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Controlled Formation of Polymer Nanocapsules with High Diffusion-
Barrier Properties and Prediction of Encapsulation Efficiency™**
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Abstract: Polymer nanocapsules with high diffusion-barrier
performance were designed following simple thermodynamic
considerations. Hindered diffusion of the enclosed material
leads to high encapsulation efficiencies (EEs), which was
demonstrated based on the encapsulation of highly volatile
compounds of different chemical natures. Low interactions
between core and shell materials are key factors to achieve
phase separation and a high diffusion barrier of the resulting
polymeric shell. These interactions can be characterized and
quantified using the Hansen solubility parameters. A system-
atic study of our copolymer system revealed a linear relation-
ship between the Hansen parameter for hydrogen bonding (9,
and encapsulation efficiencies which enables the prediction of
encapsulated amounts for any material. Furthermore EEs of
poorly encapsulated materials can be increased by mixing them
with a mediator compound to give lower overall 6, values.

The synthesis of capsules with low permeability for highly
volatile substances is a fundamental challenge. Low molec-
ular weight molecules have high mobility and tend to diffuse
quickly through capsule walls. As typical representatives of
such physical barrier systems, polymer-based microcapsules
are well established and serve as an industry standard./'! These
capsules show high encapsulation efficiencies, which closely
relate to the barrier performance of the polymeric shell.””
High shell thicknesses of greater than one micrometer are the
obvious origin for the high diffusion barrier.’! On the
nanoscale, high diffusion-barrier performance is much more
difficult to achieve, which is related to the ultra-thin shells.
The synthesis of polymeric nanocapsules has been described
before,! but high encapsulation efficiencies and high diffu-
sion-barrier properties have been rarely discussed.

The penetration of a small molecule through a polymeric
material can fundamentally be considered as a solution-
diffusion mechanism.”! The permeability coefficient P in
general can be expressed as the product of the solubility
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coefficient S, based on solute—polymer interactions, and the
diffusion coefficient D [Eq. (1)].1

P=DS 1)

High solute—polymer compatibilities, which relate to high
solubility coefficients S, may be tolerated to a certain extent in
thermoset microcapsule systems because material leakage
involves a comparably long diffusion path /. For nanocapsules
the much thinner polymer walls correspond to very low
[ values and hence faster penetration through the shell. To
overcome this severe limitation, the solubility between
capsule load and shell material becomes the dominating
factor to limit the permeability coefficient P (Figure 1).

Microcapsule Nanocapsule
20 pm 200 nm

high § — M—— R
similar 6;” and 5, different 6, and 6,3

Figure 1. Comparison of micro- and nanocapsules (/;>1,) designed for
high encapsulation efficiencies and high diffusion-barrier performance.
For a high diffusion-barrier, nanocapsules with their ultrathin shell are
strongly dependent on low solubilities between the polymer and the
core material.

By using the Hansen solubility parameters (HSP), which
correlate with the permeability coefficient P[” reciprocal
solubilities of the core and shell materials can be described,
thus identifying ways in which the size limitations of the
nanocapsules can be overcome. There are a limited number of
publications in which interactions within polymeric micro-
meter particles are described by using the HSP concept, but to
our knowledge, nanoconfinement has not been considered in
this way to date.®

Herein we describe the synthesis of high diffusion-barrier
nanocapsules containing highly volatile substances by the
phase separation method in miniemulsion.”) We use the
Hansen solubility parameters to describe the interactions
between polymer and core materials which are fundamental
for the high barrier property of the polymeric shell. In
addition, we describe a method to predict encapsulation
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efficiencies of any substance with the help of the parameter
for hydrogen bonding.

As shell material, we use an acid-functionalized acrylic
copolymer system, investigated in a previous publication,
which enables pH-triggered controlled release and the
capability for an unusually high encapsulation efficiency at
the nanoscale.'”) Furthermore the determination of encapsu-
lation efficiencies (EEs) with respect to equilibration con-
ditions and polymer structure is discussed. The highly volatile
core materials with different chemical structure are summar-
ized in Table 1 with corresponding particle diameter [nm],
encapsulation efficiencies, and HSP for hydrogen bonding J,,.

Table 1: Volatile substances as capsule loads.

Core material Structure Diameter  EEgc 0,9
[nm]® [%]"
a-pinene \®L 186 91 0

o/
lilial 148 77 4.8

OM 142 72 5.2

citronellal
o
N
B-damascone /\% 164 57 53
[o}
X
a-damascone /\% 173 52 5.8
(o]
ionone 6);\)\ 171 46 58
citronellol HO/\)\/\A 162 25 10.8

dihydromyrcenol MH 157 4 10.7
HOWI\ 159 0 11.3

HO NN 157 0 134

geraniol

hexenol

[a] z-average (diameter) measured by dynamic light scattering (DLS).
[b] Encapsulation efficiency determined by solid content of freeze-dried
sample. [c] Hansen solubility parameter for hydrogen bonding.

Although the same polymer system is used for the
encapsulation of the different core materials, EEs for the
particular molecules are very diverse. Based on the Flory—
Huggins solution theory, the Gibbs free energy change AG,,
for mixing a polymer with a solvent has to be considered to
explain phase separation during polymerization."'! By using
the Hansen solubility parameters, it is possible to obtain
a quantitative thermodynamic description from the Flory-
Huggins interaction parameter y which is directly related to
the solubility parameter S.'" The Hansen solubility param-
eters (04 for dispersion forces, o, for dipolar intermolecular
forces and dy, for hydrogen bonds) of the polymer system were
determined by swelling tests (see the Supporting Informa-
tion). Figure 2 shows the corresponding solubility sphere for
the investigated acrylate in 6,/0, projection. The solid black
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Figure 2. Solubility sphere for the investigated acrylate in 6,,/9, projec-
tion based on swelling experiments. The green square in the center of
the circle represents the parameters of the polymer.

symbols represent good solvents whereas the open black
symbols represent non-solvents. The center coordinates of the
circle (green square) correspond to the solubility parameters
of the polymer (64=17, 6, =12, and 6, = 15.3).The parameter
04 was extracted from the /04 projection of the solubility
sphere shown in the Supporting Information (see Figure S2).
As the prerequisite for phase separation during polymeri-
zation is the incompatibility between polymer and solute, the
solubility parameters of the potential core materials should be
located outside the HSP sphere.

Additionally, a comparative study of the encapsulation
efficiencies for different core materials based on the HSP
showed specific dependencies. Compared to dispersion and
dipolar interactions, hydrogen bonding is the strongest
intermolecular force and dominates in our investigations.
Hence, the parameter 6, accurately reflects the interactions
between core and shell materials and the encapsulation
behavior. Low d, values therefore indicate low interactions
with the core material, which will lead to a low permeability P
of the polymeric shell which in turn results in high encapsu-
lation efficiencies. However, with increasing values of d,, the
permeability increases and loading decreases for these
materials (Figure 3).

It should be noted that factors such as molecular sizes and
shape of the core materials, are neglected in this consider-
ation. Nevertheless, a linear relation between EE and 6,
values can be observed which can be used to calculate the
encapsulation efficiency EE, for any material x [Eq. (2)].

EE, =a+bd, (2)

The parameters a and b are constants which have to be
determined for each particular polymer system. For our
acrylic copolymer, a and b were determined to be 102.7 and
—8.04, respectively.

For a mixture of two materials, the Hansen parameters
can be calculated using the volume fraction ¢ of both
materials (see Equation S1).7I Therefore, it should be possible
to increase the encapsulation efficiency for a substance B with
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Figure 3. Encapsulation efficiency and morphology control as a function
of the Hansen solubility parameter for hydrogen bonding o,. Scale
bars in Insets: 500 nm.

formerly poor encapsulation by combination with a mediator
material A. For this reason, 1:1 mixtures of the mediator
substance A (a-pinene), which has a low 9, value, were
prepared with $-damascone (B) and ionone (C), respectively.

In Table 2, the results for the encapsulation of these
mixtures are shown. The calculated theoretical EE is in good
agreement with the measured EE derived from freeze-drying
experiments. As the freeze drying results only describe the

Table 2: Hansen solubility parameter o, for mixtures A/B and A/C with
corresponding determined and theoretical EEs.

Core materials o, EEco [%]®! EEtneoretical [%6]'Y
A+B 2.65 80 81
A+C 29 69 79

[a] Hansen solubility parameter Jy, calculated with Equation S1 in the
Supporting Information. [b] Encapsulation efficiency determined by solid
content of freeze-dried sample. [c] Theoretical encapsulation efficiency
calculated with Equation (2).

encapsulation of the overall mixture, the encapsulation of the
two individual substances (A and B or A and C) was also
traced by headspace-GC measurements (see Table S2). The
encapsulation ratios of the two substances can be determined
and related to the freeze drying results (see Table S3). In the
case of B-damascone, the EE relates to an increase from 57 %
to 87 %, and for ionone, it increases from 46 % to 61 %.

The physico-chemical properties of materials are altered
as a result of mixing!"® and lead to improved encapsulation
because the polymer—solute interactions have been reduced.
Therefore, with our approach, we can 1) predict the encap-
sulation efficiency for unknown materials or even mixtures
(Figure 4). Furthermore, we can 2)improve the EE of
a formerly poorly encapsulated material by mixing it with
a mediator compound with low 9.

In conclusion, we have carried out a systematic inves-
tigation of the synthesis of nanocapsules containing various
volatile core materials and a high performance of the physical
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Figure 4. Encapsulation behavior of the acrylate polymer for the single
components A and B and for a mixture of them. With our approach, it
is possible to 1) predict the encapsulation efficiency for unknown
materials or mixtures and 2) increase the EE of a poorly encapsulated
material.

barrier. For phase separation to occur, the interaction
parameter y has to be small. This corresponds to our
observation that for core materials with low 9, values or
rather, for large differences in the solubility parameters of the
polymer and the core materials, core—shell morphology of the
particles was obtained. Accordingly, as a result of low
interactions between core and shell materials, the permeabil-
ity P of the polymeric shell is minimized to an extent that
enables exceptionally high encapsulation. Derived from the
linear dependency between EEs and d,, values, the encapsu-
lation efficiency of any material can be calculated and hence
predicted. Furthermore, we showed that loadings of formerly
poorly encapsulated materials can be increased by mixing
them with mediating substances with lower ¢, values.
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