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ABSTRACT: Polymer-coated SiO, particles are prepared by precipitation of poly[styrene-co-(acrylic acid)] on SiO, microspheres
through an improved phase inversion method. The diffusion resistance of the polymer membrane was considered to be the critical
reason for producing tailor-made polyethylene by catalysts supported on these polymer-coated particles. This paper employs pulsed
field gradient NMR (PFG-NMR) to distinguish diffusion of n-hexane in different regimes, i.e., in the space between each particle, the
pores in SiO, and the polymer shell, by their respective diffusion coefficients. By varying the observation time, the time scale of the
molecular exchange is discussed. A three-region ansatz was used to interpret the exchange and diffusion in polymer-coated SiO, sys-
tem, and was compared with results acquired with noncoated particles. At long diffusion times, the mean-squared displacement, and
thus the averaged self-diffusion coefficient, of hexane in the system of polymer-coated SiO, particles is significantly reduced. The PSA
membrane is identified as an efficient barrier against molecular exchange between the pores in SiO, and the intraparticle space.
Consistently, the relaxation measurements indicated that the mobility of n-hexane molecules, especially the rotation of n-hexane, was
limited by the PSA membrane. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40161.
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INTRODUCTION

Diffusion through a rate-controlling membrane leads to multi-
ple applications of polymer-coated particles.' Most polymer-
coated particles are designed as capsules for diffusive release of
active materials® while also a few were applied in the catalysis
field.*® Previously, single polymer-supported”® or organic-
supported catalysts™'® were successfully synthesized and applied
in the conventional polymerization process. In the recent devel-
opment of heterogeneous catalysts, tailor-designed catalysts are
needed for pursuing higher-performance product.’® And
polymer-coated particles used as the support of polyolefin cata-
lysts'"'? are one approach to realized tailor-designed catalysts.

Guo et al."”® and Kaur et al.'"* made an effort to immobilize
metallocene and Ziegler-Natta catalysts on inorganic/polymer
composite supports and obtained some exciting results. How-
ever, a thorough discussion of the role of the polymer in the
support was not given. Our group has synthesized silica/poly
[styrene-co-(acrylic acid)] (SiO,/PSA) microspheres by phase
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inversion principles and has successfully applied them as sup-
ports of polyolefin catalysts.'>'> These functional supports pro-
moted the performance of the resulting catalysts. Compared
with the polyethylene produced by normal silica-supported cat-
alysts, polyethylene with a broad molecular weight distribution
was obtained by the catalyst supported on these polymer-coated
particles. The tunable properties of the polymer membrane,
which can be introduced with different thickness, were critical
for interpretation of the ethylene polymerization results. We
supposed that the PSA membrane possesses different mass
transport capabilities to the reactants. This conclusion was indi-
rectly deduced based on the results of ethylene polymerization.
We therefore intend to obtain direct data of liquid diffusion in
the polymer-coated particles, a topic that has, due to the com-
plexity of the system, not been treated in detail so far. Accurate
and reliable determination of diffusion coefficients of small
molecules in polymer-coated particles is valuable for an
improved understanding of the ethylene polymerization by het-
erogeneous catalyst on the polymer-coated support.
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Conventional methods for measuring the diffusion coeffi-
cients, such as bulk equilibration,'® gravimetric vapor sorp-
tion/desorption'” and gas chromatography'® measurements
are time consuming or require elaborate procedures. The crit-
ical disadvantage of these methods is that they are not able
to obtain more than one averaged diffusion coefficient.
Pulsed field gradient NMR is a powerful method for the
measurement of liquid diffusion in porous media'>** and has
been applied in the characterizations of the core-shell par-
ticles.”"** Analysis of echo decays obtained for different dif-
fusion times can give information about the time scale of
exchange and diffusion in different sites. Based on the princi-
ple of diffusion contrast, molecular exchange between differ-
ent sites has been studied in a number of different colloidal
systems. Choudhury and Schonhoff’' has investigated the
permeability of phenol and poly(ethylene oxide) in hollow
capsules dispersions by PFG-NMR, respectively. Wassenius
et al.>> used NMR to study the diffusion of oil inside core-
shell latex particles. Water diffusion within biological com-
partments was reviewed by Donahue et al.>* All studies have
been carried out on hollow particles.

Based on our previous work, we focus on investigating the
influence of the polymer shell of core-shell particles on the lig-
uid diffusion behavior. Both SiO, and polymer-coated SiO,
were taken into account. The synthesis of polymer-coated SiO,
was based on the improved phase inversion method reported in
Ref. 15. The particle surface morphology was observed by scan-
ning electron microscopy (SEM). The quantitative results of
pore size distribution, pore volume, specific surface area, and
average pore diameter were obtained from nitrogen adsorption
(BET) measurements. The measurements of the diffusion capa-
bilities and relaxation in SiO, and polymer-coated SiO, are per-
formed by PFG-NMR using n-hexane as a probe molecule.

MATERIAL AND METHODS

Sample Preparation

The silica sample used is commercially available SiO, spheres
(Grade XP0O2485 from W. R. Grace & Co.). The silica spheres
were dried at 600°C for 4 h in the presence of nitrogen flow
before use. Core-shell particles were synthesized by coating a
defined amount of poly[styrene-co-(acrylic acid)] on SiO, based
on a procedure proposed by Du et al.'” All manipulations were
either in a glove box or under inert nitrogen atmosphere using
standard Schlenk techniques.”

Scanning Electron Microscopy (SEM)

The surface morphology of SiO, and polymer-coated SiO, par-
ticles was subsequently investigated by SEM (Hitachi S-4700
field-emission scanning electron microscope), operated 15 kV.
Samples observed with Hitachi SEM required coating with a
conductive layer. This was performed by sputtering a few nano-
meters thick layer of gold on the sample under vacuum.

Laser Particle Size Analysis

Volume particle size distribution of the particles was determined
by a laser scattering particle analyzer (Malvern Mastersizer
2000). n-Heptane was used to disperse the particles. Particle
size distribution is characterized by the mass median diameter
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Figure 1. The PFG stimulated echo sequence.

(dys), i.e., the size in microns at which 50% of the sample
is smaller and 50% is larger, and the volume mean diameter
(D4, 3). Values presented are the average of at least three
determinations.

Nitrogen Adsorption/Desorption Measurements

The nitrogen adsorption/desorption measurements were per-
formed at 77 K using a Micromeritics ASAP 200 instrument.
The values of the specific surface area were estimated by nitro-
gen adsorption data in the relative pressure range from 0.05 p/
Po to 0.30 p/py using the BET equation. The mesopore volume
V,» was determined by means of the BJH method.

NMR Experiments

Liquid n-hexane was selected as a probe molecule for NMR dif-
fusion measurements. Before the experiments, 0.30 g packed
SiO, or polymer-coated SiO, particles were saturated with 1.5
mL n-hexane in the NMR sample tube of 4 mm inner diameter
for at least 72 h.

The 'H longitudinal (T;) NMR relaxation and diffusion experi-
ments were performed at 7 T on a Bruker Avance III NMR
spectrometer, working at a proton resonance frequency of 300
MHz. Uniaxial field gradient coils (DIFF 30) providing a maxi-
mum gradient strength of 1200 G/cm were attached for the pur-
pose of diffusion experiments. All measurements were carried
out at room temperature (20°C). The gradient coils were cooled
by a water circulation unit that also served to control the sam-
ple temperature. The 'H longitudinal (7;) NMR relaxation
times were determined employing an inversion recovery pulse
sequence with a variable delay time 7 between radiofrequency
pulses [n-t-7/2-acquisition]; typically, values of 7 between 2
and 15,000 ms were used, and 16 signal accumulations were
acquired for each 7 value. The self-diffusion coefficients of bulk
n-hexane and n-hexane molecules in SiO, or PSA-coated SiO,
were measured using the pulsed gradient stimulated echo
(PGSTE) sequence shown in Figure 1. A pair of magnetic field
gradient pulses with duration 6 was employed. For each mea-
surement on diffusion of n-hexane, the strength of the gradient
pulses g with the duration ¢ of 1.0 ms was varied in 16 steps to
the defined maximum value. The diffusion time (A) was varied
from 5 ms to 500 ms and 32 signals were accumulated for each
step.

THEORY

Diffusion in Homogeneous Systems

For a single resonance in an uncoupled spin system, the decay
of the signal intensity of the stimulated echo can be described
by eq. (1):*°
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I(k)=1(0)exp (—kD)
B (1)

3

k:(yg(s)z(A_
where I(k) and I(0) are the stimulated echo intensities in the
gradient field and in the absence of gradients, respectively. D is
the self-diffusion coefficient, y is the gyromagnetic ratio of the
nucleus, g is the gradient strength, J is the gradient pulse dura-
tion, and A is the separation between the PFGs, henceforth
being approximated as the “diffusion time.”

The diffusion coefficient is related to the root mean square
(rms) displacement. In a PFG NMR experiment, the displace-
ment along the axis of the field gradient is the only measured
subject.”” The relationship is described by the Einstein- Smolu-
chowski equation:*®

(Ax)*=2DA 2)

where Ax is the root mean squared (rms) displacement of
molecules.

For n-hexane in porous media, the rms displacement possibly
depends on the diffusion time in a nonlinear fashion, and the
diffusivity of the molecules, in general, will be influenced by the
pore space. In the present work, A is varied from 5 ms to 500
ms. The self-diffusion coefficient of n-hexane in bulk at 22°C is
3.96 X 10”7 m?*/s, which corresponds to three-dimensional root
mean square displacements of between 11 and 110 um (replacing
the coefficient “2” in eq. (2) by “6”). These are upper limits for
actual average displacements and have to be compared with the
domain sizes observed in the system. In porous media, these val-
ues are reduced due to the tortuosity of the pore space;” for
instance, since the pore size of SiO, and PSA-coated SiO, par-
ticles is in the nanometer range, self-diffusion even during the
shortest experimental interval will lead to an averaging of diffu-
sion paths and to an effective reduction (time-independent) of
the intraparticle self-diffusion coefficient. Considering exchange
between the different regions of varying diffusivity, there are a
number of models for extracting parameters relevant for the
description of the pore space itself and the interaction of the dif-
fusing liquid with this pore space.

Exchange and Diffusion in Two-Region Systems

In the general case, the relative timescale of molecular exchange
in the two regions has to be considered.”"*** The behavior of
the self-diffusion coefficient of a liquid in a porous media, and
also of its relaxation time, is indicative of the existence of three
diffusion time scales:

1. Fast exchange: If the exchange between the two regions is
fast compared with the diffusion time scale, then eq. (1) is
simplified to a single exponential decay with a mean decay
constant given as,

I(k):exp [_k(fADA +fBDB)} (3)
This implies that the observed diffusion coefficient is a
weighted average of the respective decay constants in either

region. An analogous expression holds for the relaxation
times T) and To.
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Figure 2. The proposed separated diffusion regions in (a) SiO, system
and (b) SiO,/PSA system.

2. Slow exchange: If the molecular exchange between the
regions is slow compared with the relevant time scale (i.e.
diffusion time), the echo decays in a PFG-NMR experiment
are superposition of the corresponding signal decay of mole-
cules in either site. The normalized echo decay can be writ-

ten as
I(k)=(1—PB)exp (_kDA)"FPBCXP (_kDB) (4)

A bi-exponential decay is found in full analogy to the diffu-
sion decay.

3. Intermediate exchange: In between the cases of fast and slow
exchange lies “intermediate exchange” where the compart-
mental diffusion rates and exchange rates have values of the
same order of magnitude. This case cannot be described in
closed form and requires knowledge of the geometry of the
pore space and connectivity; indeed, NMR relaxation and
diffusion decays have been suggested as means to extract the
pore space morphology.™®

Diffusion Regions in SiO, and SiO,/PSA Particles
In a system, where a molecule can exist in two separate regions
A and B, exchange between the regions affects relaxation and
diffusion.”! In either region the molecules are characterized by a
diffusion coefficient D, p and the relaxation time Tj4 p. Regard-
ing n-hexane in SiO, particles [Figure 2(a)], region A is
assigned to the confined space between the particles and the
mean residence time is 74. Region B is the pore space inside
the particles, the mean residence time in the pore space is 3.
The probability of finding the molecules in a given site i is f;
which is given by

TA.B

fA,B_

‘L'A+TB

(5)

The exchange time 7., between region A and B can be defined
as

RN ©

Tex TaA 7B
Under certain diffusion-weighting conditions, even simple
shapes can lead to intracompartmental apparent diffusion coef-
ficient distributions that are bi- or multimodal. If so, these
might be subjected to not only two-region-exchange, but also
three-region-exchange or even multiregion-exchange analysis. As
shown in Figure 2(b), the core-shell SiO,/PSA particle can be
divided into three separated regions. Region A is the confined
space between SiO,/PSA particles, region B is the pore space of
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Figure 3. The surface SEM images of silica (a), core-shell particles (b) and the cross-section image of core-shell particles (c).

the core (SiO;), and region C is the PSA membrane which is
also considered porous. Note that swelling of the PSA mem-
brane, which is known to occur in n-hexane, can reduce the
volume of region A compared with the system of uncoated
spheres. The molecular exchange may occur between A and C,
and between B and C, each possessing its particular diffusion
coefficient. Assuming that the diffusion coefficient in the shell
(phase C) is the smallest of the three, it can be understood that
the shell acts as a barrier to molecular exchange between the
particles and the bulk. The theory of diffusion and exchange in
the two-region model needs to be extended for applying it to
the particular case of three regions found in this case. We will
facilitate discussion by assuming that the intrinsic diffusion
coefficients inside the particle (Dp) is the same as in the
uncoated system, while the interparticle value, D,, may be
influenced due to partial swelling of the PSA phase, resulting in
a smaller available volume. A more detailed discussion of diffu-
sion and exchange in the three-region system will be provided
in the following sections.

Relaxation of Liquid in Porous Media

The nuclear magnetic resonance relaxation rates (longitudinal
and transverse) are proportional to the spectral density of the
autocorrelation function of molecular reorientations; in an
approximation that frequently holds for high magnetic fields
and small molecules, the value is proportional to the principal
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correlation time, which often is the average rotation time of the
molecule.” The average relaxation time under conditions of fast
exchange is equal to the inverse of the sum of the weighted
relaxation rates for two phases a, b:

1 P, P,

= (7)
i Ta T

Any constraint, such as confinement of a molecule in a porous
system or interaction with surfaces, will slow down the reorien-
tational process and thus increase the relaxation rates. For fluids
in porous media, the decrease of T; and 7T, with decreasing
pore size is well-known and is exploited to characterize porous
media.>®** In this work, measurement of the n-hexane longitu-
dinal relaxation time is performed as a probe to identify the
respective pore spaces and the exchange processes taking place
between them.

RESULTS AND DISCUSSION

Characterization of Core-Shell Structure in the SiO,/PSA
Composite Particles

Our earlier studies, which were concerned with coating PSA on
Si0,, resulted in composite particles with well-defined “core-
shell” morphology.'” In the present work, synthesis of core-shell
particles was not the main task. In view of this, high-resolution
SEM was used to prove that the SiO,/PSA particles used in the
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Table I. The Particle and Pore Size of SiO, and SiO,/PSA Core-Shell
Microspheres

Particles SiO» SiO,/PSA
Average particle diameter (um) 21.06 25.24
Average pore size (nm) 21.38 18.68
Porosity (%) 45.57 35.24

diffusion measurements possessed a uniform polymer shell on
the surface. This observation confirmed that the surface mor-
phology of the uncoated SiO, particles was smooth and feature-
less [Figure 3(a)]. However, a layer of irregular and rough
material is noticeable on the surface of SiO,/PSA particle [Fig-
ure 3(b)]. The core-shell structure is indicated in SiO,/PSA
composite particles. To better identify the PSA membrane, a
cross-section SEM photograph was taken. Two separate parts
with different structure are shown in Figure 3(c). The outer
part, bearing resemblance to the cross-section of a cabbage, is
the PSA membrane. The thickness of the PSA membrane is 2
to 3 um.

The particle size and pore structure parameters are listed in
Table I. According to the average diameter (volume-average par-
ticle diameter) of SiO, and PSA-coated SiO,, determined by
laser particle-size analyzer, one can estimate the average thick-
ness of the PSA membrane to be (25.24-21.06 um)/2 =2.09
um, in agreement with the result of cross-section SEM. The
porosity of SiO,/PSA were much smaller than that of SiO,. The
porosity of SiO,/PSA is 35.47% while the porosity of SiO, is
45.57%. Further, the average pore size of the particle decreased
from 21.38 nm to 18.68 nm after SiO, was coated by PSA. The
lower porosity and smaller average pore size of SiO,/PSA indi-
cate that the porosity of PSA is low.

Comparison of Spin Lattice Relaxation of n-Hexane in
Different Systems

Spin-lattice relaxation experiments are performed and evaluated
for n-hexane in bulk phase and the particles. The obtained sig-
nal attenuation curves are given in Figure 4. The spin-lattice
relaxation of hexane either in bulk system or in heterogeneous
system is single exponential. The measured T, for bulk hexane,
the silica system and the core-shell particles system are 3.58 s,
2.23 s, and 1.80 s, respectively. The occurrence of a single expo-
nential fitting may be the result of fast, relative to Tj, exchange
of n-hexane between the intra- and inter-particle spaces. The
molecules can diffuse (assuming D=1 X 10~° m?/s, see below)
at least 80 um in 1 s, a range much larger than the particle size.
As a result, fast exchange is expected for all T} measurements. If
we assume the bulk value of 3.58 s to be the correct one for
intra-particle hexane, then one can estimate the T; inside the
pores by weighted averages of the relaxation rates; assuming a
packing density of 60%, an actual relaxation time of about 1.4 s
is calculated for the T, inside the pores based on eq. (7). The
relaxation time in the SiO,/PSA particle decreases further to
about 1.0 s; this is in agreement with an individual T inside
the PSA membrane of about 0.5 s. In these estimations, the
average porosity valued from Table I has been used for estimat-
ing a porosity of about 20% inside the PSA coating layer.
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Figure 4. The spin-lattice relaxation curves obtained using inversion-
recovery sequence. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Considering the small thickness of this layer, fast exchange con-
ditions appear justified if rms displacements much exceed the
layer thickness; this is ensured for any diffusion coefficient
larger than about 10~'" m?*/s—it is reasonable to assume that
these conditions are fulfilled (see below). It can thus be con-
cluded that the PSA membrane possesses smaller porosity and
generates more hindrance to the molecular reorientation; never-
theless, molecular exchange is completed on a timescale of T,
i.e. on the order of 1 s.

Diffusion of n-Hexane in SiO, Particles

Diffusion experiments by the PFG NMR stimulated echo
sequence were performed for different diffusion times ranging
from 5 to 500 ms. In order to cover a comparable range of
decays, the gradient strength was varied accordingly for different
diffusion times. Attenuation curves of diffusion in SiO, are
given in Figure 5. All curves exhibit biexponential echo decays,

(o]

A=5.15ms
® A=10ms
A=50 ms
A A=200 ms
A=300 ms
A=400 ms
A=500 ms

-

<
1
<

=
<
I

Normalized echo intensity I/l

=
=)
I

T ¥ T T T ¥ T Y
2x10°  3x10°  4x10°  sx10°  ex10”

(v89)° (A-8/3) ( s/m?)

—
0 1x10°

Figure 5. Echo decay curves of the PFG stimulated echo sequence in SiO,
system. The solid line is the result of biexponential fits to each decay
curve. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Table II. The Calculated Diffusion Coefficients of n-Hexane in SiO,
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Diffusion rms displacement rms Displacement
time (ms) Da (x107° m?/s) () Dg (x107° m?/s) (um)

5.5 3.34 5.86 0.703 3.27

10 3.36 8.20 0.692 3.72

50 3.39 1841 0.201 4.48

200 3.16 35.55 0.168 8.20

300 2.86 41.42 0.143 9.26

400 2.87 47.92 0.230 13.56

500 2.79 52.82 0.270 16.43

indicating the presence of two localizations of n-hexane with
different diffusion coefficients.

The apparent diffusion coefficient for either region (D, and Dg)
is given in Table II. The diffusion coefficient of n-hexane in
bulk phase at 22°C is 3.96 X 10~° m?*/s. For the diffusion coef-
ficient of n-hexane in the space between SiO, particles (region
A), D, was smaller and showed hardly any variation with
increasing diffusion time. This means that the mobility of n-
hexane in region A is limited compared with the homogeneous
n-hexane. However, this limitation is found to be almost con-
stant under the scale of diffusion time here, which indicates
pure geometrical restriction as a consequence of the tortuosity
of a packed-bead system of typically between 1.5 and 2. The
eventual decrease is assigned to averaging effects with the lower
mobility inside the porous system (full exchange should render
an intermediate value). The other component diffuses more
slowly with value Dy and strongly depends on the observation
time. This component can be attributed to the fraction of n-
hexane in the pores inside the particles. We note that the aver-
age pore size of SiO, is 21.38 nm. Such small size, combined
with the intraparticle porosity, leads to restricted diffusion of n-
hexane. Calculating with the fitted values, the rms displacement
is in the order of several um, far exceeding the pore dimension
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Figure 6. Diffusion coefficients as a function of diffusion time in SiO,
system. The symbols are values extracted from biexponential fits of stimu-
lated echo decays.
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but still somewhat smaller than the sphere size for the shortest
diffusion times. The biexponential behavior points at an incom-
plete, ie. slow—compared with A—exchange between both
regions with an exchange time 7., > A.

However, as evident from Figure 6, with increasing observation
time, Dy first decreases and then increases. It has to be noted
that, for diffusion times of 50 ms and larger, this component
corresponds to 1% or less of the total signal intensity (see Fig-
ure 7), a number that cannot be identified with either of the
two fractions of fluid, either extra- or intraparticle. It may pos-
sibly be related to a slowly exchanging reservoir in a region of
low porosity and/or small pore size. Due to the difficulty in
assigning this fraction, it is reasonable to state that diffusion
exchange is almost completed after 50 ms (see Figure 7, more
than 99% contribution of the dominating fraction), and that
this averaged diffusion coefficient is slightly reduced due to tor-
tuosity effects when the rms displacement exceed the distance
between interparticle pores (typically on the order of the pore
size, i.e. 20 nm).

Diffusion of n-Hexane in SiO,/PSA Core-Shell Particles

The results of n-hexane diffusion in SiO,/PSA core-shell system
measured by the PFG NMR stimulated echo sequence for differ-
ent diffusion times are shown in Figure 8.
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Figure 7. The fractions of diffusion coefficients at different diffusion times
in SiO, system. The symbols are values extracted from biexponential fits
of stimulated echo decays.
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Figure 8. Echo decay curves of the PFG stimulated echo sequence in
SiO,/PSA system. The solid line is the result of biexponential fits to each
decay curve. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

As listed in Table III, the rms displacements obtained for the
fitted values are in excess of 1 um even for the shortest diffu-
sion times. So that exchange from the 2 pum thick PSA coating
layer is expected; the true value of the diffusion coefficient
inside this layer is thus not accessible to the experiment, and is
supposed to be smaller than the lowest fitting value. This argu-
ment is based on the assumption that molecular exchange
through the coating interfaces is purely statistical. Due to
exchange effects, the value of D, is continuously decreasing
for all diffusion times (see Figure 9). Its smaller initial value
may be an indication for the reduced available interparticle
space due to swelling of the PSA membrane. The subsequent
decrease of Dy, on the other hand, hints at the exchange with
the “slower” reservoir (SiO, and PSA membrane combined).
The results show that, compared with the SiO, system, the pres-
ence of the PSA membrane acts both as a barrier that prolongs
exchange (even at 500 ms, D, is still changing), and as a vol-
ume that slows down diffusion in general. For long times, when
all molecules have exchanged to show a single diffusion coeffi-
cient, this asymptotic value is expected to be considerably lower
than in the system with uncoated SiO, particles which, at 500
ms, has practically reached this asymptotic value.

As shown in Figure 10, the fraction of Dy is rather small. This
indicates that the amount of n-hexane molecules in the PSA
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Figure 9. Diffusion coefficients as a function of diffusion time in SiO,/
PSA system. The symbols are values extracted from biexponential fits of
stimulated echo decays.

membrane is very small. Low porosity of PSA is one reason for
the small fraction. On the other hand, the averaged relaxation
times of n-hexane obtained in this work (see above) indicate a
T, of a few ms and a T, of 500 ms inside the PSA membrane.
This short relaxation time, combined with a long “lifetime”
(residence time) in the PSA membrane, leads to effective signal
decay. As a result, the signal intensity from the n-hexane in the
PSA membrane is reduced by a constant factor. Consistently,
the fraction of Dp decreases with the longer observation time.
Comparing Figures 7 and 10, the relative fractions approach a
similar value but they decay much slower in Figure 10 because
of the PSA acting as a barrier.

Interpretation of Diffusion Results of n-hexane in Silica and
Core-Shell Particles

Although two diffusion coefficients are obtained both in SiO,
and SiO,/PSA systems, gradual exchange leads to averaging of
these components. Averaging is almost complete for the longest
diffusion time under consideration (500 ms) in the SiO, system,
but not yet in the SiO,/PSA system. A further gradual decay of
the averaged quantity is expected until the rms displacement is
much larger than the bead diameter; this situation is not
reached in any of the investigated cases. This decay, however,
has purely geometrical reasons and is strictly a function of the

Table III. The Calculated Diffusion Coefficients of n-Hexane in SiO,/PSA System

Applied Polymer -

Diffusion time (ms)

Da (x107° m?/s)

rms Displacement (um)

Dg (x107° m?/s)

rms Displacement (um)

5.1 2.10 4.65 0.348 1.89
10 1.89 6.15 0.277 2.35
50 1.87 13.67 0.254 5.04
200 1.56 24.98 0.144 7.59
300 1.40 28.98 0.0582 591
400 1.41 33.58 0.05472 6.62
500 1.20 34.64 0.00811° 2.85

2The results for 400 and 500 ms should be similar. This difference is included in the error bars, as shown in Figure 9.
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packing density of the system. Furthermore, a somewhat smaller
intraparticle diffusion coefficient is found in the SiO,/PSA sys-
tem and can be attributed to the known swelling properties of
PSA, where the coating is swelling and reducing the diffusion
paths after addition of n-hexane; the shape of the pore space
thus deviates from a random packing of hard spheres, and the
overall free volume becomes smaller.

In the SiO,/PSA system, a three-component ansatz should be
made but even for the shortest diffusion times accessible in the
experiment, partial exchange between the PSA membrane and
its surroundings takes place. The estimated relaxation times in
all three phases can potentially affect the correct derivation of
relative weights of the individual diffusion components, but do
not lead to a qualitative change of the observed behavior. The
observed fitting data are understood as the result of partial mix-
ing between phases A and C on the one hand, and A and B on
the other hand. Full equilibration would require molecules to
cross between the SiO, pore space and the interparticle space
and vice versa, penetrating the PSA barrier layer with its smaller
porosity and small pore size. Full exchange between the three
phases is not achieved for the longest diffusion time and is thus
expected to take significantly longer than 500 ms.

CONCLUSIONS

Polymer-coated SiO, particles with a core-shell structure were
prepared based on phase inversion principles. Compared with
the SiO, particles, the presence of PSA membrane reduced the
BET surface area, the pore volume as well as the pore size distri-
bution of polymer-coated SiO, particles from measurements of
the nitrogen adsorption. Pulsed field gradient NMR was applied
to detect the relaxation and diffusion of liquid in polymer-
coated SiO, and SiO, particles under equilibrium conditions, in
order to investigate the effect of polymer layer. The n-hexane
molecules were used as probe molecules. The results of n-hex-
ane relaxation experiments demonstrated that the presence of
PSA sharply reduced the spin lattice relaxation time (7;). The
mobility of #n-hexane molecules, especially the rotation of

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

40161 (8 of 9)

Applied Polymer

SCIENCE

n-hexane, was limited by the PSA membrane. However, these
changes were not sufficient to qualitatively affect the diffusion
measurements that were carried out as a function of diffusion
time between 5 and 500 ms. An analysis of the diffusion decays
by biexponential fitting was attempted; the results were discussed
in apparent diffusion coefficients and apparent relative weight
fractions. The true values could not be obtained due to the fact
that even at the shortest diffusion times, significant exchange
between the different domains of the particles (21 pm diameter,
2 um shell thickness) takes place. At 500 ms diffusion time,
exchange is almost complete for the uncoated SiO, spheres, with
the exception of a rather small amount (<<1%) of n-hexane
molecules with a much smaller diffusion coefficient present in a
heterogeneous possibly weakly connected environment within the
particles. For n-hexane in polymer-coated SiO, particles, the dif-
fusion was much slower than in the SiO, particles. On one hand,
the value of diffusion coefficient in intra-particles was a half of
that in SiO, particles owing to the swelling and barrier effect of
PSA. On the other hand, the diffusion of n-hexane in the core
(SiO,) was limited by the PSA membrane, and complete
exchange did not yet take place within 500 ms.

In summary, in combination with the relaxation experiments,
the diffusion results of PFG-NMR indicated that the PSA mem-
brane on polymer-coated SiO, particles played as a transfer bar-
rier for the n-hexane molecules. Variation of the thickness and
properties of the PSA membrane will allow a better understand-
ing of the polymerization of bimodal polyethylene as generated
in a single process.
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