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ABSTRACT: In this work, we present the chain exchange
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kinetics in block copolymer micelles of spherical and cylindrical O.g-
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used. This system undergoes a irreversible cylinder to sphere
transition upon addition of N,N-dimethylformamide (DMF) as cosolvent or upon heating. This feature allowed to quantitatively
compare chain exchange kinetics in both morphologies. The kinetics were accessed by using hydrogen/deuterium labeling and time-
resolved small-angle neutron scattering experiments employing a stopped flow apparatus by which the kinetics could be followed
from about some hundreds of milliseconds up to hours. The results show that, independent of morphology, all data can be
satisfactorily described by a scaling model that takes into account the polydispersity of the core forming PEP block in order to
describe the broad logarithmic time decay at longer times. A small but significant effect of the morphology could be seen which was
reflected in a slightly accelerated kinetics for spherical micelles. A detailed comparison shows that for both morphologies, the
activation energy follows a scaling law proportional to the product of the interfacial tension, y, and the number of repeat units of the
insoluble block, Ny, ie., E, ~ yNp rather than the )/NBZ/ 3 predicted by Halperin and Alexander. This implies a stretched
conformation of the insoluble block during the expulsion process compared to the more globular shape considered in the original
scaling theory. This can be related to insufficient chain length/statistics for these rather small chains to form a globule during the
expulsion process; or to an higher polymer density within the corona of these “crew cut” type micelles. Through the analysis, the
faster kinetics could be summarized in a slightly smaller activation energy for the spherical micelles which is probably related to small

changes in the internal corona structure.

1. INTRODUCTION

Micelles are usually assumed to be in dynamic equilibrium
where the constituting molecules are continuously redistributed
among the micellar entities due to stochastic thermal fluctua-
tions. > This is a consequence of the closed association concept
where the micellar aggregation number fluctuates around its
mean value representing the global free energy minimum. The
equilibrium kinetics of low molecular weight surfactant micelles
have been studied extensively during the 1970—1980s.> Annian-
son and Wall have discussed theoretically and later shown
experimentally that the exchange mechanism is dominated by
the exchange of individual surfactant molecules.* ® For block
copolymer micelles on the other hand the equilibrium kinetics
has been by far less understood. On the basis of the Aniansson
and Wall mechanism the chain exchange was calculated
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theoretically by Halperin and Alexander”® using scaling anal-
ysis. Accordingly, the characteristic relaxation function should
follow a single exponential decay as it is expected for “reaction
limited” exchange kinetics governed by unimer expulsion. How-
ever, as was shown recently by time-resolved small angle neutron
scattering experiments (TR-SANS) the characteristic relaxation
function describing the fraction of chains that are exchanged
almost perfectly follows an extremely broad close to logarithmic
decay over several decades in time."’ "> This phenomenon was
observed independently in several block copolymer/solvent
systems and is also consistent with earlier observations of a
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broad relaxation seen by other techniques,"> '° where such

behavior sometimes was related to several mechanisms."* An
attempt to describe the data by taking into account the finite
polydispersity of the polymer chains was presented in refs 10 and
11. In the latter work it was shown that by using the theory of
Halperin and Alexander and a suitable chain length distribution
(Poisson distribution), a poor description of the data was
obtained. As a different approach the observed logarithmic decay
was assigned to constrained polymer dynamics within the
micellar cores. In fact such confinement induced polymer
dynamics have been proposed from theory and nuclear magnetic
resonance (NMR) experlments > However, experiments by
neutron spin—echo (NSE) spectroscopy on polymers in con-
fined geometries,"” " did not reveal any particular “constrained”
dynamics. Hence, the reason for the logarithmic decay would have
to be sought elsewhere.

Indeed very recently, Choi, Lodge, and Bates'® suggested from
data on poly(styrene) —poly(ethylene-co-propylene) (PS—PEP)
block copolymers in squalane that the logarithmic exchange
kinetics can be explained by the polydispersity of the core
forming block alone. This was assigned to the hypersensitivity
of the chain length on the kinetics due to a double exponential
dependence. In principle virtually the same polydispersity model
for unimer exchange that was introduced by some of us'”'" was
employed, however, they allowed for a free prefactor that scales
with the activation energy. In addition they considered a stronger
dependence on the degree of polymerization of the core block,
Np, on the activation energy, E,, which scales linearly with Np
implying a completely stretched chain or a 0-like chain instead
of E, ~ Nz** which would corresponds to a collapsed coil
conformation during the expulsmn process. Finally they intro-
duced the Rouse time 7z ~ Ny~ of the homopolymer melt in
question as a pre-exponential factor.

In light of these results some of us have reanalyzed the kinetic
data from amphiphilic poly(ethylene-alt propylene)—poly-
(ethylene oxide) (PEP—PEO) block copolymer micelles by intro-
ducing the temperature dependent prefactors into the original
model.'”"" Now an almost perfect description of the data was
possible, but d1fferent1y from the results of Choi etal.,'® E, ~ N>/
could fit the data.'” Although by now the logarithmic decay seems
to be sufficiently explained by the polydispersity of the core block,
there still remain open questions concerning the polymer confor-
mation in the activated steps of the exchange process. Moreover, so
far all experiments have been performed in micelles with spherical
symmetry and no evaluation of the potential influence of the
micellar morphology has been presented.

In the present work we focus on the molecular exchange
kinetics in block copolymer micelles of spherical and cylindrical
morphology. The micelles are formed by a short chain poly-
(ethylene-alt-propylene)-poly(ethylene oxide) block copolymer
(PEP1—PEOI, with 1 as the approximate molecular weight in
kD), in various N,N-dimethylformamide/water mixtures as
selective solvent. Variation in the solvent composition affects
both kinetic and structural properties of the micelles via changes
of the interfacial energy. As in prevous work,'”'" DMF cosolvent
addition was used to tune the kinetic rate which for this system is
essentially frozen in pure water (high interfacial tension, y) and
fast in DMPF-rich solutions (low y). Moreover, in a preceding
structural study we have shown that the PEP1—PEO1 block
copolymer forms cylindrical micelles in water-rich solutions
while at about S0 mol % DMF the cylindrical micelles spontane-
ously transform into spherical geometry. At intermediate DMF
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Figure 1. SEC curves of d-PEP1—d-PEO1 (red) and h-PEP1—h-PEO1
(black) and the corresponding PEP-precursors in THF/DMA 85/15
at 40 °C.

concentrations, this transition can also be induced irreversibly by
temperature. Hence by using the same PEP1—PEO1 polymer we
were able to study the molecular exchange in the different
geometries just by variation of the DMF/water ratio and thereby
scrutinize any potential effect of the morphology. As the
PEP1—PEOL1 block copolymer forms “crew-cut” type micelles,
it is further interesting to compare it with the “starlike” micellar
structure of the PEP1—PEO20/water/DMEF system investigated
before. The kinetics have been measured by TR-SANS experi-
ments using a sophisticated H/D labehng techmque as already
described in detail in previous publications.” ' The experiments
were performed at DMF/water compositions close to the
morphological transition at 41 and 47 mol % DMEF for the
cylinders and 60 and 75 mol % DMEF for the spheres. At 51 mol %
DMF, kinetics have been measured before and after the thermally
induced cylinder to sphere transition which thereby allowed the
kinetics to be compared directly of exactly the same system in
two different morphologies without changing any other para-
meters. In order to obtain a broad dynamic range from about 100
ms to several hours we have applied high-flux SANS coupled with
a stopped-flow apparatus for fast and reproducible mixing.

2. EXPERIMENTAL SECTION

2.1. Materials. 2.1.1. Polymer Synthesis and Characterization.
The h-PEP1—h-PEO1 (hh) polymer is identical with the one used in the
structural study published previously.** The synthesis and characteriza-
tion has already been described there. For the chain exchange kinetics,
which is subject of this paper, a fully deuterated analogue d-PEP1—d-
PEO1 (dd) was prepared accordingly by anionic polymerization. We
followed essentially the two step procedure described in detail in an
earlier publication.”® As monomers perdeuterated isoprene (>98% D)
(Cambridge Isotope Laboratories) and ethylene oxide (>98% D)
(Eurisotop) were used. The synthesis involved the preparation of a OH-
terminated d-polyisoprene precursor block which subsequently was
saturated with deuterium to the corresponding d-PEP1—OD polymer.
The d-PEP1—OD polymer was transferred to a macroinitiator with
potassium as counterion serving as initiator for the polymerization of the
deuterated ethylene oxide. The resulting dd-polymer was characterized
by size exclusion chromatography (SEC) in tetrahydrofuran/di-
methylacetamid (85/15) as eluent at 40 °C. Figure 1 shows the
chromatograms of the d-PEP1—OD precursor and the d-PEP1—d-
PEO1 block copolymers together with those of the corresponding
h-PEP1—OH and h-PEP1—h-PEO1 polymers. It becomes apparent
that both the PEP precursors and the PEP—PEQ block copolymers have

6146 dx.doi.org/10.1021/ma200532r |Macromolecules 2011, 44, 6145-6154



Macromolecules

Table 1. Molecular Weight Characteristics of PEP1-PEO1
Block Copolymers

M, (PEP) M,/M, M, (PEO) M,,/M,

(kg/mol)  (PEP) N(PEP) (kg/mol) N(PEO) (PEP—PEO)
hh 1200 1.06 17 1500 34 1.04
dd 1400 1.08 17 1600 34 1.04

almost identical elution volumes indicating the same degree of polym-
erization, N. For the h-PEP and h-PEO block N(PEP) = 17 and N(PEO) =
34, respectively, as determined by "H NMR. Accordingly, the number-
average molecular weight, M,,, of the d-PEP is calculated to be 1400 g/mol
and of the d-PEO blocks 1600 g/mol. The SEC curves further reveal an
almost identical polydispersity for the block copolymers, while a slightly
broader distribution is observed for the d-PEP1-OD compared to the
h-PEP1-OH. Using a polystyrene calibration curve the polydispersity,
M,,/M,,, was determined to be 1.08 for the PEP block and 1.04 for the final
block copolymer. The polymer characteristics are summarized in Table 1.
2.1.2. Samples and Contrast Conditions. For the contrast calcula-
tions the scattering length densities of the individual polymers were
taken as already ascertained in ref 18 at 20 °C: p,_pgp = —3.01 X
10° em™2, pp_ppo = 6.35 X 10°cm ™2, pg_pgp = 7.17 x 10" ecm™?,
Pa—peo =7.02 X 10"cm 2. For the calculation of p,_pro, we have used
the bulk density of h-PEO:*° dy,_pgo = 1.125 g/cm3. An attempt to use
the reported solution density in water of 1.2 g/cm**' did not influence
the results in any significant way as the contrast between the micelles and
the deuterated solvent mixtures is in all cases very large. Accordingly, for
the d-PEO the bulk density of dyq_pgo = 1.227 g/ cm® was taken. By
taking into account the block copolymer compositions given in Table 1
and the above-defined scattering length densities the mean values for p
were calculated to be pp,= 1.47 X 10° cm ™ *and Pda=7.0S x 10" cm %
Hence pyyerage Of a blend with ¢py, = ¢gq= 0.5 is 3.6 x 10"°cm 2. For the
kinetic study isotopic solvent mixtures of D,O (Armar AG Switzerland
99.8% D), H,O (Millipore quality), DMF (Aldrich, anhydrous 99.8%)
and DMF-d; (Chemotrade, Leipzig 99.5% D) were prepared. The sol-
vents were used as received without further purification. All mixtures were
composed such that their scattering length densities, po, matches exactly
Paverage Of the two block copolymers. pg was calculated according to

NAva inbi

1
o= g M)
1

where u; is the molar fraction of solvent component i and M; is the molar
mass. b; denotes the sum of the coherent scattering length of all atoms in
a solvent molecule and N,,, Avogadros number. d,,;, were individually
measured using an Anton Paar DMA 5000 instrument. The DMF mol
fractions, Xpyr, were 41%, 47%, S1%, 60%, and 75%, respectively. In
order to achieve high scattering intensities the structural characterization
of the two polymers was performed in full contrast i.e. the protonated
block copolymer was measured in d-DMF and D,O and vice versa. The
solutions were made by direct dissolution of the polymer powder in the
premixed solvent mixtures to give a final polymer concentration of about
1 vol %. In order to facilitate dissolution of the polymers, the samples
were slightly warmed up to 60 °C for approximately 30 min and
subsequently equilibrated by shaking overnight at room temperature.

2.2. SANS Experiments and Data Evaluation. The SANS-
measurements were carried out using the KWS-2 at the FRM-2 reactor
at Garching, Germany, and the D11 instrument at Institut Laue
Langevin (ILL), Grenoble, France. The measurements were performed
at several sample-to-detector distances and collimation lengths in order
to cover an extended Q range and to maintain a reasonable resolution.
The wavelengths were set to 7 and 6 A in Jilich and Grenoble,
respectively. At D11 the Q-range was approximately 1 x 10 > A~ <

Q=<03A "andinJilich2 x 10 A™" < Q < 02 A", Detector
sensitivity corrections were made with plexiglass in Julich while water
was used in Grenoble. The same materials were used as secondary
standards. Empty cell scattering and the background signal arising from
electronic noise, ¥ radiation and fast unmoderated neutrons were
subtracted using standard procedures. The background noise was
determined using cadmium (Cd) or boron carbide to block the primary
beam. All background subtraction was done directly pixel by pixel on the
two- dimensional detector intensity image. After radial averaging the
intensities were treated for dead time effects (420 and 650 ns at D11 and
KWS?2 respectively) in order to yield the absolute normalized macro-
scopic differential scattering cross sections, (dX/d€2)(Q) in absolute
units of cm L. For more details concerning the calibration/data reduc-
tion procedure see, e.g,, ref 26.

For rapid mixing, a modified commercial stopped flow apparatus
(Biologic, SEM 400 (D11) and SFM 300 (KWS2)) was employed. A
special observation cell was set up using a quartz cell (Hellma) with an
optical path length of 1 mm. The solutions consisting of the h-PEP1—
h-PEO1/DMEF /water and d-PEP1—d-PEO1/DMEF /water solutions re-
spectively, were injected in a 1:1 proportion into a mixing chamber
assuring fast turbulent homogeneous mixing. The mixed solution was
then further transported to thicker tubes leading to a smooth laminar
flow into the quartz cell which serves as the observation cell for the
neutrons. As a reference sample for the kinetics, the initial intensity
before any exchange has taken place, I(t = 0) = I(0), needs to be
determined. This value was obtained by measuring the reservoirs (hh
and dd block copolymers) separately at each DMF compositions before
mixing at low concentrations where the structure factor is negligible. The
mean value was then used as I(0).

The reservoirs are continuously mixed by injection into the mixing
chamber (2 mL/s for both syringes). Afterward the mixed solution is
transported into the scattering volume. This mixing and transport takes
50 ms (tgeaq) and fills the cell. The sampled kinetic times can then be
calculated according to t; = tge.q + i1 + taq(i) /2. The acquisition time,
taq(i), was set to follow a geometric progression in order to improve the
statistics and to distribute the data points over a wider time range:
taq(i) = 200 x (1.15)""". In order to improve the statistics, the samples
were typically mixed and measured 3—5 times and the resulting data
combined. In order to study the influence of mixing on the kinetics in one
case the two micellar reservoirs were mixed manually. With this method
equal volumes of the two reservoirs are transferred with a 1 mL micropipet
directly into a standard 1 mm Hellma cuvette. After shaking the cell was
fixed into the sample holder before the data collection was started. This
method was applied before''"”'? as a standard procedure but involves a
delay time of about 1 min which, therefore, is suitable only for slow kinetics.

The data were treated and corrected using LAMP available at ILL,
Grenoble or using the QHKWS® at Garching, Germany.

2.3. SANS Data Modeling and Evaluation of Exchange
Kinetics. The scattering models used to analyze the static structural
data were either cylindrical or spherical core—shell models as described
in a previous publication* based on the models by Pedersen et al.*’ In
order to take into account effects of experimental smearing in terms of Q,
the fit function was convoluted using the approach of Pedersen et al.*®
To obtain quantitative information about the chain exchange kinetics we
have applied two methods. The first is model independent and
determines the relaxation function R(£)''" according to

R =[Ol )

1(0) — I,

where I(t) = [I(Qt) dQ is the integral intensity at a given time, I, the
intensity of the fully mixed sample at the final stage of the kinetic process
(obtained by randomly mixing the two block copolymers with ¢, =
¢aq =0.5). I(0) was obtained by measuring the normalized intensity of
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the reservoirs (hh and dd samples) separately before mixing and per-
forming and arithmetic average.

1(Q,t) ~ Ap(t)* where Ap(t) is proportional to the excess fraction of
either h- or d-type block copolymer in the corresponding h- or d-type
micelles, R(t) (0 < R(t) < 1) is a measure of the amount of block
copolymer that has exchanged at least once.""

The second method is model dependent and employs a time
dependent scattering function which independent of the morphology
(spherical or cylindrical) allows to calculate the scattering intensity,
I(Qyt)" as a function of time:

¢

PVpep—pEo

+ Apih(t)zp'(P_F(O)blob)'VPEOZ'A(Q)sh

1(Q, t)i = (Api(t)zpz'VPEPZ'A(Q)CZ

2

+ 2A0L(t) - Apl (£)P* - Vogo - Veer - A(Q) A(Q)

+ Voo Aply (£)  Frion (Q))
(3)

Here i denotes either protonated (i = h) or deuterated (i = d) species.
A(Q) is the scattering amplitude of core (c) and shell (sh), respectively.
The scattering amplitude for the core can be written as

3(sin(QRe) — QR cos(QR.)
(QR)’
sin(Q - L cos(at)/2) 2J1(Q * R, sin(t))
Q-Lcos(a)/2 Q- R.sin(a)

-DW(Q, 0) spheres

AQ). =

‘DW(Q,0) cylinders

(4)

DW(Q,0) = exp(—Q*0:,/2), where 0y is the Gaussian width of the
core—shell interface. R. denotes the core radius, L the length of the
cylinder, and o the angle between the cylinder axis and the scattering
vector, Q. J;(x) is the Bessel function of the first kind.

spheres

1 [* ,  sin(Qr)
E/o 47r’n(r) o dr DW(Q, 0)

AQ)y, = 1/"" 27tr-n(r)Jo(Q - rsin(a)) dr DW(Q, )  cylinders
CJr.
(s)

Cis a normalization constant obtained by integration the density profile
over the volume and J is the Bessel function of the zeroth order. The density
profile can conveniently be chosen to have the following generic form:

1
) ~ T exp((r — Ri)/(ORm) “

where 0,,, is the relative width of the micellar surface and R,,, is the mean
radius of the micelle. Vpgp, Vpgo, and Vpgp_ppo are the molecular
volumes of the PEP block, the PEO block and the overall PEP—PEO
block copolymer (both block copolymers (hh and dd) have essentially
identical volumes). F(Q) is the effective scattering from the PEO poly-
mers constituting the corona ("blob scattering”). The complete expres-
sions for both the spherical and cylindrical case are given in ref 24.
The time dependence enters via the change of contrast of core and
corona, Api(t), Apin(t) as a consequence of chain exchange between
the differently labeled micelles. Even though after mixing and during the
course of reaching a h-d equilibrium a strict distinction between the
originally protonated and deuterated micelles gets lost, we can still write
the contrast in terms of a surplus of either 1 or d chains f(t) in the original
h or d- type micelle. We will use the convention f(f = 0) = 1. Since the
excess contrast is defined under zero average contrast conditions (po ~
(own + Paa)/2), I(Q,t)" must be symmetric around f(t) & 0.5, at least at

low Q.** f(t) = 0.5 corresponds to the situation where the micelles are
completely randomized.
The contrast for the h and d-cores at time ¢ is then given by

Pr_pepf(£) + Pa_pep* (1 —f(t)) — po h-type micelle
Api(t) = ¢ Popep (1= f(t)) + pa_pgpf(t) = py  d-type micelle

7)

and likewise for the corona

Propof(t) + Pa_pso (1 —f(t)) —py h-type micelle

Ap;h(t) =< ppppo’ (L =f(t)) + pg_peof(t) —py d-type micelle

(8)

where the excess function is restricted to the range: 0.5 < f(f) < 1. As
will clearly be verified in the subsequent section, the structure of the
protonated and deuterated micelles are very similar and thus we can
safely assume that V"' &~ V', Thus, the complete time dependent
scattered intensity can be calculated by taking the average of the two
“types” of micelles in the following way

HQ1) = H(H(Q0)" + 1Q8) + B ©)

where I(Q,)" s calculated according to eq 3 and B is a constant (time-
independent) background reflecting the incoherent scattering of the
sample. In analogy to the determination of R(#) in eq 2 we can calculate
fexe(t) for a better comparison of the kinetic data obtained by the two
methods:

() —foo

i
flt) = ST (10)

3. RESULTS AND DISCUSSION

The structure and thermodynamics of the block copolymer
micelles in different DMF/water mixtures were thoroughly investi-
gated for the case of h-PEP1—h-PEOL1 in a wide range of DMF/
water solvent mixtures in a previous publication.** Nevertheless,
since we are also dealing with the deuterated analogue, d-PEP1—
d-PEO1, we will compare and discuss the overall structure of the
micelles formed by the two block copolymers. The data are
compared and analyzed for two selected DMF/water composi-
tions, (Xppr = 41% and 75%), where the block copolymers
either form cylinders or spherical micelles. Subsequently, we will
present the results for the exchange kinetics obtained for several
DME /water mixtures, (Xpar = 41%, 47%, 51%, 60%, and 75%)
by the time dependent small angle scattering experiment. Finally,
we will discuss the observed kinetics for both spherical and
cylindrical geometry in terms of the Halperin and Alexander
scaling model taking into account the polydispersity of the core
forming PEP-block. This will give further insight into the chain
exchange mechanism in particular on the adopted chain con-
formation during the expulsion or insertion process.

3.1. Structure: SANS and Data Analysis. In Figure 2 scatter-
ing curves obtained for the two different block copolymers,
h-PEP1—h-PEOI and d-PEP1—d-PEO1 are shown for two
DMF /water compositions of Xpyr = 0.41 and 0.75. The results
were obtained under “full contrast conditions”, i.e., by measuring
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Figure 2. Normalized small-angle neutron scattering data of h-PEP1—
h-PEO1 and d-PEP1—d-PEO1 in Xpyp= 41% and 75% under full
contrast. The solid lines represent the best fit to a detailed core—shell
scattering model for either (a) cylindrical or (b) spherical geometry. The
data have been normalized with respect to the overall contrast and
volume fraction for a better comparison.

the protonated block copolymer in fully deuterated solvent
mixtures and vice versa for these selected samples.

We see that the at Xpyr = 0.41 both the hh and dd polymer
form cylindrical structures while at Xpae = 0.75 spherical micelles
are obtained. This is consistent with a systematic structural study
where we found that the PEP1—PEO1 system shows a transition
between cylinders and spheres at around 50% DMF mol fraction
in the solvent mixture.”* As it was extensively discussed there, this
is a consequence of the balance of the elastic energy associated
with the chain stretching inside the micellar cores and the steric/
elastic energy of the corona chains. While the former would favor
cylindrical micelles since these exhibit the smallest radius for the
same interfacial energy per chain,the corona free energy is higher
in cylinders compared to spheres. Thus, as also shown with
detailed thermodynamical calculations in ref 24, the balance is
dictated by the interfacial tension which decreases with increas-
ing DMF concentration. At high interfacial tensions, this allows
the core size to decrease and thus the elastic core energy is
negligible which consequently favors spherical micelles.

In the context of this paper it is important to verify that the
micelles used for the kinetic investigation are similar. This is
evident from the scattering data of the hh and dd micelles shown
in Figure 2 which are within the error bars essentially the same.
This is further confirmed by comparing the fit parameters
compiled in Table 2. It is known from the polymer analysis that
both polymers have very similar characteristics. Consequently, it
can be concluded that there is no severe isotope effect in the
aggregation behavior. It is further important to note that also
under reduced contrast in the isotopic solvent mixtures used for
the kinetic study the scattering curves are almost identical. This
confirms that the calculated average scattering length density of
the two polymers is always nicely matched by the used solvent
compositions. A detailed structural characterization of micelles
formed in Xpyr = 0.47 and Xpyr = 0.60 has not been performed
in full contrast. Under zero average contrast conditions, however,
the scattering curves of the hh and dd micelles are again exactly

Table 2. Micellar Characteristics of PEP1—PEO1 in two
DMF/Water Compositions”

sampleb morph.® R./A R../A Rg/f\ Oine/A
hh 41 C 43+2 88+9 1543 9+3
dd 41 C 44 +2 85411 15+2 10+3
hh 75 S 4442 66216 14+3 73+3
dd 75 S 44+3 61.5+7 15+2 5.6+2

“Key: R,, core radius; R, overall micellar radius; Ry, radius of gyration of
PEO chains in the corona; 0;,,, Gaussian smearing of the core—corona
interface. In all cases the smearing coeflicient characterizing the corona
outer surface, 0,, was set to 1%. ®The numbers denote the DMF
content in mol % “ Morphology: cylinders (C) or spheres (S).
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Figure 3. Small-angle neutron scattering data obtained by mixing
deuterated and protonated micelles in a stopped-flow apparatus and
following the scattered intensity as a function of time. The data
corresponds to PEP1—PEO1 micelles in (a) 41%, (b), 60%, and (c)
75% DMF /water solvent mixture. The solid lines display fits to a time
dependent core—shell scattering model. All data were recorded at 25 °C.
The 41% and 75% data were obtained at the D11 instrument, while that
of 60% DMF was measured at KWS2.

the same. Hence these two systems were also taken for studying
the chain exchange kinetics by the time-resolved SANS method.

3.2. TR-SANS and Exchange Kinetics: Sensitivity to Inter-
facial Tension. The time dependence of the scattering curves in
an intermediate Q-range after mixing the deuterated and proto-
nated micelles in a zero-average contrast solvent is depicted for
several DMF/water compositions in Figure 3.

As expected from previous work,'" the time scale on which the
kinetics occurs strongly depends on the DMF fraction in the
selective solvent mixture. Measurements were not performed in
pure water because previous experiments have shown that for
PEP1—PEQO20, which is much more hydrophilic than the pre-
sent one, the micelles are completely frozen."" Still at 41% DMF,
the kinetics is rather slow and occurs on a time scale of minutes-
hours. However, upon increasing the DMF fraction up to 60%
and 75%, the kinetics becomes much faster and is shifted to the
subseconds—seconds range which makes it increasingly difficult
to resolve even after using a stopped-flow apparatus for rapid
mixing. In the case of 75% DMF the kinetics is practically
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Figure 4. Comparison of kinetic data of PEP1—PEO1 in a water/DMF
mixture with 41% DMF obtained by different methods: f.,. extracted
from a full core/shell analysis, R(t) evaluated from the integral intensity
method and R(t) using the manual mixing instead of the stopped flow
technique.

unresolvable since it would require a time resolution below 75—
150 ms which is currently not easily achieved with present
reactor-based SANS instruments. The strong dependence on
DMEF composition can qualitatively be attributed to the interfacial
tension which decreases strongly from 46 mN/m in pure water to
about 8 mN/m in pure DMF. We will come back to this feature
more in detail a bit later when the kinetics is analyzed in detail.

In order to evaluate the effect of the mixing method, measure-
ments of the PEP1—PEOLI in 41% DMF system were performed
at D11 using manual mixing with a micropipet and fast mixing in
a stopped-flow apparatus. As is obvious upon an inspection of
Figure 4, both methods give the same results at long times. At
short times, however, the advantage of a stopped-flow apparatus
is obvious, as a first measurement is already obtained after 100 ms
whereas manual mixing would give a dead time of the order of a
minute. Thus, by stopped flow mixing a more complete kinetic
curve can be achieved.

The TR-SANS data were quantitatively evaluated using the
methods described in 3.2. At first we have determined the
relaxation function R(t) defined in eq 2. As already described
there R(t) represents a direct measure of the amount of block
copolymer that has exchanged at least once.'" An example of this
function determined for the PEP1—PEO1 in 41% DMF is given
in Figure 4.

Additionally, we have evaluated the TR-SANS data by deter-
mining f..q, using the model dependent method introduced in
3.2. With this method the whole scattering profile of the core
shell structure is calculated taking into account cross-terms
between core and corona that might give nonlinear effects on
the scattering, i.e. in addition to a simple shift, a real time
dependent change in the scattering pattern. In order to evaluate
this, we decided to calculate the full core—shell scattering cross
section as a function of time by explicitly taking into account the
time dependence of the contrast of both core and corona. In the
fits, the micellar parameters were determined by fitting the model
to the static data (t = 0, initial state) and these were later held
fixed; i.e., we assume that no significant change in the structural
properties occurs under mixing. This is justified by the very
similar structure of the two block copolymers found in section 2.
In the kinetic fits the only free parameter was thereby f(t).

The results of the fits are plotted as solid lines in Figure.3. As
seen the data are all very well described by the model indicating
that the time dependence of the signal indeed can only be

Figure S. Relaxation function for the exchange kinetics, R(t), for
PEP1—PEOI at three DMF/water compositions, 41, 47, and 60%
DMF on a logarithmic time scale. Fits of theoretical model including
the polydispersity of the PEP block are shown as dotted lines for E, ~
N3>"%, and as solid lines for E, ~ N indicating a more stretched chain
conformation of the PEP chain inside the PEO corona. The data
corresponding to the 41% % was acquired at the D11 instrument, while
that of 47% and 60% DMF was measured at KWS2.

assigned to the loss in contrast. A fit to the data of the “blend”
sample (completely randomized 50/50 protonated/deuterated
sample prepared ex situ) gave f(co0) ~ 0.5 which confirms the
validity of the model evaluation and further the accuracy of
sample preparation. In Figure 4, a comparison between f,,. and
R(t) is shown for the system PEP1—PEO1 in the solvent mixture
with 41% DMF. Both quantities give almost the same results.
This is the case also for the other PEP1—-PEO1 systems with
different DMF/water compositions. In the remaining part,
however, we will focus the discussion on R(t) as this quantity is
model independent and, importantly, was shown to accurately
describe the kinetics. As seen in Figure 4, the relaxation function
R(t) shows an extended time decay which follows an almost
logarithmic dependence at longer times in agreement with earlier
studies on a similar block copolymer system.'”"! We will discuss
this property in the subsequent section in terms of current
theoretical models.

3.3. Mechanism for Chain Exchange: Influence of Mor-
phology and Chain Conformations. In Figure 5 the relaxation
functions, R(t), are compared for PEP1—PEO1 in different
DMEF /water compositions on a logarithmic time scale.

The data show an extended decay that occurs over several orders
of magnitude. At intermediate to long times a near logarithmic
decay is observed which is clearly different to an exponential
decay. As extensively discussed in refs.,'® "> such a decay is
related to the expulsion rate of the chain (“reaction limited”
kinetics) since free chain diffusion is expected to occur on a much
faster time scale (~ micro/milliseconds). It was verified in earlier
works'®'16 that we can also disregard fusion/fission at equilib-
rium conditions since the extended swollen corona prevents
micelles to overlap due to unfavorable entropic interactions.

The kinetics is then determined by the expulsion rate constant,
which should be independent of time, and we can write: R(t) =
exp(—kt). From the Halperin and Alexander theory we expect a
rate constant on the Boltzmann/Arrhenius form; k = 1/7,
exp(—E,/kgT), where 7, is a characteristic time. In this model
the activation energy is given by the product of the interfacial area
and the interfacial tension 7 of the single (collapsed) block B. In
the original paper by Halperin and Alexander this was written as
E, = j/-NB-lBZ, with Np the degree of polymerization of the
insoluble block B and I the monomer length. However, as
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recently recognized'”'® this is only correct up to a prefactor
(scaling law). In fact, assuming a completely collapsed perfectly
spherical solvent-free globule, the activation energy should be
written as E, = y- (367‘[)1/3- (V0)2/3-N32/3, where Vj is the
monomer volume. Deviation from this conformation would
give different prefactors, and importantly, a different Ny depen-
dence. In order to take this into account, we write the following
for the rate constant:

k(Np) = 1/70 exp( — ot-y+(367)' (Vo) *Nj /ks T)
(11)

where f3 is a scaling exponent which is */5 for spherical globules
and 1 for solvent surrounded linear chains. Thus, we would expect
an exponent that has the following validity range: /3 < 8 < 1.
o is a prefactor that, together with 3 would correct for deviations
from a spherical shape and/or interpenetration of solvent. For a
completely stretched chain we can estimate a factor (8)"/3
instead of (3677)"? in eq 11. Hence in this corresponding to
B =1, we would expect &t & 0.6.

As for the time scale, we follow the suggestion by Choi, Lodge
and Bates' and choose the Rouse time as characteristic time:
7o = Tg = ENG1%/ (67%ksT). Here the effective segment length
of PEP varies with temperature, which using data reported in the
literature™” takes the value of I ~ 6.9 exp(18/(T — 208)) = 8.4 A
at 25 °C. The monomeric friction for PEP can likewise be
calculated as: & = 5.06 x 10" exp(490/(T — 260)) = 2.0 x
10~ 7 Ns/m. The final expression for describing the kinetic data is
then given by the average over the PEP block length distribution
in the way we have proposed before'®"" and later adapted by
Choi et al.:"¢

R(t) = / "~ f(Na, 0) expl( — K(Ny)t) dN (12)

Here f(Np) is the distribution function. Polymers prepared by
living anionic polymerization exhibit a Poisson type chain length
distribution. Since this distribution corresponds to a ideal theo-
retical situation where the polymerization has occurred without
any side reactions and to 100% completion, we considered a two-
parameter Schulz—Zimm distribution function which was used
by Choi et al.'® where the width and mean value can be adjusted
independently to any given experimental situation:

g@ +1 NC -1

Here ¢ = 1/(M,/M, — 1), where M, /M, defines the
polydispersity of the polymer. The values for the PEP blocks
are given in Table 1. The results of the fits using eqs 11— 13 are
depicted in Figure S. In all fits using the Schulz-distribution, the
sample-specific parameters were held fixed ((Ng) =17, M,,/M,, =
1.07 and the values for the interfacial tension of PEP in DMFE/
water were taken from earlier published data measured by the
pendant drop method."®

First, the model (12) was fitted simultaneously to the three
data sets using 3 = >/5 and o as the only free parameter. This gave
a very poor fit and consequently o was let to vary between the
different data sets while all other parameters were held fixed. The
best fit (smallest x> value) was obtained using o = 0.56, 0.51, and
0.41 for the 41, 47, and 60% DMF /water solutions, respectively.
These fits are shown for the Schulz-distribution as dotted lines in
Figure S. As seen the obtained agreement with the data is still

very poor. It should be mentioned that much better agreement
could be obtained using a M,,/M,, of about 1.15—1.16 but that
can clearly be discarded from the polymer characterization where
both the SEC and NMR results show that such polydispersities
are impossible (see Table 1 and Figure 1). Consequently, the
dependence of chain-length was modified by letting S as a free
parameter. Here, as shown in Figure S as solid lines, a good fit was
obtained with 5 = 1 (i.e, E, ~ Np). This gave ot = 0.21 =+ 0.02,
0.19 £ 0.02, and 0.15 = 0.02 from the lowest to the highest DMF
concentration. We will now discuss these fit results with respect
to the exchange mechanism and its dependence on morphology.
We will first focus on the value of ot which controls the activation
energy.

In all cases o is lower than one would expect from the esti-
mates. Comparing to the value that would be expected for a
fully stretched chain during the expulsion process (corre-
sponding to E, ~ Njg), we estimate that o0 ~ 0.6. Le. ot is
further reduced by at least a factor of 3. In addition a weak
decrease of the parameter O is observed in parallel to the
transition from cylinders to spheres. The statistical error for o
obtained from fitting is small, of the order of less than 1%. It
should however be mentioned that the fits are extremely
sensitive to these values and experimental uncertainties arising,
e.g,, from polymer characterization, or interfacial tension measure-
ments might be additionally present.

In order to further check whether the exchange kinetics really
depends on morphology we further designed the following
experiment. As shown in a previous paper,”* the system under-
goes a thermally induced irreversible cylinder-to-sphere transi-
tion in a 51% DMF composition. We thus performed a TR-SANS
experiment at D11, ILL on exactly the same micellar solution
before and after heating the sample at 70 °C for several hours. In
this case the kinetics in cylindrical (prepared at room temperature)
and spherical (heated) micelles could be compared directly and
even subtle changes can be discerned.

The results after extracting R(t) are compared in Figure 6. The
data were obtained by averaging over five mixing runs. In order to
demonstrate the excellent reproducibility results of two measure-
ments (each averaged over five mixing runs to gain statistics) for
one sample (heated 51% sample) are shown in the inset.

As seen there is a small but clear difference between the
exchange kinetics in cylindrical and spherical micelles which is
more visible at longer times. Apparently, chain exchange in the
spherical micelles is slightly faster. Although this change is quite
small we note that the difference is unambiguous and is not a
result experimental uncertainties. This can be verified by com-
paring the data in the inset plot of Figure 6 which shows an
excellent reproducibility of the kinetic results. In order to further
analyze this difference in a more quantitative manner, we fitted
the model described above to both sets of data using eq 12). The
fits are shown as solid lines in Figure 6. The best description was
obtained using a polydispersity index of 1.07 and o of 0.20 and
0.19 for the cylindrical and spherical micelles, respectively. The
interfacial tension was set to 14.5 mN/m as determined earlier
from interfacial tension measurements'® while the polymer
characteristics were fixed to the values listed in Table 1 as before.

As seen, the difference between the data sets can be condensed
to a small decrease in O for the spherical micelles. This is in good
accordance with the more pronounced decrease observed by
varying the DMF concentration. It is therefore reasonable to
assume an intrinsic effect which may originate from the following
causes.
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Figure 6. Relaxation function, R(t), for the exchange kinetics of either
cylindrical or spherical micelles formed by PEP1—-PEO1 in 51% DMF
solution. The data has been obtained by mixing hh and dd type micelles
before and after thermally induced cylinder-to-sphere morphological
transition. The inset shows the results from two separate measurements
of the exchange kinetics in the spherical micellar state to show the
reproducibility.

First, one needs to consider the enthalpic penalty of the
expulsion process which in this model is essentially contained
in E, ~ a.+y* Np. Since Y is taken as the macroscopic value for a
bare PEP/solvent interface, & might be thought of as a correction
factor reflecting a different “microscopic” interfacial tension.
However, this does not explain why the value for o varies for
the different micellar morphologies. If we now take into account
the concentration of the PEO block in the corona surrounding
the micellar core, it becomes clear that the barrier for the
expulsion process is modified by segmental contacts with PEO.
These are determined by the density profile around the micelles
which varies for different micelles and in particular for different
micellar morphologies. To account for this, a first simplistic
approximation would be to assume that the effective interaction
parameter, directly related to the interfacial tension (y* ~ ),
follows a linear relationship: Y. = Ppgo-¥peppeo + (1 —
Dpeo) * Y pEP/soly With @pg the mean PEO concentration in the
corona. Using this approach and inserting data obtained from the
structural characterizations,®* we obtain a reduction of y of —5%
for the cylinders in the 41% solution and —7% decrease for the
60% solutions with spherical micelles. Although this is a small
difference the trend is in line with the observed extremely weak
reduction of the parameter o which changes from 0.2 to 0.19 for
the cylindrical and spherical micelles in 51% DMF/water solu-
tion. However, such decrease is too weak to claim that the
presence of PEO corona chains significantly facilitates chain
exchange thermodynamically by reducing the enthalpic cost in
this particular micellar system.

In this context it is interesting to compare the results with data
published on the self-diffusion in a series of poly(ethylene-alt-
propylene) —poly(dimethylsiloxane) (PEP—PDMS) spherical
block copolymer melts where 0. was found to vary substantially
(0.27—1.34) between the various molecular weights/compo-
sitions.*® Since o was found to increase with the degree of
segregation, it was speculated that o directly reflects the density
profile of the core—corona interface. In the case of a broad inter-
face, a higher fraction of core chains will be already in contact
with the solvent thus reducing the enthalpic barrier and hence
decreasing @ A reduction of & was also found in the work of
Choi et al.'® in the case of PS—PEP in squalene. This system is
weakly segregated with relatively low y values®* which would

thus support such an “ansatz”. For the present system, although
characterized by rather large y values, one would also expect a
certain decrease in segregation as y decreases with DMF con-
centration. This should be reflected in the width of the core—
corona interface (i) which from the fits is found to be larger for
the cylindrical micelles than for the spherical ones. Thus, no
direct support of such ideas can be found, although we note that
such level of detailed structural information is extremely sensitive
to subtle variations in background corrections etc.

As an alternative explanation, we have considered kinetic
effects that also arise from changes in the polymer concentration
in the corona surrounding the core. It was speculated that these
effects dynamically retard the kinetics by obstruction or steric
effects similar to the concentration dependence for self-diffusion
in semidilute polymer solutions (see, e.g., ref 37). However this
should not affect the activation energy and hence  but rather the
time constant, To. This was also considered by Halperin and
Alexander who showed that the prexponential factor depends on
micellar type; they considered star-like micelles and crew cut
micelles, respectively. For the latter type they predicted 7, ~ Ny
which is only marginally different to the N~ dependence consi-
dered here. We will therefore not further discuss different Ny
dependencies. Instead fits were performed now modifying the
Rouse time constant according to 7o = Tz X const and keeping ot
constant. However, we could not obtain reasonable fits and this
approach was discarded.

Halperin and Alexander in their original paper, did not
consider the possibility that the activation energy term varies
with micellar structure. However it is possible to imagine that
crowding and high polymer density can affect the conformation
of the expelled chain. Hence for dense systems where the typical
radius of gyration is smaller than the blob size of the corona, the
chain is likely to stretch out in order to escape the dense polymer
network. This would affect the activation energy and thus
provides an explanation of the stretched conformation associated
with the found linear dependence between the activation energy
and the number of monomers, i.e. the E, ~ Ng. Instead, if the
polymer collapses directly on the interface, one would expect E,
~ Np*'3. The two different physical pictures are given in Figure 7.

The fit results show that, irrespective of the value for o and
independent of the morphology, a good description is obtained
using # = 1. This indicates that the insoluble PEP block
preferably assumes a stretched conformation during the expul-
sion process which involves the diffusion out from the core,
through the corona into the solution. This might be a conse-
quence of the rather short PEP chains in the present case which
inhibits a statistically favorable formation of a compact globule.
This would be in complete analogy with surfactant micelles
which would be expected to follow the same scaling. However,
such a linear dependence, E, ~ ¥ Np, was also obtained by Choi,
Lodge, and Bates where the investigated system with large
number of core block repeat units of the order of 200—400 in a
system of PS—PEP micelles in squalane. The present results
should also be compared with earlier studies on an asymmetric
block copolymer, PEP1—PEO20, which forms starlike micelles
in water/DMF mixtures. Here the results obtained by a simul-
taneous fit of data at different temperatures indicated that a
E, ~ N3*’® law could describe the data rather satisfactorily. It
should be pointed out that these results were obtained using the
manual mixing method and thus lacks the initial decay curve.
Nevertheless, the results imply the compact globular conforma-
tion. We could try to explain this observation by the fact that the

6152 dx.doi.org/10.1021/ma200532r |Macromolecules 2011, 44, 6145-6154



Macromolecules

N
* =

£
(
\J

P a

Figure 7. Schematic illustration of the expulsion process. The two limiting situations characterizing a stretched (lower middle) and compact (upper
middle) conformation during the expulsion process is shown. The former would have a stronger dependence on the core chain length than the latter; E,,

~ Ngand E, ~ NBZ/ 3, respectively, as discussed in more detail in the text.

”star-like” micelles have quite dilute coronas (more than a factor
S less than here) and that the chain could escape more freely
through the corona.

To elaborate this hypothesis further, we should calculate the
smallest blob size of the corona, &, which is approximately
given by &in = (50) 2 Here s, is the area per chain at the inter-
face given by sp = 27tR.-L/P and sy = 47tR /P, for cylindrical and
spherical geometry, respectively. Inserting the numbers given in
ref 24, we see that for the PEP1—PEQO1 micelles the number &,.,;,
increases from about 10—11 A for the cylinders to about 13 A for
the spherical micelles upon increasing the DMF content. For
spherical and cylindrical micelles in 51% DMF the values
obtained earlier is about 12 and 13 A respectively. This should
be compared with the radius of gyration of the PEP block; Ry ~
14 A. Hence, for the current system &, is sl?htly smaller
than R, For the star-like PEP1—PEO20 micelles,'® however, we
obtain values in the range of 14—16 A, which thus is larger. This
could thus support the idea of a more restricted motion of the
PEP chain through the “crew-cut” PEP1—PEO1 micelles as
compared to the PEP1—PEO20 “star-like” micelles. It is inter-
esting to here also compare the current system with the PS—PEP
micelles investigated by Bates et al.'® On the basis of the
structural data given in ref 16 (P ~ 69; R. ~ 88 A), we esti-
mate a £y & 37—28 A, which is considerably smaller than the
estimated R, of about 108 A for a 26 600 g/mol chain.*® Hence in
this case it is even more likely that the PS chain needs to stretch to
an even greater extent in order to escape through the corona and
out of the micelle. However, it should be mentioned that the
PS—PEP/squalene system is expected to be very close to a ©-
system22 and thus one might argue that a E, ~ N law is here
expected a priori.

In any case, this discussion remains a hypothesis and further
experimental and theoretical work is required in order to verify
the effect of corona structure on the exchange mechanism.

Finally, it should be mentioned that while this paper was in the
review process, two further articles on this topic apgeared
concerning exchange kinetics at higher concentration.””** In
the work by Choi et al.,* its was experimentally shown that the
exchange kinetics occurs more slowly in the ordered state compared
with that in dilute solutions which could be summarized in a 10%
increase in the effective activation energy (ot-y). It was specu-
lated that this was due to either a change in the core (glass

transition) or micellar structure (density profile). In the theore-
tical paper by Halperin,* the slowing down of the exchange
kinetics was attributed to an increased osmotic pressure asso-
ciated with increased coronal chain overlap that leads to an
increased penalty for exchange kinetics. Although this corre-
sponds to a different situation compared to ours, it shows that the
internal micellar structure indeed plays a role in the exchange
kinetics.

4. CONCLUSION

In this work, we have systematically investigated the exchange
kinetics in block copolymer micelles across the cylinder-to-
sphere transition by millisecond TR-SANS using a sophisticated
contrast variation technique and detailed model fitting. Upon
comparing results from cylindrical and spherical micelles in exactly
the same solution and total concentration, we can conclude that
there is slight but clearly measurable increase in the exchange
kinetics of the spherical micelles.

The results show that the kinetics can be described by a model
for chain expulsion limited kinetics including the finite poly-
dispersity of the polymer system, independent of the morphol-
ogy. This model was originallgr developed in refs 10 and 11 and
later modified by Choi et al.’® to include the Rouse time, T, as
the prexponential factor setting the time scale and by allowing a
free scaling parameter, @, for the activation energy.2 The subtle
dependence of the morphology on the exchange kinetics can be
summarized in a slightly smaller o parameter for the spherical
micelles.

In the previous work on star-like micelles in refs 10, 11, and 24,
it was found that the activation energy scales like E4 ~ N; 32/ 3
while for the present cylindrical and spherical crew-cut micelles
we find a stronger chain length dependence of the activation
energy, E4 ~ Np. We speculate that this is caused by the adopted
conformation of the core chains which need to be stretched in
order to facilitate the passage through the dense corona. The
previously studied star-like block copolymer micelles on the
other hand consist of much more dilute coronas which exhibit
less constraints on the chain conformation during the diffusion
process.

The fits were performed essentially with only one free para-
meter, O that matches the activation energy as E, ~ o+ y * Np. All
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other parameters are known from the polymer characterization,
including the interfacial tension, 7. In the analysis, we found that
o decreases upon changing the morphology from cylindrical to
spherical micelles. It is possible that the found small variances
reflect subtle structural features such as the density profile over
the core—corona interface, and/or corona structure and that
these local structural factors are slightly dependent on the
morphology. However, to verify this, further experimental results
of different block copolymer micellar systems would be needed.
In particular a combination of both very detailed structural
characterizations and kinetic analysis is important to delineate
such effects.
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