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ABSTRACT: Direct visualization of morphological evolution
remains extremely challenging despite its critical importance to
understand the basic fundamentals behind the transition. Here
we report on the detailed observation of a spontaneous
cylinder-to-sphere morphological transformation of amphi-
philic poly(2-vinylpyridine)-b-poly(ethylene oxide) (P2VP-b-
PEO) diblock copolymer micelles in aqueous solution, which
first provides experimental evidence that the fragmentation
pathway is driven by Rayleigh instability showing the
distinctive signatures during the transition. Owing to the
instability of cylindrical micelles and the fluidity of micellar
cores, our results show that the cylindrical micelles

spontaneously undulate and transform into spherical micelles through distinct intermediate states, including undulated cylinders
and pearl-necklace-like micelles with a perfect sinusoidal wave throughout the length. Moreover, the present system with
transitional morphology is proved to be able to act as a model to encapsulate hydrophobic guests in the micellar cores, which
displays a relatively sustained release behavior. The specific kinetic pathway provides new insight into the mechanism of block
copolymer micellar morphological transition; meanwhile, the dynamic system might serve as a promising candidate for unique
nanostructure design as well as contribute to the transition-coupled guest delivery and controlled release.

lock copolymers can spontaneously self-assemble in
selective solvent to form micelles of various morpholo-
gies."™* Due to the higher molecular weight and slower chain
dynamics, the micellization behavior of amphiphilic block
copolymers is much more complicated than that of low
molecular weight surfactants.”® Even if the equilibrium state is
predictable, these materials are prone to be trapped kinetically
in nonequilibrium states, which depend sensitively on the
preparation procedures.” " In consideration of the nonergodic
process, it is essential to understand the underlying mechanism
and kinetic pathway of the morphological transition from one
state to another in block copolymer micellar systems. However,
to date, real-time monitoring of the transformation process
remained a challenging task mainly due to the fast structural
change and narrow time window of detection. Only a few
researches have experimentally showed the details involved in
the transitions, despite their critical importance for identifying
the different evolutionary path and self-assembly behavior."*~'°
Here, we are particularly interested in the morphological
transitions of cylindrical micelles to spherical micelles, focusing
on the fragmentation pathways driven by Rayleigh instability. In
the past two decades, the transition paths of cylinders to
spheres have been widely investigated both theoretically and
experimentally. In the pioneering work reported by Eisenberg,
the transition path of cylinders to spheres has been identified as
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a process that bulbs develop on either or both ends of cylinders
and then pinched off to release free spheres.'” Later, Discher
and co-workers extended the theory and reported that a long
and flexible cylinder fragmentized segmentally into shorter
ones, whereas short cylinders pinched oft from the end and
eventually broke further into spherical micelles."®™*° On the
other hand, Grason and Santangelo developed a mean-field
model for diblock copolymer micelles, indicating that a
metastable undulated cylinder morphology prevails during
cylinder-to-sphere transition when spherical micelles are
preferred in equilibrium.*' Likewise, in an experiment Jain
and Bates reported for the first time a peristaltic morphology
with undulations that propagate at a fixed wavelength for three
periods away from the spherical terminus of cylindrical micelles,
which resemble the well-known Rayleigh instability.*>

Initially, Rayleigh instability was used to describe the
phenomenon of instability of liquid cylinders due to surface
tension.”® The liquid cylinders will break up into droplets with
uniform size and regular spacing to decrease the surface area
and hence the surface energy. In fact, Rayleigh instability
induced transformation is widely observed in a variety of
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Figure 1. (a) TEM images of long smooth P2VP,,-b-PEO, 3, cylindrical micelles in water measured immediately after evaporation of the chloroform
solvent. (b) The contour length distribution of cylindrical micelles was obtained by measuring no less than 500 cylindrical micelles in TEM images.

. 2427 . .1 28
systems, such as metal nanowires, 4727 tubular lipid vesicles,

polymer nanotubes, and fibers.” > However, in the case of
cylinder-to-sphere transition of block copolymer micelles, even
though Razleigh instability is believed to destabilize the
system,”*">* so far no experimental evidence provides full
details of such transition; in particular, a well-defined
intermediate pearl-necklace-like structure had never been
trapped in the transitional process. Yet, the direct visualization
of the entire and spontaneous process is crucial to under-
standing both the distinct pathway and the transition
mechanism driven by Rayleigh instability, which is a
fundamental issue that has remained ambiguous for decades
and lacks direct experimental evidence.

In this study, direct observation of spontaneous morpho-
logical transitions of cylindrical micelles to spherical micelles
was achieved in the amphiphilic poly(2-vinylpyridine)-b-
poly(ethylene oxide) (P2VP,,;-b-PEO,3,) diblock copolymer
system, which is proved to be exactly in agreement with the
Rayleigh instability induced transformation. The initial
prepared thermodynamically unstable cylindrical micelles can
spontaneously transform to spheres slowly in ca. 10 days, which
gives us enough time to precisely monitor and identify the
intermediate structures in detail. Cylinders with perfect
sinusoidal undulations and pearl-necklace-like structures with
uniform particle size and spacing were detected during the
transition, which, to the best our knowledge, were revealed
exclusively in the present system. Our findings may not only
provide a fundamental insight into the mechanism of cylinder-
to-sphere transition but also pave the way for rational design
and control of the self-assembly of cylindrical micelles, yielding
promising new nanostructures.

The pure and long P2VP,5,-b-PEO 3, cylindrical micelles in
aqueous solution were prepared through an “emulsification and
solvent evaporation” method, which has been recently
considered as an effective method to generate amphiphilic
polymer micelles.">'"'%¢73° The P2VP,,-b-PEO,;, diblock
copolymer was dissolved in a water-immiscible organic solvent
(chloroform), and then the polymer solution was dispersed as
emulsion droplets in an aqueous phase. Finally the chloroform
was allowed to evaporate slowly and completely under vigorous
stirring at room temperature, which enabled us to obtain such
long and smooth cylindrical micelles consisting of a P2VP core
and PEO corona. Figure la shows TEM images of the
cylindrical micelles in pure water captured immediately after
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complete evaporation of the chloroform solvent. It is found that
the exclusive cylindrical micelles with an average diameter of
43.11 + 4.33 nm and contour lengths on the order of several
tens of micrometers were generated in the system. As shown in
Figure 1b, the contour length distribution of such cylindrical
micelles was determined by measuring no less than 500
cylindrical micelles in TEM images. On a time scale of days,
these cylindrical micelles will spontaneously transform into
more stable spherical micelles under continuous mild stirring. It
is noteworthy that in our experiment stirring is not a
prerequisite for the morphological evolution but can only
speed up the transformation process. In controlled experiments
without stirring, the cylinders transform into spheres via similar
stages in a time period of ca. 2 months. Considering that
stirring will exert shearing force, which might affect the micelle
formation,*® a mild stirring rate (300 rpm) was applied after
chloroform was removed to avoid any unexpected shearing
influence throughout the experiment. Meanwhile, further by
employing other traditional micelle preparation methods, we
believe that the cylindrical micelles are kinetically trapped
structures depending sensitively on the specific emulsification
and solvent evaporation process (see details in the Supporting
Information, Figure S1). In the following sections, we will focus
on the nature of the fragmentation pathways of such cylindrical
micelles to access the details involved in the structural
evolution.

The time-dependent morphological transition behavior from
cylinders to spheres was completed in around 10 days. Before
directly visualizing the entire morphology of micelles, a
dynamic light scattering (DLS) experiment was performed to
in situ characterize the size information on micelles in water.
The apparent hydrodynamic diameter (D},) decreased from 534
to 89 nm as a function of time, which indicates the significant
trend of spontaneous fragmentation of long cylinders
(Supporting Information, Figure S2). In a corresponding
manner, representative TEM images show that P2VP,q-b-
PEO,;, cylindrical micelles spontaneously transform to
spherical micelles with time in water (Figure 2). As described,
the cylindrical micelles possess a smooth surface at the
beginning of the morphological evolution (Figures la and
2a), which becomes undulated within hours (Figure 2b). One
can see pronounced undulations along the cylinders in the high
magnification TEM images taken after 2 h (inset of Figure 2b).
We also found that the undulations could start from both ends
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Figure 2. TEM images of P2VP,s-b-PEO,;, cylindrical micelles
spontaneously transform to spherical micelles with time in water. The
images were taken during the transition after (a) 0 h, (b) 2 h, (c) S
days, and (d) 10 days, respectively, when no chloroform was visible.
Insets show the high-magnification TEM images of corresponding
morphology, and the scale bar in the insets represents 100 nm.

of the cylinder or randomly “budding” in the center, and
cylinders with local undulation parts could also be observed at
this stage (Supporting Information, Figure S3). Stirring
overnight was long enough to transform nearly all the smooth
cylinders into pearl-necklace-like micelles, which could
maintain the morphology for days and were evidently displayed
in Figure 2c (see also Supporting Information Figure S4 for
large scale of pearl-necklace-like micelles at lower magnifica-
tion). Strikingly, the strong beadlike deformations lead to the
formation of a necklace-like configuration with perfect
sinusoidal profile. Most importantly, such unique features are
obviously throughout the length of the cylinders. The pearl-
necklace-like micelles can maintain their morphology for
several days because the process of approaching spherical
micelles is sufficiently slow. As shown in Figure 2d, spherical
micelles have dominant morphology after 10 days. Given
enough time, all the cylindrical micelles eventually transform
into spherical micelles with an average diameter of 82.41 + 9.88
nm as measured from such TEM images.

There are two noteworthy features during the cylinder-to-
sphere transition. One key feature is that the whole
morphological transition process is identified unambiguously
within the time scale of experimental observation, which is of
critical importance for understanding the kinetic pathway and
transition mechanism. As mentioned above, a sphero-cylinder
(cylindrical body with enlarged spherical end-caps at the
terminus) mediated transition mechanism has been widely
accepted.'”>° Very recently, an undulated ribbon structure has
also been hypothesized to develop spherical end-caps and
further split off separated spheres considering dimensions of
the two structures, although the dynamic process was not
observed.*' Reversely, a different perspective has also been
proposed that the transformation from cylinders proceeded
directly to spheres without any intermediate structures on the
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millisecond range.*” However, in our system, it is shown that
the morphological transition definitely passed through several
stages with obvious characteristic intermediate states, which
completed in a relatively long time (ca. 10 days). It is likely that
the great difference in transition kinetics is related to the
driving force of morphological transition, in other words, the
degree of deviation from equilibrium. In previous work, the
cylinder-to-sphere morphological transitions of block copoly-
mer micelles usually mutated as a result of an external stimulus,
such as a jump in solvent composition,'”** pH, ionic
strength,'® as well as change in polymer chain structure.'”
Nevertheless, the situation in the present system is different
because the cylindrical micelles spontaneously transform into
spheres without an additional disturbance, indicating an
intrinsic driving force associated with the kinetically trapped
but not frozen cylindrical structure. On the other hand, it was
found that the cylinders become undulated in hours, while the
complete rupture of the undulated ones would cost several
days. From the energetic perspective, the initial smooth
cylinders are thermodynamically unstable states that lie far
away from equilibrium, which tend to undulate quickly. In
comparison, the undulated cylinders are metastable and might
need a longer time to cross over a free energy barrier to reach
the final stable states.*>

The other attractive feature during transition is the formation
of uniform pearl-necklace-like micelles with Rayleigh instability
induced undulations throughout the length. Only a few studies
report the analogous pearl-necklace-like structures, which
mainly reflected blending induced locally unfavorable energetic
interaction®*® or frustrated sphere-to-cylinder transition.'”**
Wooley et al. also trapped pearl-necklace-like morphology as
intermediate structures in the cylinder-to-sphere transition,
where bulbs were randomly formed along the rods.*> However,
the pearl-necklace structure profile in their work is essentially
different from the sinusoidal one induced by undulation of
cylinders, since the cross-linking reactions facilitated kinetic
trapping of assemblies, which is irrelevant to Rayleigh instability
induced transformation. On the other hand, we note that the
Rayleigh instability resulted transition mechanism has pre-
viously been proposed for surfactant cylindrical micelles based
on computer simulations and calculations.***” Besides, similar
undulation induced cylinder-to-sphere phase transition were
also reported in block copolymer melts.** > So far, in block
copolymer micellar systems, Rayleigh instability induced
beadlike deformations were observed only near the ends of
cylinders but could proceed along very limited periods and
appear to be damped in the long central portions.'*?*
Compared with previous observations, the well-defined
structure with perfect sinusoidal wave spreading all over the
length obtained here should be the only currently known
Rayleigh instability induced pearl-necklace-like intermediate in
the block copolymer micellar system.

More importantly, as typical signatures of Rayleigh
instability, both the undulated cylinder and pearl-necklace-like
intermediate structure indicated that a mechanism resembling
the Rayleigh instability triggered the morphological transition
from cylinder to sphere. To get better insight into this
transformation, we further compare the experimentally
measured characteristic sizes with the theoretical calculated
values based on Rayleigh instability, which are listed in Table 1.
According to the work of Nichols and Mullins,*" who applied
the Rayleigh instability type transformation to solid cylinders, a
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Table 1. Comparison between the Experimental Values and
the Theoretical Values Based on Rayleigh Instability

characteristic parameters  2R,%[nm] A" [nm] 4., [nm] 4.7 [nm]
theoretical value 43.11 135.37 191.62 81.48
experimental value 43.11 — 184.99 8241
standard deviation® 4.33 — 12.30 9.88

“Radius of the initial smooth cylinder. We assume that the theoretical
value is equal to the experimental value. “Critical wavelength for
cylinder to break down. “Perturbation of wavelength at maximum
growth rate. “Diameter of spheres. “Calculated from no less than 500
measurements.

cylinder with isotropic surface energy is analyzed with respect
to variations of the radius r by surface undulation of the form

27
r:RO+asin7x

where R, is the radius of the initial smooth cylinder; a is the
amplitude of the perturbation; A is the wavelength of the
perturbation; and x is the coordinate along the cylindrical axis.
A schematic illustration of the transformation pathway from
cylindrical micelles to spherical micelles driven by Rayleigh
instability is presented in Figure 3. The critical wavelength for

a 2R, b [ d

Figure 3. Schematic illustration and corresponding TEM images of the
transformation pathway from cylindrical micelles to spherical micelles
driven by the Rayleigh instability, where Ry is the radius of the initial
smooth cylinder, a the amplitude of the perturbation, A the wavelength
of the perturbation, and d, the diameter of spheres. (a) Smooth
cylinders; (b) undulated cylinders; (c) pearl-necklace-like structures;
(d) spheres.

cylinders to break down is estimated by A, = 277R,. As long as
A is larger than the circumference of the cylinder (1 > A,.;,), the
amplitude increases spontaneously, and a cylinder will become
unstable against the sinusoidal perturbations. If the wavelength
reaches the maximum point, 4., = 271\/ 2R, = 8.89R, the
perturbations would grow fastest. The amplitude of the
perturbation with the maximum growth rate continues to
increase, and the cylinders eventually break up into spheres
with an estimated diameter d; = 3.78R,. Here, taking 2R, =
43.11 nm as measured from TEM images (Figure 3a, a’), we
can calculate that 4, = 135.37 nm, 4, = 191.62 nm, and d, =
81.48 nm, respectively. When compared with the experimen-
tally measured wavelength (the distance between the
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corresponding points of two consecutive undulations) of the
metastable undulating cylinders 184.99 + 12.30 nm, it is
reasonable to expect that the smooth cylindrical micelles are
destabilized by Rayleigh instability (Figure 3b, b’). With time
the undulation amplifies, and the wave grows in amplitude,
resulting in the formation of well-defined pearl-necklace-like
structure (Figure 3¢, ¢’). Further undulation then leads to
fragmentation into spherical micelles with radius of 82.41 +
9.88 nm, which also agrees well with the theoretically predicted
value d; = 8148 nm (Figure 3d, d’). The above results
positively demonstrate that the fragmentation pathway of
cylindrical micelles is in strict conformity with Rayleigh
instability.

Notwithstanding the evidence that Rayleigh instability is the
dominant driving force in the whole cylindrical-to-spherical
micellar transition, the underlying physics involved is actually
different. It is known that the Rayleigh instability is driven by
the surface energy of a fluid cylinder; however, the free energy
of block copolymer micelles is governed by three different
components, i.e., the stretching energy of core blocks, repulsion
of the corona chain, and surface tension.' On the basis of the
experimental evidence, we consider the transformations to be
predominantly driven by the interface energy that relates to the
surface tension between the core-forming blocks and the
solvent in the current system. The long cylindrical micelles are
temporarily trapped by the unique preparation procedure, but
spheres with lower surface energy are much more thermody-
namically favorable than cylinders in the given conditions. In
addition, we suspect that the composition of the block
copolymer P2VP,,-b-PEO,;, (volume fraction for P2VP blocks
is about 81.5%) should be near the cylinder/sphere phase
boundary in the phase diagram because we have further
attempted to use the block copolymer with different
compositions to repeat the procedure, and only spherical
micelles could be observed when the core block volume
fractions lie in the sphere-forming region far away from the
phase boundary (data not shown). The “emulsification and
solvent evaporation” method can produce an instantaneous
local excess concentration of polymer molecules upon abrupt
burst from the chloroform droplets. When the free chains get
together quickly to form temporal micelles, cylindrical micelles
with more stretched core blocks are favored instead of spherical
ones at the very beginning.>> Ultimately, thanks to the chain
mobility of the slightly swollen P2VP cores, the system was
allowed to transform slowly on a time scale of days. On the
basis of these considerations, we suggest that such a
morphological transition only occurs in limited systems
depending on the composition of the block copolymer and
fluidity of micellar cores, which are indispensible for the
spontaneous cylindrical to spherical micellar transformation
induced by Rayleigh instability.

By taking advantage of the slow kinetics of morphological
evolution in aqueous media, the encapsulation and transition-
coupled release behavior of the present system were also
examined. When block copolymer micelles are used in guest
delivery, morphology transition shows an impact on the loading
capacity,> and the transition dynamics are related to the rate of
release.”*** The slow morphological evolution of P2VP,,-b-
PEO 34 micelles in aqueous media described above provides a
broad time window for the investigation of such a dynamic
process. As a proof of principle experiment, a kind of
hydrophobic fluorescent dye Nile Red (NR) was chosen to
load into the hydrophobic core domain. The color of micellar
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solutions turned from bluish-white to pink after introduction of
NR, and the successful encapsulation was further confirmed by
laser scanning microscopes (LSMs) and fluorescence emission
spectra. As seen in LSM images (Figure 4a—d), the

Relative Fluorescence (a.u.) 3|
-
3

650 700 750
Wavelength(nm)

600 800

Figure 4. Representative LSM images of Nile Red loaded P2VP,,-b-
PEO, 3, micelles in the dynamic process of morphological evolution
observed (a) as soon as no chloroform was visible and after (b) 2 h,
(c) S days, and (d) 10 days, respectively. (e) Fluorescence emission
spectra of the micelle solution at different evolution time and after pH-
triggered release of NR (4, = 550 nm), showing a decrease and red-
shift of fluorescence emission due to release of NR molecules to water.

introduction of 1 wt % (relative to P2VP,¢,-b-PEO,3,) NR
had no obvious influence on the micellar morphological
evolution pathway, which provides complementary evidence
in aqueous solutions to further prove the in situ micellar
morphological transition. Upon excitation at 550 nm, the
hybrid micellar solutions exhibited apparent fluorescence
emission peaks, which shifted from 621 to 645 nm with a
decrease in intensity to about 20% of the initial level in the
Rayleigh instability induced morphology transition process
(Figure 4e). It is well-known that the fluorescence properties of
NR hi6ghly depend on the polarity of the probe environ-
ment,>*>” so we can infer that accompanied by the micellar
transformation the entrapped NR molecules were released from
the hydrophobic medium (P2VP cores) into aqueous solution
and quenched. Furthermore, in light of the pH-dependent
solubility of P2VP blocks in water (with a pK, of 5.9), an
instantaneous release of NR could be triggered upon lowering
the pH value below 5, as evidenced by the negligible
fluorescence emission. Although it remains to be elucidated
further, we envision that micelles of various, continuous
variable morphologies in our system might serve as a stimuli-
responsive model and allow for the development of guest
delivery vehicles.
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In conclusion, a spontaneous morphological transition from
cylinder to sphere was fully monitored in a diblock copolymer
micellar system, which passed through several stages charac-
terized by sinusoidal undulated cylinders and pearl-necklace-
like intermediate structures. On the basis of quantitative
measurements and comparisons, it is believed that the Rayleigh
instability induced mechanism is responsible for the trans-
formation, which has already been proposed but never been
unambiguously visualized in a dynamic block copolymer
micellar system. Apart from directly visualizing a detailed
picture of the kinetic pathway, the block copolymer micelles in
evolutional structures can be a promising candidate and model
system in guest delivery and controlled release area. Moreover,
the possibility to regulate the P2VP block mobility via
coordination or cross-link allows facile tuning or even locking
the unstable intermediates at different stages, which offer an
opportunity to design and produce new novel nanostructures.
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