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When block copolymers are dissolved in a solvent
which is a good solvent for only one of the blocks,
micelles are formed.!™* Depending-on the concentra-
tion, the temperature, and the relative length of the
blocks, the shape of the micelles may be spherical,
elliptical, or cylindrical.! The structure of the spherical
micelles has been suggested to consist of a spherical core
of the insoluble part surrounded by a shell of dissolved
polymer chains. This shell is similar to the outer region
of a multiarm star polymer or a brush consisting of end-
grafted polymer chains. In this communication, we
report an analytical expression for the form factor of a
spherical micelle model consisting of a dense spherical
core and polymer chains attached to the surface. To our
knowledge, this is the first time that analytical expres-
sions for the form factor have been calculated for such
a model. We note that previous works based on scaling
arguments have only given qualitative results? for the
form factor.

In order to calculate the form factor, several different
terms have to be determined: The self-correlation of the
sphere, the self-correlation of the chains, the cross term
between the sphere and chains, and the cross term
between different chains. The normalized [F(¢=0,R)
= 1] self-correlation term for a sphere® with the radius
R is given by F(q,R) = ®(q,R)?, where ®(q,R) is the
amplitude of the form factor:

3lsin(gR) — qR cos(gR)]
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and g is the length of the scattering vector. For chains
with Gaussian statistics, the self-correlation term is
given by the Debye function:?
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F(q,L,b)=

where x = Rg2q? and Rj is the radius of gyration given
by R = Lb/6, with L the contour length and 4 the
statistical segment (Kuhn) length of the chain.

The cross terms are calculated taking as a starting
point the well-known Debye equation,® which gives the
scattering function of particles consisting of subunits
with spherical symmetry. Considering two separated
infinitely thin shells, integrations over the radius of
these shells and their separation have to be performed
taking into account the correct weighting functions for,
respectively, a solid sphere and the Gaussian chains.

The interference cross term between the sphere and
a Gaussian chain starting at the surface of the sphere
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can be obtained after a few simyle integrations. These
include integrations over the Gaussian probability
distribution and the contour of the chains. One thus
obtains

sin(gR)
qR

S.(q) = ®lg,R)plq.L,b) (3)

The function (g,L,b) is the form factor amplitude of
the chain:?

plg L by = 2 @

where x = R %g? as before.

The interference term betwesan the chains attached
to the surface of the sphere can similarly be calculated
as

sin(q]::!)]Z

Sl = paLbF 22

(5)

after integrations over the two chains and over the
distance distribution of the starting points of the two
chains. )

It is now possible to calculate the form factor of the
micelle. Ifthe aggregation number of the micelle is Nagg
and the total excess scattering length of the blocks in
the spherical core and in the ctain are, respectively, ps
and p. one obtains

Fmic(q) = Naggzps2Fs(q’R) + Naggpc2Fc(q7L)b) +
Nagg(Nagg - 1)pc2‘s’cc(q) + ZNagg2pspchc(q) (6)

The forward scattering is
Fmic(qzo) = Naggz(ps + pc)z (7

Note that these expressions reproduce the form factor
of a Gaussian star polymer for R — 0.19

In the derivation of the form factor the chains are free
to penetrate into the core, which is obviously unphysical.
In order to investigate this effect, we have carried out
Monte Carlo simulation on micelles both with and
without core penetration of the chains.l! The Gaussian
chains were generated as random walks in three dimen-
sions starting at the surface of the sphere. In the case
of nonpenetration of the core, the chains were first
generated and simply rejected if they penetrated the
core. Excluded volume interactions between the chains
were neglected. Simulations were performed for a
micelle with 60 attached chains with 15 random steps
in each. The core radius is 10 times the unit step length
of the random walks used for generating the chains. For
each example 1000 independent samples were gener-
ated. For the penetrating chains there is very good
agreement between the analytical and simulated results
for the form factor.

Figure 1 shows the form factor for nonpenetrating
chains for two contrasts ps/p. = /g and —7/g, respectively
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Figure 1. Calculated and simulated normalized scattering
functions for two different contrasts. The full curves are the
results from the Monte Carlo simulations for nonpenetrating
chains. The dotted curves are for the analytical expression
with the chains starting at R = R + R,.
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Figure 2, Small-angle neutron scattering data of 0.5% P85
(EO25P04EO,;5) in DyO (upper data). The data were recorded
using three different instrumental settings. The curve is the
fit by the analytical model including polydispersity of the
micelles. Note that the fitted curve is discontinuous where
the data from different settings overlap due to the instrumen-
tal smearing. The lower data are SAXS results on similar
micelles.* The curve is calculated for the results determined
by fitting the SANS data.

(arbitrarily chosen). The scattering curves show a g2
behavior at large ¢, which is characteristic of the
Gaussian chains, For p/p. = 7/ the scattering function
is dominated by the scattering from the spherical core
at low g, whereas for py/p. = —"/y the scattering functions
show large-amplitude oscillations due to the abrupt
change in the sign of the scattering length density at
the surface of the sphere. Also show in Figure 1 is the
form factor calculated by the analytical solution with
the chains starting at R’ = R +R..12 The agreement is
good and this shows that (for R > R,1), the effect of
nonpenetration can be mimicked by moving the starting
points of the chains from the distance R to R" ~ R + R,
from the center.

The analytical expression for the form factor has been
used for analyzing scattering data. The first example
(Figure 2) is micelles in a 0.5% solution of P85 [poly-
(ethylene oxide)—poly(propylene oxide)—poly(ethylene
oxide)] in D20 at T = 50 °C. The measurements were
performed on the SANS instrument at Risg National
Laboratory.’® Note that at large g the ¢~2 scattering
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from the chains around the core is observed. For
comparison, the small-angle X-ray scattering (SAXS)
data recorded by Glatter et al.* are also shown. The
two scattering curves are remarkably different.

The intermicellar effects were included in the analysis
of the SANS data using a hard-sphere structure fac-
tor.11415 The theoretical scattering curve was smeared
by the instrumental resolution function,'® when the fit
to the experimental scattering data was performed. The
excess scattering length densities were calculated from
the composition of the P85 triblock copolymer and the
specific volumes, which can be derived from density
measurements.!” The contour length of the PEO chains
were calculated to be 90 A.1920 Polydispersity of the
micelles was included using a Schultz distribution for
the aggregation number.’® In a first attempt the core
was assumed to be constituted solely of the PPO parts
of the chains. The distance from the surface of the core
to the starting points of the Gaussian chains was a
fitting parameter.

The model fits the scattering data reasonably well.
The main deviations are in the region where there is a
crossover in the scattering data to the g~2 behavior. In
order to achieve perfect agreement in this region, it was
necessary to include a low-density PEO shell around the
core in accordance with the suggestion in ref 1. For this
model the average aggregation number was Nygg = 74,
which corresponds to a radius of the PPO core of B =
40 A. The additional shell contains 23% of the PEO
chains with a water content of 77%. The outer radius
of this shell is 49 A. The Kuhn length is determined to
be b = 10 A, which agrees well with previous esti-
mates.?® The starting point for the PEO chains is
0.25R, away from the surface of the PEO core shell. The
polydispersity of the aggregation number is 6(Vagg)/Nagg
= 0.37, where 0(lNug) is the standard deviation of the
Schultz distribution. The corresponding polydispersity
of the radius of the core is 6(R)YR ~ 0.13. This relatively
large polydispersity could explain why the shear-
induced single-crystal bee phase observed at higher
concentration possesses only angular order and not
positional order.2!

The corresponding scattering intensity of the result-
ing model for X-rays was also calculated. The excess
electron density of the PPO is slightly negative and
significantly smaller than the (positive) electron density
of the PEO. Thus the scattering is dominated by the
PEO shell. The resulting intensity, after adjusting only
an overall scale factor, is shown in Figure 2. The model
intensity curve reproduces the pronounced oscillation
close to ¢ = 0.1 A71 in the measured data and a
reasonable qualitative agreement is obtained.

The small-angle neutron scattering data of 2% poly-
styrene-d-polyisoprene (d-PS—PI) in decane-d are shown
in Figure 3.2 The PS is insoluble in decane and micelles
are formed. The deuterated PS core has a scattering
length density which is close to that of the solvent, and
therefore the main part of the scattering intensity
originates from the PI chains. One observes also for
this example a g72 behavior at large . The SANS data
from the shell of PI chains has a pronounced secondary
maximum in the form factor at around ¢ = 0.03 A~1,
which is quite different from the SANS data for the P85
micelles but similar to the SAXS data for the P85
micelles, for which the scattering is dominated by the
scattering from the chain shell.

The scattering length density were determined from
the densities?? using the known composition of the
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Figure 3. Small-angle neutron scattering data of 2% d-PS—
PI in decane-d.?2 The curve is the fit by the analytical model
including polydispersity of the micelles.

molecules. The contour length of the PI chains was
calculated to be 139 A.2% The fit to the scattering data
is shown in Figure 3. The model reproduces quite well
the pronounced maximum at 0.03 A-1 and the g2
behavior at large g. The fit was obtained with the
following parameters: Npge = 230 (Ray = 95 A), 0(Nagg)/
Nagz = 0.30, and b = 19 A. The center of the Gaussian
chains is moved 0.90R, away from the surface of the
core. The aggregation number and radius are in good
agreement with the estimates in ref 2. The value for 6
is somewhat larger than previous estimates for PI.20

In this communication we have calculated simple
expressions for the form factor of a spherical micelle
with a dense core and Gaussian chains attached to the
surface. The method used for the calculation is straight-
forward to apply to derive semianalytical expressions
for the form factor of elliptical and cylindrical micelles.
We note that the present expressions also apply to the
case of polymers adsorbed on a spherical particle and
include the fluctuation term discussed in refs 23 and
24,

We have demonstrated that the analytical expressions
can be used for analyzing the experimental small-angle
scattering data for P85 and PS—PI micelles. The new
expression makes it possible to give a higher resolution
interpretation of the data as the scattering data can
be described by the model in the full range of meas-
ured scattering vectors. Further details on the calcula-
tions and simulations, including work on elliptical
and cylindrical micelles, will be published in the fu-
ture.l!

Communications to the Editor 1365

Acknowledgment. Stimulsting discussions with K.
Almdal and K. Mortensen are gratefully acknowledged.
We thank I. W. Hamiey for his corrections to the
manuscript. M.C.G. is supported by the Danish Re-
search Academy.

References and Notes
(1) Mortensen, K.; Pedersen, J. S. Macromolecules 1993, 26,
805.

(2) Farago, B.; Monkenbusch, M.; Richter, D.; Huang, J. S
Fetters, L. J.; Gast, A. P. Phye. Rev. Lett. 1993, 71, 1015,

(3) McConnell, G. A,; Gast, A. P.; Huang, J. S.; Smith, S. D.
Phys. Rev. Lett, 1998, 71, 2102,

(4) Glatter, O.; Scherf, G.; Schillén, K.; Brown, W. Macromol-
ecules 1994, 27, 6046.

(6) Halperin, A. Macromolecules 1987, 20, 2943.

(6) Lord Rayleigh, Proc. R. Soc. London, Ser. A 1911, 84, 24,

(7) Debye, P. J. Phys. Colloid Chemn. 1947, 51, 18,

(8) Debye, P. Ann. Phys. Leipzig 19185, 46, 809.

(9) Hammouda, B. J. Polym. Sci., B: Polym. Phys. 1992, 30,
1387.

(10) Benoit, H. J. Polym. Sci. 1953, 11, 507.

(11) Gerstenberg, M. C.; Pedersen, J. S., to be published.

(12) An estimate of the volume occupied by a polymer chain is
about (47/3)R,% and the steric interaction between the
polymer and the core give rise to a displacement of the
polymer center of about R;. This expression for the volume
of the chain is also used in the estimation of the overlap
concentration c* in polymer solutions: Fujita, H. Polymer
Solutions; Elsevier;: Amsterdara, 1990; p 179.

(13) Pedersen, J. S. In Modern Aspecis of Small-Angle Scattering;
Brumberger, H., Ed.; Kluwer Academic Publishers: Dor-
drecht, 1995; p 57.

(14) Kinning, D. J.; Thomas, E. L. Macromolecules 1984, 17,
1712.

(15) Percus, J. K.; Yevick, G. J. Phys. Rev. 1958, 110, 1.

(16) Pedersen, J. S.; Posselt, D.; Mortensen, K. J. Appl. Crys-
tallogr. 1990, 23, 321.

(17) Armstrong, J. K.; Parsonage, J.; Chowdhry, B.; Leharne, S.;
Léhner, K,; Laggner, P. J. Chem, Phys. 1993, 97, 3904,

(18) Similar distributions are predicted by thermodynamic equi-
librium theories for surfactant micelles: Missel, P. J.;
Mazer, N. A.; Benedek, G. B.; Young, C. Y.; Carey, M. C. J.
Phys. Chem. 1980, 84, 1044. Siecker, M. M.; Benedek, G.
B. J. Phys. Chem. 1984, 88, 6519.

(19) Flory, P. J. Statistical Mechanics of Chain Molecules; John
Wiley & Sons, Inc.: New York, 1969.

(20) Aharoni, S. M. Macromolecules 1988, 16, 1722.

(21) Mortensen, K.; Brown, W.; Norde¢n, B. Phys. Rev. Lett. 1992,
68, 2340.

(22) Polymer Handbook; Brandrup, J., Immergut, E. H., Eds.;
Wiley-Interscience;: New York, 1975,

(23) Auvray, L.; de Gennes, P.-G. Europhys. Lett. 1986, 2, 647.

(24) éosgrove, T.; Heath, T. G.; Ryan, K. Macromolecules 1987,
20, 2979.

MA9512115



