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L
ayer-by-Layer (LbL) assembly is a ver-
satile technique to create multilay-
ered structures by the alternating

depositions of polycationic and polyan-

ionic species. The technique has inherent

advantages toward the nanoscale control

of the layered material.1�7 Multilayer forma-

tion is governed by electrostatic self-
assembly of oppositely charged species
and, therefore, as long as the LbL building
blocks carry suitable charges, the size, struc-
ture, and nature of the building blocks can
be modified to impart different functional-
ities to the LbL film. Technologically rel-
evant functional films have been produced
by the homogeneous or heterogeneous lay-
ered mixing of polyelectrolyte polymers8�11

of various structures (linear, branched, den-
dritic, degree of hydrophobicity) and with
different types of nanoparticles12�17 and
proteins.18,19 A number of methods, such as
X-ray diffraction, ellipsometry, and surface
plasmon resonance, are now available to
characterize planar LbL structures. How-
ever, advanced LbL structures formed in-
side porous systems, such as within films of
colloidal particles or cylindrical nanoporous
membranes,20�28 cannot be easily
characterized.

Nanoporous anodic aluminum oxide
(AAO) films have been widely employed
as versatile templates for the preparation
of nanostructured functional
materials.13,14,20�23,25,27,28 It is a self-
organized material that possesses noninter-
secting, close-packed, cylindrical pores run-
ning straight through the film thickness.
The pore diameters can be conveniently
adjusted,24,29,30 and the AAO can be pre-
pared with minimum equipment require-
ments. Studies involving thin AAO films
have attracted significant interest for their

potential use in nondestructive, high sensi-
tivity assays such as the selective separation
of drug enantiomers31,32 or DNA oligo-
mers33 and the development of on-chip
biosensors34�37 where miniaturization, de-
vice performance, and efficiency are re-
quired. Two dominant factors affecting
macromolecular transport in the cylindrical
geometry are steric effects and the electro-
static interactions with the pore surfaces.38

Dendrimers are macromolecules that
typically have a spherical or globular shape
originating from a regular 3-dimensional
branching and have a highly defined molec-
ular weight. Their compact size, uniformity
and tunability are significant advantages for
applications such as gene delivery agents,
drug carriers and molecular sensors.39�42
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ABSTRACT Layer-by-layer (LbL) deposition of polyelectrolytes within nanopores in terms of the pore size and

the ionic strength was experimentally studied. Anodic aluminum oxide (AAO) membranes, which have aligned,

cylindrical, nonintersecting pores, were used as a model nanoporous system. Furthermore, the AAO membranes

were also employed as planar optical waveguides to enable in situ monitoring of the LbL process within the

nanopores by optical waveguide spectroscopy (OWS). Structurally well-defined N,N-disubstituted hydrazine

phosphorus-containing dendrimers of the fourth generation, with peripherally charged groups and diameters of

approximately 7 nm, were used as the model polyelectrolytes. The pore diameter of the AAO was varied between

30�116 nm and the ionic strength was varied over 3 orders of magnitude. The dependence of the deposited

layer thickness on ionic strength within the nanopores is found to be significantly stronger than LbL deposition

on a planar surface. Furthermore, deposition within the nanopores can become inhibited even if the pore diameter

is much larger than the diameter of the G4-polyelectrolyte, or if the screening length is insignificant relative to

the dendrimer diameter at high ionic strengths. Our results will aid in the template preparation of polyelectrolyte

multilayer nanotubes, and our experimental approach may be useful for investigating theories regarding the

partitioning of nano-objects within nanopores where electrostatic interactions are dominant. Furthermore, we

show that the enhanced ionic strength dependence of polyelectrolyte transport within the nanopores can be used

to selectively deposit a LbL multilayer atop a nanoporous substrate.

KEYWORDS: porous substrates · cylindrical pores · polyelectrolytes · dendrimers ·
layer-by-layer self-assembly · optical lightmode waveguide spectroscopy
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Polyelectrolyte dendrimers are dendritic structures
with ionizable groups. In particular, water-soluble,
globular N,N-disubstituted hydrazine phosphorus-
containing dendrimers developed by Majoral and Cam-
inade et al. have been extensively used to create func-
tional multilayer LbL systems40 such as sensor sur-
faces,43 nanotubes,14,44 capsules,45 and energy-cascade
sensor architectures.13 Multilayers prepared from these
polyelectrolyte dendrimers on a planar surface show a
monotonic increase in layer thickness with the number
of LbL deposition steps.43,45 Additionally they have a
lower degree of interlayer penetration than multilayers
formed from linear polyelectrolytes because of their
well-defined peripherally charged surface and their
rigid internal hydrophobic structure.40,46 Such struc-
tural properties make these dendrimers suitable model
polyelectrolytes to study the LbL deposition process in
nanoporous substrates.

The study of charged macromolecule and colloid
transport within cylindrical pores has been of inter-
est both on a theoretical38,47�53 and a practical
level.54,55 Although diffusion through cylindrical
pores for dilute systems of rigid neutral spheres is
relatively well understood, this is not the case for
systems of charged particles within charged nano-
pores. Comprehensive theoretical modeling of these
systems is complex due to the electrostatic contribu-
tions and charge regulation in the confined nano-
pore geometry.52 The partitioning of charged analytes
inside and outside cylindrical pores is not simply de-
scribed by changes in the Debye screening length (�De-

bye) with changes in ionic strengths.48�51,53,56,57 Calcula-
tions based on spherical charged particles and infinite
cylindrical pores have shown that electrostatic interac-
tions continue to significantly influence transport prop-
erties even at ionic strengths approaching 1 M and in
cases where pore diameters are much larger than the
size of the particles.49,53 To facilitate the description of,
respectively, the particle diameter (d) relative to the
pore diameter (D0) and relative to �Debye, the normal-
ized parameters � � d/D0 and � � D0/2�Debye are often
used.

A number of experimental studies have focused on
measuring the apparent diffusion constants in nano-
porous membranes,58,59 and studies related to electro-
osmotic transport60,61 and Coulter counters62�64 have
been previously reviewed. More recently, indirect
measurement of the filling by polyelectrolyte multilay-
ers of nanopores ranging from 100�500 nm has been
carried out in the dried state by gas-flow porometry.65

Nonetheless, direct investigation of surface processes
occurring within nanoscale pores has been hampered
by the limited availability of in situ, high-sensitivity, sur-
face characterization techniques that can probe inside
nanoporous morphologies.

Optical waveguide spectroscopy (OWS) is a highly
sensitive yet experimentally simple technique for inde-

pendently characterizing the thickness and refractive
index of optically transparent thin films.66,67 In recent
years, OWS has also been explored for in situ monitor-
ing of processes occurring within AAO68�70 and other
nanoporous templates71�75 at subnanometer
sensitivities.68,69 The nanoporosity ensures that scatter-
ing losses are minimal for optical waveguiding at visible
or longer wavelengths, and that effective medium
theory (EMT) can be applied to quantify processes oc-
curring within the nanoporous AAO structure based on
its refractive index responses.68,76,77 In this regard, the
ordered cylindrical pore morphology of AAO mem-
branes lends itself to a simple EMT description using
the Maxwell�Garnett approach.68,70,77

In this contribution, the LbL deposition of den-
drimer polyelectrolytes within the nanopores of AAO
was investigated by in situ OWS and EMT analysis, and
the limiting conditions in terms of pore size and ionic
strength were explored. The diameter of the AAO pores
was varied between 30�116 nm, which corresponds
to 4�17 times of the diameter of the dendrimers used
(�7 nm).45,78�80 The ionic strength was controlled by
the addition of NaCl, with the lowest concentration set
by the polyelectrolytes dissolved in ultrapure water, and
the highest at 900 mM NaCl. In our experiments, LbL
deposition within the nanopores occurred simulta-
neously on the internal pore surfaces and atop the AAO
membrane on the planar surfaces between openings
of the cylindrical nanopores. As proposed in earlier
studies,68,70 the depositions atop and within the AAO
membrane were independently measured by OWS.
Depositions on the AAO were compared with surface
plasmon resonance (SPR) measurements of LbL deposi-
tion on a planar surface. In addition, ex situ scanning
electron microscopy (SEM) was employed to corrobo-
rate the in situ OWS results. Electrostatic hindrance to
LbL deposition of polyelectrolytes within a nanoporous
structure is not unexpected. However, our results indi-
cate that dependence of the deposited layer thickness
on ionic strength within the nanopores is significantly
stronger than deposition on a planar surface. In particu-
lar, LbL deposition can be completely inhibited within
the nanopores even if the pore diameter was much
larger than the diameter of the dendrimer polyelectro-
lyte, and increased ionic strengths were unable to com-
pensate for this effect. Finally, the enhanced ionic
strength effect was utilized to selectively deposit a poly-
electrolyte multilayer atop the nanoporous AAO
substrate.

RESULTS AND DISCUSSION
LbL Deposition within and atop Nanoporous AAO Membranes.

The structures of the polyelectrolyte dendrimers used,
N,N-disubstituted hydrazine phosphorus containing
dendrimers of the fourth generation (G4), are shown in
Figure 1A. Each dendrimer has 96 peripheral charged
groups, which are either all cationic or all anionic in
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nature (G4(�) � G4(NH�Et2Cl�)96, Mw � 32361; G4(�)

� G4(CHCOO�Na�)96, Mw � 35625). At low ionic

strengths, akin to unbranched polyelectrolytes, the

counterions of most charged groups remain close to

the dendrimers (counterion condensation) and the ion-

ized groups are weakly screened. Since these groups

are located on the periphery of the G4-polyelectrolyte,

to minimize repulsive electrostatic interactions, the

dendrimers adopt a moderately extended conforma-

tion commensurate with the dendrimer’s symmetry.

The theoretical diameter of the dendrimers in a fully ex-

tended conformation is �10 nm. At higher ionic

strengths, enhanced overall charge screening allows

an increase in the degree of dissociation and the diam-

eter of the G4 dendrimers in solution has been mea-

sured to be �7 nm.45,79,80

G4-Polyelectrolyte LbL depositions were initiated

on the nanoporous AAO membrane with an

aminopropyl-dimethylethoxysilane (APDMES) surface

layer that provided a positive surface charge. The AAO

membranes were prepared with a thickness of �1 �m

and a range of average pore diameters (D0) of 30�117

nm. The pores are open only on the top side of the AAO

membrane. On the APDMES-functionalized AAO sub-

strates, LbL multilayer formation occurred via (1) depo-

sition on the internal surface of the cylindrical pores and

(2) deposition atop the nanoporous membrane on the

surfaces between individual pore openings. G4-

Polyelectrolyte depositions were performed starting

from immersion in 1 mg/mL G4(�) dissolved in ultra-

pure water solution, followed by immersion in a 1

mg/mL G4(�) solution, and so forth, with a rinsing

step in between every immersion. The ionic strength

was controlled by the addition of NaCl.

As previously reported, the AAO membranes

were prepared on glass substrates and the AAO

also acted as optical waveguides.68,70,81 This allowed

in situ monitoring of the LbL deposition using opti-

cal waveguide spectroscopy (OWS).66 In OWS, the in-

tensity minima in reflectivity versus incidence angle

measurements indicate conditions at which light is

coupled through a prism into the AAO membrane

(Figure 2). The deposited dendrimers have a higher

dielectric constant (	dendrimer � 2.25)45 than the liq-

uid they displace (	water � 1.774). Consequently, G4-

polyelectrolyte deposition increases the overall di-

electric constant inside the pores (	pore) and hence

the dielectric constant of the entire AAO membrane

waveguide (	AAO). Increases in 	AAO cause the

waveguide mode minima to shift to higher

angles.68,70,81 Each deposition step was allowed to

proceed until no further change was observed in the

OWS signal (typically 30 min). Figure 3A shows the

shifts in the waveguide mode minima for the trans-

verse magnetic (TM) modes after successive LbL

deposition steps on an AAO membrane (D0 � 65

nm) using polyelectrolytes solutions with 100 mM
NaCl.

Figure 3B shows the cumulative angle shifts of the
TM mode minima after each LbL step for the experi-
ment in 3A, and also that of a transverse electric (TE0)
mode. It was observed that the cumulative angle shifts
for all modes increased linearly up to five layers. How-
ever, the angle increase and deposition slowed thereaf-
ter, but at different rates for the different modes. In-
deed, from the seventh layer on, the angle shifts for TE0

became negligible, the TM1 mode shifts became small,
and only the TM2 mode shifts were still obvious. In the
waveguide, the electromagnetic fields of the different
modes are distributed transversely in and around the
AAO membrane with specific nodal patterns (Figure 2).
In particular, higher order modes (e.g., TM2 vs TM1) have
larger fractions of their fields distributed toward the
edges of the AAO membrane and are more sensitive
to processes occurring atop the membrane.66 Further-
more, TE modes have electric fields polarized in the
plane of the membrane and are less sensitive than TM
modes to processes atop the membrane. Deposition
atop the pores contributes to increases in the AAO
waveguide film thickness. Therefore, as discussed in
previous reports,68,70 the higher shifts of higher order
modes (Figure 3) showed that LbL deposition atop the
AAO proceeded continuously but that G4-
polyelectrolyte deposition within the nanopores
stopped after three bilayers.

The changes in 	AAO were derived from the angle
changes in the waveguide modes using conventional

Figure 1. (A) Chemical structure of the N,N-disubstituted hydrazine
phosphorus-containing dendrimers of the fourth generation (G4-
polyelectrolyte) used in the LbL experiments. (B) Schematic illustrat-
ing the geometry of the polyelectrolyte multilayer experiments car-
ried out within cylindrical nanopores of different diameters
(D0), involving the interaction of charged dendrimers with a posi-
tively charged surface obtained by silanization with APDMES.
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OWS Fresnel multilayer analysis,66 and the thickness

change on the interior pore surfaces (tin) was

calculated from 	AAO using an effective medium theory

(EMT)82 model.68,70,81 The atop thickness (tatop) was also

obtained from Fresnel analysis that is constrained by an

EMT calculated value of 	atop commensurate with the

porosity indicated by 	AAO (Supporting Information, Fig-

ure S1). The thickness values obtained from both the

OWS and EMT analyses are the averaged thicknesses of

the polyelectrolyte layers, which have finite

roughnesses.

Figure 4 shows both tin and tatop versus deposition

steps (n) of the G4-polyelectrolyte film deposited for

membranes with a range of different pore diameters

(D0 � 30�97 nm). This set of experiments was per-

formed using dendrimer solutions with a moderate

NaCl concentration of 100 mM. It is seen that tin ini-

tially increased following a common linear trend re-

gardless of the pore diameter, but then became inhib-

ited (analogous to Figure 3) such that tin ceased

increasing beyond saturation values specific to each

pore size.

In the initial linear regime, the average increase in

tin per polyelectrolyte layer (tavg) was 3.2 nm. This was

Figure 2. Schematic of the OWS setup used to measure
waveguide modes, from which �AAO, tin and tatop were meas-
ured. The reflectivity (R) is measured as a function of the in-
cidence angle (�). The idealized field distributions of several
guided modes are shown. The excitation of these modes is
detected as sharp minima in the R vs � measurements. Also
shown are SEM images of the cross-section and the top view
of an AAO waveguide membrane.

Figure 3. (A) Optical waveguide measurements (circles) with
Fresnel calculations (----) for an APDMES-functionalized AAO
waveguide with D0 � 65 nm in water and after 3, 6, and 9 G4-
polyelectrolyte deposition steps from 100 mM NaCl solu-
tions. The waveguide mode minima shift to higher angles
as G4-polyelectrolytes deposit within and atop the pores. (B)
The corresponding angle shifts of the minima of each TM
mode and the TE0 mode vs the number of LbL deposition
steps.

Figure 4. Thicknesses of the G4-polyelectrolyte layers de-
posited from 100 mM NaCl aqueous solutions, within (tin, A)
and atop (tatop, B) nanoporous AAO membranes with various
pore diameters.
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smaller than the native G4-polyelectrolyte diameter of
�7 nm in solution.45,79,80 In comparison, the thickness of
a dried G4 dendrimer monolayer in air, measured by
AFM, is �2.5 nm thick,79 and the maximum thickness
of our G4 layers measured on both a planar surface and
within the pores is tmax 
 4.5 nm (see discussion re-
lated to Figure 7); tmax is consistent with the volume-
averaged thickness (as measured by OWS or SPR) of a
random sequentially adsorbed layer (�55% coverage)90

of a �7 nm globular species, and one could relate the
ratio tavg/tmax 
 70% to sub-monolayer coverage. How-
ever, the present optical techniques cannot indepen-
dently measure surface coverage and the effects of
surface-induced G4-polyelectrolyte compression and
spreading, which is expected to contribute to the re-
duction in the layer thickness within the initial linear re-
gime, as well as in subsequent deposition steps.

As expected, tin saturation values were higher for
larger pore diameters. However, the pores were far
from being completely filled at these saturation values.
For example, with D0 � 65 nm, tin did not increase be-
yond 21.5 nm (after 6 LbL steps), while deposition
within pores with D0 � 30 nm immediately reached
saturation during the first deposition step.

Figure 4B shows the cumulative thickness of G4-
polyelectrolytes deposited atop the AAO membrane
on surfaces between the pores (tatop). Unlike tin, tatop in-
creased uninterrupted for all deposition steps for all D0

in a linear fashion. Furthermore, the rates of deposition
for different D0 were essentially coincident with each
other, which shows that tatop was unaffected by the
presence of the pores (deposition on the interpore sur-
face proceeded with the same rate as on a flat sur-
face).83

As pointed out above, the interior of the pores were
not completely filled even after tin reached saturation
values. The pore diameter that remained “open” after
successive LbL deposition steps (i.e., open-pore diam-
eter, Dopen-pore) may be estimated from Dopen-pore � D0 �

2tin. For example, for D0 � 65 nm, tin � 21.5 nm, and
Dopen-pore � 22 nm. (Note that tin measured by OWS, and
hence Dopen-pore, is also the value averaged over the en-
tire length of the pore (�1 �m), since the guided light
in the OWS setup had a � � 633 nm and cannot resolve
fine variations through the thickness of the AAO mem-
brane).

The OWS data was also corroborated by ex situ
scanning electron microscopy (SEM). Figure 5 shows
that, after 10 deposition steps, the pores in the AAO
membrane (D0 � 65 nm) were not completely filled
(Dopen-pore � 22 nm). In the AAO cross-section image
(Figure 5A) a layer of organic material can be ob-
served on the pore walls. In the top view image (Fig-
ure 5B), most of the pores are observed to remain
open (there is a distribution in the diameters of the
pore openings in the AAO prepared, so the smaller
pores appeared obscured). Exact values of tin and

Dopen-pore may not be measured from SEM images as
the vacuum environment in the SEM requires dried
samples.79

The electrostatic screening length �Debye is � 1 nm
at the experimental NaCl concentration of 100 mM.
Therefore, one might not have expected the deposi-
tion within the pores to be electrostatically hindered
when Dopen-pore � 22 nm was significantly larger than
d 
 7 nm,45,78�80 the diameter of the G4-
polyelectrolytes. However, as a polyelectrolyte den-
drimer enters a nanopore similar in size to itself, due
to charge regulation, the electrostatic potential around
the polyelectrolyte is altered and the local ion concen-
tration, hence the local screening length, may deviate
from bulk values.52,59 Furthermore, electrostatic repul-
sion arising from polyelectrolytes already deposited
near pore entrances within the same deposition step
can significantly hinder the transport of same-charge
G4-polyelectrolytes further into the pores.

Ionic Strength and Charge Effects on LbL Deposition within
Nanopores. At a low ionic strength, counterion condensa-
tion is dominant and only a fraction of the polyelectro-
lyte charged groups are dissociated.84�86 G4-
polyelectrolytes dissolved in ultrapure water corre-
sponded to the minimum ionic strength possible in
our experimental system. Under these conditions, trans-
port into the pores was expected to be strongly hin-
dered electrostatically due to large �Debye, and Figure 6
shows that deposition of G4-polyelectrolyte dendrimer
dissolved in ultrapure water within the pores was inhib-
ited for all pore diameters D0 � 30�116 nm (Figure
6A). The cumulative layer thickness within the pores
did not increase beyond �1 nm, regardless of the num-
ber of deposition steps. Concurrently, the deposition
atop the AAO membrane (Figure 6B) proceeded in an
approximately linear fashion with an average layer
thickness of �1.5 nm per deposition step. Accordingly,
Figure 5C (D0 � 70 nm) shows that the pore diameter

Figure 5. SEM images of (A) the interior and (B) atop the AAO mem-
brane (D0 � 65 nm) after 10 deposition steps from 100 mM NaCl aque-
ous solution. (C) SEM image of the top surface of the AAO (D0 � 70 nm)
after six depositions steps from ultrapure water solutions.
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remained similar to the original value even after six

deposition steps. Compared with the deposition at 100

mM NaCl, tatop without added NaCl was significantly de-

creased. This decrease with lowering of ionic strength

is consistent with LbL deposition on flat homogeneous

substrates (see Supporting Information, Figure S2).

Increasing the ionic strength increases the degree of

dissociation, and by increasing the NaCl concentration

in our G4-polyelectrolyte solutions, we were able to in-

crease the per layer dendrimer thickness on both flat

surfaces and within the nanoporous AAO membranes.

Higher ionic strengths also induce a denser polyelectro-

lyte surface packing due to a decrease in the electro-

static screening length, which suppresses repulsion be-

tween surface-bound dendrimers and those in solution.

However, comparison between Figures 4 and 6 clearly

shows that tin was more strongly hindered than tatop by

the electrostatic interactions such that (1) G4-

polyelectrolyte deposition within the pores was inhib-

ited at low ionic strength for all D0 tested, and (2) G4-

polyelectrolyte per layer thickness was lower within

than atop the pores even at 100 mM NaCl.

We further investigated the ionic strength effect by

measuring the G4-polyelectrolyte layer thickness over

a range of NaCl concentrations (0�900 mM). In Figure

7, the thickness of the initial G4 layer within the pores is

plotted, and AAO samples with Do � 35 and 54 nm

were compared with the deposition on a flat surface

(measured by SPR).

With no NaCl added, deposition within the pores

was almost completely suppressed, while the layer

thickness was only �1 nm on the flat surface. As the

NaCl concentration increased, we observed that the G4-

polyelectrolyte single layer thickness increased to a

maximum of 1.2 nm within the smaller 35 nm pores,

and to a maximum of 4.5 nm within both the larger 54

nm pores and on the flat surface. However, to obtain a

G4-polyelectrolyte layer thickness within the 54 nm

pores similar to that on the flat surface, greater salt con-

centrations were required. At the same time, at high

NaCl concentrations, only a third of the thickness was

deposited within the 35 nm pores as compared to

within the 55 nm pores. Indeed, the differences be-

tween the thicknesses measured on the flat surface

and within the pores represent the effect of the cylindri-

cal nanoporous geometry on G4-polyelectrolyte depo-

sition as a function of the pore diameter. This effect is

not limited to dendrimer polyelectrolytes. Roy et al.

have performed similar experiments with linear PAH/

PSS polyelectrolytes in 100 mM acetate buffer showing

that the layer thickness within the pores of track-etched

polycarbonate membranes (100, 200, and 500 nm pore

diameters) was increased 2�4 times if the ionic

strength was increased by an additional 0.5 M NaCl.65

We examined in more detail the electrostatic na-

ture of the enhanced hindrance to polyelectrolyte den-

drimer transport that results in a large Dopen-pore to G4-

polyelectrolyte diameter ratio. Figure 8A highlights the

three regimes observed for the interior layer thickness

(tin) versus the number of deposition steps (n): (1) initial

linear LbL deposition, (2) a transition regime, and (3)

complete inhibition of the LbL process within the pores.

As discussed earlier, the repulsive potential surround-

ing pore entrances created by the initial deposition of

G4-polyelectrolytes and subsequent charge inversion in

these locations likely contributed to the eventual inhibi-

tion of further deposition within the nanopores. There-

fore a distribution in the size of the pore entrances

would contribute to the transition regime, since the

smaller entrances would be inhibited first. Additionally,

since the OWS measurement of tin represents a value

Figure 6. Thicknesses of the G4-polyelectrolyte layers de-
posited from ultrapure water solutions, within (tin, A) and
atop (tatop, B) nanoporous AAO membranes with various
pore diameters.

Figure 7. Initial G4-polyelectrolyte layer thickness depos-
ited within AAO pores at increasing NaCl concentrations, in
cylindrical pores D0 � 35 and 54 nm (measured by OWS), and
on a flat surface (measured by SPR) (see Supporting Informa-
tion, Figure S5 for the data presented using a linear scale).
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averaged over the entire length of the AAO pore, the

transition regime (2) could also indicate a gradual

build-up of an electrostatic barrier surrounding the

pore entrances that localized the deposition more and

more toward the pore openings. In this case, the num-

ber of polyelectrolyte layers deposited near the pore

openings may be more accurately described by the to-

tal number of deposition steps in regimes (1) and (2) be-

fore the deposition became completely inhibited (nmax,

Figure 8B). Applying this assumption to calculating the

local open-pore diameter near the pore entrances

(Dlocal) yields:

where tavg is the average layer thickness within the lin-

ear regime eq 1.

Figure 8C plots Dlocal against the original pore diam-

eter D0 for the experiments performed at 100 mM NaCl.

It is seen that Dlocal does not depend on D0, and the

pores became inhibited at an average Dlocal 
 26 nm.

Taken at face value, this represents a G4-polyelectrolyte

diameter to screening length ratio �local � Dlocal/2�Debye


 14, which is much larger than conventionally as-

sumed (�Debye being interpreted as the length over

which electrostatic interactions are screened to 1/e of

its full strength).

Typically, in neutral-charge systems, when Dopen-pore

is comparable to the diameter of a transported object

(d) (i.e., large � � d/Dopen-pore ¡ 1), the partitioning (�)

within cylindrical pores becomes sterically limited ac-

cording to � � (1 � �)2 (Figure 8D).59 Therefore, in the

absence of electrostatic interactions, as the limit � ¡ 1

is approached, dendrimer diffusion into nanopores

would already become hindered. In the case of G4-

polyelectrolytes, after initial dendrimer deposition

around the pore entrances, the repulsive potential that

is built up around the pore entrances causes the parti-

tioning of the G4-polyelectrolyte to be even more

strongly inhibited than the (1 � �)2 steric limit (Figure

8D). Hence dendrimer partitioning and LbL deposition

within a nanopore are strongly dependent on the elec-

trostatic conditions and may already become negligible

at 0 � � �� 1. In fact, our data indicate a limiting value

of �limit � d/Dlocal � 0.27 for G4-polyelectrolyte at 100

mM NaCl. When the NaCl concentration was halved (50

mM), we measured Dlocal � 38 nm and �limit decreased

to 0.18 (Figure S3). A qualitatively similar behavior is ob-

served in experiments involving linear polyelectrolyte

multilayers in track-etched polycarbonate membranes

(100 nm diameter pores).65

If the polyelectrolytes were to be deposited deeper

within the pore, the remaining pore entrance (Dlocal)

must accommodate both the diameter of the diffusing

G4-polyelectrolytes and the electrostatic double layers

associated with both the diffusing and surface-bound

polyelectrolytes. This criterion may be expressed, as a

first approximation, as one examines the AAO pore

geometry:

where �local is the screening length locally modified in

the pores due to charge regulation, and it is assumed

that the local screening length is identical over the G4-

polyelectrolyte in solution and on the polyelectrolyte-

covered pore surfaces. Accordingly, given Dlocal � 26 nm

at 100 mM NaCl in the bulk solution, �local � 4.75 nm.

This local value is much larger than the bulk �Debye �

0.96 nm, which may explain the very large limiting val-

ues of Dlocal and �local measured experimentally, and

highlights the considerations of charge regulation and

pore geometry (localized polyelectrolyte and counte-

rion partitioning) that apply to LbL deposition within

nanoporous systems.

Selective Formation of Polyelectrolyte Membranes atop AAO.
A polyelectrolyte membrane may be selectively formed

atop the AAO membrane while maintaining negligible

deposition within the pores, by taking advantage of the

hindered polyelectrolyte deposition within the pore at

a low ionic strength, and promoting the deposition of

G4-polyelectrolytes atop the AAO pores. To begin, G4-

polyelectrolytes LbL deposition was carried out with so-

lutions of the dendrimers dissolved in ultrapure water.

Figure 8. (A) Dendrimer deposition within D0 � 97 nm pores from a
100 mM NaCl solution. Three regimes are defined: (1) linear increase
with additional deposition steps (n); (2) a transition exhibiting hin-
dered LbL deposition; and (3) inhibited LbL deposition due to elec-
trostatic effects in a confined geometry. (B) Replot of the data shown
in Figure 4A in terms of the maximum number (nmax) of dendrimer
layers deposited: regimes 1 � 2 vs D0. (C) Dlocal calculated from the
data shown in Figure 4A using eq 1. (D) The partitioning of a charged
particle inside cylindrical pores as a function of the relative particle
diameter � � d/D0. Adapted with permission from ref 57. Copyright
1983 Elsevier.

Dlocal ) D0 - 2nmaxtavg (1)

Dlocal ) d + 4λlocal (2)
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This was followed by LbL deposition of G4-

polyelectrolytes dissolved in 100 mM NaCl or higher

ionic strengths. As discussed, the low salt condition of

the first deposition stage prevented deposition within

the pores and promoted deposition around the pore

openings on the top of the AAO membrane. This first

deposition stage effectively narrowed the diameter

near the pore openings and inhibited the deposition

of additional polyelectrolyte material within the pores,

even at high bulk ionic strengths, in the second stage.

Figure 9 shows the evolution of the inner and atop

dendrimer film thickness for an AAO membrane with

D0 � 55 nm, for a deposition sequence beginning with

ultrapure water solutions (three layers), followed by a

second-stage deposition with G4-polyelectrolyte dis-

solved in solutions with 100 mM NaCl. At the end of the

first deposition stage, it was observed that the pores re-

mained essentially empty while the atop thickness

grew to an average of �5 nm per layer. After the NaCl

concentration was increased in the second stage, the

slope of the atop deposition curve increased and the

atop thickness reached 26 nm at the end of the seventh

step. In contrast, the layer thickness increase within

the pores in the second high-salt deposition stage was

minimal and quickly reached a saturation value. In com-

parison, an interior thickness of �15 nm would be ob-

tained in conventional one-stage deposition at 100 mM

NaCl for the same D0 (see Figure 4).

The deposition atop the AAO was observed to vary

proportionally with the ionic strength and a thick mul-

tilayer film could also be deposited this way. Polyelec-

trolyte membranes have been prepared above porous

substrates for applications in nanofiltration and separa-

tion applications,87 and also for other practical applica-

tions such as gas and chemical separation. The pre-

sented method is a simple and effective way to produce

pore-spanning multilayer membranes and combines

the advantageous properties of multicomponent poly-
electrolyte based membranes and permeable porous
AAO solid supports.

CONCLUSION
The effects of pore size and ionic strength on the

layer-by-layer (LbL) deposition of polyelectrolyte den-
drimers within the cylindrical nanopores of anodic alu-
minum oxide (AAO) membranes were experimentally
studied in situ by optical waveguide spectroscopy
(OWS). The OWS results were corroborated by ex situ
SEM characterization, and were also compared to regu-
lar LbL deposition on a planar surface characterized by
surface plasmon resonance spectroscopy (SPR). Globu-
lar N,N-disubstituted hydrazine phosphorus containing
dendrimer polyelectrolytes of the fourth generation
(G4-polyelectrolyte) were used as the model deposi-
tion species. It was demonstrated that OWS could inde-
pendently quantify the thickness of the LbL deposited
layers within, and atop, the AAO membrane with high
sensitivity.

The deposition atop the AAO on surfaces be-
tween the pore openings was observed to follow
the behavior of linear LbL deposition on a regular
planar surface. However, LbL deposition within the
cylindrical nanopores, after an initial linear deposi-
tion regime, became completely inhibited when the
pores were still significantly larger than the diameter
of the G4-polyelectrolyte (�7 nm). In fact, the inte-
rior deposition could be inhibited at all pore diam-
eters investigated (D0 � 30�116 nm) by adjusting
the ionic strength of the deposition solution via the
NaCl concentration. Conversely, a significant in-
crease in the solution ionic strength, much greater
than indicated by experiments on flat surfaces, was
required to efficiently load the polyelectrolytes
within the nanopores. Partitioning of dendrimers
within the nanopores was already expected to be
sterically hindered. Additionally, as LbL deposition
initially occurred near the pore entrances before pro-
ceeding further within the pore, the initial charge in-
version in the vicinity of the pore entrances likely
created a repulsive potential that further inhibited
partitioning of polyelectrolytes in the pores. For ex-
ample, at 100 mM NaCl, we measured a limiting G4-
polyelectrolyte to pore diameter ratio �limit � 0.27,
while halving the NaCl concentration decreased �limit

to 0.18.
Numerous applications, including separation and

controlled drug release, gene delivery, analyte trap-
ping, chemical catalysis within cavities, as well as sen-
sor devices, have been suggested for LbL multilayered
nanotubes,14,31�33,44 and our results set useful param-
eters for their preparation using the strategy of nano-
porous template fabrication. The present experimental
approach of in situ OWS characterization of the AAO
system may also be useful for investigating theories

Figure 9. tatop (circles) and tin (squares) obtained by a 2-step
protocol for selectively depositing a polyelectrolyte mem-
brane atop empty pores: Deposition of G4-polyelectrolytes
first from an ultrapure water solution (layers 1�3), followed
by deposition from a solution with 100 mM NaCl. As the salt
concentration was increased after the deposition of layer 3
from a solution of G4(�) dissolved in pure water, the LbL
film thickness increased and is indicated as layer 31/2.
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describing the transport of charged macromolecules in
charged pores. Finally, by manipulating the sequence of
LbL deposition at different ionic strengths, a 2-step
method was demonstrated to selectively deposit multi-
layer polyelectrolyte films atop AAO membranes with

negligible interior deposition. Such differentiated sub-
strates could have applications in which the compart-
mentalization of the contents between, or the differen-
tial functionalization of, the interior and exterior of a
nanoporous membrane are required.

EXPERIMENTAL SECTION
Materials. Fourth generation N,N-disubstituted hydrazine

phosphorus-containing dendrimers having 96 charged terminal
groups were synthesized according to a previously reported
protocol.40,88 High purity 11-mercaptoundecanoic acid (MUA)
and 3-aminopropyldimethylethoxysilane (APDMES) were pur-
chased from Sigma-Aldrich and used as received. Oxalic acid,
phosphoric acid, toluene, and ethanol were of ACS reagent
grade. Ultrapure deionized water (resistivity � 18.2 M
cm) was
obtained from a MilliPore filtration machine (Millipore, Schwal-
bach, Germany). High refractive index LaSFN9 glass substrates
(	 � 3.406 at 632.8 nm) were obtained from Hellma Optik (Halle,
Germany). 99.999% Al disks (20 mm �1 mm) were purchased
from Goodfellow (Bad Nauheim, Germany). The optical adhe-
sive used (NOA 83H) was purchased from Norland Products
(Cranbury, USA).

AAO Waveguide Membranes. (Figure 2). AAO membranes were
prepared by two different protocols depending on the desired
pore diameter. Membranes with pore diameters �75 nm and lat-
tice spacing � 100 nm were prepared by anodization of 1 �m
sputtered Al films in 0.3 M oxalic acid at 40 V with a 25 nm thick
Al layer left unanodized between the AAO membrane and the
glass substrate for optical coupling, according to a previously re-
ported method.70 For AAO membranes with D0 � 75 and 175
nm lattice spacing, 1.5 �m AAO anodized from bulk Al discs were
mounted on LaSFN9 glass slides using an optical adhesive ac-
cording to another previously reported technique.81 The Al discs
were anodized in 0.05 M oxalic acid at 80 V for 20 min. The pores
for all AAO membranes were widened to the desired diameter
by etching in 5 wt % phosphoric acid (etch rate � 0.3 nm/min).
Furthermore, all AAO membranes were functionalized with AP-
DMES via solution silanization by refluxing for 12�15 h in a 2 vol
% APDMES solution in toluene.84

Surface Plasmon Resonance (SPR). SPR measurements were per-
formed on a purpose-built setup operating at 632.8 nm in the
Kretschmann configuration.66 LASFN9 glass substrates coated
with 2 nm Cr and 50 nm Au (by thermal evaporation using an
Auto300, BOC Edwards, U.K.) were used. The Au-coated sub-
strates were functionalized with MUA self-assembled monolay-
ers by immersion in 5 mM MUA in ethanol for 3 h followed by co-
pious rinsing with ethanol.

Optical Waveguide Spectroscopy (OWS). OWS measurements of the
AAO membranes prepared on glass slides were performed us-
ing the same setup as that used for SPR.66 The glass-side of an
AAO sample was attached to the base of a symmetric LaSFN9
glass prism by optical immersion oil. The laser (� � 632.8 nm)
was incident through the prism-substrate assembly and re-
flected off the thin metal coupling layer in between the AAO
membrane and the glass substrate as the incidence angle (�)
was varied. At specific � values determined by the thickness and
the dielectric constant of the AAO membrane (	AAO), the laser
was coupled into the membrane, and such waveguide modes
were measured as sharp minima in a reflectivity (R) vs � scan (Fig-
ure 2). Transverse electric (TE) and transverse magnetic (TM)
modes were indexed according to the number of nodes in their
electromagnetic field distributions.66 	AAO and the thickness of
the AAO film, as well as any overlayers on top of the AAO, were
calculated from the angles of the waveguide mode reflectivity
minima using Fresnel equations, which exactly describe the lay-
ered geometry of the AAO waveguide in the OWS setup;66,89

tracking the coupling angle of a mode enabled real time, in situ
monitoring of changes in the thickness or the dielectric constant
of the film.66

Effective Medium Theory Analysis. The 	AAO measured by OWS in-
cludes contributions from both the alumina, the medium filling

the pores (e.g., water), and any organic thin layer coating the
pore surfaces (i.e., the G4 polyelectrolyte). Because of the aniso-
tropic nature of the long, cylindrical AAO pores, 	AAO also has an
anisotropic component that is described by the infinite, prolate
ellipsoid approximation within the Maxwell�Garnett theory:76,77

where 	AAO
� and 	AAO

� are, respectively, the effective dielectric con-
stant components normal and parallel to the AAO membrane
surface, fpore is the pore volume fraction within the AAO, 	alumina

� 2.6870 is the dielectric constant of bulk anodic alumina at � �
632.8 nm, and 	pore is the (effective) dielectric constant within
the pores. For a blank AAO film in water, 	pore � εwater � 1.77.
With the addition of an organic film, 	organic � 2.25,45 on the in-
ternal pore surfaces (e.g., APDMES or G4-polyelectrolyte), the vol-
ume within the pores would be occupied by a combination of
the organic material and the pore filling medium. 	pore was then
approximated by recursively applying eq 2 to the pore-organic
film geometry:68,69

where forganic is the volume fraction of the organic layer within
the cylindrical pores and the organic layer thickness (dorganic)
could then be calculated from forganic and the pore diameter by
assuming that the organic film formed a conformal layer on the
pore surfaces:

Scanning Electron Microscopy (SEM). SEM measurements were per-
formed with a LEO Gemini 1530 SEM with acceleration voltages
between 1 and 6 kV.

Polyelectrolyte Dendrimer Deposition. G4 polyelectrolyte concen-
trations were all 1 mg/mL, dissolved in ultrapure water. Differ-
ent ionic strengths were obtained by directly adding microliter
aliquots of a 1 or 10 M NaCl stock solution to the prepared solu-
tions. After four deposited layers, newly prepared dendrimer so-
lutions were used to ensure that the polyelectrolyte concentra-
tion remained constant. The G4-polyelectrolytes were deposited
by flowing the solutions through a liquid flow cell, until satura-
tion was reached in the recorded signal (between 15 and 45
min). The samples were all rinsed with ultrapure water before
measuring the R vs � waveguide spectra. A flow rate of 0.4 mL/
min was used, and the flow cell consisted of a 1 mm thick PDMS
stamp with an 8 � 4 mm rectangular opening. At near zero
ionic strength, the interior deposition is negligible, and all experi-
ments without added salt were only carried out for a maximum
of six deposited layers.
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