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Hybridization of Polymeric Micelles in a Dispersion Mixture
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ABSTRACT: In a selective solvent, n-hexane, diblock coil—rod-like copolymers poly(ferrocenyldimeth-
ylsilane-block-dimethylsiloxane) (PFS-b-PDMS) can form spherical core—shell polymer micelles with an
insoluble and aggregated PFS core and a soluble swollen PDMS shell. The micelles become larger with
an increasing PFS content. The mixture of two dispersions made of PFSi35-b-PDMS70; and PFSy35-b-
PDMSgs7 results in hybridization of these two kinds of block copolymer chains. The hybridization kinetics
was studied by a combination of static and dynamic laser light scattering. As soon as the two micelle
dispersions were mixed, larger hybrid micelles made of PFS;3s-b-PDMS70, and PFSz3s5-b-PDMSgs7 were
formed at the expense of each kind of the “pure” micelles. The hybridization can be attributed to the
entropy gain as well as the space filling because the PFS block is rigid and rodlike.

Introduction

Polymeric core—shell micelles can be formed through
the self-assembly of diblock or triblock copolymers in a
solvent selectively good for only one block.1=* Most of
the past experimental and theoretical studies of poly-
meric micelles dealt with their thermodynamic equilib-
rium structures.>~11 The formation kinetics of polymeric
micelles is less understood. For a given pair of block
copolymer and selective solvent, there exists a critical
micelle concentration (cmc). The number of copolymer
chains inside each micelle at thermodynamic equilibri-
um is determined by a delicate balance between the
changes of the enthalpy and entropy.'? The change of
the Gibbs free energy of inserting one copolymer chain
into the micelle determines whether a polymeric micelle
can be formed. It is the decrease of entropy that leads
to the cmc. In a stable dispersion, individual chains
(unimers) and micelles are generally in a dynamic
equilibrium; namely, individual chains in the dispersion
and inside the micelles are undergoing a constant
exchange. As expected, such an exchange for polymer
chains is much slower than that for small molecule
surfactant. It is rather important to find the time scale
related to such an exchange.

From a dynamic point of view, there could exist three
types of possible opposite molecular processes at the
equilibrium:12 (1) the self-assembly of unimers to form
a new micelle and the disintegration of an existing
micelle, (2) the fission of an existing micelle into two
small fragments and the fusion of two existing micelles,
and (3) the escape and reentry of individual unimers
from and into micelles. The assembly or disintegration
may become a dominant process in some nonequilibrium
cases, such as a sudden change of concentration or
temperature or solvent composition. Halperin et al.’®
pointed out that the fission or fusion of large micelles
may be Kinetically hindered or even fully frozen if the
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interaction between the insoluble polymer block is
sufficiently strong. This leaves the escape and reentry
of unimers from and into micelles as the main process
in a stable dispersion. The rates of escape and reentry
of unimers from and into micelles depend not only on
the size of the core but also on the thickness of the shell.
To escape, the insoluble block in the core has to move
to the boundary between the core and the shell before
passing through the shell and diffusing away into the
dispersion medium. As expected, the process strongly
depends on the copolymer architecture, the chemical
nature of the insoluble block, and the interaction
between the chain and the selective solvent.

To our knowledge, only a limited number of studied
related to the hybridization of polymeric micelles were
reported. Munk et al.'? studied the hybridization of
block copolymer micelles by using ultracentrifugation
in terms of the sedimentation velocity. They found that
the rate of hybridization was very sensitive to the
architecture of both copolymers and the thermodynamic
properties of the selective solvent. The exchange could
be very slow and even frozen when the solvent is very
poor for the insoluble block. Recently, Bates et al.’
further showed that the micellar structures could be
completely locked in due to the effect of strong am-
phiphilicity. Halperin et al.1* theoretically analyzed the
dynamics of unimers in the micelle dispersion and
developed some scaling relations for the unimer ex-
change in several limiting cases. Later, Corti et al.1®
studied the hybridization of polymeric micelles made of
different biological amphiphiles in dilute aqueous dis-
persion mixture and found that the hybridization rate
was mainly affected by the cmc. Using the nonradioac-
tive energy transfer (NRET) method, Bendnafr et al.1®
found, as expected, that the rate of releasing unimers
from a micelle significantly influenced by the compact-
ness (or swelling) of the core and the solvent selectivity.
Wang et al.1” mixed two dispersions of diblock polysty-
rene-block-poly(ethylene oxide) micelles and observed
the exchange of unimers only at temperatures higher
than 60 °C, presumably due to a stronger interchain
interaction at relatively lower temperatures. There are
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Table 1. Characterization of Two Diblock PFS-b-PDMS Copolymers and Their Self-Assemble Micelles

Mw? poms Mw? pEs-b-PDM Rylhicelle Rnlhicelle p0O
sample (g/mol) (g/mol) Mw/Mn PFS:PDMSP Nagg (nm) (nm) (g/cm3)
PFSi38-b-PDMS702 5.2 x 104 8.6 x 10 1.04 0.2:1 37 18+1 31+1 4.3 x 1072
PFS,35-b-PDMSg37 6.2 x 10 1.2 x 10° 1.07 0.3:1 300 59 + 2 87 +2 2.2 x 1072

aBy GPC. P Calculated from the peak areas of 'H NMR at 0.08 and 4.01 ppm.

many open questions, such as the detail of the hybrid-
ization pathway and the key factor affected the hybrid-
ization rate. To study the hybridization by laser light
scattering (LLS), we have to slow down its rate. We
decided to introduce ferrocene into the insoluble block
to increase the stiffness of the insoluble block and the
interaction strength. In this study, polymeric micelles
made of diblock copolymers with two different rod—coil
block ratios are used to study the hybridization. Our
main objective is to have a better understanding of the
hybridization pathway.

Experimental Section

Sample Preparation. The samples were prepared under
an atmosphere of dry argon with the rigid exclusion of air and
moisture using standard Schlenk or cannula techniques or in
a glovebox. All chemicals, except otherwise mentioned, were
purchased from Aldrich Chemical Co. HPLC grade hexane,
pentane, ether, and THF were refluxed several hours and
freshly distilled from sodium benzophenone ketyl immediately
prior to use. Ferrocene was recrystallized twice from hexane.
Me;SiCl was distilled prior to use. N,N,N',N’-Tetramethyl-
ethylenediamine (TMEDA) was stirred over CaH, for 10 h
and then distilled before use. Hexamethylcyclotrisiloxane
((Me2SiO)3) was stirred over CaH; for 10 h in pentane and then
purified by sublimation under vacuum after the removal of
solvent. n-BuLi (1.6 M in hexane) and silica gel (200—400
mesh) were used as received. 'H NMR spectra were recorded
on a Bruker AM-300 spectrometer. All chemical shifts are
reported in 0 units with reference to internal TMS (0.00 ppm).
Molecular weights were estimated by gel permeation chroma-
tography (GPC) using a Waters 515/410/746 instrument
equipped with a differential refractometer as the detector. The
flow rate was 1.0 mL/min. Polystyrene standards purchased
from American Polymer Standards were used for the calibra-
tion.

Silicon-bridged [1]ferrocenophane was prepared according
to the literature.’® n-BuLi (20 uL, 0.336 M in hexane, 6.72 x
1073 mmol) was quickly added to a stirred solution of silicon-
bridged [1]ferrocenophane (207 mg, 0.855 mmol) in THF (2.5
mL) at room temperature. The color of the solution was
changed from red to deep amber during the course of the
reaction. 0.5 mL of this solution mixture was taken out and
served as PFS homopolymer blocks. A THF solution (2 mL) of
(Me;SiO); (60.2 mg, 0.271 mmol) was then quickly added to
the above solution of living PFS homopolymers at room
temperature. The reaction mixture was stirred for 3 h at room
temperature and terminated by the addition of a few drops of
MesSiCl. The resultant copolymer was precipitated into metha-
nol (ca. 200 mL) in the presence of triethylamine (ca. 2 mL),
isolated, and dried under vacuum. The PFS homopolymer was
removed by fast column chromatography (SiO;) using a
mixture of cyclohexane/dichloroethane (3:2) as an eluent. The
resultant diblock copolymers PFS-6-PDMS were isolated as
a yellow solid (2160 mg, 260%). *H NMR (CDClz): o 4.21
(br, CpH), 4.01 (br, CpH), 0.46 (s, (5°>-CsH4).FeSiMe,), 0.08 (s,
(Me;Si0)3y).*® Characterization of both PFS;33-b-PDMS70, and
PFS35-b-PDMSg3; diblock copolymers with a similar PDMS
block is summarized in Table 1. The GPC results have been
confirmed by static laser light scattering (LLS) measurements.
Both the LLS and NMR results are listed in the Supporting
Information. The synthetic route is outlined in Scheme 1.

Laser Light Scattering. A commercial LLS spectrometer
(ALV/SP-150 equipped with an ALV-5000 multi-z digital time
correlator) and a solid-state laser (ADLAS DPY 425 |1, output

Scheme 1. Synthesis of PFS-b-PDMS Diblock
Copolymers
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power is 400 MW at 4 = 532 nm) as the light source were used.
The primary beam is vertically polarized with respect to the
scattering plane. The details of the LLS instrumentation can
be found elsewhere.1*20 In static LLS, the angular dependence
of the excess absolute time-average scattered intensity, known
as the Rayleigh ratio Ry/(q), of a dilute micelle dispersion with
a critical micelle concentration (C.mc) at a total polymer
concentration C (g/mL) and scattering angle 6 was measured.
Rw(q) is related to the weight-average molar mass My, the
z-average root-mean-square radius of gyration R2H? (or
written as Ry}, and the second virial coefficient A, as?

K(C - Ccmc) _ 1

R

%mgzmz) +2A,C @
where K = 472n2(dn/dC)?/Nale* and q = (4zn/lo) sin(6/2) with
Na, dn/dC, n, 4o, and 6 being the Avogadro number, specific
refractive index increment, solvent refractive index, the wave-
length of light in vacuo, and the scattering angle, respectively.

In dynamic LLS, the intensity—intensity time correlation
function G@(t,q) in the self-beating mode can be measured,
which is related to the normalized first-order electric field—
electric field time correlation function g(t,q) as?

GOt,q) = O(ta) 10,q)C= AlL + BIg®ta))’] (2

where A is a measured baseline, § a parameter depending on
the detection optics, and t the delay time. For a polydisperse
sample, |g®(t,q)| is related to the characteristic line-width
distribution G(I') by?223

[E(t,q) E*(0,0)0)

1) —
D= o 00D

= “G(I) exp(D) dT'  (3)

For a pure diffusive relaxation, I' can be related to the
translational diffusion coefficient D by I' = Dg? at C — 0 and
g — 0. G(I') can be calculated from the Laplace inversion of
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Figure 1. Plot of KAC/Rw(q) vs ¢? for two different kinds of
micelles in n-hexane at 25 °C, where AC = C — C¢m¢ and the

values of C¢m for PFS;35-b-PDMS70, and PFSy35-b-PDMSg37 are
respectively ~1 x 1078 and ~2 x 1077 g/mL at 25 °C.
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the measured G®@(t,q) on the basis of eqs 2 and 3. The well-
accepted Laplace inversion CONTIN algorithm was used. D
can be further related to the hydrodynamic radius Rp by R, =
kgT/(61mD), where kg, T, and # are the Boltzmann constant,
the absolute temperature, and solvent viscosity, respectively.

Results and Discussion

n-Hexane is a selective solvent for PDMS but a
nonsolvent for PFS.1824 In n-hexane, diblock copolymers
PFS-b-PDMS can self-assemble to form polymeric core—
shell-like micelles with the insoluble and aggregated
PFS blocks as the core and the soluble and swollen
PDMS blocks as the shell. Such formed polymeric
micelles in dilute dispersion were first characterized by
a combination of static and dynamic LLS. The micelles
were prepared by first dissolving each block copolymer
in THF and then slowly add n-hexane into the THF
solution to induce the microphase inversion.

Figure 1 shows typical plots of KAC/Rw(q) vs ¢2. In a
dilute dispersion, the extrapolation of KAC/R\(q) to q
— 0 leads to an apparent weight-average molar mass
of the micelles (Mw, micelles), @nd the slope leads to the
average radius of gyration Ryl It is helpful to note that
C is sufficiently low that the extrapolation of C — 0 in
eq 1 is really not necessary in the present study. The
apparent aggregation number Nagg can be deduced from
Muw,micelles/Mw,prs—b—pDms. Table 1 summarizes the values
of RgHand Nagg.

On the other hand, Figure 2 shows that, before the
mixing, both PFSlgg-b-PDMsz and PF5235-b-PDM3337
micelles are narrowly distributed. The inset shows that
the micelles are very stable over a long time. The values
of (Ry[) defined as f;f (Rn)Rn dRp, are also summarized
in Table 1. Note that the two diblock copolymers used
have a similar PDMS block, but different PFS blocks,
which results in polymeric micelles with different sizes.
It is reasonable to see PFS;3s-b-PDMS0,; forms smaller
micelles with a smaller aggregation number Nagg be-
cause its shorter insoluble PFS block provides a weaker
aggregation force. It is interesting to note that each
PFS,35-b-PDMSg37 micelle contains more chains but has
a lower apparent chain density [pldefined as My micelie/
(4nNAMRKE/3). It is known that the PFS block is fairly
rigid according to its chemical structure, and the small
core is jam-packed with ~300 PFS blocks. Therefore,
the lower value of [p0indicates that the PDMS blocks
in the shell must be stretched out due to the steric
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Figure 2. Hydrodynamic radius distributions of two different
kinds of micelles at 25 °C. The inset shows the time depen-
dence of average hydrodynamic radius R[]

500 nm

PFS,35-b-PDMS;

Figure 3. Typical SEM micrographs of PFSi3g-b-PDMS70, and
PFSa35-b-PDMSgs7 micelles, where the samples were prepared
by a standard SEM method.

repulsion, which increases the thickness and R, At
the equilibrium, individual chains (unimers) are coex-
isted with the micelles in the dispersion, but LLS only
“sees” large micelles because the scattering intensity is
proportional to the square of the mass of a scattering
object.

A combination of static and dynamic LLS results
shows that the ratio of [RygI[R0Ois even smaller than
0.774 for a uniform hard sphere. This is because the
core has a much higher density. Our results are differ-
ent from those obtained by Winnik et al.18 They found
that PFS-b-PDMS block copolymers form wormlike
micelles. In comparison with their sample, PFS;3s-b-
PDMSy02 used here has a molar ratio of DMS:FS = 5:1
instead of 6:1, and our PDMS block is about 50% longer
than theirs so that our PFS block is much longer. It is
known that the morphology is very sensitive to both the
block lengths and the molar ratio of the two blocks. The
SEM pictures in Figure 3 confirm that the micelles
formed in this study are spherical with a size close to
those measured in LLS. After separately characterizing
the “pure” PFSlgg-b-PDMsz and PF8235-b-PDM8837
micelles, we mixed the two dispersions together with
a volume ratio of V(PFSi3s-b-PDMS702):V(PFS235-b-
PDM5837) = 2:1.

Figure 4 shows that both the time-average scattering
intensity OF and the overall average hydrodynamic
radius [Rn0of the solution mixture increase with time.
Corti et al.1* reported a similar result from the mixture
of two biological amphiphiles. The Laplace inversion of
the measured intensity—intensity time correlation func-
tion shows a better view of how the hydrodynamic
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Figure 5. Hydrodynamic radius distributions of different
micelles in the solution mixture after different mixing times.

radius changes in terms of its distribution in Figure 5.
As expected, just after the mixing, there are only two
narrowly distributed peaks located at 31 and 87 nm,
corresponding to each kind of “pure” micelle. One hour
after the mixing, the position of the peak at 31 nm
remains unchanged, but the peak at 87 nm shifts to the
direction of larger Ry and becomes broader. As the time
elapses, it moves further to the right and finally splits
into two peaks. A combination of Figures 4 and 5
indicates the hybridization of micelles in the solution
mixture. The increases of both OF and [RhOcan be
attributed to the formation of large hybrid micelles,
presumably made of a mixture of PFS;35-b-PDMS7p, and
PFS235-b-PDMSg37 unimers. The resultant hybrid mi-
celles are also spherical, as shown in the Supporting
Information.

Note that before the mixing individual copolymer
chains are in a dynamic equilibrium with their corre-
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Figure 7. Mixing time dependence of time-average scattered
light intensities 3w for different micelles in the solution
mixture at 25 °C.

sponding “pure” micelles. After the mixing, the forma-
tion of larger hybrid micelles would remove PFS;3s-b-
PDMS7p; and PFSy35-b-PDMSg3; unimers from the
mixture and destroy the balance, shifting the equilib-
rium toward individual chains (unimers) so that the
number of each kind of the “pure” micelles should
decrease. Therefore, the formation of the hybrid micelles
should be at the expense of the “pure” micelles. It is
known that the Laplace inversion method is extremely
sensitive even to a very low level of experimental noise.
The inversion result is not reliable if the line-width
distribution G(I') contains more than two relaxation
modes. Considering this ill-conditioned problem, we
decided to analyze the measured time correlation func-
tion by using a nonlinear least-squares fitting of three
exponential functions as follows:

Ig(l)(q,t)l = a, + w, exp(—tit;) + w, exp(—t/t,) +
W, exp(—t/z;) (4)

where w and 7 are the intensity weighting and charac-
teristic decay time of the pure and hybrid micelles,
respectively. The subscripts 1, 2, and 3 represent two
kinds of the “pure” micelles and the hybrid micelles,
respectively. Note that w; + w, + wg =1 and 7 = 1/T.
Therefore, each 7 can lead to a corresponding average
hydrodynamic radius [(RnCfor each kind of micelle.

A combination of Figures 6 and 7 reveals that when
t < ~50 h, both Ry and O&Fw; for PFS135-b-PDMS79>
micelles nearly remain a constant. Note that we plot
“O&GFw vs t” instead of “w vs t” because OFw reflects the
intensity of the light scattered from each kind of micelle.
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Figure 9. Mixing time dependence of average scattered light
intensities 3w of three kinds of micelles in the initial mixing
stage, where the sizes of PFS;3s-b-PDMS70, and PFSy3s-b-
PDMSg3; micelles were fixed in the fitting of eq 4.

During the same time period, R[4 related to PFS;35-
b-PDMSg37; micelles slightly increases, but there is
nearly no change in dGw,. At ~60 h after the mixing,
R[4 for PFS,35-b-PDMSgs7 micelles drops back to ~100
nm, slightly larger than its original value (~81 nm). At

PFS/35-b-PDMS10p

PFS,35-b-PDMSg3

before the mixing
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the same time, the third peak related to the hybrid
micelles appears. Note that at this point [Rn[4 decreases
to ~28 nm, close to its original value (~31 nm), and
(Gw; drops significantly from ~50% to ~15%. As the
time further elapses, the “pure” micelles coexist with
the hybrid micelles in the dispersion, and there is nearly
no change in either Ry or Ry[E. It seems that after
the mixing the formation of the hybrid micelles is indeed
at the expense of PFS;3s-b-PDMS7p, micelles. In the
initial stage (t < 50 h), the number of the hybrid micelles
is small, and their size is similar to that of PFSy3s-b-
PDMSg37 micelles. Therefore, it is not possible to resolve
them from the peak related to PFS;,35-b-PDMSgz7 mi-
celles. This is why Rp[3 continuously increases in this
time period. To have a better understanding of the
formation of the hybrid micelles, we can justify the
assumption that in the initial period there was no
change in the size of either PFS;35-b-PDMS+70, or PFS;35-
b-PDMSg37 micelles. In other words, we can fix 71 and
72 in eq 4 and try to find how 73 as well as w; and w;,
change after the mixing.

Figure 8 shows such a fitting result in the first ~70
h after the mixing. Rnldybria iNcreases with the time,
revealing that the hybrid micelles are formed even in
the initial stage just after the mixing, but their size is
too close to that of PFS,35-b-PDMSgsy micelles. This is
why we were not able to separate them when we allowed
both 7; and 7» floating in Figures 5 and 6. On the other
hand, Figure 9 shows that in this initial stage most of
the scattered light intensity is from the “pure” micelles;
namely, they contribute 30% and 55%, respectively.
There is no significant change in the intensities of the
light scattered from each kind of the “pure” micelles.
However, it should be noted that the light intensity from
the hybrid micelles increases from ~16 to ~63 kHz. A
combination of Figures 8 and 9 reveals that the forma-
tion of the hybrid micelles in the initial stage is mainly
due to the hybridization of two different kinds of
unimers in the mixture, and each kind of “pure” micelle
is relatively long-lived. By fixing 71 and t, for the entire
process, we found that [Rn[3 finally reached a plateau
of ~700 nm at ~200 h, and at the same time, ws
increases to ~75%.

Rl

,délwo

3 A

after the mixing

Figure 10. Schematic of hybridization of two different kinds of polymeric micelles.
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Figure 10 schematically shows the formation of the
hybrid micelles at the expense of PFSi3s-b-PDMS7q,
micelles. In principle, there could exist four different
following possible processes: (1) the hybridization of two
different kinds of unimers in the mixture, (2) the entry
of PFS133-b-PDMS70, unimers into PFSy35-b-PDMSg37
micelles, (3) the entry of PFSy35-b-PDMSg37 unimers into
PFSi133-b-PDMS70, micelles, and (4) the fusion of two
kinds of the “pure” micelles. As mentioned before,
Halperin et al.’® showed that the fission and fusion of
polymeric micelles are kinetically hindered or even fully
frozen. Note that PFSi3s-b-PDMS7p, and PFSj35-b-
PDMSgz7 have similar PDMS blocks but different PFS
blocks. Also note that PFS,35-b-PDMSgs7 with a relative
longer PFS block has a relatively lower critical micelle
concentration (cmc). When the two kinds of “pure”
micelles are mixed, the number of PFSi33-b-PDMS7q,
unimers is much higher than that of PFS;35-b-PDMSg37
unimers in the mixture. It is expected that, in compari-
son with the formation of each kind of the “pure”
micelles, the formation of the hybrid micelles gains no
extra enthalpy, but the entropy loss should be relatively
less because of a gain in the entropy of mixing two
different kinds of unimers. In addition, because of the
rigidity of the PFS blocks, the hybridization of the PFS
blocks with different lengths in the core can reduce the
space-filling-induced stress. The facts that Ry becomes
slightly larger and O&Gw, increases after the mixing, as
shown in Figures 5 and 6, indicate a possible entry of
individual shorter PFSi3g-b-PDMS702 unimers into
PFS235-b-PDMSg37 micelles. Again, this is driven by the
mixing entropy. On the other hand, the constant [R[J
and the decrease of Fw; reveal that there is nearly
no entry of individual longer PFSy35-b-PDMSg37 unimers
into PFS135-b-PDMS-0> micelles.

Conclusion

Two narrowly distributed PFS-b-PDMS diblock co-
polymers with a similar PDMS block, but different PFS
blocks, were synthesized using anionic polymerization.
They can self-assemble into polymeric core—shell-like
micelles with different sizes in a selective solvent,
n-hexane. Mixing the two micelle dispersions results in
larger hybrid micelles. The study of the hybridization
by a combination of static and dynamic laser light
scattering (LLS) reveals that larger hybrid micelles are
formed from a direct hybridization of two kinds of
unimers free in the mixture. The hybridization con-
sumes PFSi3s-b-PDMS7, micelles because individual
PFS135-b-PDMS70, unimers are gradually hybrided with
PFS235-b-PDMSg37 unimers. It destroys the original
dynamic equilibrium between PFS;3g-b-PDMS7, un-
imers and micelles. The hybridization is mainly driven
by the mixing entropy and the space filling due to the
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rigidity of the PFS blocks and at the expense of each
kind of “pure” micelle. Our results also indicate that a
small amount of PFS;133-b-PDMS70> unimers can enter
the PFsts-b-PDMSB37 micelles.
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