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Abstract

A novel type of three-layer nanoparticles was studied using small-angle neutron scattering (SANS). The particles were prepared by adding
methyl methacrylate monomer to a polystyrene-block-poly(methacrylic acid) micellar solution in aqueous buffer and subsequent polymer-
ization by y-irradiation. The contrast-matching SANS experiments revealed that upon polymerization, the PMMA chains form a layer on the
surface of the PS cores of the original micelles. This is in agreement with the finding that at room temperature, MMA monomer molecules do
not penetrate into the micelle core in detectable amounts. In the presented example, the mean core radius of original micelles and the layer
thickness were determined to be 99 and 17 A, respectively. Both characteristics are expected to be controllable by the choice of block
copolymer micelles and the parameters of the polymerization process. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Block copolymer micelles are polymolecular particles
with a dense core formed by insoluble blocks and a protec-
tive corona formed by swollen soluble blocks (for recent
reviews, see, e.g. Refs. [1,2]). Most potential applications
of micelles are based on uptake and/or release of sparingly
soluble compounds into and from micellar cores. It is desir-
able to have a possibility of controlling this process by
variation of micelle parameters. Promising candidates for
such purpose are onion-type micelles. Unlike the commonly
studied two-component core/corona micelles, onion-type
micelles have a concentric three-layer structure. The
simplest way to prepare three-layer micelles is to use an
ABC triblock copolymer. Kiiz et al. [3] prepared such
micelles from the poly(2-ethylhexyl acrylate)-block-poly-
(methyl methacrylate)-block-poly(acrylic acid) copolymer
in D,0. In their study utilizing several different techniques,
the first attempt to characterize an onion-type micelle by
means of small-angle neutron scattering (SANS) is reported.

Prochazka et al. [4] developed a procedure for the
preparation of multilayer micelles using two diblock copo-
lymers of types AB and BC. In Ref. [5], this procedure was
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used to prepare onion-type micelles from polystyrene-
block-poly(2-vinylpyridine)- and poly(2-vinylpyridine)-
block-poly(ethylene oxide) copolymers. Interpretation of
SANS data for such a system is not straightforward. In
addition to the onion-like particles, a significant number
of micelles is present formed by the stabilizing copolymer
[5]. Therefore, we prepared quite analogous onion-type
micelles from an ABC triblock copolymer, polystyrene-
block-poly(2-vinylpyridine)-block-poly(ethylene oxide)
(PS-b-PVP-b-PEO), in D,O medium [6]. In this case, the
PVP middle block is pH-sensitive, and, consequently, it is
possible to control to some extent transport of solubilizate to
or from the micelle core.

Another possible technique of preparing multilayer nano-
particles is polymerization of a suitable monomer in various
domains of already prepared polymer micelles. Radiation
[7] as well as peroxide-initiated [8] polymerization of a
monomer swollen in the micellar core has been reported.
In these cases, however, the formation of separate polymer
layers in the micelle has not been considered.

Liu et al. [9] reported the results of a light scattering study
of polymerization with block copolymers as dispersants.
The authors extensively investigated the influence of
various factors on the polymerization process. The light
scattering techniques, however, could not provide direct
information on structural details of the resulting particles.
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Recently, we prepared three-layer nanoparticles by solu-
bilizing methyl methacrylate monomer in micellar solution
and subsequent polymerization. In a separate paper, we
report on the results of the NMR study aimed at elucidation
of distribution of the monomer in micelles and its evolution
during polymerization [10]. High-resolution NMR data also
point to the conclusion that poly(methyl methacrylate) is
formed at the micellar core—shell interface, but as the signal
of the polymer cannot be detected, no direct proof could be
obtained. The objective of the present paper is thus to
characterize the structure of the novel type of three-layer
spherical nanoparticles using the SANS technique.

2. Experimental
2.1. Preparation of samples

The micellar solution of polystyrene-block-poly-
(methacrylic  acid)  (PS-b-PMA=SA) My =42X
10° g/mol, weight fraction of PS = 0.58) in 0.1 M aqueous
borax was prepared by a procedure described earlier [11]. A
part of the solution was transferred into 0.1 M borax in D,0
by dialysis. The copolymer concentrations were 1.69 X 10
and 1.92x107° g/ml in HO and D,O borax solutions,
respectively. MMA was added to the micellar solution in
an amount comparable with that of the copolymer (volume
fraction of MMA = 1.6 X 1073). The solutions were stored
for one day and then the MMA was polymerized by y-radia-
tion (dose 2 kGy) at 295 K.

2.2. SANS measurements

SANS measurements were performed using the time-of-
flight small-angle neutron spectrometer YuMO [12] at the
IBR-2 pulsed reactor in the Joint Institute for Nuclear
Research, Dubna, Russia. The solution was placed in an
optical quartz cell with a path length of 2 mm. Scattering
intensities were measured using an eight-ring detector. All
measurements were corrected for background scattering.
The correction for the wavelength dependent neutron trans-
mission of the samples and for the detector efficiency, as
well as absolute normalization, were performed employing
a procedure based on the use of a vanadium standard, as
described in Ref. [13]. Scattering data are presented as a
function of the magnitude of the scattering vector, g =
(4w/M)sin O, where A is the wavelength and 20 is the scat-
tering angle. The SANS curves measured at two sample—
detector distances differing by a factor of two did not exhibit
any systematic deviation in the overlap g-range. The data
taken from the individual detector rings coincide within
statistical errors. The wavelength contribution to the g-reso-
lution of this TOF spectrometer is negligible in comparison
with the angular one [12]. These facts indicate that the prin-
cipal parts of the SANS curves of the samples studied are
not affected significantly by instrumental distortions.

2.3. Analysis of the SANS data

The theoretical scattering function of spherical particles
having the Schulz—Zimm size distribution was fitted to the
experimental SANS data within a properly chosen g-range
(bare-core approximation [14], hereinafter BCA). Only the
middle part of the SANS curve is taken into consideration in
this approach. The innermost part, where the scattering from
the whole micelle is observed, as well as the high-g part,
where the scattering from the corona-forming single chains
predominates, was disregarded in the fitting process.
Though the BCA is not a universal approach, it can simply
provide useful information for a wide class of micellar
systems. The fit provides the mean radius of micellar
cores, R..., and the relative standard deviation, o/R ... =
1/\/(Z + 1), where Z is the width parameter of the Schulz—
Zimm distribution. Other characteristics of the micellar
cores (volume, aggregation number and mass) can be
calculated using the n-th moment of the Schulz—Zimm
distribution

w_( Ry \V'TZA+n+1)
<R>_<Z+1) nz+1)

ey

The core volume V. will be presented as a mean value
defined as
v ) 4R @

core <V> - 3 <R3>

The mass of a particle derived from such a mean volume
is then the same weight average as provided by zero-angle
scattering intensities.

From V., the molar mass of the core, M., is calculated
as

Mcore = VcoredNA (3)

where d is the density of the core and N, is Avogadro’s
constant. This way of determining M. relies solely on
the shape of the SANS curve. No information on the copo-
lymer concentration and contrast factor is necessary.

The molar mass of the core can also be determined from
the absolute scattering intensity extrapolated to vanishing g.
The relevant relation reads

Mcore = Lcore (O)IVA/CCOre(Abcore)2 (4)

where Ab. and ¢, are, respectively, the excess scattering
amplitude (in cm/g) and the concentration (in g/cm3) of the
core-forming polymer. The extrapolated intensity, /.q.(0),
can be calculated using the theoretical scattering curve in
the BCA fitted to the experimental data within a properly
chosen g-range.

In the case of simple micelles we employed the Pedersen
and Gerstenberg model (hereinafter P and G) consisting of a
spherical core and attached Gaussian chains [15]. This
approach also provides information on the micelle corona,
though, due to a larger number of fitting parameters, its
application is not always straightforward. Specifically, it is
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Fig. 1. SANS curve of PS-b-PMA in 0.1 M borax in D,O (c=
1.92x 1073 g/ml) : experimental points with error bars (O), fitted scatter-
ing curves of the cores (dashed line, BCA) and the micelles (solid line, P
and G model).

usually not possible to obtain a unique set of fitting para-
meters if the relative excess scattering amplitudes cannot be
fixed. Analytical scattering functions for both approaches
are given in Ref. [14].

3. Results and discussion

PS-b-PMA copolymers in aqueous media assemble to
micelles with the PS core and PMA corona. The PS cores
form nanosized hydrophobic domains in aqueous media,
which attract nonpolar solutes, as demonstrated, e.g. in
Ref. [16]. We expected that the added hydrophobic mono-
mer would also concentrate within the micelles. Polymeri-
zation of the monomers then may lead to nanoparticles with
a more complex structure than that of the original micelles.

We studied particles prepared by solubilization of methyl
methacrylate in a PS-b-PMA micellar solution and subse-
quent polymerization. To take advantage of contrast varia-
tion, both the normal (hydrogenous) and deuterated
homologs of the solvent (H,O, D,O) and monomer (h-
MMA, d-MMA) were used. Besides the resulting particles,
the original micelles as well as the micelles with solubilized
monomer were investigated. The studied systems are
denoted as SA, SA/h-MMA, SA/h-PMMA, SA/d-MMA
and SA/d-PMMA, where SA stands for the PS-b-PMA
copolymer.

3.1. PS-b-PMA micelles

We started with characterization of the micelles. The
SANS curve of the PS-b-PMA micelles (SA) is shown in
Fig. 1. An attempt was made to fit the scattering function of

the P and G model [15] adapted for polydisperse systems
[14] to the experimental data. To obtain reasonable results,
the excess scattering amplitudes of the copolymer blocks
had to be fixed. The amplitudes were estimated using the
molar masses of the copolymer blocks and the material
characteristics as AB . = —1850 X 107 "%cm (PS) and
AB, = —470x 10 %cm  (PMA™ anion). The fit
provided the following values of the parameters: mean
radius of the micelle core R, = 98.2 A, relative standard
deviation of the radii o/R .. = 0.184, radius of gyration of
the corona chains Rg . = 96 A, starting point of the chains
Ryt = 150 A. The last parameter was artificially imple-
mented by the authors of the model and does not reflect
the real structure of a micelle. Moving the starting point
from the distance R, t0 Ry, mimics the effect of non-
penetration of the chains into the core [15]. Though the
micellar concentration was rather low (1.9 X 107° g/ml),
the determined characteristics of the corona chains could
be underestimated due to the concentration effect. For the
corona parameters obtained by fitting the P and G model,
however, the sensitivity to this effect was reduced by fixing
the contrast factors.

Due to the artificial nature of Ry, it may be questionable
to interpret Rg. as the radius of gyration of the corona
chains. Nevertheless, its value (96 A) looks quite reasonable
if an expanded PMA chain with molar mass of 18 X 10° g/
mol is considered. Our result is close to those obtained for
solutions of PMA of comparable molar masses [17,18].
From the hydrodynamic radius determined by dynamic
light scattering (Ry = 400 A) and from the core radius
Reore = 99 A) we estimate the corona thickness as 301 A,
a value compatible with the radius of gyration of the corona
chains given above.

Our second approach is based on the BCA [14]. This
simple approach is insensitive to the concentration effect
because it does not take into consideration the innermost
part of the scattering curve. Consequently, it does not
provide any direct information about the micellar corona.
Its usefulness lies in the fact that it can be used for determi-
nation of the core parameters also in the cases when the
excess scattering amplitudes are not known. The particles
investigated in the present paper are an example of such
systems.

The core parameters are given in Table 1. Their values
(Reore = 98.9 A, 0/R core = 0.20) are very close to those
based on the P and G model. This justifies the use of the
BCA approach to the studied micelles in D,O. The core
molar mass was calculated from the volume using Eq. (3)
Mopre = 40X 10° g/mol) and from the extrapolated inten-
sity I.oe(0) using Eq. (4) (M ore = 3.4 X 10° g/mol). Agree-
ment between these two values is fairly good. The smaller
value obtained from /.,,(0) may be due to a possible loss of
the copolymer mass (15 wt.%) during the preparation
(dialysis, centrifugation). The weight and number averages
of the aggregation number were estimated from the corre-
sponding mean volumes to be N, = 165 and N, = 120.
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Table 1
Characteristics of the particles in D,0 determined using the BCA of SANS
curves

Reore o/ 107X Vege  Leore(0)

(&) Reore (A% (em™)
SA 98.9 0.20 6.3 12.5
SA/h-MMA 100.7 0.20 6.6 13.8
SA/d-MMA 100.2 0.20 6.5 12.5
SA/h-PMMA 116.3 0.19 9.7 31.0
SA/d-PMMA? 93.3 0.22 5.7 10.0

* The BCA is not satisfactory for this system.

It can be seen from Fig. 1 that the fitted model curves
describe the experimental data fairly well. Clearly, using the
BCA one cannot describe correctly that part of the SANS
curve that is affected by the scattering from the particle
corona. A comparison of the model curves reveals that the
micelle coronas significantly contribute to the inner part of
the SANS curve only. This is due to a lower scattering
contrast (see Table 2) and the larger size of the corona in
comparison with the core. For particles with coated cores,
the applicability of the BCA primarily depends on the
contrasts of the individual components. For the particles
prepared using hydrogenous monomers in D,0, the BCA
approach is expected to work even better than for simple
micelles because the relative scattering power of the core is
higher in the former case.

3.2. Particles with MMA and PMMA

The particles obtained by adding monomer to a micellar
solution and those formed by polymerization of the mono-
mer will now be characterized using the BCA approach. An
example of the BCA fit can be found in Fig. 2. This
approach in its simple form (homogeneous core assumed)
is applicable if the difference in the scattering contrasts for
the core components can be neglected. For hydrogenous
polymers in a deuterated solvent, this condition is usually
met. The use of the P and G model does not lead to reliable
results for these particles because the relative excess scatter-
ing amplitudes of the core and corona are not known a
priori.

Fig. 2 shows the SANS curves of the studied systems. It

Table 2
Neutron scattering densities of the relevant compounds

107"% p (em™?)

d-PMMA 7.01
D,0 6.36
d-MMA 5.56
PMA™ 3.00
PS 143
h-PMMA 1.07
h-MMA 0.85
H,0 —0.56

can be seen that the addition of MMA monomer to the
micellar solution has only a minor influence on the scatter-
ing intensities. As this is true for both the normal and the
deuterated monomer, we may conclude that the monomer
did not penetrate into the micelle core significantly. The
NMR results [10] suggest that MMA is located predomi-
nantly in the micelle coronas. As follows from the above
given analysis, the scattering contribution of the micelle
corona is rather small in the g-range covered by the present
experiment. At the smallest angles, where the scattering
contribution of the corona is detectable, the SANS intensi-
ties (not shown in Fig. 2) for the micelles with solubilized
deuterated monomer (SA/d-MMA) in H,O are slightly
higher than those obtained for neat micelles (SA). This
indicates an accumulation of the monomer within the
micelle corona. More detailed information about the loca-
tion of MMA would be accessible if SANS data in smaller
scattering vectors were available.

The SANS curves taken after polymerization differ
significantly from the one observed for the original micelles
(Fig. 2). For the SA/d-PMMA system, a deviation from the
SANS curve of the simple micelles is observed only at small
gs, while at higher angles the curves coincide. On the other
hand, the SANS curve of the SA/h-PMMA system deviates
appreciably in the region of the secondary maximum also,
which reflects the size of the scatterer. These findings indi-
cate that the cores of the studied particles are formed by
the PS core of the original micelle and PMMA deposited on
the surface of the core.

Similar conclusions can be drawn on the basis of the
structure parameters of the cores determined using the
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Fig. 2. Changes in the SANS curve of PS-b-PMA in 0.1 M borax in D,O
(c=192x10"° g/ml) induced by solubilization of methyl methacrylate
monomer and subsequent polymerization (experimental points with error
bars): (a) neat copolymer solution (O), (b) with h-MMA before ([J) and
after (A) polymerization, (c) with d-MMA before (+) and after ( X ) poly-
merization. The dashed line is an example of the BCA fit to SANS curves of
the nanoparticles with coated cores.
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Fig. 3. SANS curves of PS-b-PMA with polymerized d-MMA in 0.1 M
aqueous borax buffers at two contrasts: scattering length density of the
solvent matches that of PS (O) and the mean scattering length density of
the PS/d-PMMA core (A), respectively. The maximum at a non-zero g
observed for the latter case indicates that the PS and d-PMMA components
are separated.

BCA. Table 1 summarizes the results obtained for the parti-
cles in D,0.The parameters are not sensitive to the presence
of MMA. This means that the monomer does not swell the
micelle core. Significant changes become apparent after
polymerization.

Though the results obtained in H,O (not shown in Table
1) are in qualitative agreement with the result for D,0, they
are less reliable because the approximations used (uniform
scattering length density of core, neglected scattering from
corona) are not as good as in D,O. This can be seen from the
scattering length densities given in Table 2. For example,
the relative scattering contribution of the corona is much
higher in H,O than in D,0.

Another evidence for the location of PMMA on the
surface of PS cores can be provided by the variation of
the contrast. We prepared SA/d-PMMA samples in two
H,0/D,0 mixtures chosen so as to match the scattering
length density of PS and the mean scattering length density
of the PS/d-PMMA core, respectively. The volume fraction
of PS in the core (0.65) was estimated by comparing the core
volumes for the SA and SA/h-PMMA in D,O systems. It
should be noted that in this solvent, the excess scattering
densities of PS and h-PMMA are very close. Thus, the core
parameters obtained using the BCA are close to their true
values.

For a homogeneous core (mixture of PS and d-PMMA),
the SANS curves under the contrast-matching condition of
PS (p=143X IOIOcm_z) would reflect the overall size of
the core while in the solvent with the scattering length
density equal to that of the PS/d-PMMA core (p=
33X 10100m72), the scattering from the core would be

suppressed. Fortuitously, under the latter conditions, the
scattering from the PMA corona is also strongly suppressed
(see Table 1).

Alternatively, if d-PMMA is separated from PS, the scat-
tering is observable at both the contrasts. If the solvent is
chosen to match the mean scattering length density of the
core, then a SANS curve with main maximum at a non-zero
q is expected.

The experimental scattering curves (Fig. 3) clearly
suggest the second possibility, i.e. PMMA is separated
from PS in the particle core. We have shown that MMA
monomer does not penetrate into the PS cores. This suggests
that PMMA chains are deposited on the surface of the PS
cores. Further support for this conclusion is provided by
comparison of the radius of gyration of d-PMMA domains
obtained directly from the SANS curve using the Guinier
approximation with that calculated from the core size
distribution.

The Guinier approximation was applied to the scattering
curve of SA/d-PMMA particles at negligible contrast for PS
(circles in Fig. 3). Under this condition, the contrast of the
PMA corona is also rather low and the main contribution
to the observed scattering comes from the d-PMMA
domains. We estimated the z-average of the radius of gyra-
tion of the PMMA domain as Rg, = 135(*11) A. Due to
polydispersity, this value is larger than the mean outer
radius of the PMMA shell (116 ;\).

Let us now consider a homogeneous spherical shell
with the inner and outer radii, YR and R, respectively. The
z-average of the radius of gyration of such a shell can be
calculated as

» _ 3R A-7)
G5 R (- )

where the n-th moment of the Schulz—Zimm distribution is
given by Eq. (1) and vy has been defined implicitly.

Employing the core characteristics for the SA and SA/h-
PMMA systems given in Table 1 (Z=28, Ry=
116 A, v=99/116 = 0.85), we obtained using Egs. (1)
and (5) Rg, =132 A. Thus, the model of the PS inner
core with the PMMA shell leads to a value of the radius
of gyration of the PMMA domain that is in good agreement
with the value obtained directly from the SANS curve taken
under proper contrast conditions.

R ®)

4. Concluding remarks

Using the SANS technique, we have shown that polymer-
ization of methyl methacrylate monomer solubilized in
polystyrene-block-poly(methacrylic acid) micelles leads to
formation of a PMMA layer on the surface of the PS core. In
the presented example, the mean core radius was 99 A and
the layer thickness, 17 A. The latter can be easily varied by
variation of monomer concentration.

We expect that the structure of the resulting particles
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would depend on many factors, primarily on the solubility
of the monomer, oligomer and polymer, and on their inter-
action with the micelle components. Thus, the possibility of
preparing particles with coated cores is to a great extent
determined by the choice of the monomer—micelle pair.
Nevertheless, for appropriate pairs, there still remain several
factors enabling us to control the parameters of the particles
(monomer concentration, details of polymerization proce-
dure, duration of the solubilization process, repetition of the
solubilization—polymerization process). Investigation of the
influence of these factors on the structure of the resulting
particles is under way.
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