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The permeability of solids has long been associated with a diffusive process involving activated mechanism
as originally envisioned by Eyring. Tensile stress can affect the activation energy but definitive experiments of
the diffusion rate of species through a stressed solid are lacking. Here we use core-shell �liquid core–solid
shell� colloidal particles that are sensitive to osmotic pressure to follow the permeation of encapsulated probes
at various stresses. We unambiguously show that the tensile stress applied on colloidal shells linearly reduces
the local energy barrier for diffusion.
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Efficient storage of gases and liquids in solid containers is
of tremendous technological and economical importance.
This concerns almost all types of industrial domains, from
the oil industry to food packaging �1�, and the shell material
may vary from metal to rubber to gel. At the same time,
efficient encapsulation of active ingredients such as drugs,
proteins, vitamins, flavors, or nutrients is essential for a
myriad of applications, from drug delivery to food neutriceu-
ticals and from cosmetics to agrichemicals �2,3�. The goal of
such encapsulation is to protect delicate substances from a
harsh environment and to retain their activity until required.
Long-term storage of liquids or gases very often involves
internal pressure, which increases the tensile stress of the
container wall. At a colloidal scale hydrostatic pressure is not
relevant; instead it is the osmotic pressure difference be-
tween the interior and the external medium that may simi-
larly stress the shell of the colloidal scaffold. The Eyring
model is often evoked to account for the effect of stress and
deformation on the permeability of solids �4�. Aside from the
technological consequences it is important to fundamentally
understand these ideas and test them quantitatively. In Ey-
ring’s original paper �5� the forces and stresses act on the
diffusing species, and the activation energy is directly re-
duced in a worklike manner, stress times volume. In the
present case we consider diffusing probe particles permeat-
ing a solid shell, which is stressed by a force, which acts on
the shell and not the probe. To investigate these conditions,
we use core-shell �liquid core–solid shell� colloidal particles
on which we can apply a controlled tensile stress by varying
the external osmotic pressure. We then follow the average
permeation of an encapsulated salt probe within a large col-
loidal population. Our results unambiguously demonstrate an
activated mechanism and the phenomenological relationship
that links stress and permeation. We find that the activation
energy associated with the permeation process is decreased
in proportion to the applied tensile stress even though the
diffusing species are not submitted to any extra forces.

We create nearly monodisperse colloidal shells using a
double emulsion consisting of droplets of water in larger
drops of crystallizable oil. The oil is a mixture of crystalliz-
able triglycerides, allowing us to formulate the emulsion at
high temperature, 70 °C, where the oil is fluid, and then cool
the sample to solidify the oil, creating a robust shell �6�. We

use a triglyceride oil, DM �7�, which is comprised of a broad
distribution of triglycerides and forms an amorphous solid,
as confirmed by differential scanning calorimetry �DSC�,
which reveals solidification over a broad distribution of tem-
peratures �data not shown�. The double emulsions are pre-
pared in a two-step process �8�: we use a Couette device �9�
to create an inverse water-in-oil emulsion, consisting of wa-
ter droplets with a diameter of 400 nm and a polydispersity
of �25% �10�. The droplets are stabilized through addition
of a sorbitan monoleate surfactant �11� in the oil and 0.4M
NaCl in the water, which prevents ripening of the droplets.
The final double emulsion is formed with a second emulsifi-
cation step, using the inverse emulsion at a water-droplet
volume fraction of ��=0.4. We add 0.5 wt % alginate as a
thickener to control the size �9� and obtain globules with a
diameter dg=4 �m, a polydispersity of less than 20% �10�,
and a globule volume fraction of �g=0.6. The globules are
stabilized through addition of a surfactant to the continuous
water phase; we use a diblock polyethylene glycol phospho-
lipid at 8 wt % �11�. In addition, we add 0.65M glucose to
match the chemical potential of the inner water to the con-
tinuous phase water. We deduce the osmotic pressure differ-
ence from the concentration of salt and glucose using tabu-
lated values �15�. The final double emulsion is diluted to a
volume fraction of �g=0.2 using a 0.65M glucose solution
and is cooled to 0 °C to solidify the oil. The globule surface
is at least partially crystalline, as evidenced by the faceted
structure seen in the scanning electron microscopy �SEM�
image, shown in Fig. 1�a�. This yields a robust solid shell
provided that the temperature is maintained below the melt-
ing temperature of the oil of about 45 °C. Nevertheless,
globules can be broken during the harsh condition of SEM
samples preparation, as shown in Fig. 1�b�. For the broken
globules we only see the outer shells and never the presence
of interstitial walls separating inner droplets. We hypothesize
that upon cooling, the latent heat of crystallization causes
solidification to begin from the outside, creating a solid shell
surrounding a liquid core comprised of any residual oil and
the concentrated water droplets separated by very thin walls.
The shell thickness can then be estimated from volume con-
servation to be about 100 nm.

We use potentiometric titration to measure the concentra-
tion of chloride ions as they are released into the continuous
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water phase �12�. We determine the relative ionic concentra-
tion in the water outside the colloids, X, by normalizing the
concentration measured at each time by the value obtained
when all ions are released. In Fig. 2�a�, we show this frac-
tional release X, as a function of time at different tempera-
tures ranging from 15 to 65 °C for the DM oil. At 15 °C the
oil is essentially solid, while at 65 °C it is entirely melted.
Careful observation under a microscope shows no coales-
cence of the inner droplets with the globule interface in
agreement with previous work �13�. Instead, the measured
release must result entirely from the diffusion of sodium and
chloride ions from inner droplets toward external phase.
Such passive permeation must obey Fick’s law given by
J=−dNi /dt= PS�Ci-Ce�, where J is the flux of salt from in-
side toward the external phase, Ni is the total number of salt
ions inside the globule, P is the permeation coefficient of the
shell, S is the total shell surface, and C is the concentration
of salt inside �i� and in the external phase �e� �13�. We as-
sume as in �13� that the limiting step is the permeation
through the outer shell. The oil film between inner water
droplets is much thinner than the shell thickness as seen in
our SEM images. Hence the salt concentration Ci is essen-
tially homogeneous within the inner water droplets during
the leakage process. If the globule volume fraction � is
small, we have

dX/dt = �0�1 − X� , �1�

where the ion concentration X=Ce�t� /Ce�t=infinity�,
and where �0=3P /a is the characteristic relaxation

rate, with a being the globule radius. Therefore
X�t�=1− ��1−X0�exp�−�0t��, where X0 is the initial burst
fractional release which arises during the double emulsifica-
tion process. For all temperatures studied the release mecha-
nism is well described by a single exponential relaxation of
time scale 1 /�0, in agreement with the original Eyring as-
sumption that the permeation coefficient P is proportional to
exp�−Ea /kBT� �5�, where Ea is the activation energy and kBT
is the thermal energy. In Fig. 2�b�, we plot ln �0 as a function
of 1 /kBT, from which we deduce the activation energy Ea
��5–7�kBTr, Tr=25 °C. In the absence of osmotic mis-
match the leakage of our colloidal system is strictly diffusion
driven, with no discontinuity at the liquid-solid transition
again in agreement with the Eyring picture.

Dilution of the double emulsion by a factor of 100 using
pure water leads to an osmotic pressure difference of
��=17 atm. Because there is a slight but sufficient perme-
ability of water through the shell the chemical potential of
the water equilibrates rapidly resulting in an immediate in-
crease in the internal pressure. At 15 °C where the DM oil
shell is solid, there is a rapid increase in the release of Cl−

ions followed by slower approach to the asymptotic limit, as
shown by the open squares in Fig. 3�a�. We vary the driving
osmotic pressure, ��, by using water with increasing con-
centrations of glucose, diluting the double emulsion by the
same factor each time; this reduces the rate of release. For
��=0, there is a residual very slow release of Cl− shown by
the open circles in Fig. 3�a�. For ���0, the osmotic pres-
sure mismatch causes a tensile stress on the shell, which
should modify the activation energy. To check this hypoth-
esis we must consider the relation between the osmotic pres-
sure difference and the resulting tensile stress that acts on the
colloidal shell. In the limit of a thin shell of thickness 	, this
relation can be simply derived from a force balance argu-
ment. The force exerted by the osmotic pressure mismatch
on each half shell, 
a2��, and the force due to the tensile
stress, �, acting on the perimeter that holds the two half
shells together, 2
a	�, must be equal, �=���a /2	� �14�.
Part of the local activation energy Ea for an ion permeating a
solid comes from the deformation energy of adding its addi-
tional volume to the solid matrix. The worklike energy for
adding this volume increases under compressive stress and
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FIG. 1. Crystallizable double emulsions imaged with scanning
electron microscope. �a� Typical image of globules. �b� With broken
globules, only the outer shell is visible.
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FIG. 2. �a� Temporal evolution of the fractional release �X� for a shell composed of pure oil DM, at different temperatures: ��� 15 °C;
��� 45 °C; ��� 60 °C; and ��� 65 °C. The solid lines correspond to the best adjustment of the data with the equation:
X�t�=1− ��1−X0�exp�−�0t��. �b� Evolution of the characteristic relaxation rate ��0� in logarithmic scale with 1 /kBTr. The solid line corre-
sponds to an exponential adjustment.
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decreases under tensile stress in a complex manner, which
nonetheless must be linear in applied stress and ionic vol-
ume, �3. The activation energy is expected to be linearly
modified by the tensile stress as E���=Ea−��3.

The osmotic pressure difference �� can be approximated
as ��=RT�2Ci−2Ce−Csugar��RT�2Ci−Csugar� since Ce can
be neglected as long as the globule volume fraction remains
small, Csugar is the final sugar concentration imposed by the
dilution, and R is the ideal gas constant. �� can now be
expressed as ��=2RTCi0�1−X−1 /d�, where Ci0 is the ini-
tial internal salt concentration and d is the dilution factor of
the external phase that sets the initial osmotic pressure dif-
ference ��0. Thus, Eq. �1� becomes dX /dt=��X��1−X� and
the characteristic relaxation rate ��X� can be expressed as

��X� = �0 exp�
�1 − 1/d��exp�− 
X� , �2�

with 
= �a /	���3 /kBT��RTCi0�. In kT units, 
�1−1 /d� is the
initial drop of the activation energy induced by the initial
tensile stress. Thus, at short time when few ions have dif-
fused through the shells and the osmotic shock is still at
its maximum, the permeation rate � increases by the large
factor exp�
�1−1 /d��. At longer time the second term
exp�−
X�, which reflects the equilibration of the osmotic
stress, slows down the relaxation rate. A plot of
log�dX /dt�t=0��, as a function of 1−1 /d is linear with slope

, as seen in Fig. 3�b�. From the slope we find 
=2.5�0.3.

Equation �2� can be numerically solved and compared to
our data as shown in Fig. 3�a�. In this fit we also take into

account the nonideal dependence of the osmotic pressure
with the sugar and salt concentrations �15�. The fit is remark-
able and allows for the determination of the two unknown
parameters 
 and �0. The time evolution reflects the expo-
nential decrease in diffusion as the osmotic pressure tends
toward equilibration causing the stress to decrease and acti-
vation energy to increase. It provides another measure of the
enhancement of the permeation rate by stress to be compared
with the values obtained by varying the initial osmotic
shock, Fig. 3�b� �
=4.1�1.4 and �0=8�6 10−4 min−1�.
With 	=100 nm we get �=0.6 nm comparable to the size
of a hydrated ion, as expected from the Eyring picture.

The present work offers the first direct experimental evi-
dence that an imposed tensile stress linearly reduces the local
energy barrier for an activated process, leading to an expo-
nential increase in diffusion and permeability as envisioned
by Eyring almost 100 years ago. The colloidal scale of our
system ensures a large surface to volume ratio and smaller
forces for a given stress or pressure. Macroscopic systems
might fail at these stresses, but the colloidal scale allows for
this convincing and straightforward verification of Eyring’s
ideas.

Practically our findings should provide some guidance in
colloidal controlled drug delivery systems and encapsulation
design.

We thank E. Bertrand and F. Leal-Calderon for fruitful
discussions.
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FIG. 3. �a� Temporal evolution of the fractional release �X�, for different dilution factors �T=15 °C�: ��� d=0, ��=0 atm;
��� d=1.4, ��=5 atm; ��� d=1.8, ��=8 atm; ��� d=4, ��=13 atm; ��� d=10, ��=15 atm; ��� d=100, ��=17 atm. The solid
lines correspond to the best numerical adjustment of the data with Eq. �2�. �b� Evolution of dX /dt�t=0� in logarithmic scale with 1−1 /d. The
solid line corresponds to an exponential adjustment.
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