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ABSTRACT: By using a combination of atomic force and confocal microscopy, we explore the effect of
molecular weight and aging on the mechanical properties of polyelectrolyte multilayer microcapsules.
Within the variability of experimental data, the force vs relative deformation curves and images from
confocal scanning of the deformed capsules were found to be the same for all molecular weights used.
The freshly prepared polyelectrolyte microcapsules were found to be stiffer than the aged ones. This
time softening or aging was shown to be due to faster drainage of the inner solution. Such a rapid drainage
is probably caused by an enhanced fragility (or a decrease in the rupture strength) of the multilayer and
is observed despite a detected reduction of nanopore size and number. These results are consistent with
the concept of a rubbery (elastomeric) state of the multilayer.

Introduction

Recently, there has been much interest in studying
polyelectrolyte multilayer microcapsules.1 Being poten-
tially important for a variety of applications, these
microcapsules represent a convenient system for inves-
tigating physical properties of free-standing polyelec-
trolyte multilayer films forming their shells. For ex-
ample, by studying deformation behavior of microcapsules
in various conditions, one can deduce an inference about
such properties of the shell material as permeability,
elasticity, rupture strength, and more (for a recent
review see ref 2).

We have recently suggested two novel quantitative
approaches to probe the mechanical properties of the
polyelectrolyte multilayers forming the capsule shell.
One method is based on studying the swelling of
microcapsules filled with a solution of strong polyelec-
trolyte.3 Another approach, motivated by earlier stud-
ies,4,5 involves measuring the deformation of microcap-
sules under applied load using atomic force microscopy
(AFM).6 Both methods have given, for multilayers
assembled initially on melamine formaldehyde (MF)
particles, a value of Young’s modulus of the order of
100-200 MPa. This falls in the range characteristic for
elastomers.7 A typical mechanical behavior for elas-
tomers reflects strong interactions between polyanions
and polycations in the multilayer and indicates that we
are dealing with a physically cross-linked network
structure. Indeed, the high number of ionic pairs present
in the multilayers8,9 might serve as the cross-linking
units of such a network.

Several important consequences follow from the rub-
bery (elastomeric) state of polyelectrolyte multilayers3,6

and its possible interpretation in terms of ionic cross-
linking.10,11 First, this immediately indicates that pH
and salt should be important parameters to regulate the
charge density, number of cross-linking units, and the
strength of ionic bonding. Indeed, our recent study has

proven that Young’s modulus of the multilayer depends
strongly on the charge density of shell-forming polymers
and that this can be changed by variation of pH and
salt.10,11 Second, since the properties of elastomer
materials are mostly controlled by the number of (in our
case, ionic) cross-links, the polymer molecular weight
should be a variable of much lesser importance. In other
words, one can expect there to be only a minor influence
of chain length on the multilayer mechanics. Third,
since the multilayer films show long-term stability in
various solutions while not in thermodynamic equilib-
rium,9,12 one can speculate that such a stability can be
attributed to the same type of physical (ionic) cross-
linking as responsible for elastomer-like mechanical
behavior.10 Then the cross-links reduce the mobility of
the polyelectrolyte chains, thus freezing the structure
of the multilayer. If so, one can expect some possible
rearrangement of molecular fragments on a relatively
large time scale, which could lead to some changes in
structure and mechanical properties of the multilayer
shells.

There has been, however, another quantitative ap-
proach to probe the elasticity of shell-forming multilay-
ers, based on observing osmotically induced buckling of
microcapsules immersed in polyelectrolyte solution.13

The values of Young’s modulus (for multilayers as-
sembled on MF particles) obtained with this method is
of the order of 1000-1500 MPa. This led to the conclu-
sion that polyelectrolyte multilayers represent quite a
rigid material, comparable to a bulk plastic.7 In such a
case one can expect some dependence of mechanical
properties on molecular weight of shell-forming poly-
electrolytes. In contrast, a time evolution of the struc-
ture and properties (elasticity, permeability) should
hardly be expected, taking into account that the inter-
action between polyelectrolytes forming a plastic mate-
rial should be extremely strong.

Thus, Young’s modulus obtained in the AFM and
osmotic swelling experiments is an order of magnitude
lower than that obtained in an osmotic buckling experi-
ment on the same type (MF) of capsules. An order of
magnitude difference cannot be treated as large, taking
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into account the accuracy of experimental data, as-
sumptions of theoretical models, and the sensitivity of
the multilayer shells to the preliminary treatment and/
or preparation conditions.2 Therefore, at the moment it
is difficult to draw more definite conclusions about the
Young’s modulus value. However, since the conse-
quences of such differences concern mostly the physical
state of the multilayer, it follows from the above that
one can try to obtain data in favor of one (elastomer) or
another (bulk plastic) points of view by investigating
the influence on mechanical properties of such factors
as molecular weight and aging.

The effect of molecular weight of the polyelectrolytes
on the multilayer structure and properties has been
explored before. Observed effects on the assembly,
structure, and thickness of supported multilayer films
were extremely small.9,8,14-17 The weak influence on the
structure of obtained film suggests similarities in me-
chanical properties, although it does not of course
entirely exclude possible differences. However, little is
known so far about possible changes in the multilayer
stiffness with molecular weight. To our knowledge, there
has been only one attempt to estimate the effect of
molecular weight on the multilayer elasticity, made with
an osmotic buckling technique,13 which suggested that
Young’s modulus of the multilayer slightly increases
with molecular weight of a polycation. The dependence
on molecular weight found in ref 13 is more consistent
with the behavior of bulk plastic materials than that of
rubbers. However, these preliminary conclusions are
based on limited experimental data (molecular weight
of a polyanion was fixed, and only two molecular weights
of a rather polydisperse polycation, Mw 8-15 and 50-
65 kDa, were taken) and seem to be in apparent
disagreement with the structure studies.9,8,14,15

To our knowledge, the question of aging, i.e., of
possible time evolution of structure and properties
(elasticity, permeability, etc.) of the multilayer shells,
has been never addressed before. Multilayer microcap-
sules are known to show remarkable long-term stability,
but only in the sense that they keep their shape and
size.2 There have been several studies of the conforma-
tional relaxations during adsorption, but they concerned
mostly the short time scale and reported equilibration
after several minutes.18-21

In this paper we use the AFM approach in combina-
tion with confocal microscopy to explore the effect of
molecular weight of shell-forming polyelectrolytes on the
stiffness of multilayer microcapsules. As before,3-5 we
study capsules with shells composed of layers of alter-
nating poly(sodium styrene) sulfonate and poly(allyl-
amine) hydrochloride. However, now we vary the mo-
lecular weight of both polyanions and polycations over
a wide range. Our conclusion is that the force vs
deformation profiles and images from confocal scanning
are the same for all shells within the accuracy of the
experiment. We also extend our earlier work into study
of aging properties of multilayer shells and make
entirely new observations on the softening of capsules
with time. This softening (smaller force at the same
deformation) is shown to be due to an increase in the
shell permeability under compression and again does
not depend on the molecular weights of shell-forming
polyelectrolytes. We demonstrate that the enhanced
permeability of the multilayer is not due to defects in
the shell, which, in contrast, are prone to disappear with
time, but rather due to enhanced fragility. Compared

with earlier work we have now considerably improved
the resolution of optical images of deformed capsules,
enabling a characterization of the shape and volume of
the capsules and permeability of the multilayer shell
during an AFM compression experiment. We also use
higher magnification scanning electron microscopy
(SEM), which allows us to explore the evolution of the
nanopore structure of the shells. Our results strongly
support the concept of a rubbery (elastomeric) state of
the multilayer.2,3,6

II. Materials and Methods
The capsules were produced in 1 mol/L NaCl (pH 6)

according to the method22 based on LbL assembly of four
bilayers of polystyrenesulfonate (PSS, Mw ∼ 70 and 1000 kDa,
Aldrich) and poly(allylamine) hydrochloride (PAH, Mw ∼ 15
and 70 kDa, Aldrich) layers on weakly cross-linked monodis-
perse melamine formaldehyde particles (MF) purchased from
Microparticles GmbH (Berlin, Germany). The MF particles
were of radius 2.0 ( 0.1 µm and were dissolved using HCl (at
pH 1.2-1.4). Using polyelectrolytes of these molecular weights,
we have prepared four samples of capsules (see Table 1). The
capsules studied within 1 month after preparation are referred
below as N (i.e., newly prepared) capsules. The capsules kept
in water for more than 6 months after preparation are referred
to below as A (i.e., aged) capsules.

FITC-dextran (Mw ∼ 4, 70, and 150 kDa) and low molecular
weight dye rhodamine for permeability tests were purchased
from Aldrich. RBITC-PSS was synthesized according to
modifications of the method23 described in refs 3 and 11.

Load (force) vs deformation curves were measured with the
molecular force probe (MFP) 1D AFM (Asylum Co, Santa
Barbara, CA) equipped with a nanopositioning sensor that
corrects piezoceramic hysteresis and creep. The MFP was used
together with a commercial confocal microscope manufactured
by Olympus (Japan) consisting of the conconfocal laser scan-
ning unit Olympus FV 300 in combination with an inverted
fluorescence microscope Olympus IX70 equipped with a high-
resolution bright (NA ) 1.45) immersion oil objective (60×).
The confocal microscope was specially adapted for the MFP
1D (two micrometric tables, sample lifting device, etc.). This
allowed optical measurements of the capsule’s shape during
the AFM force experiment. The excitation wavelengths were
chosen according to the label rhodamine (543 nm) and fluo-
rescein (488 nm). The z-position scanning was done in steps
of 0.02-0.05 µm. High resolution and contrast of the confocal
images were achieved due to use of the fluorescent dye
RBITC-PSS at a concentration of 10-6 mol/L.

A schematic of the experiment is presented in Figure 1. A
drop (50-100 µL) of water (purified by a commercial Milli-Q
Gradient A10 system containing ion exchange and charcoal
stages) suspension of polyelectrolyte microcapsules was de-
posited onto a thin glass slide fixed over the oil immersion
objective of the confocal microscope. A glass sphere (radius rs

) 20 ( 1 µm, Duke Sci. Co., CA) attached to a cantilever (V-
shaped, Micromash, Estonia, spring constant k ) 2.5 N/m) was
centered above the apex of a capsule with accuracy of (0.5
µm, using the graticule lines in the optical image for align-
ment. Measurements were performed at a speed in the range
from 0.2 to 20 µm/s.

The result of measurements gives the deflection ∆ vs the
position of the piezotranslator during a single approach
(loading). The load, F, was determined from the cantilever

Table 1. Molecular Weight (kDa) of Shell-Forming
Polyelectrolytes Used in Different Samples

PSS PAH

sample 70 1000 15 70

1 x x
2 x x
3 x x
4 x x
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deflection, F ) k∆. As before, we assume that the zero of
separation is at the point of the first measurable force.4 Then
the deformation is calculated as the difference between the
position of the piezotranslator and cantilever deflection.

The diameters of the capsules were determined optically
with an accuracy of 0.4 µm and from the AFM load vs
deformation curves (see ref 4 for more details). The relative
deformation ε of the capsule was then defined as ε ) 1 -
H/(2r0), where r0 is the radius of the undeformed capsule and
H is the distance between glass surfaces.

As was reported before,4 the capsules reveal some variability
in behavior. Therefore, to get reliable results, we have per-
formed several series of (at least 10-20) experiments for each
sample. Typically 5-10% of the capsules were too stiff (due to
the MF fragments of the initial templates remaining in the
shells) or too soft (being broken during the template dissolution
process) compared with the average value in the series. In
these cases we have not observed the typical (quantitatively)
force curves. These data were ignored in our analysis.

For SEM analysis a drop of each sample solution was
applied to a silicon wafer with sequential drying at room
temperature for 2-3 h. Then measurements were performed
using a Gemini Leo (Zeiss) 1530 instrument operating at a
working distance of 2 mm and an acceleration voltage of 0.5
kV. Since the samples were not covered with a gold layer before
inspection, this low acceleration voltage was applied in order
to avoid charging of the sample. The images were recorded
using an InLens detector.

III. Results and Discussion

Figure 2 shows load vs deformation profiles typical
for N capsules. The difference between the results
obtained for four samples (Table 1) is within the
variability between the results obtained for one sample.
By analyzing these profiles and confocal images (Figure
2), we have confirmed the conclusions made before.4,5

Namely, we have observed the elastic regime of defor-
mation at ε e 0.2-0.3, where the deformation is
completely reversible, independent of the driving speed,
and the free area of the capsules remains spherical
(Figure 2). For all samples for relative deformations
0.2-0.3 e ε e 0.7-0.8 we observed only partial revers-
ibility in loading/unloading, noisy regions in the defor-
mation profiles, and significant dependence on the
driving speed, which indicates drainage of the inner
solution through the shell and/or its local rupture. This
is also confirmed by a confocal scan (Figure 2) which
shows that the equatorial cross sections of the capsule

shells deviate from a circular shape. A total destruction
of the capsules and irreversible deformation were
observed at ε g 0.7-0.8.

By performing the same force and confocal measure-
ments for A capsules, we have observed the same
regimes of reversible, only partially reversible, and
completely irreversible deformations, all corresponding
to roughly the same ε as in the case of N capsules.
However, we found that A capsules are softer (weaker
force at the same ε) than N capsules. Figure 3 shows
deformation curves typical for each of four samples. Also
included in Figure 3 are the confocal images (z-scan-
ning) measured at different relative deformation. The
comparison of measured data presented in Figures 2
and 3 shows even a qualitative difference, especially in
the regime of partial reversibility of deformations (0.2-
0.3 e ε e 0.7-0.8). Namely, in contrast to N capsules,
which reveal a tendency to become stiffer, the A
capsules show deformation at quasi-constant load. This
indicates that drainage of the inner solution become

Figure 1. Schematic of the AFM force experiment.

Figure 2. Force vs relative deformation, ε, curves for N
capsules. Blue, black, red, and green curves are the profiles
for sample 1, 2, 3, and 4, respectively. Driving speed 20 µm/s.
Insets show confocal images (equatorial cross section) of
deformed capsules at given ε. From left to right ε ) 0.1, 0.3,
0.5, 0.7, and 0.9.

Figure 3. Force vs relative deformation, ε, curves for A
capsules. Blue, black, red, and green curves are the profiles
for sample 1, 2, 3, and 4, respectively. Driving speed 20 µm/s.
Insets show confocal images (z-scanning) of deformed capsules
at given ε. From top to bottom ε ) 0.3, 0.5, and 0.7.
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more rapid than for freshly prepared capsules. Again,
there is no significant difference between the four
samples, so that we do not observe any influence of
molecular weight of shell-forming polyelectrolyte on the
mechanical properties.

To examine the significance of permeability of com-
pressed capsules more closely and to evaluate Young’s
modulus of the multilayers, the average small deforma-
tion profile for A capsules is given in Figure 4. For
comparison, the average force curve for N capsules is
also included. If we can neglect water drainage through
the shell, the dependence of force on relative deforma-
tion (for rs . r0 and ν ) 1/2) is given by6

where E is Young’s modulus of the multilayer and h is
its thickness. The value of h can be calculated as a
product of the number of PSS/PAH bilayers in the shell
and the thickness of one bilayer. The values reported
for bilayer thickness vary in the range ≈3-5 nm22,24 and
were reported to be independent of molecular weight.8
Here we use the average value of 4 nm. The data for N
capsules at ε e 0.1 are well fitted with E ) 200 MPa.
The fit for N capsules is quite good, except for very small
deformations ε e 0.02, which is partly due to inevitable
noncoaxiality of the sphere-capsule interaction, and
some (over)simplifications introduced in the derivation
of the first, bending, term in eq 1, which dominates at
ε f 0.2,6 There is an obvious discrepancy between the
data for A capsules and the theoretical curve calculated
with eq 1. An alternative model, which assumes a rapid
(compared to the time scale of the AFM compression
experiment) drainage of the inner solution, can be
obtained if we simply omit the second, stretching, term
in the model of impermeable capsules10

A theoretical curve calculated using Young’s modulus,
E ) 200 MPa, found for N capsules is included in Figure
4. The data set for A capsules is confined between the

predictions of eqs 1 and 2. Of course, this immediately
raises a difficulty: the simple models that we have used
here assume either zero or infinite permeability of the
compressed capsule shells, so that for A capsules they
can only be considered as a first approximation. Nev-
ertheless, the estimates presented here demonstrate the
effect of permeability in the softening and aging of the
capsules. A full calculation of force vs deformation
profiles with finite permeability of the multilayer shell
remains very difficult and well beyond the scope of this
paper.

One possible explanation for a more rapid drainage
of water from A compared to N capsules can be obtained
if we invoke the increase in size and/or number of
nanopores of the multilayer shell, so we have performed
a simple permeability test. The A and N capsules were
exposed to dye (FITC-dextran) solution for 24 h, and
then, after thorough rinsing with water, the intensity
of fluorescence from the capsule interior was measured.
Typical confocal images of the capsules are presented
in Figure 5. Since the intensity of fluorescent signal is
proportional to the concentration of FITC-dextran, one
can conclude that the A capsules are nearly imperme-
able to FITC-dextran molecules. In contrast, the N
capsules contains FITC-dextran in the interior. The
highest concentration of encapsulated FITC-dextran
was observed for FITC-dextran of Mw ∼ 70 kDa. It was
previously suggested that the permeability of the mul-
tilayer shell for macromolecules correlates with the
nanopore structure.25,26 Therefore, most likely our result
reflects the size of nanopores. One can speculate that
the nanopores of the N capsules are large enough to
allow fast release of FITC-dextran of Mw ∼ 4 kDa during
rinsing and measurements. They could be, however,
rather small to allow encapsulation of FITC-dextran of
Mw ∼ 150 kDa. Thus, our permeability test suggests
that some accidental defects occurring during the
capsule preparation (template dissolution) disappear
with time. In other words, it indicates that the multi-
layer shells tend to show a kind of a self-healing
capacity. The notion of self-healing was suggested before
for supported multilayers9 and normally indicates the
capacity to build smooth defect-free multilayers despite
imperfections typically found after adsorption of the first
layer. Here for the first time we observe another

Figure 4. Force vs relative deformation, ε, curves. Open
symbols correspond to the average profile for A capsules. Filled
symbols plot the average curve for N capsules. Driving speed
2 µm/s. Fit to eq 1 (solid curve) gives E ) 200 MPa for ε e 0.1.
The dashed curve shows the force vs deformation profile
expected for an infinitely permeable capsule (eq 2) with the
same Young’s modulus.

Figure 5. Confocal images (the offset parameter is equal to
zero) of N (top) and A (bottom) capsules immersed into a
solution of FITC-dextran for 24 h. From left to right Mw ∼ 4,
70, and 150 kDa. Color bar indicates the mapping of intensity
of fluorescence value to color: from left to right the intensity
changes from 0 to 1 au.

F ∼ π

2x2
Eh2

ε
1/2 + 4πEhr0ε

3 (1)

F ∼ π

2x2
Eh2

ε
1/2 (2)
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recovery process, which we call time self-healing, of the
free-standing multilayers forming the capsule shells.

Since the permeability test represents indirect evi-
dence of nanopore structures of multilayer films in
water, we have also made and analyzed SEM images
of dried A and N capsules (see Figure 6). It is seen that
both collapse upon drying by forming structures with
folds and creases. The morphology of the surfaces of
dried A and N capsules seems to be indeed very
different. SEM images of the surfaces of N capsules
clearly show some nanopores of diameter 2-20 nm,
while the images of A capsules do not reveal any
nanopore structure. This result strongly supports the
above hypothesis of time self-healing.

Of course, the presence of nanopores in the dried and
collapsed state does not necessarily mean that N cap-
sules in water had them, too. However, both the absence
of nanopores in the A capsules dried under exactly the
same conditions, and the correlation with the perme-
ability test in water indicates that they are not created
just by drying or at high vacuum. There is, therefore, a
good chance that the nanopores in the dried state of
freshly prepared capsules reflect their size and existence
in water.

To our knowledge, these results represent the first
direct observation of small nanopores in a shell of
multilayer microcapsules. Despite several attempts,
nanopores of this size have not been observed in
previous research. The point is that that such nanopores
are too small to be detected with the experimental
technique applied before.25,27 Indeed, previous SEM
analysis of the shell structures27 used a standard
preparation procedure for SEM, which includes coating
of the sample surfaces with a gold layer to avoid
charging when using higher acceleration voltage. This
additional gold layer may smear topographical struc-
tures smaller than 40 nm or even cover them. Hence,
most likely it is impossible to observe the small nano-
pores after gold sputtering. Indeed, the only SEM report
on nanopores in multilayer films concerns supported
multilayers and larger (20-50 nm) nanopores induced
by low pH.28 It is also clear that the nanopores we
observed here in the shell of N capsules are smaller than
the diameter of an AFM tip, which is why they were
not detected with AFM imaging, although again, the
presence of larger nanopores (100 nm) in dried and
collapsed capsules treated in acidic solutions has been
reported.25

Thus, both the permeability test and SEM analysis
suggested that the nanopore/defect structure of the
multilayers is characteristic of N capsules but tends to
disappear with time and is not typical for A capsules.
This indicates that the faster drainage from the A
capsule interior in the AFM compression experiment
has no direct correlation with the nanopore structure
of the multilayer (which, however, seem to control the
diffusion through the undeformed shell). One can specu-
late that despite time self-healing the A capsules reveal
some fragility. In that case, the AFM compression could
easily cause rupture of the shell and formation of larger
defects. This hypothesis is indirectly confirmed by some
steps/discontinuities in the force curves measured for
A capsules even at small relative deformations (Figure
4). It is also consistent with the SEM images (Figure
6), which show many more folds with sharper edges in
the case of A capsules. Clearly, more work is needed to
confirm this (fragility) hypothesis and further under-
stand why permeability under compression (drainage)
differs from that for undeformed capsules (diffusion).
One can, however, suggest that the presence of small
nanopores in the shell of N capsules cannot influence/
accelerate drainage of the inner solution at relatively
small ε, especially on the time scale of the AFM
compression experiment. Indeed, as a rough estimate
one can assume that flow through the shell

where N is the number of nanopores, F is their radius,
µ is the dynamic viscosity of water, and ∆P is the excess
pressure inside the capsule. The latter can be estimated
as a force divided by area of a contact, which for ε ∼ 0.1
would be approximately F/(2πr0

2ε) ∼ 103 Pa. It follows
from Figure 6 that the area 400 × 400 nm2 contains
about 10 nanopores, so that for a capsule of r0 ) 2 µm
the number of nanopores N ∼ π × 102. From here with
our experimental parameters, and assuming F ) 5 nm,
we get Q ∼ 10-19 m3/s. Since with our driving speeds it
takes 0.02-0.2 s to reach ε ∼ 0.1, the loss of volume
due to drainage can be estimated as ∆V ∼ 10-21-10-20

m3, which is at least 103 times smaller than the initial
volume of the capsule. Clearly, such a decrease of
volume is negligibly small. In fact, the flow rate through
the shell is even smaller, since the drainage of the inner

Figure 6. SEM images of N (top) and A (bottom) capsules Figure 7. Intensity of fluorescence from the interior of
compressed N capsules filled with low molecular weight
rhodamine solution (∼10-5 mol/L). From top to bottom ε ) 0.1,
0.2, and 0.5.

Q ∝ N πF4∆P
8µh
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solution would effectively reduce ∆P. Beside that, in
general there could be more nanopores in the dried state
than in the wet state, but never the opposite. So, our
approach can only overestimate flow rate.

We leave the matter by presenting the results of
another simple permeability test, which demonstrates
this. Figure 7 shows the decrease in intensity of
fluorescence with time inside compressed N capsules
filled with rhodamine (encapsulation took 4 days). One
can see that no drainage is detected at ε ) 0.1, but
drainage is getting significant at larger relative defor-
mations, when, according to our force experiment, we
deal with the formation of large pores in the shell and/
or its rupture.

IV. Final Remarks
Certain aspects of our work warrant further com-

ments.
First, we have found that mechanical properties of

multilayer microcapsules do not depend on the molec-
ular weight of shell-forming polyelectrolytes. This con-
clusion both agrees and disagrees with the observations
of different authors. Namely, our results are consistent
with the previous structure studies8,9,14,15 but are dif-
ferent from the recent mechanical experiment.13 The
reasons for disagreement are not entirely clear. One
might be hidden in the assumptions of the model13 used
to fit experimental data (see refs 2, 3, and 6 for more
details). Another might be due to the use of relatively
low molecular weight PAH (average Mw ∼ 10 kDa) in
one of two samples studied in ref 13. For such short
chains one cannot exclude some reversibility in the
polyelectrolyte adsorption and, therefore, some loss of
polymer.15,17,29 If so, the weak softening of such capsules
might be due to a decrease in the shell thickness but
not in Young’s modulus of the multilayer.

Second, we have detected softening of the multilayer
microcapsules over a relatively large time scale. We
have shown that the aged capsules get softer due to the
faster drainage of the inner solution under compression
and suggested that this is due to enhanced fragility (or
a decrease in the rupture strength) of the aged capsules
compared with the freshly prepared ones. To the best
of our knowledge, these issues were never addressed
before. This completely neglected effect of aging is poorly
understood at the moment and has to be studied in more
detail.

Third, we have obtained results that may add a new
dimension to the problem of permeability of polyelec-
trolyte multilayers. Our experiment suggested that
there exist in the multilayer shells of freshly prepared
microcapsules tiny defects/pores. Their size appears to
be of the order of a few nanometers. This nanopore
structure disappears within a few months, which sug-
gested a new concept of a time self-healing. It is
probable that these small nanopores are responsible for
higher permeability of newly prepared and undeformed
capsules for small and even for polymer molecules,
although we do not, and still cannot, claim universality.
An entirely unexpected observation is that this diffusion
permeability does not correlate with the speed of drain-
age through the shell of compressed capsules. The
drainage permeability seems to depend mostly on the
existence of larger pores induced by the stretching/

rupture of the shells of the compressed capsules. Clearly,
to understand better some variability and certain
contradictions in the results of different groups concern-
ing permeability and mechanical properties of the
shells,6,10,13,25,30 all these results should be taken into
account.
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Chem. Soc. 2001, 123, 5431.

(24) Sukhorukov, G. B.; Donath, E.; Davis, S.; Lichtenfeld, H.;
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