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Polycondensation in tetradecaethoxyhexasiloxane adsorption layers at the methylene chloride/water boundary under alkaline
conditions has been studied by interfacial dilational rheometry in view of the formulation of hollow nano- and microcapsules.

The sol-gel technique is used for the synthesis of functional
ceramics, monodisperse dense colloids, zeolites and related mole-
cular sieves, amorphous silicon resins, and molecular crystals
composed of cagelike species.!™* Less attention was drawn to
the formation of polysiloxane films by interfacial adsorption of
oligoalkoxysiloxanes followed by the hydrolysis of alkoxy groups
and interfacial polycondensation. The aim of this work was to
study the kinetics of adsorption of an oligoethoxysiloxane,
tetradecaethoxyhexasiloxane (TEOHS), from an organic phase
(methylene chloride) at the CH,Cl,/water interface, and the con-
sequent formation of a gel-like structure inside the adsorption
layer through intermolecular condensation under alkaline condi-
tions in view of the formulation of polysiloxane hollow nano-
and microcapsules.’

Figure 1 represents the effect of the variation of the pH on
the interfacial tension y(f) and both dilational modules, E'(¢)
and E"(¢), of the adsorption layer of Si¢Et,, at the CH,Cl,/water
interface. At normal pH 7 (before the injection of a NaOH
solution into water) the interfacial tension y decreased slowly
during ~1 h according to an exponential law with the charac-
teristic time 7,4, = 103 s. At the same time, storage E’ and loss
E" dilational modules gradually increased with relatively low

* TEOHS was supplied by Pentasilicon, Russia. The purity of the TEOHS
(99.5%) was determined by the elemental analysis. The molecular mass
M =900+50 was measured by cryoscopy in benzene solutions.>® This
compound was conventionally designed as SigEt;, and its molecular
structure was represented as EtO—[SiO(OEt),]—Et (corresponding to
14 terminated reactive ethoxy groups able to hydrolysis and condensation).
Methylene chloride of extra pure grade was supplied by Roskhimreaktiv,
Russia.

Nano- and microsize hollow capsules have been produced by the
emulsification/solvent evaporation method.” Scanning electron microscope
(SEM) investigations of the capsules have been carried out with digital
high resolution SEM LEO-1450VP.

The interfacial tension versus time was measured at the CH,Cl,/water
interface using a dynamic pendant drop method with a drop tensiometer
(Teclis — IT Concept, Longessaigne, France).® The interfacial tension was
determined by analyzing the axial symmetric shape (Laplacian profile) of
pendant drops of CH,Cl, solutions of SicEt;, immersed in water. The area
of a drop was submitted to periodic small sinusoidal deformations with
the standard frequency f = 0.1 Hz to measure continuously the interfacial
tension y and the two-dimensional complex dilational elasticity module
E of adsorption layers %10
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rates. After 1 h of formation, these modules were E'= 8 mN m™!
and E"=2 mN m!, respectively. At pH 11, after the injection
of NaOH into the cell, the module E’ sharply increased during
10% s up to 30 mN m~! testifying for the gel-like behavior of the
adsorption layer, and slowly decreased during the next 2 h of
observation. At the same time, the interfacial tension decreased
and stabilized aty ~ 15 mN m~'. The loss module E" underwent
a slight increase testifying for some liquefaction of the adsorp-
tion layer, but after ~1500 s of the storage this module dropped
to zero, which is typical of solid-like adsorption layers.!!

According to the current concepts of alkoxysilane hydrolysis,!?
the alkoxy groups at the silicon atom are replaced by hydroxyl
groups:

MeSi(OR), + nH,0 > Si(OR); _,(OH), + nROH. (1)

This replacement does not occur on all alkoxy units at the same
time, and under alkaline conditions, the condensation of partially
hydrolyzed species may occur prior to complete hydrolysis:

=Si-OH + HO-Si= - =Si-0-Si= + H,0, 2)
=Si-OR + HO-Si= - =Si—-0-Si= + ROH. 3)

Injection of

¥, E"and E"/mN m-!

1000 3000‘ 5000 7000 9000
t/s

Figure 1 Variation of the interfacial tension and viscoelasticity modules
E’"and E" of adsorption layers of Si¢Et,, with increasing pH. Concentration
of SigEt,, in CH,Cl, is C = 0.1 mol dm™.
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Figure 2 Schematic presentation of the hydrolyzed enhanced adsorption
of SigEt,, and the condensation reaction.

In contrast, hydrolysis in most cases is faster than condensation
reaction in an acidic medium.!3

Non-hydrolyzed SigEt;, is a nonpolar substance; therefore,
its adsorption at the CH,Cl,/water interface is energetically
unfavorable [Figure 2(a)]. Nevertheless, because of a low but
finite solubility of water in CH,Cl,, SicEt;, molecules could
be partially hydrolyzed near the CH,Cl,/water interface in the
presence of water traces. Such partially hydrolyzed molecules
containing one or more OH groups become amphiphilic and,
consequently, surface active [Figure 2(b)].

Note that the kinetics of adsorption of partially hydrolyzed
SigEt,, is difficult to predict because of the interplay of numerous
physico-chemical processes accompanying the formation of
adsorption layers of this compound. These processes are the
mutual diffusion of water and CH,Cl, molecules into adjacent
phases, the diffusion of SigEt;, molecules from the bulk of
CH, (I, to the interface, the hydrolysis of SigEt,, at the interface
and in the subsurface layer according to equation (1), the
desorption of fully hydrolyzed molecules from the interface to
the water phase, intermolecular condensation inside the adsorp-
tion layers according to equation (2) and (3), efc. With increasing
the degree of hydrolysis, the hydrophilic-lipophilic balance (HLB)
of SigEt,, molecules increases to increase their solubility in water
[completely hydrolyzed alkoxysiloxanes are readily soluble in
water and desorb from the interface, Figure 2(c)]. Consequently,
the intense formation of a gel-like network at the interface via
intermolecular condensation is assumed to occur only during
the laps of time when the hydrolyzed SigEt;, molecules are yet
localized at the interface [Figure 2(d)]. This time is unknown,
although it is dependent on the pH of the aqueous solution.

Relatively low adsorption kinetics of SigEt,, at pH 7 (Figure 1)
is explained by the low rate of hydrolysis of this compound in
contact with the water phase.'>!3 The characteristic time 7,
of adsorption by diffusion (under assumption of the absence of
simultaneous desorption) can be estimated according to the
Ward and Tordai equation'

I = zc@ , @)

where D= 101! m?s! is the diffusion coefficient, and C =
=0.1 mol dm= is the Si¢Et,, concentration. Even for a hypo-
thetical case of maximal adsorption amount I, ,, = 10~ mol m2
(I = 1/Njay, N, is the Avogadro number, a, =0.5 nm? is
the area per one SigEt;, molecule), one obtains for the charac-
teristic time of diffusion controlled adsorption a very low value
of the order of 7,4, =2, /C?D =1 ms. This value is much
lower with regard to the experimentally found characteristic time
of adsorption 7,4, = 103 s [curve y(r) (Figure 1)]. Consequently,
we conclude that the decrease of the interfacial tension is due to

the adsorption of partially hydrolyzed SigEt,, molecules, but
this hydrolysis occurs mainly during the laps of time when
alkoxysiloxane molecules stay at the interface.

When the pH of the aqueous phase was increased up to
pH 11, the kinetics of hydrolysis sharply increased to result
in a sharp increase in the adsorption kinetics [curve y(f) in
Figure 1]. A simultaneous sharp increase of the storage module
E' testifies for the condensation reaction between hydrolyzed
OH groups. Meantime, the loss module E” underwent a slight
increase up to ~7 mN m~! during ~1500 s after injection of the
alkali into the cell. The increase of E" is attributed to the excess
of free hydrophilic OH groups, which easily and abundantly
adsorb and desorb during dilational deformation of the drop
area and produce the effect of the apparent liquefaction of the
adsorption layer.!> Later on, the module E" dropped to zero;
this is interpreted as the disappearance of free adsorbing groups
near the interface apparently because of the condensation reac-
tion inside the adsorption layer and the formation of a gel-like
structure.

Figure 3 represents the isotherms E'(C) and E"(C) for the
adsorption layers of SigEt,, formed in contact with an alkaline
solution (pH 11) during the conventionally chosen standard time
t;=103s. The difference between these series of experiments
and those represented in Figure 1 consists in that the formation
of drops of CH,Cl, solutions occurred directly in the alkaline
solution (Figure 3), whereas in the previous case (Figure 1) the
drops were initially formed in water at pH 7 and afterward
the pH was increased up to 11 by injection of an alkali. The
characteristic time of diffusion controlled adsorption 7,4, was
always much lower with regard to the standard storage time #;
[for example, for the minimal concentration C = 10~3 mol dm3,
the time 7,4, estimated according to equation (4) was about
10 s]. This signifies that the formation of adsorption layers was
never limited by diffusion but exclusively by the kinetics of
hydrolysis and condensation at the interface.

It seems surprising that the sharp increase of the storage
module E' begins after critical concentration C* = 0.04 mol dm™>
corresponding to chosen physico-chemical conditions: #;= 103 s
and pH 11. Below this critical concentration threshold C*, the
modules E' and E" are zero, but at C > C* the module E’
remarkably increases up to ~30 mN m~! when the concentration
C increases from 0.04 to 0.1 mol dm=3. In this concentration
range, the viscoelastic film begins to form around the drop
surface. The existence of this viscoelastic film enveloping the
drop is easily demonstrated by decreasing the volume of the drop
(Figure 3). Below the critical concentration C < C*, the size

35r E’

30F ﬂ
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E"

Moduli E’ and E"/mN m-!

0.001 0.01 0.1
C/mol dm-3

Figure 3 Effect of the bulk concentration C of SigEt,, in CH,Cl, on the
dilational modules E’ and E" of adsorption layers, storaged in contact with
the aqueous phase at pH 11 during the standard time ¢ = 1000 s.
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Figure 4 SEM photographs of hollow microcapsules obtained from the
mixture SigEt,,/e-PCL = 4:1 according to the published method.”

of the drop decreases and its shape becomes more and more
spherical, which is typical of liquids. Whereas at C > C* the
drop looks as a scrotum containing a liquid core in the interior.

Note that at C = 0.1 mol dm=3 the dilational storage module
E' acquires the same value of ~30 mN m™' as in the case
represented in Figure 1 after the injection of NaOH in the
aqueous phase. With increasing the storage time up to #; = 4000 s,
the module E’ does not significantly vary, E'~ 30 mN m™' (this
feature correlates with the dependence E'(f) after injection of
the alkali represented in Figure 1). It seems that after initial
formation of a gel-like layer, the further hydrolysis and con-
densation of newly arrived SigEt;, molecules from the bulk of
the CH,CI, solution to the interface do not alter the visco-
elasticity of this gel-like layer. An explanation of this feature
may be the formation of branched and hyperbranched structures,
which are attached to the already formed gel-like layer without
affecting significantly its viscoelasticity. Surprisingly, at pH 11
but at lower bulk concentration C =0.001 mol dm=3 the module
E' which was ~2 mN m! for the standard storage time #;= 1000 s
(Figure 3), does not increase significantly with the time of
contact with an alkaline solution. For example, the module E’
slightly increases up to ~4 mN m! for the storage time #; = 4000 s
and never exceeds 5 mN m™! for more prolonged time. Thus,
the interfacial gel-like structure could be formed by SigEt,, only
when the bulk concentration of the compound exceeds the
threshold value C* = 0.04 mol dm for pH 11.

The emulsification of a methylene chloride solution of SigEt;,
in water at pH 11 and C > C* leads to the formation of hollow
microcapsules via polycondensation at the surface of oil droplets.
Although the microcapsule walls are viscoelastic at the chosen
concentration C, ~ 10% of SigEt,, in CH,Cl, (Figure 3); never-
theless, the thickness and the strength of these walls seem
insufficient for the separation of these microcapsules from the
aqueous solution in a powder form. Effectively, the expected
maximal thickness 4 of a microcapsule wall after complete
condensation of the polysiloxane matter from CH,CI, to the
interface could be estimated according to the relationship

h=1/3RC,/C, (5)

where R is the radius of droplets (capsule), C;, is the concentra-
tion of the polysiloxane matter in the capsule wall. Assuming
the concentration C), > 90 wt%, we obtain i < R/30. Thus, the
nanocapsules with R = 0.3 pm should have the wall thickness
h =10 nm, whereas this thickness should be ~=1 pum for
microcapsules with R =30 pm. The nano- and microcapsules
with such low thickness and viscoelasticity of walls could exist
as aqueous dispersions. But these capsules would aggregate to

form a sponge-like matter after their concentration by sedimen-
tation or filtration as it is usually made to concentrate and
separate solid-like nano- and microcapsules and beads.”

In order to make the capsule walls more rigid and to examine
the hollow-like structure of these capsules by SEM, we strength-
ened the siloxane wall by polycaprolactone (PCL) nanoparticles
in sort of obtaining a nanocomposite material. For this sake we
prepared microcapsules with a mean size of 1-30 um on the
basis of the mixed CH,Cl, solution of Si¢Et,, and e-PCL. Note
that individual &-PCL never gives hollow capsules but exclusively
sponge-like or monolith beads.”-1%-18 The microcapsules obtained
from the mixed SigEt,,—PCL solution have an obvious hollow-
like structure (these microcapsules were squashed in liquid nitrogen
to estimate the wall thickness, Figure 4). This thickness perfectly
corresponds to the estimations made using equation (5).

Thus, this study illustrates the principal possibility of the
formulation of hollow polysiloxane nano- and microcapsules
by interfacial polycondensation of oligoalkoxysilanes.
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