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ABSTRACT: Systems containing poly(styrene)-block-poly(methacrylic acid) micelles (1.67 g/L), methyl
methacrylate (1.88—3.76 g/L), and initiator (polymerization) or inhibitor (pure solubilization) in D,O buffer
solution were studied by *H NMR. The proton NMR signals of MMA dissolved in the micellar system
have the same chemical shifts as those in the corresponding D,O buffer solution but exhibit a
characteristically broadened and asymmetric shape. Separate signals with different chemical shifts and
signal shapes were observed for MMA absorbed into the poly(styrene) core. From the shape analysis of
the signals of the water-dissolved MMA in the micellar system, it can be deduced that the monomer is
almost exclusively accumulated near the core—shell interface. Its radial distribution can be approximated
by a Gaussian function with the maximum at the core radius R and half-width b of 1.65R and 1.93R for
the MMA concentrations 2 and 4 g/L, respectively. An increase in temperature from 295 to 330 K leads
to a faster self-diffusion of MMA but not to an appreciable broadening of the distribution. When initiated
with ammonium peroxysulfate (330 K) or its mixture with potassium disulfite (295 K), MMA at the
interface undergoes polymerization. At elevated temperatures such as 330 K, a part of MMA diffuses
into the outer layers of the polystyrene core and does not polymerize there, in particular at higher MMA
concentrations, being shielded by the peel of PMMA from the initiator radicals. At 295 K, the diffusion
is very slow so that no detectable amount of MMA avoids polymerization. The observed polymerization
kinetics as well as the MMA signal shape evolution indicate that (i) during polymerization, the PMMA
formed diffuses into the vicinity of the core—shell interface and (ii) termination is markedly suppressed
in analogy with a gel effect. Mathematical models of the NMR signal shape as well as of diffusion-affected
polymerization kinetics under general radial monomer distribution in a micelle are presented and the
numerical computer simulations are compared with the experimental data. The results of this study
agree with the separately published SANS results in the conclusion that micelles with cores sheeted
with multiple layers of different polymers can be prepared by the relatively simple technique presented.

Introduction

Micelles of amphiphilic block copolymers have been
studied for quite a long time!~® not only as interesting
physical systems formed by spontaneous molecular self-
assembly but also as potential carriers of active sub-
stances such as medical drugs, disinfectants, and others.
In the latter respect, the outstanding ability of the
hydrophobic micellar core to solubilize many almost
water-insoluble substances has been observed,” leading
thus to the idea of possible controlled uptake and release
of such substances in water-based systems. When
studying the dynamics of material exchange between
the core and the surrounding medium,® we have ob-
served a rather swift diffusion of many solubilizates in
both directions. This could be a serious obstacle of
tailoring the solubilization dynamics to the desired
controlled uptake or release. In another study, we have
shown?? that three-layer micelles can be prepared from
ABC triblock amphiphilic copolymers, C being a hydro-
philic block and A and B mutually incompatible hydro-
phobic blocks. In such case, block A is resident in the
inner part of the core and B forms the core—shell
interface. It has been demonstrated that the Kinetics of
solubilization can be specifically modified by the chemi-
cal nature of the block B without impairing seriously

* To whom correspondence should be addressed. Tel: 420-2-
20403382. Fax: 420-2-367981. E-mail: kriz@imc.cas.cz.

10.1021/ma991368n CCC: $19.00

the solubilization capacity of the micelle.’® At the
present state of art, preparing the tailored triblock and,
potentially, multiblock copolymers could be difficult.
Hence, other ways of preparing multilayered micellar
cores were sought. One of them is the preparation of
onion-like micelles by coprecipitation of suitable block
copolymers,11:12 the polymerization of a suitable mono-
mer in a micelle being another one. In a recent paper,*3
radiation polymerization of 2-ethylhexyl acrylate swelled
into the core of poly(2-ethylhexyl acrylate)-block-poly-
(acrylic acid) micelles has been demonstrated. Much
earlier, however, a peroxysulfate-initiated polymeriza-
tion of pyrrole in polystyrene-block-poly(methacrylic
acid) has been successfully performed.* We thus tried
the same approach to the system polystyrene-block-poly-
(methacrylic acid) with monomer methyl methacrylate,
expecting at least partial segregation of the formed poly-
(methyl methacrylate) due to its restricted compatibility
with poly(styrene). In the SANS study®® of the poly-
merization process and the final product, strong evi-
dence of the PMMA onion-like segregation at the core—
shell interface has been obtained. According to SANS,
this result is due to the monomer residing and polymer-
izing mostly outside the micellar core rather than to
segregation of PMMA formed in the core. This interest-
ing phenomenon calls for a complementary study using
an independent method, namely NMR.
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Theory

Signal Shape of the Solute Near a Micellar Core.
As recognized many years ago,’®1” a homogeneous
spherical object with a magnetic susceptibility y; in a
magnetic field Bo immersed into a homogeneous me-
dium with a different susceptibility y» acts like a
magnetic dipole ¢ inducing thus in its surroundings an
additional magnetic field B(0,r) of the magnitude

B(0,r) = u(3 cos® 6 — 1)/r® (1)

where 6 is the angle of the radius vector of the given
point with the axis of the magnetic field Hp and r is its
length. The magnitude of the dipole moment is u = (4/
3)7R3(x1 — x2)Bo, R being the radius of the spherical
object. In conformity with Doskocilova et al.,!” we shall
introduce the constant A = (4/3)x (y1 — x2)Bo and the
reduced radius r' = r/R. Hence, B(0,r') = A(3 cos? 0 —
1)/r'3. In our first approach, outlined in principle in our
recent article,’® we shall treat the micellar core as a
spherical object and the surrounding medium of the
hydrated micellar shell as a quasi-continuum of a
uniform magnetic susceptibility. This is certainly an
approximation, which has to be refined later. Suppose
now that the solute molecules are dispersed around the
micellar core with a spherically symmetric distribution
gn(r) = &g(r), g(r) being an appropriate radial function
and £ a normalization factor

E=2(Mma’ — ROGLL™ P drT ™ (2

The radially dependent angular distribution is gn(r,6)
= (1/2) sin 6 gn(r) and its volume form is Gn(r,0) =
4mr2gn(r,0). Let us assume now that a nucleus at the
point (r,0) has a Lorentzian signal symmetric about the
point v(r,0) = vo + y A(3 cos?? — 1)R3/(2xr3), where vg is
the “natural” shift of the nucleus in the magnetic field
By and y is its gyromagnetic ratio. The shape of the
collective signal of nuclei surrounding the spherical core
is then

=1, er"“* j;“’GN(r,e)w/{WZ + [v(r,0) — v]?} do dr (3)

where the integrand is a weighted Lorentzian with the
center at v(r,0), v varies from —o to 4+, and w is the
natural width of the signal in a homogeneous medium.
The signal shape clearly depends on A, i.e., on (y1 — x2),
R and Gn(r,0), hence on the radial distribution g(r).

g(r) = &lb(w/2)"*] exp[—2(r' — 1’b*]  (4)

We have used the Gaussian distribution where b has
the usual meaning of the distribution width. We do not
insist the functional form in eq 4 has an exact physical
meaning. However, it reflects two important features
of the probable actual distribution: its statistical nature
and the tendency of the solute to accumulate around
the micellar core. Figure 1 shows the signal shapes
simulated for the Gaussian distribution (b varying from
1.0 to 5.0) using egs 1—4 with the natural signal width
w = 3 Hz and A equivalent to 50 Hz. As seen from this
example, the more dense population of the solute in the
vicinity of the core leads to a broader and more asym-
metric signal. It should be noted marginally that the
signal of a solute placed inside the core is not affected
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Figure 1. NMR signal shapes simulated for an induced field
inhomogeneity (maximum 50 Hz) and a Gaussian distribution
of the measured molecules with a different second moment b
(natural signal width 3 Hz).

Figure 2. Geometry in the vicinity of the core in the
considered case of self-diffusion.

by the magnetic field inhomogeneity, its width being
given solely by the dynamic properties of the core
medium.

So far, we have implicitly assumed a static position
of the given nucleus. As already indicated by Dosko-
Cilova et al.,1” fast diffusion of the solute can change the
situation: within the time window of NMR resolution,
the molecule can jump to different positions and face
different intensities of the local magnetic field. As the
exact description of the corresponding effect on the
signal shape is rather complicated, we prefer to use the
following approximation. The key idea of it consists of
the time window or critical time 7 given by the maxi-
mum broadening A, T = Y,xAvyj,. During this time, the
molecule traverses a mean distance 4 given by the
expression 4 = (2D7)Y2 = (D/nAv12)Y2, where D is the
diffusion coefficient given by the Einstein—Stokes for-
mula D = KT/(6zn7p). As all directions are in principle
equivalent, we can imagine that the points the molecule
can reach in time t from the point r(r,0) form a sphere
with the center in r and the radius 4. At any point of
this sphere given by r and the angles 6;, ¢ as illustrated
in Figure 2, the nucleus is faced by the local field B(61,%)-
= A(3 cos? 0; — 1)/8, where ¢ is the actual distance from
the center of the core, £ = (§12 + &2 + £A)Y2 with ¢ =
Acos @ sin 0y +rsin6, i =41sin ¢ x sin 61, and {3 =
A cos 61 + r cos 6. The mean local field faced by a nucleus
at the point r(0,r) is then
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B(O.r) = (A2) [ 02”[(3 cos® 6, — 1) sind,/c”] dg do,
5)

and v(r,0) in eq 3 is yB(6,r). It can be shown that even
relatively slow diffusion both symmetrizes and narrows
the signal, according to eq 5. At the same time, however,
the diffusion motion of the nucleus in the magnetic field
gradient g(61,8) = (9/3¢ + 9/961)B(0,,8) causes dephasing
M(7) = Mo exp(—Dy2g?(61,£)?73/3) leading to a diffusion
broadening of the signal

Aw,(6,,6) = Dy*g*(6,,8)7%/6m (6)

Analytical expression of g(0,1,) is possible but com-
plex. On this level of approximation, it appears to be
permissible to express it in a difference form g(61,8) =
[B(61,8) — B(0,nN]/(¢ — r). The mean signal broadening
Awg(0,r) at the point (6,r) is then

Awy(6.1) = (L240)A2 [ [*'{[B(6,,¢) — B(6,1]Y
(c— 1} dedo, (7)

and the signal shape is described again by eq 3,
substituting »(r,0) by yH(6,r) and w by w + Aw(6,r),
respectively. The combined effects of diffusion averag-
ing/narrowing (eq 5) and broadening (eq 7) lead to a
symmetrized and only slightly narrowed signal if the
diffusion coefficient is low, as demonstrated in Figure
3 using the same parameters as in Figure 1 but
including diffusion (D = 10714,1013, or 10~ m?2 s71).
It has to be emphasized that we mean self-diffusion
conserving the overall radial distribution of the solute
but allowing for lateral exchange of individual mol-
ecules. Such situation can occur if the solute forms a
diffuse pseudophase around the spherical object (such
as the monomer at the micellar core—shell interface)
but is not immobilized by adsorption.

Polymerization Kinetics under General Radial
Monomer Distribution. Let us denote as I(r,t), I*(r,t),
M(r,t), P*(r,t), and Py(r,t) the instant radially dependent
concentrations of initiator, initiator radicals, monomer,
polymer radicals, and the terminated polymeric n-mer,
respectively. In our first approximation, I(r,t) = I(t), i.e.,
the initiator is evenly distributed and its concentration
is affected only by its conversion; also, the polymeriza-
tion is not diffusion-controlled and the starting mono-
mer concentration Mo(r,t) is given by the radial profile
g(r). In such case, the kinetics is described by three
coupled differential equations

I*
d d(tr D — 21, exp(—kyt) — kIF.OM(rD (8a)
dp * max

d_tl = KI(KOM(rt) — kP *(r0) S P(rt) (8b)

dl\/:j(tr,t) = —[kI*(r,t) + kK, P*(r,OIM(r,t)  (8c)

where kg, ki, kp, and k¢ are the rate constants of initiator
decomposition, initiation, propagation, and termination,
respectively.

The situation changes if there is some mass redistri-
bution due to polymerization. For instance, if the
polymer starting from the critical chain length ng; tends
to migrate into the interior of the micellar shell, the

Macromolecules, Vol. 33, No. 6, 2000

— T T T T T T T T T T T T

-60 -40 -20 0 20 40 60
Hz

Figure 3. NMR signal shapes simulated for the same condi-
tions as in Figure 1 but with included self-diffusion of the
molecules (D = 10714, 10713, 10712, 1071t m? s71).

radius-dependent description is (N = Nerit):

oP,* 9 9
P KoPp_*M(r,t) + [Dn(r,t)(g + 2/r)] P.*—

max

ktPn*ZPi* (9a)

or

n-1 1

P,
P,+k P*P.* (9b)
t " t; j:;i !

0 0
—= —’Dn(r,t)(— + 2/r)
d or ar

where Py* is an abbreviation for P,*(r,t).

Equations 9a,b as such do not explicitly reflect two
features of the system: (i) the polymer concentration
at any value of r has an upper bound given by the
polymer self-saturation; and (ii) starting with some
chain length ngit, the polymer (or polymer radical) is
virtually insoluble in water and its migration into the
outer parts of the micellar shell is thus improbable. As
an approximate solution of these problems, we can
assume that the material transport of the polymer or
polymer radical of the length n is driven not by the
concentration Py(r,t) (or P*,(r,t)) but by its distance from
saturation. Given some radial saturation profile gn(r),
the corresponding term of material transport would thus
be

P g
at  ar

(D + @lgyn) ~ P} (20)

According to eq 10, material flows against the concen-
tration gradient and converges to zero near saturation.
Diffusion coefficient Dy(r,t) generally depends on actual
polymer concentration; not knowing the actual form of
this dependence, we assume it, in first approximation,
to be constant. Equations 9a,b then acquire the form

¥ 29
— +——{[9,(") = P*] =
gré ror

P>
? = kppn,]_*M + Dn

max
kP *$ P* (11a)



Macromolecules, Vol. 33, No. 6, 2000

n]+kZ zp*p*

(11b)

2+28[ (n) -
gré ror "

P,

=D
at "

At the same time, the initiator molecules are driven out
of the inner-shell area by the accumulating polymer. As
this process is also controlled by polymer saturation, we
can use an analogous diffusion principle driving the
initiator concentration to zero near the saturation of the
area by polymer. The initiator concentration is then
described by the approximate relation

al(art,t) = —kyl(r,t) — {D//[gp(r) — P,(r, t)]}[_ 22,
I (12)

We need not care for the material transport of the
initiator radicals, their concentration being very low, but
we have to rewrite eq 8a into the form

dI*(r.t)
dt

= 2kyI(rt) — KI*(rOM(r,Y)  (13)

Also, the radial concentration of monomer M(r,t) should
not be much affected by polymer accumulation. The
material transport of monomer can be important, how-
ever. Hence we have to rewrite eq 8c, too:

aM(r t)

= Il + K PHEDIM(rY +

d d

orOv{ar 1
The diffusion coefficient of the monomer Dy, can depend
on the polymer concentration P due to changing viscos-
ity of the medium.

Equations 11—14 form a model of the polymer kinet-
ics. For simulations, we have to restrict it further,
namely by assuming that the polymer growth is much
faster than diffusion. This permits us to drop the
subscript n in egs 11a,b; rewriting them again, we get

M(r,t) (14)

P>

J— *
o =kl M+DP’

r Br] [9p(r) — PIP* — ktP*2
(15a)

In egs 17a,b, the symbols P and P* stand for P(r,t) and

oP 9

= = KeP*M + Dy P [95(r) — P] + kP*?

(15b)

rar

P*(r,t), respectively, i.e., the radius- and time-dependent
concentrations expressed in moles of the monomer units
per liter, irrespective of the polymer length. Equations
12—-15, rewritten in a difference form, were used for
computer simulations. The algorithm used a fixed
integration step in r dimension and an adaptive one in
t. As the starting monomer distribution function g(r),
we used the Gaussian distribution with b = 1.65 fitting
well the experimental results (see below). In deriving
the polymer saturation profile, we consider the free
volume in the micellar shell interior. In the radius
interval (R + nim, R + (n + 1)An[ the volume available
for the polymer is V,, = (47/3){[R + (n + 1)Am]® — [R +
NAml®} — NVn, where i, and V,, are the statistical
equivalent length and excluded volume of PMA mono-
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mer unit, respectively, and N is the number of PMA
chains in one micelle. Applying a quasi-continuum
approximation substituting V,, by an equivalent cylin-
der, one can calculate an outer radius r, of the densely
packed PMMA layer at full MMA conversion. For
example, in the experimental case with the micellar
concentration cmic = 1.67 g/L, R = 10.2 nm, and N =
166, r, = 1.606R for Mg = 0.002 vol/vol, the van der
Waals volume of the PMA unit having been calculated
by ab initio SCF calculation for a pentamer chain. We
apply now in a purely phenomenological way a modified
Gompertz population function

gp(r) = Cp{1 — exp[—exp(—«(r —ry))l}  (16)

for the polymer saturation profile, where C, is the
polymer concentration in bulk, Cp = 1000sp/m with sp
the specific weight in g/mL and m the molecular weight
of the monomer unit; « characterizes the sharpness of
the PMMA—D,0 interface (for « >10, eq 16 is almost a
step function, « < 2 gives a fairly diffusive profile
allowing thus the polymer to be partly distributed along
the PMA chains). When comparing the simulated con-
version curves with the experimental ones, we came to
the conclusion that termination of the polymer growth
must be markedly suppressed in the interface at higher
conversions, in a kind of gel effect. Therefore, we
included the dependence k; = k¢(P) into the model, using
a purely phenomenological function ki(P) = ki exp(—
xP), x being varied from 0.5 to 3; the optimum value
appeared to be around 2.3.

The mathematical model described by eqs 12—5 is
based on the assumption that all the reactants and
products remain in the area of the micellar shell or the
core—shell interface. For the monomer, this is not
exactly true. It can, in particular at higher temperature,
diffuse into the core and be shielded there by the core
polymer from the attack of initiator or polymer radicals
(see below). We have thus to include the core area (r
€[0,RO into the model, the appropriate equation for the
monomer being

IM(r,t) 3 3 2

M alr[DM(r,t)(8r + r)]M(r,t) 17)
where the diffusion coefficient of the monomer Dy(r,t)
generally increases with increasing monomer concen-
tration M(r,t). In simulation, this effect should be
included; in measurement, however, the signals of the
monomer residing in the core and at the interface can
be distinguished (see below). The overall monomer
concentration observed by NMR is then given by the
formula

M(t) = yax [ r*M(r.t) dr (18)

where v is an appropriate normalization constant.
We present simulations of the conversion curves
together with experimental data below. Here, we give
an example of the corresponding development of the
radial concentration profile of the polymer P(r,t) ob-
tained from the model fitting the experimental conver-
sion curve for M(0) = 0.02 mol/L and T = 330 K. In
Figure 4a,b, radial profiles at different reaction times
are compared, the model skipping (Figure 4a) and
including (Figure 4b, this case fitting well the experi-
mental conversion curve) the diffusion of the polymer
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Figure 4. Radial concentration profiles of the polymer
simulated for different polymerization times without (a, top)
and with (b, bottom) the diffusion of the polymer to the core—
shell interface (kp = 143 mol L s72%, kg = 3.16 x 1076 L s7%, k¢
=12 x10°molLs 1, Dp=2x102m2sL k=601, =
1.5R).

to the core—shell interface. As seen, a rather densely
packed peel of the polymer is formed at the interface in
the second case. This result agrees with our NMR
results and can be verified by SANS.

Experimental Part

A solution of polystyrene-block-poly(methacrylic acid) mi-
celles (1.67 g/L) in 0.1 M Borax in D,O was prepared by the
procedure described earlier.'® Nitrogen was bubbled through
the solution for 5 min, and then an appropriate amount (mostly
2 or 4 g/L) of MMA (Aldrich reagent grade, purified by
distillation), 50 mL/L of 10% w/w solution of sodium peroxy-
sulfate (Aldrich reagent grade, recrystallized from water
solution) in D,O was added. In the case of polymerizations at
normal temperature, 50 mL/L of 10% w/w solution of sodium
disulfite (Aldrich reagent grade, recrystallized) was added as
a redox agent before the peroxysulfate. The mixture was
transferred into a NMR tube flushed with nitrogen. The tube
was then sealed and put into the probe head of a Bruker
Avance DPX 300 NMR spectrometer, thermostated at the
given temperature, and preshimmed with a similar probe.
Serial 'H NMR spectra were measured taking 16 scans of 16
kpoints with a repetition time 7 s. Exponential weighting with
Ib = 1.0 Hz was used for quantitative evaluation before Fourier
transform. For signal shape analysis, no weighting was used.

Results and Discussion

The micellar solution used was based on a polystyrene-
block-poly(acrylic acid) copolymer with My, = 42 400 and
58% wi/w of polystyrene. Its medium was 0.1 M Borax
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solution in D,O concentration 1.67 g/L. According to
SANS measurements,'® the micelles exhibited a mono-
disperse, rather narrow distribution with the core radius
R = 102 A and the average number of block copolymer
macromolecules N = 166.

Distribution of Methyl Methacrylate in the Mi-
cellar System. Figure 5 compares 'H NMR spectra of
a 0.02 M solution of MMA in (a) 0.1 M Borax in D,0O
and (b) 0.167% w/w solution of the polystyrene-block-
poly(methacrylic acid) micelles in 0.1 M Borax solution
in D,O at 296 K. For illustrative reasons, the system
corresponding to spectrum b was measured after a two-
week storage due to which a part of MMA diffused into
the outer layer of the micellar core. Because of the quasi-
glassy state of the poly(styrene) core and lowered
mobility of the poly(methacrylic acid) shell, the signals
of the micelles are broadened beyond detection and are
not visibly present in spectrum b; except the signals of
impurities (mostly residual dioxane in the micellar
solution), only signals of MMA are present. As easily
seen, the signals of D,O-dissolved MMA (vinyl protons
6.1 and 5.7, O—CHj3; 3.75 and a-CHg3 1.91 ppm, respec-
tively) remain at the same positions in the micellar
solution but are distinctly broadened and, at closer
inspection, slightly asymmetric. In contrast, the second
set of MMA signals (vinyl protons 5.64 and 5.35, O—CH3
3.31 and a-CH3 1.84 ppm) are shifted and distinctly
narrower. It can be shown that this second set corre-
sponds to MMA absorbed into the micellar core: (i) by
prolonged heating of the system at 330 K, the intensity
of the first set is gradually transferred into the second
one; (ii) at higher MMA concentrations and after full
transfer of the respective signal intensities, first signs
of the polystyrene signals appear; (iii) after equilibrium
swelling of the system with chlorobenzene, the intensity
of the former set increases again but the signals are
slightly upfield-shifted, indicating thus slow exchange
between the core and D-O.

In comparison with all micellar systems studied by
us so far, two important differences can be observed:
(i) there is very slow exchange between the D,O- and
core-dissolved solute so that separate sets of its signals
can be observed; and (ii) the signals of the D,O-dissolved
solute are distinctly broader (Avi, = 9.66 compared with
original 2.71 Hz at 6.1 ppm and 3.45 Hz at 5.64 ppm)
and slightly asymmetric. As explained in Theory, the
plausible explanation of (ii) is an inhomogeneity of a
secondary magnetic field induced around the spherical
core due to its different magnetic susceptibility. The
signals of the solute placed inside the core are not
inhomogeneously broadened. However, as the solute is
swollen into a rigid poly(styrene), homogeneous signal
broadening could be expected. The only plausible ex-
planation of the actual signal width is a high MMA/
polystyrene ratio, i.e., high swelling of polystyrene by
the monomer. Given the relative intensity of the corre-
sponding MMA signal, most of the solute absorbed by
the core must remain at the outer rim of the core. This
should be due to a very steep concentration dependence
of the diffusion coefficient of the monomer in the core
leading to a narrow penetration frontier.®

Returning now to the shape of the monomer signals,
Figure 6 gives an example of a smoothed-out signal of
MMA (0.02 mol/L) at 6.1 ppm with the best simulations
using the theoretical model without (curve 2) and with
(curve 3) respect to the self-diffusion of the monomer.
Both simulations assume the maximum induced broad-
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Figure 5. NMR spectra of methyl methacrylate (0.0188 mol/L) in (a, top) 0.1 M Borax in DO and (b, bottom) micellar solution

of PS-PMA (1.67 g/L) in 0.1 M Borax solution in D,O (296 K).
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Figure 6. Smoothed-out experimental signal of the cis-vinyl
proton of MMA in the micellar solution (1) with the simulated
signal shapes with disregarded (2) and included (3) MMA self-
diffusion (Dm = 6.3 x 1072 m? s71, maximum broadening 55
Hz, Gaussian radial distribution of MMA with b = 1.65R).

ening of 55 Hz and the Gaussian radial distribution of
the maximum at the radius of the core R and b = 1.65R.
In the case of the successful simulation (curve 3), a self-
diffusion coefficient Dy = 6.3 x 1072 m2 s71 was
included with the restriction that diffusion conserves
the radial distribution. When increasing the monomer
concentration to 0.04 mol/L, the simulated radial dis-
tribution broadens to b = 1.93R. At 330 K (before
substantial absorption of the monomer by the core), the
monomer distribution width at 0.02 and 0.04 mol/L
somewhat increases to 1.78R and 2.17R, respectively,
and the best value of Dy is about 0.8 x 10710 m2 s1,

Both the low values of Dy and the restriction to self-
diffusion imply that the monomer forms a dynamic
pseudophase in the interior of the micellar shell partly

stabilized by positive interactions with the core—shell
interface and with the locally hydrophobized PMA
chains. It should be noted that the shape of the D,O-
dissolved monomer signals does not change with time
except for slight broadening under conditions of slow
core swelling which increases the core radius; i.e., the
effect is in accord with the theory. Thus, the accumula-
tion of the monomer near the core—shell interface must
be accomplished in less than 2 min whereas substantial
penetration into the core takes hours (330 K) or days
(295 K).

Polymerization Course and Kinetics. During po-
lymerization, the intensity of the MMA signals gradu-
ally decreases whereas no signals of the PMMA appear.
This indicates that the polymer molecules are formed
in an immobilized state (or they reach such state
rapidly), their signals being broadened beyond detection
mostly by static dipolar interactions. We suggest this
effect to be an indication, if not proof, of the polymer
diffusion to the core—shell interface already proposed
in Theory.

The intensity change of the monomer signals gives
us the possibility to measure its conversion, i.e., polymer
kinetics. Figure 7 shows such conversion curves for a
redox-initiated polymerization at 298 K. Figure 8 con-
tains analogous curves for a peroxysulfate-initiated
polymerization at 330 K. In both cases, the course of
polymerization is another indirect proof of the monomer
accumulation in a relatively small area of the micelle,
i.e., with a high local concentration: in the absence of
micelles but otherwise the same system, i.e., in a normal
solution of MMA, the polymerization takes several hours
to reach a substantial conversion. In the simulations of
the polymerization course using the mathematical
model outlined in Theory, we used published®® values
of kp (5.13 x 10° exp(—2.64 x 10%/RT) ) and kg (1.36 x
108 exp(—1.19 x 10%RT)) but we were unable to find
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Figure 7. Experimental and simulated conversion curves of
MMA polymerization for the given concentrations of the
monomer at 298 K (dotted curves: best simulations without
progressively damped termination; for the constants used, see
the text).
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Figure 8. Time dependence of the monomer concentration
in the micellar shell under polymerization initiation or inhibi-
tion at 330 K (all starting concentrations normalized to unity).

even a passable agreement with the experimental data
using the published termination constants k. We actu-
ally had to use the starting values at least 2 orders of
magnitude lower (i.e., 8 x 10* and 12 x 10* mol L s™!
at 298 and 330 K, respectively), the best simulations
being shown by the dashed curves in Figures 7 and 8.
A better agreement with experimental data was achieved
when using a conversion-dependent termination con-
stant as outlined in Theory, with the coefficient x = 2.3.
This effect is not quite clear; a most plausible explana-
tion appears to be a kind of gel effect in a relatively
dense and immobilized polymer layer. Therefore, the
model including the diffusion of the polymer and
radicals into the interface area was applied, using Dp
=2x 1002 m?2s1,

At 330 K, another complication of the process emerges.
As shown in Figures 8 and 9, part of the monomer
escapes from the polymerization area into the core. The
process competes with polymerization and, conse-
quently, is slower in the polymerizing system than in
the inhibited one (Figure 9). There is an interesting
difference in this respect between the two starting
monomer concentrations: whereas the amount of the
core-bound monomer converges at a higher concentra-
tion (0.04 mol/L) to an almost constant value, at a lower
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Figure 9. Time dependence of the monomer concentration

in the micellar core under polymerization initiation or inhibi-
tion at 330 K (intensity scale the same as in Figure 8).

one (0.02 mol/L), it passes through a maximum and
decreases again to a quite small value. There are two
possible explanations of this effect at the lower monomer
concentration: (i) the equilibrium between the core- and
interface-bound monomer shifts back at higher conver-
sion of the monomer; (ii) the core-bound monomer is
more approachable for the initiator or polymer radicals,
i.e., less shielded from them by the polymer accumulat-
ing at the core—shell interface. Both explanations imply
that the core-bound monomer is mostly placed at the
surface layer of the core, which is in agreement with
the above-discussed narrowness of its signal. In the case
(i), the core-bound monomer takes part in the poly-
merization process. This possibility can be neither
confirmed nor excluded by NMR.

From the practical point of view, i.e., the possibility
to prepare multilayered micelles by a simple polymer-
ization technique, the MMA polymerization in the outer
layers of the core is not a serious flaw: it only makes
the interface between the two polymers somewhat fuzzy.
As shown, this can be avoided by lowering the poly-
merization temperature using a redox initiator system.

Conclusions

According to our NMR signal shape analysis based
on the presented mathematical model, polystyrene-
block-poly(methacrylic acid) micelles at their concentra-
tion 1.67 g/L in a 0.1 M Borax solution in D,O take up
into their shells up to 2.25 their weight of dissolved
methyl methacrylate, distributing it in an approxi-
mately Gaussian distribution near their core—shell
interface. The absorbed monomer can be polymerized
using a water-soluble initiator such as ammonium or
sodium peroxysulfate (at 60 °C) or better its mixture
with a reducing agent such as sodium or potassium
disulfite (at ambient temperature). If the polymerization
follows shortly after monomer addition and proceeds at
low temperature, the monomer does not swell into the
micellar core and the polymer forms a densely packed
layer at the core—shell interface. A novel technique of
preparing polymer micelles with multilayered cores has
thus been demonstrated. It has to be admitted, however,
that this technique could fail when using micelles with
entirely different structure. Very probably, its success
implies the satisfaction of two requirements: (i) before
initiation, the monomer has to be distributed near the
core—shell interface and (ii) it should not penetrate the
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core with a rate comparable to polymerization. The point
(i) is probably satisfied if the micellar shell tends to form
hydrophobic domains near the core—shell interface,
which is the case with poly(methacrylic acid) but much
less so with poly(acrylic acid) or even its alkali salt. The
point (ii) implies rather hard cores formed by polymers
in a glassy state; the uptake of the solute by a semifluid
core® should prevent polymerization at the interface.
However, the scope of experiments presented here
prevents final conclusions in this direction. Further
research is thus intended.
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