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Abstract

Time-resolved small-angle X-ray scattering (TR-SAXS) is an indispensable technique for directly monitoring in situ kinetic
processes in soft matter, providing real-time structural information from nanometer to micrometer length scales. This Focus
Review summarizes recent significant advances in understanding the self-assembly kinetics of block copolymers in solution,
primarily revealed through TR-SAXS. The review is structured into three key sections, each addressing distinct driving
forces and mechanisms. First, we discuss the formation and transformation of micelles, predominantly driven by non-
covalent interactions like van der Waals forces and hydrophobic interactions, leading to the spontaneous association of
amphiphilic block copolymers in selective solvents. Next, we cover polyelectrolyte complex micelles and vesicles, where
self-assembly is initiated by electrostatic interactions, as mixing oppositely charged block polyelectrolytes in aqueous media
forms complex coacervate structures. Finally, we present polymerization-induced self-assembly (PISA), a unique approach
involving the in situ formation and evolution of block copolymer nanostructures as a monomer is polymerized from a pre-
existing polymer chain, simultaneously achieving block copolymer synthesis and self-assembly. Through these examples,
we highlight the power of TR-SAXS in elucidating the intricate kinetic pathways and underlying mechanisms governing
block copolymer self-assembly.

Introduction functional nanomaterials with tailored properties, applicable

in fields ranging from drug delivery and diagnostics to

Block copolymers, composed of two or more chemically
distinct polymer blocks covalently linked, exhibit a
remarkable ability to self-assemble into diverse nanos-
tructures when placed in selective solvents. This sponta-
neous organization, driven by thermodynamic forces, leads
to a wide variety of morphologies including spherical
micelles, cylindrical micelles, vesicles, and more complex
hierarchical structures [1-3]. Understanding the kinetics and
mechanisms governing these self-assembly processes is not
just a matter of fundamental scientific curiosity; it is also
critically important for the rational design and synthesis of
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advanced coatings and energy storage [4—6].

For decades, researchers have made significant strides in
characterizing the equilibrium structures of block copolymer
assemblies [7, 8]. However, truly elucidating the dynamic
pathways and transient intermediate states that occur during
their formation and transformation remains a substantial chal-
lenge. This is where time-resolved small-angle X-ray scattering
(TR-SAXS) has become a crucial technique owing to recent
developments in synchrotron radiation X-ray sources and
detectors. By providing in situ real-time structural information
on nanometer to micrometer length scales with high temporal
resolution, TR-SAXS allows for direct monitoring of kinetic
processes in soft matter, offering unparalleled insights into the
transient structures and mechanistic details that are otherwise
difficult to access.

Several reviews have previously explored aspects of
block copolymer self-assembly. For example, Lund et al.
provided a broad overview of TR-SAXS and time-resolved
small-angle neutron scattering (TR-SANS) studies focusing
on block copolymer micelles [8]. More recently, Lodge
et al. reviewed the dynamics and equilibration mechanisms
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with a specific focus on spherical micelles [9], and Nar-
ayanan summarized SAXS studies on the broader dynamics
of colloids [10]. Building upon these foundational con-
tributions, this Focus Review aims to provide an overview
of the recent advances in understanding block copolymer
self-assembly kinetics in dilute solutions, predominantly as
revealed through the application of TR-SAXS, with a par-
ticular emphasis on the authors’ viewpoint and its context
within the broader field. This review will prioritize dis-
cussing what has been revealed thus far by TR-SAXS
regarding these dynamic processes rather than delving into
the intricate details of SAXS data analysis methodologies.
We particularly highlight studies concerning (i) the forma-
tion and transformation of micelles driven by van der Waals
and hydrophobic interactions; (ii) the self-assembly of
polyelectrolyte complex micelles and vesicles formed
through electrostatic interactions; and (iii) polymerization-
induced self-assembly (PISA), a dynamic process where
structural evolution occurs concurrently with polymer
synthesis. Through these distinct categories, we aim to
underscore the unique power of TR-SAXS in advancing our
fundamental understanding of block copolymer self-
assembly and its dynamic evolution.

Formation and transformation of micelles

The study of micelle formation dates back to the 1960s, with
turbidity changes during the micellization of low-molecular-
weight surfactants in aqueous solution revealing two distinct
relaxation times, suggesting multi-step kinetic processes [11].
Nearly five decades later, the advent of high-flux synchrotron
X-ray sources and rapid detection systems enabled Lund et al.
to successfully monitor the initial stages of polymeric micelle
formation by TR-SAXS [12]. They employed a stopped-flow
apparatus (Fig. 1) to rapidly mix a poly(ethylene propylene)-
block-poly(ethylene oxide) (PEP;¢-b-PEO,g;) solution in
N,N-dimethylformamide (DMF) with an aqueous solution
containing 20 mol% DMF. This rapid mixing (1:1 ratio)
yielded a 10 mol% DMF aqueous mixture, thereby inducing
micelle formation. The SAXS scattering function in pure
DMF exhibited a nearly angle-independent profile. However,
immediately after mixing (# = 14.5 ms), a sharp increase in
the scattering intensity at a low angle was observed, and a
distinct angle dependence emerged, signifying the onset of
micelle formation. This intensity continued to increase over
time, reflecting the growth and maturation of the micellar
structures. Figure 2 shows the time dependence of the mean
aggregation number of the spherical micelles, derived from
their scattering functions. A key finding was that micelle
growth accelerated with increasing copolymer concentration,
exhibiting a characteristic two-step time dependence at all the
concentrations studied. This suggests a complex kinetic
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Fig. 1 Schematic illustration of SAXS coupled with a stopped-flow
apparatus
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Fig. 2 Time dependence of the mean aggregation number, extracted
from the fits for all three total volume fractions: 0.125% (stars); 0.25%
(squares), and 0.5% (triangles). The solid lines represent fits using the
kinetic model. Reproduced with permission from ref. [12]. Copyright
2009 American Physical Society

pathway involving initial nucleation and subsequent growth
phases through unimer exchange. It is highly probable that
the unimer exchange process was dominant in the study by
Lund et al. due to the specific characteristics of their copo-
lymer: the relatively large degree of polymerization of the
hydrophilic block (PEO,497) and the smaller degree of poly-
merization of the hydrophobic block (PEP). If the hydro-
philic block had a significantly smaller degree of
polymerization and the hydrophobic block a larger one,
growth via fusion/fission processes could also occur. Kalk-
owski et al. further extended these investigations, demon-
strating the ability of TR-SAXS to probe micellization
kinetics with millisecond temporal resolution [13].

Beyond mere formation, TR-SAXS is also exceptionally
useful for studying the morphological transformation of
micelles. For example, Lund et al. investigated the mor-
phological transition of poly(ethylene propylene)-block-
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poly(ethylene oxide) (PEP,;-b-PEO34) micelles from
cylinders to spheres [14]. They dissolved the block copo-
lymer in a mixture of 51 mol% deuterated DMF (d-DMF) in
water and then triggered the transition by rapidly mixing
this solution with additional d-DMF (1:1 ratio) using a
stopped-flow apparatus. By employing TR-SAXS as well as
TR-SANS, they were able to monitor the transition in situ,
providing a more accurate and comprehensive view of the
micellar changes. The scattering data were modeled
assuming the coexistence of cylindrical and spherical
micelles, which enabled quantitative determination of the
fraction of each morphology and the diameter of the sphe-
rical micelles over time. A crucial observation was the
constant length of the cylindrical micelles throughout the
transition, leading the authors to conclude that an all-or-
none transition occurred rather than a gradual shortening of
the cylinders. Furthermore, they reported a slow but con-
tinuous increase in the diameter of the spherical micelles
during the later stages of the transition, strongly suggesting
an Ostwald ripening process where the average association
number of the spherical micelles increases as larger micelles
grow at the expense of smaller ones. These studies vividly
demonstrate the unique capability of TR-SAXS to unveil
the subtle, yet critical, kinetic details of block copolymer
self-assembly and morphological transitions.

Polyelectrolyte complex micelles and
vesicles

When a polycation and a polyanion are mixed in an aqueous
solution, a polyelectrolyte complex (PEC) is formed, driven
primarily by strong electrostatic interactions or by the
entropy gain associated with the release of condensed
counterions. This process can be viewed as a type of
liquid-liquid phase separation, often referred to as coa-
cervation. Early studies in the 1940s reported this phe-
nomenon [15, 16], and several groups investigated its
kinetic process using time-resolved light scattering, typi-
cally at a single scattering angle, which provided limited
structural information. The present author and coworkers
[17] employed time-resolved ultra-small-angle X-ray scat-
tering (TR-USAXS) coupled with a stopped-flow apparatus
[18] and revealed that the very initial association of oppo-
sitely charged polyelectrolytes is extremely rapid («2.5 ms)
and is below the detection limit of mixing and scattering
techniques. It is worth noting that while the study [17] was
performed at the ID0O2 beamline, ESRF, in 2017, the dead
time was reduced to 2.0 ms by 2021 [19].

Regarding polyelectrolyte complex micelles, the group
of Lund has extensively studied the kinetic pathways for
micelle formation from oppositely-charged polymers with
electroneutral blocks by TR-SAXS [20-22]. In their work,

electrostatic interactions drive the formation of these
micelles, which contrasts with conventional micelles pri-
marily formed by hydrophobic and/or van der Waals
interactions. Their work has provided crucial insights into
the formation of spherical polyelectrolyte complex micelles.
Wu et al. also reported spatiotemporal formation and
growth kinetics of polyelectrolyte complex micelles with
millisecond resolution, further demonstrating the power of
TR-SAXS in this field [23]. However, the very initial stages
in polyelectrolyte complex formation, specifically the
association between a single polyanion and a single poly-
cation, have not been observed by TR-SAXS.

The authors have also studied the morphological transi-
tions of polyelectrolyte complex micelles and vesicles,
formed from cationic—neutral and anionic—neutral block
copolymers. This system exhibits morphological changes—
from spherical micelles to rod-like micelles and vesicles—
depending on the salt concentration and the mixing ratio of
cationic and anionic polymers [24, 25]. What is particularly
noteworthy is that, unlike most types of vesicle formation,
which typically require the use of organic solvents for
dissolution or mechanical/thermal treatment, polyelectrolyte
complex vesicles can be formed simply by mixing in aqu-
eous solution. Therefore, this inherent ability of the system
to form polymeric vesicles upon simple mixing enables
their observation through stopped-flow TR-USAXS mea-
surements. Regarding the transition from rod-like to sphe-
rical micelles, we revealed that this occurs through a
mechanism where the rod-like micelles are considered as
chains of spherical micelles, and their linkages are randomly
cleaved [26]. This conclusion is different from that of Lund
et al. [14] as above, although direct comparisons may be
limited due to differences in sample types, driving forces,
and intermolecular interactions. It is worth noting that Lund
et al. did not derive the molar mass of the cylindrical
micelles, likely due to the limited range of the magnitude of
the scattering vector.

For the transition from spherical or rod-like micelles to
vesicles, it was found that disk-like micelles form as an
intermediate structure, which then curves to become vesi-
cles [27] (Fig. 3). The fundamental mechanism of vesicle
formation was similar to that reported for low-molecular-
weight surfactants [28], which have also been investigated
by TR-SAXS. However, since polymeric vesicles possess
thicker membranes, the increased energy required for cur-
vature suggests that this curving process into vesicles
represents a significant energy barrier. It is worth noting that
the mechanism of polymeric vesicle formation (not poly-
electrolyte complex vesicle) studied by liquid-phase trans-
mission electron microscopy (TEM) [29] differs from the
disk-curving mechanism; a phase-separation-mediated
mechanism has been proposed. This alternative mechan-
ism, however, has not yet been observed via TR-SAXS.
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Fig. 3 Schematic illustration of the formation process and time-
evolution of the USAXS profiles during polymer vesicle formation.
Reproduced with permission from ref. [27]. Copyright 2022 American
Chemical Society

Recent advances in the structural design of polyelectrolyte
complex micelles were also reviewed by Marras et al. [30].

Polymerization-induced self-assembly (PISA)

The self-assembly processes discussed so far are typically
induced by changes in the external environment of pre-
formed polymers, such as alterations in added salt con-
centration, temperature, solvent composition, or mixing
ratios of the polymers. In these scenarios, the degree of
polymerization of the constituent blocks remains constant
throughout the self-assembly and transformation process. In
contrast, this section focuses on a distinct and increasingly
important strategy in which polymerization itself induces
the formation and transformation of micelles and vesicles.
This phenomenon, widely known as PISA, involves the in
situ growth of a solvophobic block from the end of a sol-
vophilic polymer chain in solution. As the newly formed
block grows and reaches a critical chain length, the resulting
amphiphilic block copolymer self-assembles (Fig. 4), with
the micellar morphology often evolving as the poly-
merization proceeds.

The PISA process is fundamentally different from con-
ventional self-assembly because the degree of polymeriza-
tion continuously increases during the entire process of
micelle formation, growth, and subsequent transformation.
Hence, PISA typically occurs on a much slower timescale,
ranging from minutes to hours. This slow kinetics can be
readily monitored by TR-SAXS without stopped-flow
device, even with laboratory-based SAXS instruments,
unlike the rapid, millisecond-scale early stages of other self-
assembly processes that necessitate high-flux synchrotron
sources. However, since many polymerization reactions are
inhibited by oxygen, samples must be deoxygenated and the
cells sealed before measurement, often requiring techniques
like working in a glove box.

The group of Armes has pioneered many aspects of
PISA, being among the first to observe the growth of the
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Fig. 4 Schematic illustration of PISA

spherical micelles (Fig. 5a) as well as sequential morpho-
logical evolution from spherical micelles to cylindrical
micelles and then to vesicles as the polymerization pro-
gresses (Fig. 5b) [31, 32]. They extensively employed
reversible addition—fragmentation chain transfer (RAFT)
dispersion polymerization to synthesize diblock copolymers
for their studies. During the PISA process, the packing
parameter (p = v/(apL)), which describes the geometric
constraints on block copolymer self-assembly (where v is
the volume of the hydrophobic block, a, is the optimal
surface area per head group, and L is the length of the
hydrophobic block), continuously changes due to the
increasing length of the core-forming block. These changes
in the packing parameter are directly responsible for driving
the observed morphological transitions. Armes’ group also
successfully monitored the PISA process during aqueous
emulsion polymerization to synthesize amphiphilic block
copolymers [33-35]. To facilitate in situ TR-SAXS mea-
surements of emulsion polymerization, a bespoke cell
designed for efficient stirring of the sample solution was
utilized to ensure sample homogeneity and accurate scat-
tering data acquisition.

The authors and coworkers also studied PISA by TR-
SAXS, specifically focusing on spherical micelle formation
[36]. A key insight from this study was the quantitative
reproduction of TR-SAXS data. This was achieved by
combining models of the polymerization reaction kinetics
with micelle structure, assuming that micelle formation and
growth (via unimer exchange and fusion) were sufficiently
faster than the polymerization process. This rapid equili-
bration allowed the micelle system to remain in a thermo-
dynamically stable state at each polymerization stage.

However, PISA systems often become kinetically trap-
ped, particularly when the core-forming blocks exhibit glass
transition temperatures (7,) above the polymerization
reaction temperature [37, 38]. This leads to the vitrification
of the micellar core, arresting further structural evolution
and preventing the structure from remaining thermo-
dynamically stable. Consequently, T, significantly influ-
ences PISA kinetics; while systems with 7, sufficiently
below the polymerization temperature can be analyzed
relatively easily (as demonstrated in ref. [36]), the com-
plexity arising from vitrification is precisely what makes
PISA kinetics so intriguing. A deeper understanding of
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Fig. 5 SAXS profiles obtained
in situ during PISA synthesis in
spherical micelle case (a) and
vesicle case (b). Reproduced
from ref. [31]
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these non-equilibrium dynamics during PISA could poten-
tially lead to the preparation of metastable structures not
achievable through conventional methods.

Another critical consideration in TR-SAXS studies of
PISA is the radiation effect. X-ray irradiation of samples
can generate radicals, which, in turn, can accelerate radical
polymerization reactions during PISA [31, 32, 39]. This
radiation-induced promotion of polymerization can sig-
nificantly complicate the quantitative analysis of PISA. As
the polymerization and self-assembly processes are already
intricately coupled and simultaneously proceeding, time-
resolved nuclear magnetic resonance (NMR) measurements
are also important as well as TR-SAXS for understanding
the PISA process. For example, by NMR measurements, the
phenomenon where the polymerization rate increases at a
certain time during PISA is often observed and it is attrib-
uted to the onset of self-assembly [40], as unreacted
monomers become encapsulated within the nascent
micelles. This local increase in monomer concentration and
viscosity within the micellar core is believed to promote the
polymerization rate. However, analyzing this monomer
encapsulation behavior accurately by NMR and TR-SAXS
without any radiation-induced artifacts remains challenging,
as the promotion of polymerization by X-ray exposures
almost always occurs, except at very low monomer con-
centrations (<1 wt%) [36].

To mitigate the radiation effect, Warren and coworkers
utilized a continuous flow cell in conjunction with a
laboratory SAXS instrument [41]. This setup allowed for a
continuous supply of fresh reaction mixture to the X-ray
beam, thereby minimizing the exposure time of any given
volume of sample to the X-ray beam and consequently
avoiding the promotion of the polymerization reaction.
However, due to the inherent lack of high time resolution in
their laboratory SAXS instrument, they were unable to
precisely estimate the time point of the onset of self-
assembly. In this context, TR-SANS offers a significant
advantage. Neutron scattering, which leverages the de
Broglie wave nature of neutrons, is typically performed
with much lower energies compared to X-rays of the same

wavelength. Consequently, neutron irradiation is far less
likely to induce radical polymerization. For example, neu-
tron irradiation at JRR-3 [42], at a wavelength 0.7 nm™', has
been shown not to promote the radical polymerization of
methyl methacrylate during TR-SANS measurements [43].
In addition, TR-SANS has tracked PISA of solvent-free
systems via living anion polymerization [44, 45]. These
studies suggest that TR-SANS is a highly beneficial tech-
nique for future studies aiming to accurately delineate the
interplay between polymerization kinetics and self-
assembly onset without radiation artifacts.

Beyond the forward process of PISA, exploring its reverse
offers a unique opportunity for deeper insights into dynamic
self-assembly. The field of depolymerization for polymers
prepared via RAFT polymerization and atom transfer radical
polymerization has seen rapid advancements recently [46].
The authors demonstrated that TR-SAXS could monitor the
thermal depolymerization process of poly(benzyl methacry-
late) (homopolymer) prepared thought RAFT polymerization
[47]. This depolymerization proceeds via an unzipping
mechanism, where monomers are successively released from
the chain terminus. Unlike the significant artifacts often
observed in TR-SAXS studies of the forward PISA process,
no such artifacts were detected during this depolymerization
study. This result suggests that TR-SAXS is a valuable tool
for studying the depolymerization process, and, furthermore,
the reverse process of PISA; i.e., “depolymerization-induced
disassembly” of micelles.

Conclusion and outlook

TR-SAXS stands as an exceptionally powerful and versatile
technique for unraveling the complex kinetic pathways
governing block copolymer self-assembly in solution.
Coupled with tools like stopped-flow mixers, it has enabled
quantifying early-stage Kkinetics, resolving millisecond
events, and revealing rapid nucleation and initial growth of
nanostructures. Furthermore, it has allowed direct mon-
itoring of morphological evolution, such as cylinder-to-
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sphere transitions, providing evidence for micellar shape
changes and determining relative fractions of different
morphologies and vesicle formation. TR-SAXS has also
elucidated underlying mechanisms.

In PISA, TR-SAXS has been instrumental in observing
in situ growth and morphological evolution during poly-
merization. While TR-SAXS offers significant progress,
challenges persist regarding radiation effects and the intri-
cate coupling of polymerization kinetics with self-assembly.
However, complementary techniques like TR-SANS show
promise in mitigating these issues. It is well known that TR-
SANS utilizes different contrasts than SAXS, providing
unique information unattainable by X-rays [8]. In addition
to this feature, to monitor PISA processes, neutron radiation
does not induce or promote polymerization, making TR-
SANS particularly valuable for accurate quantitative ana-
lyses without interference.

A key illumination of TR-SAXS is that its data represents
an average over the entire scattering volume. This can make it
challenging to precisely analyze individual morphologies
when multiple forms coexist during processes such as micelle-
to-vesicle transitions [27]. To gain a more comprehensive
understanding, combining TR-SAXS with liquid-phase trans-
mission electron microscopy (LP-TEM) is also crucial. LP-
TEM enables the observation of structural evolution at the
single-particle level [29, 48], offering a complementary per-
spective to the ensemble-averaged TR-SAXS data.

The upcoming upgrade of the SPring-8 synchrotron radia-
tion facility to SPring-8-II [49] exemplifies the global trend of
new and upgraded synchrotron facilities [50], promising sig-
nificant enhancements in X-ray brilliance and coherence. This
will lead to superior time resolution, enabling the investigation
of faster dynamic processes and transient phenomena. More-
over, the improved coherence will enable advanced techniques
like X-ray photon correlation spectroscopy (XPCS), a powerful
tool for probing dynamics across a wide range of length and
time scales and providing unprecedented insights into complex
systems. These synergistic advancements are profoundly sig-
nificant for future research into the dynamics of self-assembly,
poised to revolutionize our understanding of material self-
organization and offer unparalleled opportunities for real-time
investigations of kinetic pathways and structural evolution.

Finally, integrating experimental TR-SAXS data with
advanced theoretical modeling and data analysis techniques
and simulations is essential for predictive models of block
copolymer self-assembly, enabling rational design of func-
tional soft materials. Continued innovation in TR-SAXS
methodologies, coupled with advancements in data analysis
and theoretical understanding, promises to deepen our
comprehension of block copolymer self-assembly, paving
the way for novel materials in various applications.
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