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ABSTRACT: Here we present an in situ study of the nonequilibrium cylinder-to-sphere morphological transition kinetics on the
millisecond range in a model block copolymer micelle system revealing the underlying mechanism and pathways of the process.
By employing the stopped-flow mixing technique, the system was rapidly brought (≈100 μs) deep into the instability region, and
the kinetics was followed on the time scale of milliseconds using both time-resolved small-angle neutron and X-ray scattering
(TR-SANS and TR-SAXS, respectively). Due to the difference in contrast and resolution, SAXS and SANS provide unique
complementary information. Our analysis shows that the morphological transition is characterized by a single rate constant
indicating a two-state model where the transition proceeds through direct decomposition (fragmentation) of the cylinders
without any transient intermediate structures. The cylindrical segments formed in the disintegration process subsequently grow
into spherical micelles possibly through the molecular exchange mechanism until near equilibrium micelles are formed. The
observation of a two-step kinetic mechanism, fluctuation-induced fragmentation and ″ripening″ processes, provides unique
insight into the nonequilibrium behavior of block copolymer micelles in dilute solutions.

Block copolymers are polymorphic systems which form a wide
range of structures such as spheres, cylinders, and vesicles in
selective solvents, i.e., solvents which are good for one block
and poor for the other.1,2 The factors determining the structural
properties relate to a range of molecular parameters such as
chemical compositions of monomers, molecular weight, and
block composition,3−5 as well as temperature6,7 and solvent
quality.8−10 In general, the self-assembly process of block
copolymers yields a reasonably predictable micellar entity if the
system is able to attain equilibrium, i.e., it is thermodynamically
controlled. However, it has become increasingly clear over the
last years that many block copolymer systems are nonergodic
which may lead to nonequilibrium structures that depend on
the method of preparation.11 These structures are kinetically
controlled.12−14 This can be attributed to slow equilibrium

kinetics associated with high activation barriers, where
relaxation pathways such as molecular (chain) exchange
kinetics are many orders of magnitude slower than in surfactant
systems15−21 and fusion/fission pathways are strongly sup-
pressed due to osmotic repulsion between micellar entities with
extended coronas.15 In light of the slow equilibration pathways
of block copolymer micelles, it is of interest to consider the
transition kinetics from one morphological state to another and
ask the following questions: by which mechanism does the
transition proceed and are any intermediate nonequilibrium
structures involved? The latter question is particularly
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interesting for potential strategies where ″frozen in″ non-
equilibrium micelles are used to yield well-defined nanostruc-
tures. Hence, by understanding the kinetics, predictive schemes
to design and produce well-defined nanoparticles with
predefined dynamic and structural properties can be developed.
A deeper understanding of the nonequilibrium kinetics of

self-assembling polymer systems necessitates direct experimen-
tal observations which are very challenging due to rapid kinetics
(typically down to the millisecond range) and limited
experimental structural resolution. Consequently, kinetic
studies of morphological transitions in block copolymer
micellar systems are rare and are mostly related to ordering
kinetics and morphological transition in melts or concentrated
solutions. Examples include disorder to order,22 lamella-to-
cylinder,23 cylinder-to-sphere,24 and cylinder-to-gyroid25 tran-
sition kinetics. Eisenberg et al. explored the kinetics and
mechanisms of various transitions of polystyrene−poly(acrylic
acid) (PS−PAA) block copolymers in water/1,4-dioxane
mixtures.8 In a paper by Burke and Eisenberg26 using TEM
and turbidity measurements they found that the cylinder to
sphere transition starts with the formation of bulbs at the end
of the rods which in the rate-determining second step are
released from the ends of the cylindrical body. This contrasts
conclusions from earlier work for block copolymer melts
undergoing a cylinder-to-sphere morphological transition.27−31

Here the spherical bcc phase is believed to grow epitaxially
along the cylinder axis facilitated by strong undulations.28 To

summarize, there are two possible kinetic pathways potentially
present in block copolymer solutions which we may refer to as:
(i) fluctuation-induced direct decomposition (FIDD) mecha-
nism and (ii) a sphero-cylinder mediated (SCM) transition
mechanism. To investigate and distinguish these mechanisms, it
is necessary to study the process in situ using experimental
methods capable of providing nanoscale resolution on suitable
times scales starting from milliseconds.
In this letter we specifically address the nature of the kinetic

pathway of the cylinder to sphere transition aiming to
determine whether the transition proceeds through transient
intermediates. By employing modern time-resolved small-angle
neutron and X-ray scattering (TR-SANS and TR-SAXS,
respectively) techniques, we are able to directly probe the
nanostructural evolution in situ on times scales starting from
only a few milliseconds using a strategy previously used for
surfactant micelles.32−38 Synchrotron TR-SAXS techniques
combined with a stopped-flow apparatus designed for rapid
mixing have recently also been used to study the micellization
kinetics of both regular (low molecular weight) surfactant39 and
block copolymer40 micelles. Here we explore the complemen-
tarity between SAXS and SANS to provide unique insight into
the morphological transition. The results suggest a direct
decomposition of the cylinders into spherical micelles, i.e., a
fluctuation-induced direct decomposition (FIDD) mechanism
followed by a ripening process where the spherical micelles

Figure 1. (a) Experimental setup using a stopped-flow apparatus is coupled with a SAXS and SANS instrument allowing an in situ observation of the
morphological transition. Time-resolved neutron and X-ray scattering data showing the transition from cylindrical to spherical micelles in real time
are depicted in (b) and (c), respectively. The data are obtained after mixing 1.5 vol % PEP1−PEO1 in 51% dDMF/D2O solution with pure dDMF
1:1 in a stopped-flow apparatus. The data in (b) are obtained from SANS at D11, ILL (Grenoble), while (c) represents selected SAXS data from
ID02, ESRF (Grenoble). The time resolution is set by the deadtime and acquisition time that was 2.3 ms/5 ms and 50 ms/200 ms for SAXS and
SANS, respectively.
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grow in time in an independent fashion until a stationary (near
equilibrium) state is reached.
In this study, we employ a model system consisting of

poly(ethylene-alt-propylene)−poly(ethylene oxide) (PEP1−
PEO1, the numbers indicate approximate molecular weight in
kg/mol) block copolymer solutions in D2O (Armar AG
Switzerland 99.8% D) and DMF-d7 (″dDMF″, Chemotrade,
Leipzig 99.5% D) mixtures. The system has been studied
previously10,41 where it was found that in water-rich solution
cylindrical micelles are formed due to the high entropic penalty
associated with the chain stretching in the core at high
interfacial tensions. However, above 50% dDMF/D2O the
morphology changes from cylindrical to spherical micelles.10

Figure 1 shows the experimental setup and data obtained in a
stopped-flow experiment (Biologic, SFM 400) using both time-
resolved SAXS (ID02/ESRF) and SANS (D11/ILL) available
at the European Photon and Neutron Campus (EPN) in
Grenoble, France. The experiments, performed using the same
samples, are initiated after rapid 1:1 mixing of a 1.5 vol %
micellar 51 mol % D2O/dDMF solution with pure dDMF
which brings the system almost ″instantaneously″ (≈100 μs)
deep into the instability region where spherical micelles are
preferred over cylindrical ones.
The normalized SANS and SAXS intensity data plotted as a

function of the modulus of the momentum transfer vector Q
(Q = 4π sin(θ/2)/λ, where λ and θ are the wavelength and
scattering angle, respectively) are given in Figures 1(b) and (c).
Comparing the data we see that the shape of the data is
completely different. This is a consequence of the very different
scattering contrast for X-rays and neutrons. While for neutrons
the contrasts to both blocks are large and negative, the
scattering contrast for X-ray is of opposite magnitude for the
two blocks such that the system is almost contrast matched on
average. Consequently, SANS is sensitive to the overall
morphological change, while SAXS renders the internal
structure of the micelle visible, with only a hint of information
about the morphology at the lowest Q.
Considering the SANS data first, it is evident that the

scattering pattern changes considerably, in particular at the
lowest Q where the intensity decays significantly. Moreover, the
data demonstrate a change in slope at low Q where a Q−1

behavior is visible at short times, whereas a plateau-like
(Guinier-like) scattering is observed at longer times clearly
demonstrating a morphological transition from cylinders to
spheres. Initially the SANS data were fitted using several
theoretical scattering models. At first, several core−shell
scattering models were considered, including regular cylinders
or sphero-cylinders of variable lengths in coexistence with
spherical micelles. However, it turned out that the data could be
fitted rather satisfactorily using a simple model describing a
linear combination of spherical and cylindrical micelles. It is
particularly interesting to note that attempts using more
″detailed″ scattering models for cylinders with spherical end-
caps (″sphero-cylinders/dumbbells″)42 did not improve the fit
quality.
Consequently the data were modeled using a simple

coexistence of spherical and cylindrical core−shell particles

ϕ = + −I Q t f t I Q t f t I Q t( , )/ ( ) ( , ) (1 ( )) ( , )cyl cyl cyl sphere

(1)

where fcyl is the fraction of cylindrical micelles in the solution
and the I(Q,t)sphere/I(Q,t)cyl represent the scattered intensity
calculated from core−shell models for cylinders and spheres

using expressions reported in detail in ref 10 and described in
the Supporting Information.
The TR-SAXS data in Figure 1(b) also show a time

dependence, but as expected from the contrast situation, the
evolution is much more subtle. However, the SAXS data show a
much better resolution at higher Q such that the internal
structure of the micelles can be analyzed in detail. To get the
maximum insight into the kinetic mechanism and the structural
evolution, we therefore proceeded to seek a simultaneous
description of the complementary sets of data using the same
scattering model. For consistency, a refinement approach was
applied where the fit parameters from each data set were used
to describe the other in an iterative fashion. First this model
was fitted to the SANS data by fixing the micellar parameters of
the cylindrical and spherical micelles corresponding to the
″initial″ and ″final″ states, respectively, allowing only fcyl to
vary. Using this initial approximation the SANS data could be
rather well described. However, the fit quality of the SAXS data
was comparably poor which was particularly reflected in a
failure to describe the shift in the maximum/minimum with
time visible in Figure 1(c). To improve the fit quality, the
parameters corresponding to the spherical micelles were set
free (aggregation number, P, thickness of micellar corona, D =
Rm − Rc where Rc and Rm are the core and overall micellar
radius, respectively). The fraction, fcyl, was fixed to the values
found from SANS by parametrizing the time dependence. The
procedure was then repeated until a good agreement was
reached.
The result showing the time dependence of fcyl as deduced by

SANS is displayed in Figure 2(a). As indicated by the solid line,
the data are rather perfectly described by a single exponential
decay: fcyl = exp(−t/τ). Equivalently, this is indicated with a
straight line in a semilogarithmic plot. From the fits we
determined the characteristic relaxation time of τ = 328 ± 20
ms. The simple time dependence and the single rate constant
are other good indications that transformation from cylinders

Figure 2. Time dependence of (a) the fraction fcyl and (b) the core
radius of the spherical micelles deduced from the fits of the scattering
data using eq 1.
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proceeds directly to spheres without any intermediate
structures in agreement with the qualitative discussion of the
scattering data above.
Interestingly from the fit analysis, an apparent shift of the

form factor maximum and minimum toward lower Q in Figure
1(c) can be mainly attributed to an increase in the radius of the
spherical micelle, Rc, with time. This feature is not observed in
the SANS data due to limited resolution. As indicated by the
solid lines in Figure 2(b), the time dependence of the core size
of the spherical micelles can be described surprisingly well with
a simple exponential growth: Rc(t) = Rc(0) + ΔRc(1 − exp(−t/
τc)) with τc = 645 ± 100 ms and ΔRc = 10 ± 2 Å. The initial
radius of the spherical micelles extracted from the fits, Rc(0),
was found to be close to 40 Å which is close to the radius of the
initial cylinders (≈39 Å). Hence, we observe a growth of the
spherical micelles starting from, probably, fragments of the
original cylinders. This growth process, somehow slower than
the decomposition of the cylinders, can be attributed to a
growth process similar to Ostwald ripening that occurs until the
micelles reach a size and a size distribution both approaching
their close to equilibrium values. However this growth is rather
different from a traditional Ostwald ripening process which
approximately scales with time as Rc(t) ∼ t1/3.43 Instead the
process proceeds through a near exponential growth.
The second ″ripening″ process is likely to reflect micellar

exchange which would equilibrate the spherical micelles
through a continuous series of unitary step growth events.
Indeed, in a previous work, it was found that unimer exchange
is the dominant mechanism for equilibrium kinetics in this
system41 and was found to be operational and rather fast for
this particular DMF/water solution. However, in light of the
rather dramatic effect of polymer chain-length polydisper-
sity19,44,45 on the chain exchange kinetics, also in this system,41

it is reasonable to assume a broader relaxation pattern possibly
reflected in a stretched exponential growth, i.e., ∼1 − exp(−(t/
τ)β), where 0 < β ≤ 1. However, within the experimental errors,

no indication of β < 1 was found. It is interesting to note that
the Aniansson−Wall theory46 would predict a two-step process
during the equilibration process. However this theory is only
valid very close to equilibrium which is definitely not the case
here. Nevertheless, it might be that a second extremely slow
mode would occur if this re-equilibration process after spherical
micelles were formed would be followed over very long times
scales. However as shown in a recent work by Melt et al.,47 such
re-equilibration kinetics might be more complex and even be
described with compressed exponentials (β ≈ 2). Alternatively,
the exponential growth might reflect another mechanism such
as micellar fusion.48 However, this mechanism is likely to give a
very broad distribution of micellar sizes and larger clusters
which, rather than a single relaxation time, also would be
expected to give a broader relaxation pattern.
It should be mentioned that an alternative explanation would

be a decomposition of the cylinders that proceed through the
formation of sphero-cylinders which gradually decrease in
length.26,49 In this scenario, the end-caps would grow in size
until they become unstable due to the high surface energy
associated with the curvature at the junction zone and pinch off
as spherical micelles. However, this scenario is not consistent
with the SANS data as growing spherical end-caps and
decreasing cylinder length would give an excess scattering at
intermediate low Q (see Supporting Information). Such a
change in shape is not observed. In trial fits the data were
analyzed with a coexisting model of sphero-cylinders and
spheres. The analysis shows that in all cases the data were best
described using (near constant) long cylinder lengths which
effectively dilute the contribution of spherical end-groups, thus
suggesting that sphero-cylinders are not dominant during the
kinetic process.
Hence the combination of SAXS and SANS data with

theoretical modeling suggests that the transformation from
cylinders proceeds through a fast fragmentation of the cylinders
rather than a gradual decrease in cylinder length. The latter is

Figure 3. Schematic illustration of two possible mechanisms for the cylinder-to-sphere transition in block copolymer micelles: in the upper part, the
direct fluctuation-induced decomposition (FIDD) mechanism suggested in this work is depicted. Here the large instabilities after crossing the phase
boundary are expected to tear the cylinders into globular micelles with a single rate constant. The premature, small micelles are thereby seen to
″ripen″ in time and increase their size via the molecular exchange mechanism (indicated by gray arrows). The lower part displays the transition
proceeding via the formation of dumbbell-like micelles as intermediatesthe sphero-cylinder-mediated (SCM) transition mechanism. The
decomposition proceeds via unstable ends of the sphero-cylinder which are released as spherical micelles. See text for more details.
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also excluded by theoretical modeling where the form factor of
a gradually decreasing cylinder length would look different,
rather than a decreasing slope of the low Q data in Figure 1(a).
One would also expect a reduction in the Q−1 region in that
case (see Supporting Information). A similar observation was
made by TEM where the cylinders seem to undergo direct
fragmentation upon changes in pH in a pH-responsive charged
system.50 Similar ideas have also been suggested earlier for
block copolymer melts undergoing a cylinder-to-sphere
morphological transition.27,29 Here the spherical bcc phase is
believed to grow epitaxially from the cylinder axis which
undergoes strong undulations near the critical point. Similar
fluctuations can be expected to be present here when the
cylindrical micelles are abruptly taken from their region of
stability through rapid mixing. As the rapid change in solvent
composition from 50 to 75% induces a significant jump in the
interfacial tension (from about 15 to 10 mN/m),51 a strong
enhancement of fluctuations is to be expected. This anisotropic
fluctuation involves alternating pinching and bulging of the
cylindrical domains and probably leads to fragmentation of the
cylinders into sphero-like micelles. As these micelles originate
from fragments of cylindrical micelles where the cross-sectional
radius is naturally smaller than for spherical micelles, a growth
is favored by the interfacial energy until unfavorable chain
stretching in the core limits further growth and the system
approaches equilibrium as described above. The scenario
emerging from these results is depicted in Figure 3 and
compared to the sphero-cylinder mechanism.
It should be pointed out that the results in this work point

toward a different scenario than for ″crew-cut″ PS−PAA
micelles reported by Burke and Eisenberg26 where the
formation of spherical micelles proceeds via sphero-cylinders
(SCM mechanism). It is likely that the difference is related to
rather small solvent jump amplitudes close to the mesophase
boundaries in their work. In the present work rather large
jumps (from 50 to 75 mol %) deep into the nonequilibrium
region are produced which probably lead to pronounced
instabilities and consequently strong fluctuations.
In conclusion, by exploiting the different scattering contrast

for X-rays and neutrons in the system, very detailed structural
aspects of the micellar transition and evolution have been
extracted. The results point toward a direct transition
mechanism where the cylinders fluctuate strongly and
decompose into spherical micelles. The premature spherical
micelles subsequently ripen and grow into the final equilibrium-
like micelles. This observation provides experimental support
for a fluctuation-induced direct decomposition (FIDD)
mechanism present in block copolymer micelles. This
mechanism has been proposed, although not directly observed,
for both low-molecular-weight surfactant52 and bulk block
copolymer systems.27,29 A similar mechanism has also been
qualitatively suggested based on TEM imaging of a pH-
responsive block copolymer solution where undulations were
thought to precede a sequence of branching and budding
sequences after the cylinders were brought into the instability
regime.50 In this work we provide quantitative evidence of this
mechanism and also demonstrate a subsequent ″ripening-type″
mechanism that has not been observed in earlier works. This
two-step kinetic pathway could only be revealed thanks to the
combination of high-resolution X-ray data with the neutron
data results. Apart from giving almost molecular-level insight
into the kinetic pathways for morphological transitions, the
results in this work give a very detailed picture of the

equilibration mechanism and stability of block copolymer
systems. This may prove useful to devise new predictive
schemes to design and produce well-defined nanoparticles with
predefined dynamic and structural properties. The study also
presents an efficient methodology, utilizing the complementar-
ity of X-rays and neutrons, to investigate fast kinetics with
nanostructural resolution with great detail.

■ EXPERIMENTAL SECTION
The h-PEP1−h-PEO1 (hh) polymer is identical with the one used in
the structural and kinetic studies published previously.10,41 It was
prepared following the synthetic methods described in ref 53. The
block copolymer consists of a PEP block of 1200 g/mol
(polydispersity index, PDI = Mw/Mn = 1.06) and a PEO block of
1500 g/mol with overall PDI of 1.04. The samples were prepared by
directly dissolving the powder in a 51 mol % dDMF/D2O solvent
mixture. For more info see the Supporting Information. For rapid
mixing, a modified commercial stopped-flow apparatus (Biologic, SFM
400) was employed. The reservoirs were mixed by injection into the
mixing chamber and transported into the scattering volume using a 2
mL/s mixing speed for each syringe. It was explicitly verified that
mixing 51 mol % of DMF with pure DMF does not lead to any
measurable increase in the temperature during mixing, and the kinetic
process was therefore investigated under isothermal conditions. A
special observation cell was set up using a quartz cell (Hellma, 1 mm
optical length) for SANS and a quartz capillary (diameter of 1.5 mm/
wall thickness of 0.01 mm, Glass Technic) for SAXS. The SANS
measurements were carried out using the D11 instrument at Institut
Laue Langevin (ILL) in Grenoble, France. The measurements were
performed at 6 Å wavelength, several sample-to-detector distances, and
collimation lengths to cover an extended Q range and to maintain a
reasonable resolution. This mixing and transport takes 50 ms (tdead)
and fills the cell, and subsequent measurements were made using 200
ms acquisition time. To improve the statistics, the samples were mixed
and measured five times, and the resulting data were combined. Details
concerning the calibration/data reduction procedure are given in ref
54. The SAXS measurements were performed at the ID02 High
Brilliance beamline at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France, using 12.4 keV photons (corresponding
to λ = 1 Å). The acquisition time was 5 ms for each frame with a
minimal readout pause of 140 ms between two acquisitions. The
recorded kinetic time frames were spaced in a geometric progression
to avoid overexposing the sample and possibly induce radiation
damage. See the Supporting Information for details.
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