing this increase with frequency is not known, how-
ever, the hydroxyl or silanol groups may be the cause. As the
resonant frequency of the hydroxyl or silanol group is ap-
proached, an increase in loss tangent would be expected. In a
separate study, Fourier transform infrared (FTIR) analyses
revealed that the concentration of hydroxyl or silanol groups
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Fig. 2. SEM micrograph of cross section of sol-gel film.

Fig. 3. TGA/DTA data from composite AB gel.

Fig. 4. Dielectric constants as a function of frequency for 300 �C, 400 �C, and
450 �C films, measured at room temperature.

Fig. 5. Loss tangent as a function of frequency for 300 �C, 400 �C, and 450 �C
films, measured at room temperature.



in sol-gel-derived silica decreases gradually with an increased
heating temperature.[17] A reduced concentration of hydroxyl
or silanol groups would result in a reduced loss tangent.

Figure 6 presents the dielectric constants and loss tangent of
the 450 �C film as functions of aging time; the film was aged at

an ambient environment: ~20 �C and a relative humidity of
56 %. It was found that there was only a slight initial increase
in both dielectric constant and loss tangent in the first two-
days of aging. Further aging resulted in no detectable change
in both dielectric constant and loss tangent. The results imply
that there was no significant moisture condensation inside
pores, though there was approximately 50 % porosity (with an
average pore size of ~8 nm according to our previous work[13]).
Absence of moisture condensation further implies the possibil-
ity that the films have a closed pore structure; however, further
analysis is required to verify the mesoporous structure.

In summary, uniform crack-free mesoporous silica films
with a dielectric constant of less than 2 were produced using
multiple-step sol-gel processing. It was found that the films
adhered well to the substrates and had a porosity of 50 %
after removal of organic components. The dielectric proper-
ties were found unchanged when the films were subjected to
aging at room temperature over 6 days with a relatively
humidity of 56 %.
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Photopolymerizable Cholesteric Liquid CrystalsÐ
New Materials for Holographic Applications**

By Ulrich Theissen, Stephan J. Zilker, Thomas Pfeuffer, and
Peter Strohriegl*

Today's information society has an increasing demand for
data storage systems with high capacity and transfer rate. Or-
ganic materials such as photoaddressable polymers[1] and
photopolymers[2,3] are promising candidates for holographic
storage schemes that fulfill both of the above requirements.
Photopolymers are write-once materials; however, their irre-
versibility provides excellent long-time stability. A typical sys-
tem consists of a monomer and a binder polymer. Patterned
exposure (either by holography or by a photomask) activates
a photoinitiator in the bright regions of the pattern and photo-
polymerization occurs. As monomers are consumed, the con-
centration gradients formed prompt net migration of mono-
mers from the dark into the bright regions. A refractive index
modulation arises due to density differences between the two
regions. Photopolymerization is completed by UV-irradiation
and the image is permanently fixed.

Liquid-crystalline (LC) monomers that can be photopoly-
merized have not been widely used for holography so far.[4,5]

However, such systems have been extensively studied for use
as optical components (notch and color filters, reflective po-
larizers, and many more),[6] color-flop pigments,[7,8] and ªcopy
safeº colors. Hereby, the specific optical properties of the cho-
lesteric liquid-crystalline (CLC) phase, in particular its selec-
tive reflection and the angular dependence of the reflection
wavelength, are used.

In this communication we present a novel photopolymer
based on a CLC mixture that yields holograms even for uni-
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Fig. 6. Dielectric constants and loss tangent of 450 �C film as a function of aging
time at room temperature and relative humidity of 56 %, measured at 1 MHz.
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