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ABSTRACT: Polyelectrolyte multilayers with alternating porous and fully dense regions have been
assembled from poly(acrylic acid) (PAA), poly(allylamine hydrochloride) (PAH), and poly(sodium 4-sty-
renesulfonate) (SPS) in appropriate combinations. The porous zones were developed postassembly via
immersion of the heterostructure film into an aqueous acidic medium followed by rinsing in deionized
water. Properly assembled PAH/PAA regions exhibit a reversible, pH-gated nanoporosity transition while
PAH/SPS regions remain unchanged upon treatment at low pH. The application of these structures as
one-dimensional dielectric mirrors and vapor sensors has been investigated. Organic liquid crystal
molecules were also successfully loaded selectively into the nanoporous regions via a capillary force driven
wicking action. Potential applications for drug delivery and as Bragg stacks with tunable refractive index

layers are also discussed.

Introduction

Nano- and microporous polymers are useful in many
applications including separation technologies,'~* cata-
lyst surfaces and supports,> 10 antireflection coat-
ings,1112 drug delivery systems,3-15 tissue engineer-
ing,’®-18 and templates for the growth of various nano-
scopic materials.19~22 Porous polymer systems have been
prepared by a number of different techniques such as
phase separation,?3-25 the selective dissolution of poly-
mer blends,!! the degradation of block copolymers,26—28
and the polymerization of monomers in sacrificial
colloidal?®=32 or nanoporous silica templates.3® The
ability to introduce nanoporosity selectively within
specific regions of a polymer?” has further extended the
utility of these materials as photonic structures and as
optical sensors.33 Li et al.,3 for example, reported the
fabrication of a photonic polymeric assembly with
alternating porous and solid regions by using porous
silicon as a template for polymer infiltration. The use
of these novel structures as vapor sensors, optical filters,
and drug releasing materials was also demonstrated.
Research in this area, however, has exposed the sig-
nificant difficulties associated with controlling, at suit-
able length scales, the thickness, pore size, and level of
porosity of spatially distinct regions within a solid
polymer matrix. This is particularly true if one desires
to fabricate heterostructures with a more complex
arrangement of nanoporous regions such as would be
needed to fabricate a Fabry—Perot microcavity.3* As will
be demonstrated in this work, the layer-by-layer pro-
cessing schemes developed for the construction of poly-
electrolyte multilayer films are ideally suited for this
task.

Techniques to introduce microporosity in polyelec-
trolyte multilayers based on a low-pH solution treat-
ment were first suggested by Mendelsohn et al.3® Since
then, a number of other strategies have been developed

* To whom correspondence may be addressed. E-mail: R.E.C.,
recohen@mit.edu; M.F.R., rubner@mit.edu.

T Department of Chemical Engineering.

* Department of Materials Science and Engineering.

10.1021/ma049593e CCC: $27.50

for creating both micro- and nanoporous multilayer
films.12:36-38 |n our work, we have demonstrated that
certain multilayer assemblies based on the weak poly-
electrolytes poly(acrylic acid) (PAA) and poly(allylamine
hydrochloride) (PAH) undergo a phase separation pro-
cess at low pH that produces either micro- or nanopo-
rous material depending on the treatment condi-
tions.1235 |n addition, these transitions to the porous
state could be completely and repeatably reversed by
treatment at a high pH. A pH-gated change in the
degree of ionization of the PAA chains was the key
element driving these transitions.

Building on this previous work, we now show that it
is possible to fabricate polyelectrolyte multilayer het-
erostructures comprised of multiple nanoporous and
solid regions. The spatial arrangement and thickness
of different regions can be easily controlled at the
molecular level through the layer-by-layer dipping
process.®® It will also be demonstrated that the nano-
pores can be opened and closed by using simple pH
treatments. Thus, a key conclusion of this work is that
reversible pH-gated nanoporosity transitions can be
induced in PAH/PAA multilayers that are confined
within and isolated by a nonporosity forming multilayer
system. Finally, it will be demonstrated that the nano-
pores of these complex thin film heterostructures can
be filled with nonionic small molecules through a simple
infiltration process. Potential applications of these
structures include tunable dielectric mirrors (Bragg
reflectors), pH-gated dielectric mirrors, vapor sensors,
and monitorable drug delivery systems.

Experimental Section

PAH (M, = 70 000) and SPS (M,, = 70 000) were obtained
from Sigma-Aldrich (St. Louis, MO). PAA (My, = 90 000) was
obtained from Polysciences (Warrington, PA). All the chemicals
were used as received. Deionized water (>18 MQ cm, Millipore
Milli-Q), with an unadjusted pH of approximately 5.5, was
exclusively used in all aqueous solutions and rinsing proce-
dures. Liquid crystal E7 (a eutectic mixture of 4-cyano-4'-n-
alkylbiphenyls) was purchased from EM Industries, Inc.

Polyelectrolyte multilayers (PEMSs) were assembled on glass
microscope slides, (3-aminopropyl)triethoxysilane-coated mi-
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croscope slides (LabScientific, Inc.), or polished single-crystal
silicon wafers (1000 using an automated Zeiss HMS slide
stainer as previously described.*° Silicon wafers and glass
substrates were degreased in a detergent solution followed by
deionized water rinses prior to multilayer assembly. Silane-
coated microscope slides were used as received.

PAH/PAA blocks were built using pH 8.5 (+0.01) PAH (102
M by repeat unit) and pH 3.5 (+0.01) PAA (1072 M) aqueous
solutions which were pH adjusted by using either 1 M NaOH
or 1 M HCI. PEMs on glass slides and silicon wafers were
formed by first immersing substrates into the PAH solution
for 15 min followed by one 2 min and two 1 min immersions
into water as rinsing steps. Then, the substrates were im-
mersed into the PAA solution for 15 min followed by identical
rinsing steps. The adsorption and rinsing steps were repeated
until the desired number of bilayers was obtained. One bilayer
is defined as a single adsorption of a polycation followed by
an adsorption of a polyanion; thus, a half-integer number of
bilayers of PAH/PAA ends with PAH as the outermost layer.

PAH/SPS blocks were built on silane-coated substrates or
on the top of PAH/PAA blocks using pH 4.0 (+0.01) SPS (1072
M) and pH 4.0 (£0.01) PAH (1072 M by repeat unit) aqueous
solutions. NaCl was added to the SPS and PAH solutions to
make 0.1 M NacCl solutions prior to pH adjustment. PEMs
were formed by first immersing substrates into the SPS
solution for 5 min followed by one 2 min and two 1 min
immersions into water as rinsing steps. The substrates then
were immersed into the PAH solution for 5 min followed by
identical rinsing steps. The adsorption and rinsing steps were
repeated until desired numbers of bilayers were obtained.

The thickness of dense films and films containing only two
blocks was measured using ellipsometry (Gaertner) at wave-
lengths of 633 nm and profilometry (Tencor P10). The data
obtained from these two methods are in good agreement (<10%
difference). The thickness of films containing more than two
blocks was measured using profilometry only since it is difficult
to extract thickness values from multiblock structures using
ellipsometry. All data sets in this paper represent at least two
independent experiments. In all cases, the deviation between
independent measurements was less than 10%. AFM charac-
terization (Digital Instruments Dimension 3000 scanning
probe microscope) was performed in tapping mode with Si
cantilevers. Near-normal reflectivity (fixed 7° off normal to the
plane of the film) from one side of a substrate was measured
on a Cary 5E ultraviolet/visible/near-infrared spectrophotom-
eter. The film on the other side of the substrate was removed
and replaced with a black backing material.

The refractive index of the porous PAH/PAA blocks with air-
or liquid-filled pores was estimated using an effective medium
approximation.+42

ne= Vo + (1 = Vyng (1)
V,=(H - Hy/H )

In eq 1, n; is the effective value of the refractive index for the
air- or liquid-filled, porous PAH/PAA blocks, n; is the known
refractive index of air or the infiltrated liquid, and ns is the
refractive index of a fully dense PAH/PAA block. V, is the pore
fraction of the porous PAH/PAA block. Ho and H are the block
thickness before and after porosity transitions. This ap-
proximation was used to obtain an effective refractive index
of the PAH/PAA blocks in Bragg reflectors and vapor sensors.
Index values calculated this way compare favorably to those
obtained by means of simulation (within 5% or better).
Theoretical reflectivity responses (simulations) were calcu-
lated using the transfer matrix method attributed to Abeles.*
To produce the theoretical spectral responses in this paper,
the matrix method was implemented in MATLAB. As de-
scribed by Hecht,* the thicknesses and refractive index data
were used to create a unique 2 by 2 matrix for each region in
the structure. These 2 by 2 matrices were subsequently
multiplied together in the order they appeared to create a total
transfer matrix for the entire structure. A straightforward
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equation* was then used to derive theoretical reflectance
values from the entries of the total transfer matrix. Because
the entries of each matrix were dependent upon the wave-
length of the incident light, the above procedure was repeated
multiple times over a range of wavelengths to give theoretical
reflectance vs wavelength plots.

Simulating the optical response of a Bragg reflector requires
knowing the thickness and refractive index of each region in
the structure. According to Bragg's law, the first-order reflected
wavelength of a structure with a periodic index profile is given
asAS

2y = 2(nydy + Npydy) €)

where 4, is the first-order reflected wavelength and ny, dp, Npp,
and dn, are the refractive indices and thicknesses of the porous
PAH/PAA and nonporous PAH/SPS regions, respectively. The
refractive index of the porous PAH/PAA blocks (np) can be
calculated if the remaining variables in eq 3 are known. The
thickness values for the individual dense PAH/PAA and PAH/
SPS regions were obtained by measuring the thickness of a
film after the addition of each block. The average thickness
value of the PAH/SPS regions was used for dn,. After the
porosity treatment, the average thickness of the porous PAH/
PAA regions, dp, was obtained by subtracting the thicknesses
of the PAH/SPS regions, which did not change during the
treatment,*® from the total thickness of treated films according
to eq 4:

d, = (d,

= Nypdnp)/N, 4)
where d. is the treated film thickness, and Ny and Ny, are the
number of porous PAH/PAA and dense PAH/SPS blocks,
respectively. Finally, the first-order reflected wavelength (1:)
was obtained from reflectivity measurements on the film, and
a previously reported value (1.55) of nn, was utilized,* allowing
calculation of n, by eq 3. Comparisons of simulations of the
reflectivity curves with the experimental results were used to
confirm the validity of the above assumptions and calculations.
Theoretical reflectivity curves were calculated using the
transfer matrix method as outlined earlier.

In the experiments on vapor detection, a cross-linked film
was put into a closed quartz spectrophotometer cell with air
inside. The cross-linking was performed by heating the film
at 140 °C for 5 h.*” The transmittance spectrum was obtained
on a Cary 5E spectrophotometer. The film was then put into
a closed quartz spectrophotometric cell with a saturated
analyte vapor. The transmittance of the film was measured
at the wavelength of the reflection band until it reached an
asymptotic upper limit. The same film was used for all vapor-
sensing experiments, but both the film and the spectrophoto-
metric cell were dried in a vacuum before use with another
analyte.

Results and Discussion

Fabrication of Nanoporous Heterostructures.
Polyelectrolyte multilayers constructed from PAH and
PAA can exhibit reversible, pH-driven morphological
reorganizations leading to the formation of micro- and
nanoporous films.1235 For example, multilayers as-
sembled with the PAH dipping solution at a pH of 7.5
and the PAA dipping solution at a pH of 3.5 (7.5/3.5
PAH/PAA) form micropores after a brief exposure to a
pH 2.4 aqueous solution,® while 8.5/3.5 PAH/PAA
multilayers form nanopores after immersion in a pH 1.8
aqueous solution.’? In both cases, a final brief rinse in
water completes the porosity transformation. To date,
all of this work has been carried out on thin films
comprised only of the porosity forming PAH/PAA mul-
tilayers. It is of interest from both a fundamental and
technological standpoint to determine whether these
same morphological reorganizations can be induced in
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Figure 1. AFM images of a (PAH/PAA)ss—(PAH/SPS),s film surface with a PAH/SPS block on the top of a porous PAH/PAA
block (A) and a porous (PAH/PAA)ss film (B) (X: 0.2 um/div; Z: 200 nm/div).

confined geometries such as those found in more com-
plex multilayer heterostructures. To accomplish this
task, we fabricated multilayer heterostructures within
which the porosity forming PAH/PAA bilayers were
sandwiched between (or constrained by) nonporosity
forming PAH/poly(sodium 4-styrenesulfonate) (SPS)
bilayers.

In the first and simplest case, 8.5 bilayers of 8.5/3.5
PAH/PAA were surface capped with 25 bilayers of PAH/
SPS ((PAH/PAA)ss—(PAH/SPS),s). Ellipsometry mea-
surements revealed that the PAH/PAA and PAH/SPS
blocks in the fully dense structure were 86 and 47 nm
thick, respectively, and the average refractive index of
the film was 1.55. The first treatment evaluated was a
30 s immersion in a pH 1.8 acidic solution followed by
a 15 s rinse in deionized water (pH 5.5), conditions
previously found to create nanopores in 8.5/3.5 PAH/
PAA multilayers. After the treatment, multiple macro-
scopic cracks were observed on the film surface most
likely induced by an uncontrolled swelling of the un-
derlying PAH/PAA block, which in turn generated
fractures in the less swellable outermost PAH/SPS
block. In contrast, no cracks were observed when a
(PAH/PAA)g s—(PAH/SPS)s film was treated with a pH
2.2 acidic solution for 1 min followed by a 1 min rinse
in deionized water. In this case, a more controlled
swelling of the underlying PAH/PAA block eliminated
the formation of cracks in the PAH/SPS surface block.
After this treatment, the total dry film thickness
increased from 133 to 230 nm while the average
refractive index decreased from 1.55 to 1.38. During the
fabrication process, the PAH/SPS block was assembled
at pH 4.0 with both polymers in their fully ionized form.
This bilayer system swells slightly in acidic solution and
collapses back to its original thickness and refractive
index (1.55) in the dry state.*® Thus, the change in dry
thickness observed after treatment is the result of a
change in the PAH/PAA block. All of these observations
suggest that the film thickness change is due to the
formation of pores selectively in the PAH/PAA block.

The surface of the pH 2.2 treated (PAH/PAA)gs—
(PAH/SPS)ys film was examined using atomic force
microscopy (AFM) (Figure 1A). The measured RMS
surface roughness (14.2 nm) was lower than that of a
porous 8.5-bilayer PAH/PAA film (rms roughness 23.5
nm) formed on a silicon wafer with the same treatment
(Figure 1B), indicating that the presence of a PAH/SPS
capping block results in a smoother surface after poros-
ity development. Dimples on the order of a couple of
hundred nanometers, however, were observed on the
treated (PAH/PAA)gs—(PAH/SPS),s film. These craters

resulted from the collapse of the PAH/SPS block over
larger pores formed in the underlying PAH/PAA block.
Large pores of similar dimension can be seen in the 8.5-
bilayer PAH/PAA film after treatment (Figure 1B). As
will be mentioned later, a small fraction of pores large
enough to scatter light can be formed during the
porosity inducing treatment. No dimples, however, were
observed on the surface of a treated film capped with a
thicker PAH/SPS block ((PAH/PAA)gs—(PAH/SPS)so;
thickness of PAH/SPS block: 112 nm). The rms surface
roughness in this case is close to the roughness of a
dense (PAH/SPS)s, film, which was measured to be ca.
9 nm. To avoid the dimple effect, all multilayer films
were subsequently constructed with PAH/SPS blocks
comprised of 50 bilayers.

On the basis of the above results, it is clear that the
pH of the porosity inducing treatment and the thickness
of an adjacent nonporosity forming block can influence
the properties and microstructure of the final multilayer
film. Thus, the treatment needed to create nanopores
within confined regions of a multilayer film must be
optimized for the particular heterostructure under
consideration. The basic goal is to avoid the formation
of micropores and at the same time use conditions that
do not destroy or disrupt the heterostructure organiza-
tion by, for example, the effects of uncontrolled swelling.
Factors such as (i) the number and sequence of PAH/
PAA and PAH/SPS bilayers, (ii) the pH of the acid
treatment solution, and (iii) the immersion time in the
acid and rinse solutions are important parameters that
need to be considered.

To explore a more complicated heterostructure, a
series of films comprised of PAH/PAA bilayers (1-10
bilayers) sandwiched between two 50-bilayer PAH/SPS
blocks were fabricated. Two different treatment solu-
tions (pH 2.3 and pH 2.2) were used to induce porosity
in the PAH/PAA regions. The sandwich structures—
(PAH/SPS)s50— (PAH/PAA)m—(PAH/SPS)so (M = 1, 1.5,
2,25,3,35,4,45,5,55,6,7,8,9, 10)—were immersed
in a pH 2.3 acidic solution for 1 min followed by a 1
min rinse in deionized water. The (PAH/SPS)so—(PAH/
PAA);-10—(PAH/SPS)so films turned cloudy after this
treatment, suggesting that a high level of unwanted
micropores was generated in heterostructures with the
thickest PAH/PAA blocks (m =7, 8, 9, 10). Heterostruc-
tures with fewer than seven PAH/PAA bilayers, on the
other hand, were essentially transparent after treat-
ment, indicating that physical constraints caused by the
surrounding PAH/SPS blocks can influence the length
scale of porosity development in the PAH/PAA layers.
Without the PAH/SPS blocks, for example, PAH/PAA
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Figure 2. Thickness change of PAH/PAA blocks with different
number of bilayers after low-pH treatment: ¢, (PAH/SPS)so—
(PAH/PAA)n—(PAH/SPS)so (M =1,1.5,2,25,3,35,4,45,5,
5.5, 6) films with pH 2.3 treatment; B, (PAH/SPS)so—(PAH/
PAA)n—(PAH/SPS)so (m = 1, 2, 3, 4, 5, 6, 7, 8, 9, 10) films
with pH 2.2 treatment.

films with six bilayers would form micropores with this
treatment.

Figure 2 (diamonds) shows the change in thickness
of the PAH/PAA block induced by porosity treatment
as a function of the number of PAH/PAA bilayers
incorporated in the heterostructure (m =1, 1.5, 2, 2.5,
3,3.5,4,45,5,5.5, 6) as measured by profilometry. The
thickness values were estimated with the assumption
that the dry-state thickness of the PAH/SPS blocks is
not influenced by the treatment (see Experimental
Section). No change in thickness was observed for
heterostructures containing 1—2.5 bilayers of PAH/PAA.
Thereafter, the thickness change of the PAH/PAA block
induced by treatment increases linearly with increasing
number of PAH/PAA bilayers.

(PAH/SPS)s50— (PAH/PAA)m—(PAH/SPS)s0 (M = 1, 2,
3,4,5,6,7, 8,9, 10) films were also treated with a 1
min immersion in a pH 2.2 aqueous solution followed
by a 1 min water rinse. In this case, all films remained
clear after the treatment, suggesting that a stronger
driving force for phase separation (due to a lower pH)
produces a smaller fraction of micropores within the
nanoporous structure.’? The thickness change of the
PAH/PAA blocks induced by this treatment is also
presented in Figure 2 (squares). Again, it is observed
that no thickness change takes place in heterostructures
with 1—-2 PAH/PAA bilayers. The thickness change then
increases linearly with increasing number of deposited
PAH/PAA bilayers up to six bilayers, at which point a
slope change is observed reflecting a smaller thickness
change increment. The smaller thickness increment
observed in the 3—6 PAH/PAA bilayer range for the pH
2.2 treatment compared to the pH 2.3 treatment indi-
cates that a lower level of porosity is developed in the
former case; a conclusion confirmed by refractive index
results to be discussed. We believe that the change in
slope that occurs at six PAH/PAA bilayers in films
treated at pH 2.2 is due to the fact that the 1 min
treatment time is not sufficient to activate the full
porosity transition in these thicker PAH/PAA blocks. To
confirm this hypothesis, a (PAH/PAA)s—(PAH/SPS)sg
multilayer film and a (PAH/PAA)s—(PAH/SPS)2s mul-
tilayer film were assembled onto silane-coated glass
substrates. Both films were treated with a 1 min
immersion in a pH 2.2 solution followed by a 1 min
water rinse. The thickness of the (PAH/PAA)s—(PAH/
SPS),5 film increased 80 nm with this treatment whereas
the thickness of the (PAH/PAA)s—(PAH/SPS)sy film
increased by only 66 nm. Thus, in the same period of

Macromolecules, Vol. 37, No. 16, 2004

300

250 1
200 .

150 .

100 N i

Thickness Increase with
Treatments (A)
(%))
o
.

0 1 2 3 4 5 6 7 8 9
Number of Bilayer

Figure 3. Thickness change of (PAH/SPS)so—(PAH/PAA)1—o
films with pH 1.8 treatment.

time, the thicker PAH/SPS capping block presents a
more effective barrier to the diffusion of the treatment
solution. Longer treatment times produced a larger
thickness change in the film with the thicker PAH/SPS
block, but this occurred with the formation of light
scattering micropores. Similar results were obtained if
the thickness of the PAH/PAA block increased. This
again reinforces the importance of optimizing treatment
conditions to favor nanopore formation over micropore
formation in PAH/PAA bilayers present in confined
geometries. In general, as the thickness of the multi-
layer heterostructure increases, the porosity inducing
treatment must be modified appropriately. As will be
discussed, a multiple treatment protocol works best with
very thick films.

The fact that all multilayer heterostructures with
1-2.5 bilayers of PAH/PAA did not undergo the porosity
transition indicates that interpenetration of the polymer
chains nearest to the PAH/SPS blocks is preventing the
phase separation process from taking place. It has now
been well established that the polymer chains in poly-
electrolyte multilayers are well interpenetrated.48~50
Best estimates for PAH/PAA—PAH/SPS heterostruc-
tures are that a single polymer chain penetrates into
1-2 surrounding bilayers.*® To estimate indirectly how
much interpenetration occurred at the interface of a
PAH/PAA and PAH/SPS block, the thickness change of
a film comprised of 1—9 bilayers of PAH/PAA assembled
onto a PAH/SPS block with 50 bilayers was examined
by using profilometry and confirmed by ellipsometry.
Thickness measurements were made after a 30 s im-
mersion in a pH 1.8 solution followed by a 15 s water
rinse. A pH 1.8 acidic solution was used to ensure that
only nanopore formation occurred in the PAH/PAA
bilayers. As shown in Figure 3, only a slight thickness
change was detected for the film with one PAH/PAA
bilayer deposited onto the PAH/SPS block. In films with
from 2 to 9 bilayers of PAH/PAA, the thickness change
observed increased linearly with increasing number of
PAH/PAA bilayers. These results combined with the
results obtained from sandwich structures indicate that
chain interpenetration sufficient to modify physical
properties occurs at the level of about 1-2 bilayers.
Thus, for a PAH/PAA block sandwiched between two
PAH/SPS blocks, the top and bottom 1—2 PAH/PAA
bilayers adjacent to the PAH/SPS blocks are restricted
from undergoing the porosity transition due to chain
interpenetration.

Optical Properties of Nanoporous Heterostruc-
tures. The selective introduction of nanoporosity in
multilayer heterostructures should lower the refractive
index of the PAH/PAA regions. Reflectivity measure-
ments coupled with suitable modeling can be used to
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Figure 4. Reflectance of (PAH/SPS)so—(PAH/PAA)w—(PAH/

SPS)so (M = 3, 4, 5, 6) films with pH 2.3 treatment. The thick
line is experimental data, and the thin line is the simulation.

determine the refractive index of the porous PAH/PAA
domains. A multiblock stack comprised of alternating
regions of high and low refractive index is an example
of a one-dimensional photonic structure (a Bragg reflec-
tor). With suitable block thicknesses, multilayer het-
erostructures of this type exhibit reflectivity bands in
the visible region of the spectrum; i.e., they behave as
dielectric mirrors. Their optical behavior depends on the
refractive index and thickness of each block in the
structure according to eq 3 (see Experimental Section).
The average effective refractive index of the porous
PAH/PAA blocks of each multilayer heterostructure was
determined by inserting experimental data, including
the first-order reflected wavelength of the film, the
measured thickness and the known refractive index
(1.55) of the PAH/SPS blocks,*¢ and the measured
thickness of the porous PAH/PAA block into eq 3.
Further, a comparison of simulations of the reflectivity
curves with the experimental results can be used to
confirm the results of this calculation. Theoretical
reflectivity curves were calculated using the transfer
matrix method*344 (see Experimental Section for de-
tails).

Using this approach, the refractive index of the porous
PAH/PAA block in (PAH/SPS)so—(PAH/PAA),—(PAH/
SPS)so heterostructure films with m = 3, 4, 5, and 6
was calculated to be 1.24, 1.19, 1.16, and 1.15, respec-
tively (pH 2.3 treatment). Figure 4 shows a comparison
of the measured reflectance of these films with the
reflectance curves obtained by a simulation that uses
the experimentally measured thicknesses of the PAH/
PAA and PAH/SPS blocks, the known refractive index
of a PAH/SPS multilayer film, and the above indicated
refractive index values for the porous PAH/PAA block.
As indicated in Figure 4, excellent agreement was
obtained between experiment and simulation.

As the number of PAH/PAA bilayers increases, the
peak of the reflectance band shifts to longer wavelengths
and increases in intensity. The band shift is a result of
the thickness increase and index change of the PAH/
PAA blocks, whereas the intensity increase is due to a
decrease in the refractive index of the PAH/PAA block.
The fact that the apparent refractive index of the PAH/
PAA block decreases with increasing number of bilayers
is a consequence of the previously discussed layer
interpenetration that occurs at the PAH/PAA—PAH/SPS
interface. The estimated refractive index of the PAH/
PAA block is an average of the refractive index of the
nonporous, interpenetrated PAH/PAA bilayers and the
porous PAH/PAA regions. The contribution of the
nonporous bilayers to this average becomes less impor-
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Figure 5. Refractive index of (PAH/SPS)so—(PAH/PAA)m—
(PAH/SPS)so (m = 1—10) films with pH 2.2 treatment (W) and
pH 2.3 treatment (#).

tant as the total thickness of the PAH/PAA block
increases. Given the fact that different treatments/
structures may influence this interpenetration thickness
value, all refractive index values for the porous PAH/
PAA regions are reported in this paper as the effective
values that include contributions from the nonporous
interpenetrated interfacial regions and from the fully
porous zones described above. (See the Appendix for an
analysis of the interpenetration thickness and the
refractive index of the porous PAH/PAA regions.)

Figure 5 presents refractive index data for the PAH/
PAA block in (PAH/SPS)so—(PAH/PAA),—(PAH/SPS)so
films (m = 1—6) that were treated at pH 2.3 (diamonds)
and the PAH/PAA block in (PAH/SPS)so—(PAH/PAA),—
(PAH/SPS)s, films (m = 1—10) that were treated at pH
2.2 (squares). Refractive index values were obtained by
putting experimental data in eq 3 and confirmed by the
agreement between simulations and the measured
reflectivity curves. These data show that the porosity
inducing treatment at pH 2.3 produces a PAH/PAA
block with a lower refractive index than the pH 2.2
treatment, confirming that a lower level of porosity is
developed with the pH 2.2 treatment. As mentioned
earlier, with this lower pH treatment, it is possible to
add more PAH/PAA bilayers without the complication
of excessive micropore formation. Three distinct regions
can be identified in Figure 5. In region | (1—2 PAH/
PAA bilayers), the refractive index does not change
because the development of porosity is restricted due
to interpenetration at the PAH/SPS interfaces. In region
11 (3—6 PAH/PAA bilayers), the average refractive index
decreases with increasing PAH/PAA block thickness as
the contribution to the index by the interpenetrated
PAH/PAA layers decreases. In region 111 (7—10 PAH/
PAA bilayers), the refractive index increases with
increasing PAH/PAA block thickness. In this case, a
longer diffusion and transition time would be required
to achieve a lower index due to the thickness of the PAH/
PAA block. The treatment times used in this experiment
produce a lower level of pore formation within thick
PAH/PAA blocks (7—10 bilayers) compared to thin PAH/
PAA blocks (3—6 bilayers) and therefore result in a
smaller drop in the refractive index with increasing
number of bilayers. Recall that longer treatment times,
however, can induce micropore formation.

Fabrication of Nanoporous Bragg Reflectors.
Bragg reflectors have numerous applications in optical
communication systems,51:52 optical fiber sensing,3354
lasers,%® and display devices.¢ Inorganic Bragg reflec-
tors have been fabricated using porous silicon multi-
layers®” and chemical vapor deposition (MOVCD) of
different semiconductor materials.>® Organic Bragg
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Figure 6. Reflectance and structures of a pH 2.3 treated (PAH/SPS)so—[(PAH/PAA),—(PAH/SPS)so]s film (a) and a pH 2.3 treated
(PAH/SPS)so—[(PAH/PAA)s—(PAH/SPS)sc]s film (b). The thick line is experimental data, and the thin line is the simulation.

reflectors have been built using holographic polymer-
dispersed liquid crystal (HPDLC)>-62 techniques, block
copolymers,53 and polyelectrolyte multilayers.3964 In
our case, the ability to introduce nanoporosity control-
lably in select regions of a multilayer heterostructure
makes it possible to design and fabricate conformable
Bragg reflectors with any desired optical profile over a
wide range of the electromagnetic spectrum. When
considering the fabrication of multilayer heterostruc-
tures containing multiple alternating porous and non-
porous regions, the issue of treatment pH and time
becomes particularly important. For example, we fab-
ricated a multilayer heterostructure with five alternat-
ing heterostructure regions containing the following
sequence: (PAH/SPS)so—[(PAH/PAA)s—(PAH/SPS)s0]s.
In this film, the thicknesses of the PAH/SPS and PAH/
PAA blocks before porosity treatment were 112 and 61
nm, respectively. The porosity forming treatment in-
volved immersing the film in a pH 2.3 solution for 3 min,
drying it with air, rinsing it with water for 3 min, and
then drying the film again. Because of the significant
total film thickness, this two-step porosity formation
treatment cycle was repeated three times. The final
thickness of the treated film was 1257 nm. As men-
tioned previously, the PAH/SPS blocks do not change
in thickness after the porosity forming treatment; the
thickness and refractive index remain at 112 nm and
1.55, respectively. Assuming a complete and uniform
transformation of the PAH/PAA regions to the nanopo-
rous state, the average thickness of these regions was
estimated to be to 117 nm using eq 4 (see Experimental
Section).

Figure 6b shows the experimental reflectance spec-
trum of this dielectric mirror as well as the theoretical
reflectance spectrum calculated by using the measured
thickness (112 nm) and refractive index of the PAH/SPS
blocks (1.55) and calculated index of the porous PAH/
PAA blocks (1.22, calculated using eq 3) and the above-
indicated average thickness value (117 nm) for the
porous PAH/PAA blocks. The simulation predicts the
existence of a reflection peak at 633 nm and a maximum
reflectivity of 79%. Both are in excellent agreement with
the experimental results, demonstrating that, with
suitable treatment, dielectric mirrors with predictable
optical properties can be designed and fabricated. The
good agreement between the experimental data and the
theoretically predicted reflectivity also suggests that
each PAH/PAA region is uniformly converted into a

similar state of nanoporosity (i.e., same refractive index
and thickness).

A clear advantage of the layer-by-layer processing
technique is that it is possible to easily control the
thickness and sequence of the various blocks present
in a dielectric mirror by simply controlling the number
and types of layers deposited during assembly.3® This
means that the position and intensity of the reflectance
band (or bands) of the dielectric mirror are readily
tunable.

Figure 6a shows the reflectance curve of a dielectric
stack fabricated with five PAH/PAA blocks containing
fewer PAH/PAA bilayers: (PAH/SPS)so—[(PAH/PAA),—
(PAH/SPS)s0]s. In this case, the as-assembled thick-
nesses of the PAH/SPS and PAH/PAA blocks were 112
and 38 nm, respectively. Using the porosity treatment
outlined above, the thickness of the PAH/PAA blocks
increased to 80 nm and the refractive index was
calculated to be 1.24 using eq 3. The simulation of this
dielectric mirror is again in good agreement with the
experimental results: both of which show the expected
shift of the reflectance peak to lower wavelength (545
nm vs 633 nm). The effective medium approximation
(egs 1 and 2, see Experimental Section) was also used
to calculate the refractive index of the porous PAH/PAA
blocks in the above dielectric mirrors and predicted
similar index values within 5% (results: n = 1.28 for
the 6-bilayer PAH/PAA block and n = 1.26 for the
4-bilayer PAH/PAA block).

Figure 7 shows reflectance data for a multilayer
dielectric mirror with a maximum reflectance of more
than 90% at 605 nm. The structure of this multi-
layer, (PAH/SPS)so—[(PAH/PAA)s—(PAH/SPS)so]11—(PAH/
SPS)so, contains 11 distinct 6-bilayer PAH/PAA blocks
and a total of 1432 individually adsorbed polymer
layers. To generate comparable levels of nanoporosity
in all of the PAH/PAA regions within this very thick
film (as assembled thickness more than 2.4 um), it was
necessary to first assemble about half of the structure
(i.e., six alternating PAH/PAA—PAH/SPS blocks) and
then induce nanoporosity in the PAH/PAA regions. The
film was then thermally cross-linked (5 h at 140 °C) to
prevent further porosity development followed by ad-
dition of the remaining PAH/PAA—PAH/SPS layers
needed to complete the structure. The porosity inducing
treatment in both cases involved immersion in a pH 2.3
solution for 3 min followed by a 3 min immersion in
deionized water. This process was repeated three times.
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Figure 7. Reflectance and structure of a treated (PAH/SPS)so—[(PAH/PAA).11—(PAH/SPS)s0]le—(PAH/SPS)so film.
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Figure 8. A Fabry—Perot optical cavity based on a (PAH/SPS)so—[(PAH/PAA)s—(PAH/SPS)s0].— (PAH/PAA)s—(PAH/SPS)100—
(PAH/PAA)s—[(PAH/SPS)so— (PAH/PAA)s].—(PAH/SPS)se assembly.

Because of cross-linking induced shrinkage, the thick-
ness of the top five PAH/PAA blocks is about 10% larger
than that of the six PAH/PAA blocks assembled in the
first stage of this process. When this is taken into
account, the simulation of this structure produces a
reflectivity spectrum that nicely matches the experi-
mental results (Figure 7), demonstrating the remark-
able control possible over optical properties even with
exceptionally thick films.

To demonstrate the fabrication of a more complex
dielectric mirror, we created a multilayer hetero-
structure with a Fabry—Perot optical cavity.34% The
presence of such a cavity, created by producing a thicker
PAH/SPS block in the center of the film, opens up a
transmission window in the reflectivity band. The
structure of this film is shown in Figure 8 along with
its measured reflectivity curve. The film contained the
following layer arrangement: (PAH/SPS)s5o—[(PAH/
PAA)s—(PAH/SPS)s0]2—(PAH/PAA)s—(PAH/SPS)100—
(PAH/PAA)s—[(PAH/SPS)s50—(PAH/PAA)s]2—(PAH/
SPS)so. The nanoporosity was created by using three
cycles of a 3 min immersion in a pH 2.3 solution followed
by a 3 min immersion in deionized water. The 216 nm
PAH/SPS optical cavity in this structure opens up a
transmission window at 649 nm, a wavelength about
twice the equivalent optical thickness of the PAH/SPS
block.

Reversible pH-Gated Nanoporosity Transitions.
We have previously reported that the nanoporosity

transitions in 8.5/3.5 PAH/PAA multilayers are revers-
ible.’2 To determine whether pH-gated reversible nano-
porosity transitions are possible within confined PAH/
PAA mutlilayers, we fabricated a multilayer hetero-
structure with five PAH/PAA blocks: [(PAH/PAA)s—
(PAH/SPS)so]s. The nanoporosity was created by using
three cycles of a 3 min immersion in a pH 2.3 solution
followed by a 3 min immersion in deionized water with
air-drying between each step. To examine the ability to
open and close pores reversibly, the heterostructure was
alternately immersed for 3 min in pH 2.3 and pH 5.5
solutions, and the dry-state film thickness after each
treatment was examined by profilometry. As shown in
the inset of Figure 9, the dry thickness of this film
changed reversibly from 900 to 1180 nm, suggesting a
reversible change in the thickness of the PAH/PAA
blocks. The reflectivity data shown in Figure 9 confirm
that the origin of this reversible thickness change is the
opening and closing of nanopores in the PAH/PAA
blocks. While three cycles of the two-step treatment are
required to induce nanopores in the PAH/PAA regions,
only a single subsequent 3 min immersion in the pH
5.5 or 2.3 solution is needed to reversibly open or close
these nanopores. We believe that such behavior is
observed because the initial transition involves a phase
separation process, which requires multiple treatments,
whereas the opening and closing of pores occurs within
the new structure created by the phase separation
process, which can be accomplished by a single treat-
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Figure 9. Reversible pH-gated porosity transitions of a [[PAH/PAA)s—(PAH/SPS)so]s film. Inset shows the reversible change of
the film thickness. Data for cycles 1, 3, 5, and 7 were obtained after the film was immersed into a pH 2.3 solution for 3 min and
subsequently dried in air. The data for cycles 2, 4, 6, and 8 were obtained after a 3 min immersion in deionized water.
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Figure 10. Bragg stack of a [[PAA/PAH)s—(PAH/SPS)so]s film
before and after regeneration process.

ment. In the open pore state, the film exhibits a
reflectivity band with a wavelength maximum of 639
nm, whereas in the closed pore state, the film exhibits
the reflection behavior close to the as-assembled, non-
porous film. (After pore closing, a small amount of index
contrast remains between the PAH/PAA and PAH/SPS
blocks (about 0.05).) The position and intensity of the
reflectivity band observed in the open pore state indicate
that the PAH/PAA regions are nanoporous with an
effective refractive index of 1.23.

The PAH/PAA regions of these multilayer hetero-
structures can be cycled repeatedly between the open
and closed pore state by these very simple pH treat-
ments. (Recycling can be performed at least 5 times with
consistent results; deviations are < 5%.) If a nanoporous
film is immersed in deionized water overnight, however,
the nanopores are eliminated due to a further reorga-
nization of the polymer chains. We observed similar
behavior with both microporous®® and nanoporous mul-
tilayers of PAH/PAA .12 The mechanism of this long-time
rearrangement is still under investigation. It is possible,
however, to regenerate the nanoporous regions by
treatment in a low-pH solution. For example, Figure 10
shows the reflectivity curves of a [(PAH/PAA)s—(PAH/
SPS)s0]s dielectric mirror (1) after the overnight treat-
ment in water and (2) after a pH 2.2 treatment and
subsequent water rinse. The overnight water treatment
eliminates the Bragg reflection, but the reflection band
is observed to reemerge after the low-pH treatment. The
reflectance band of the regenerated Bragg stack displays
a slightly higher reflectance and a small shift to the red,

most likely due to an additional expansion of the PAH/
PAA blocks.

Applications of Nanoporous Bragg Reflectors.
It is clear that the optical properties of dielectric mirrors
that utilize nanoporosity transitions to create the low
index blocks of a Bragg stack are highly sensitive to
changes in the level of porosity. In addition, any
substance that penetrates into the pores would be
expected to modify the refractive index of these regions
and hence the optical properties. This strong coupling
between optical properties and the physical/chemical
state of the nanoporous regions opens up numerous
possibilities in applications ranging from vapor sensors
to monitorable drug delivery systems to switchable
Bragg gratings.61-%¢ In the vapor sensing area, various
kinds of Bragg stacks have been investigated. Bragg
stacks based on polymer replicas of nanoporous silicon
films,33 for example, exhibit a significant reflectance
band shift upon exposure to various solvent vapors. The
shift is caused by the condensation of analyte vapors
within pores and the concomitant change in the refrac-
tive index of the porous regions.5”

To demonstrate this effect with our Bragg reflectors,
we built a [(PAH/PAA)s—(PAH/SPS)s0]s film and con-
verted it to the nanoporous state by alternating immer-
sion for 2 min in a pH 2.2 and pH 9.5 solution. In this
case a higher pH rinsing solution was used to enhance
nanopore formation in the thick PAH/PAA blocks. The
film was then cross-linked by heating at 140 °C for 5 h
to stabilize the structure against possible rearrange-
ment during solvent exposure.*’” The transmittance
spectrum of this film is presented in Figure 11. The
transmittance spectrum of the film in air exhibits a
trend of decreasing transmission with decreasing wave-
length due to the presence, in the PAH/PAA regions, of
micron-sized pores that scatter light. Upon exposure to
a saturated vapor either of water, ethanol, acetone, or
toluene, the reflectivity band decreases in intensity and
shifts to longer wavelengths, leading to an increase in
transmittance and a shifting of the minimum transmit-
tance wavelength. The light scattering caused by the
larger pores also diminished upon exposure of the film
to these vapors. In these experiments, the same film
was used for each solvent. Between experiments the
solvent was removed by air- or vacuum-drying, during
which the refractive index of the porous regions re-
turned to the original value as the condensed analyte
liquid evaporated from the pores. The transmittance
spectrum of the dried film always returned to curve 1



Macromolecules, Vol. 37, No. 16, 2004

100
a0
80
70
60
50
40
30
20
10

0
400 500 600 700 800

Wavelength (nm)

Figure 11. Transmittance spectra of a treated [(PAH/PAA)s—
(PAH/SPS)s0]s film in air (1) and after exposure to water (2),
ethanol (3), acetone (4), and toluene (5) vapors.

Transmittance (%)

Table 1. Comparison of Different Analytes Applied in
Vapor Sensor

vapor air water ethanol acetone toluene
refractive index (20 °C) 1.00 1.33 1.36 1.39 1.49
peak transmittance (%) 22 66 67 72 77

peak wavelength (nm) 626 709 668 647 658

shown in Figure 11. These dramatic and reversible
effects are a result of the change of the refractive indices
of the nanoporous regions that occurs when they are
penetrated by condensing solvent vapor.

A consideration of the refractive index of each liquid
analyte provides insight into the mechanism behind
these optical changes. In Table 1, along with the
refractive index of each liquid analyte, we list the
transmission level and wavelength of minimum trans-
mission resulting from exposure to each solvent. The
transmittance is higher when the film is exposed to the
vapor of a material with a higher refractive index. The
better refractive index match between the pores filled
with analyte liquid and the polymer matrix results in
a lower film reflectance, leading to a higher transmit-
tance. The distinct optical changes observed with dif-
ferent vapors could be used to distinguish a specific
analyte. Using the data generated from the toluene
exposed film, it was possible to confirm that the solvent
vapor was in fact condensing into the pores. The
refractive index of PAH/PAA regions with toluene filled
nanopores was calculated to be 1.50 using the effective
medium approximation (egs 1 and 2). Using this value
in a reflectance simulation predicts a minimum trans-
mission (76%) at 663 nm, which is in good agreement
with the experimental result (77% at 658 nm). The more
dramatic shift to the red observed with water (and
somewhat with ethanol) most likely is due to a swelling
of the multilayer by these more polar solvents.

Another intriguing possibility is the idea of filling the
pores with drug molecules or electrically responsive
molecules. In the former case, changes in the optical
properties of the dielectric mirror can be used to monitor
the loading and/or release of biomaterials such as DNA
or drugs, an application that has been demonstrated in
porous silicon-based reflectors.586° Using multilayers,
the rate of release of a drug through the heterostructure
could be controlled by the choice of barrier layers and
their thicknesses and sequence in the heterostructure.
Liquid crystals, when loaded into the pores, can provide
a means to vary the refractive index of the porous PAH/
PAA blocks with application of an electric field, thereby
producing a dynamically tunable Bragg reflector. Both
of these applications are now being explored in our
laboratory.
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Figure 12. Reflectance of a cross-linked [(PAH/PAA)s—(PAH/
SPS)se]s film infiltrated with E7 liquid crystals. The thick line
is experimental data, and the thin line is the simulation.

To demonstrate that nonionic small molecules can in
fact be loaded into the nanoporous regions of multilayer
dielectric mirrors, we utilized the well-known liquid
crystal E7. To accomplish this, the bottom portion of a
thermally cross-linked multilayer heterostructure with
nanoporous PAH/PAA blocks ([(PAH/PAA)s—(PAH/
SPS)s0]3) was immersed into the liquid crystal. After a
short period of time, the liquid crystal was observed to
infiltrate the pores by a wicking effect. This process
could be easily monitored by observing the film under
a UV lamp. As the fluorescent liquid crystal wicked into
the multilayer film, the film became fluorescent. The
reflectivity of the film also changed dramatically as the
liquid crystal filled the pores and modified the refractive
index of the PAH/PAA regions. Figure 12 shows the
change in reflectivity that occurs after the loading
process. Before loading, the film behaves as a dielectric
mirror with a reflectivity band centered at about 690
nm. This reflectivity band disappears when the liquid
crystal is loaded into the pores.

The above results can be rationalized in following
manner. The average/isotropic refractive index of the
liquid crystal is 1.62. The average refractive index of
the PAH/PAA regions therefore increases when the
pores are filled, thereby reducing the index contrast
between the PAH/PAA and PAH/SPS regions. The
refractive index of E7 filled PAH/PAA blocks was
calculated to be 1.57 using the effective medium ap-
proximation (eqgs 1 and 2), and a theoretical simulation
of the reflectivity curve of the E7 loaded film (see Figure
12) also suggests a refractive index of 1.57. The original
reflectivity band was reestablished when the E7 mol-
ecules were extracted from the multilayer film using
acetone. All of these observations coupled with the
excellent agreement between the experimental and
theoretical results support the notion that the liquid
crystal molecules are uniformly loading the nanopores
of the PAH/PAA regions.

These results show that nanoporous multilayer films
can be used as vehicles for loading and releasing
nonionic organic molecules. Preliminary results indicate
that a variety of small molecules, drug and nondrug
types, can be controllably manipulated in this manner.
The use of these films in drug release applications as
well as electrically switchable Bragg gratings is cur-
rently under investigation.
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Appendix

As mentioned in the paper, the interpenetration
thickness at the PAH/SPS and PAH/PAA interface has
been estimated using different methods.*®4°® The com-
bination of experimental data and theoretical simula-
tions of the sandwich structures of Figure 4 ((PAH/
SPS)s0—(PAH/PAA);_s—(PAH/SPS)s0)) can also be used
to estimate the interpenetration thickness as well as
the actual refractive index of the porous PAH/PAA
regions. Since the interpenetration region does not
undergo porosity transitions with treatment, it can be
considered as a solid polymeric region extending the
PAH/SPS blocks. To estimate the “real” thickness of the
solid and porous regions, we assumed an intermediate
interpenetration thickness value from previously re-
ported estimates.*84° This thickness was added at each
interface between the PAH/SPS and PAH/PAA regions
and subtracted from the porous PAH/PAA region. Opti-
cal simulations on the four sandwich structures (Figure
4) were then carried out, and the interpenetration
thickness was systematically varied to obtain the closest
match to the experimental data. The refractive index
of the porous region was then estimated using eq 3.
Using this approach, the two unknown parameters were
determined; best fits were obtained when the refractive
index of the porous PAH/PAA region was n, = 1.16 +
0.01 and the interpenetration thickness was 4 nm. That
is, a zone of thickness 4 nm at the top and bottom of
each PAH/PAA region was restricted from participating
in the porosity transition owing to its interpenetration
with the fully dense PAH/SPS blocks on either side. This
result shows that the level of porosity created in the
porous PAH/PAA region that is about the same regard-
less of the number of deposited bilayers.
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