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Abstract Deciphering how molecular sequences of block copolymers program their self-assembly pathways is a pivotal pursuit in polymer sci-
ence. To this end, we integrated viscoelastic constitutive relations into dynamic self-consistent field theory (DSCFT) to probe the spatiotemporal-
ly coupled evolution of nanostructures and chain conformations in sequence-defined multiblock copolymers during viscoelastic microphase
separation. The DSCFT simulations reveal that the linear sequence of slow-relaxing “hard” and fast-relaxing “soft” blocks encodes two pro-
grammable kinetic motifs: a hard-soft-hard sequence drives a sharp, droplet-coalescence-triggered conversion from loop to bridge conforma-
tions during viscoelasticity-mediated phase inversion, whereas a soft-hard-soft sequence governs a gradual, network-contraction-driven relax-
ation of chain conformations. Serving as modular kinetic codes identified in the system of triblock copolymers, these kinetic motifs were shown
to operate concurrently within tetrablock chains and generalize to penta- and hexa-block architectures, demonstrating the scalability and ro-
bustness of sequence-encoded dynamics. This work establishes the paradigm of sequence-encoded viscoelastic kinetics, providing a mecha-
nism for controlling pathway-dependent self-assembly at the molecular level.
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INTRODUCTION

The spatiotemporal organization of functional matter in living
systems, spanning membraneless organelles to extracellular
matrices, is rooted in liquid-liquid phase separation.!'”! The
pathways and outcomes of this phase separation process are
governed not only by thermodynamics but also by the se-
quence-encoded kinetic properties of proteins and RNAs.2~'2
These biomolecules can be viewed as natural multiblock
copolymers, where specific linear sequences of cohesive “stick-
er” and flexible “spacer” motifs program both thermodynamic
driving forces and a defined spectrum of relaxation
dynamics.'>'® This programmed disparity in relaxation
timescales governs the formation of nonequilibrium structures,
such as metastable condensates and transient networks.['’=2]
Consequently, molecular sequence dictates both the thermo-
dynamic landscape and the ordering kinetics of phase separa-
tion, ultimately specifying the chain conformations and higher-
order  structural  organization  within  biomolecular
assemblies.**~2°! Therefore, deciphering and emulating this se-
quence-encoded kinetics constitutes a central pursuit in poly-
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mer science, demanding a model system with precise architec-
ture control.

Synthetic multiblock copolymers, with their precisely tun-
able sequence of chemically distinct blocks, provide an ideal
platform to emulate biological programmability and deci-
pher the physical code linking the sequence to self-
assembly.27 =321 Their modular architecture allows for the sys-
tematic encoding of information not only through block
chemistry but also through variables such as block number,
length and topology. Theoretically, predictive tools, such as
self-consistent field theory and coarse-grained simulations,
have established how these parameters map to a vast land-
scape of equilibrium nanostructures.33-41 Experimentally,
systems ranging from PEO-based multiblock copolymers to
elastin-like polypeptides have demonstrated the ability to
precisely control their nanostructure and response properties
through sequence design.*6-511 Collectively, these works
have established a powerful thermodynamic design frame-
work, enabling precise prediction and realization of equilibri-
um self-assembly outcomes. However, this static and end-
point-focused control contrasts with the dynamic and path-
way-dependent kinetics essential for biological function.

To bridge this gap between static endpoint design and ki-
netic pathway control, the spectrum of relaxation dynamics
encoded by a multiblock sequence emerges as the pivotal
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design dimension governing self-assembly kinetics. The lin-
ear sequence dictates the spatial arrangement of the slow-re-
laxing “hard” and fast-relaxing “soft” blocks.[52-56 This molec-
ular-level disparity in relaxation timescales manifests macro-
scopically as viscoelastic asymmetry between distinct compo-
nents. During phase separation as a typical example, such
asymmetry fundamentally redirects morphological evolution
away from classical pathways such as nucleation-growth or
spinodal decomposition, driving the system into a distinct
regime of viscoelastic phase separation (VPS).57-611 |n the
VPS, the kinetic pathway of multicomponent polymers is dic-
tated by a competition between the inherent relaxation time
of distinct components and the characteristic deformation
rate of demixing. This dynamic interplay suppresses normal
diffusion coarsening and promotes the formation of non-
equilibrium patterns, such as transient networks or sponge-
like morphologies,[©2-91 wherein the slower-relaxing hard
blocks act as kinetic traps. Notably, this can lead to distinctive
pathways, such as phase inversion, where the initial morphol-
ogy inverts during VPS.

Building on the established role of dynamic asymmetry in
the VPS, our recent work on diblock copolymers validated its
capability to reprogram the kinetic pathways of self-assem-
bly.[’%1 By incorporating viscoelastic constitutive relations in-
to the dynamic self-consistent field theory (DSCFT),7-751 we
demonstrated that a pronounced disparity in bulk modulus
can trigger composition-independent phase inversion, yield-
ing metastable percolating networks. This finding confirms
that dynamic asymmetry can bypass thermodynamic con-
straints, yet it immediately raises the pivotal and more com-
plex question for sequence-defined polymers: how does the
precise linear order of hard and soft blocks in multiblock
copolymers deterministically encode non-equilibrium self-as-
sembly pathways and, through these pathways, govern the
spatiotemporal evolution of chain conformations (e.g., bridg-
ing versus looping)?

To decode how the molecular sequence dictates both
nanostructures and their dynamics, we employed viscoelas-
tic DSCFT to investigate how the linear sequence of hard and
soft blocks governs the selection of self-assembly pathways
of multiblock copolymers in viscoelastic microphase separa-
tion (VUPS). This methodology integrates time-dependent
stress relaxation with chain conformation dynamics, enabling
spatiotemporally resolved simulations of coupled structure
and conformation evolution. By designing a series of se-
quences with permutations of hard and soft blocks, we eluci-
dated how specific sequences of different blocks program
distinct kinetic pathways of self-assembly and direct the evo-
lution of chain conformations. Furthermore, we probed the
modularity and generality of these kinetic pathways by exam-
ining their concurrent operation within a single chain and
transferability to longer sequences. This work bridges the gap
between the static endpoint-focused paradigm of traditional
thermodynamics and the dynamic pathway-dependent pro-
gramming essential to biological functions.

THEORETICAL MODELLING AND
COMPUTATIONAL METHODS

In this study, we extended the DSCFT to model the viscoelastic
microphase separation of AB-type multiblock copolymers. With

the evolving structures and external fields obtained from the
DSCFT simulations, we calculated the statistical distribution of
the chain conformations of AB-type multiblock copolymers. In
the following, we briefly outline the key aspects of the DSCFT
model.

We introduced a general parity-based principle to model a
series of linear AB-type multiblock copolymers, where the
overall composition (i.e., overall volume fractions of blocks A
and B, fy = fz = 0.50) was held constant, while the sequence
symmetry and total number of blocks were varied. Based on
this principle, two distinct families of multiblock copolymers
have been constructed. The even-parity (AB), series compris-
es chains with an even number of blocks and inherently dis-
similar end-blocks. To isolate the architectural effect, a sym-
metric composition constraint was enforced (i.e., each block
had an identical volume fraction), thereby maximizing se-
quence symmetry and conformational freedom. The odd-par-
ity (AB),A series consists of chains with odd numbers of
blocks and identical end blocks. Herein, the inversion symme-
try of the composition and the overall composition balance
are maintained by designing the two end A-blocks to have
half the volume fraction of the internal blocks. To maintain
this symmetry, we set the two end blocks as half the volume
fraction of the internal blocks. This choice ensures that the
overall molecular architecture is invariant under an end-to-
end inversion. The architecture, sequence, and composition
of the multiblock copolymers are schematically illustrated in
Fig. S1 (in the electronic supplementary information, ESI).

Within the framework of the self-consistent field theory, we
modeled AB-type multiblock copolymer systems as weakly
compressible melts composed of Gaussian chains.’¢l The
connectivity of the polymers is described through harmonic
constraints that account for chain elasticity and configura-
tion entropy. The repulsive interactions between distinct A
and B blocks are captured by the Flory-Huggins interaction
parameter x scaled by the degree N of polymerization. The
system is represented using local volume fraction fields ¢p
and g¢g as well as the conjugate chemical potential fields wp
and wg. These fields satisfy a bijection relationship.[273!

The evolution of the local volume fraction fields g, and ¢g
during VUPS is governed by the continuity equations within a
two-fluid model.l’473! Viscoelastic stresses arising from both
shear and bulk relaxation mechanisms were modeled using
an Oldroyd-B-type constitutive relation.’”] This model cap-
tures the time-dependent stress response through the inter-
play between the shear modulus G, (I = A and B) and bulk
modulus K|, all of which depend on ¢,. These material param-
eters describe the nonlinear viscoelastic behavior of a hetero-
geneous polymer system.

The DSCFT equations were solved using a multi-step nu-
merical scheme.’8! All simulations were performed in two di-
mensions under periodic boundary conditions on a 128x128
lattice spanning a domain of 32Ry x 32R,, where Ry denotes
the radius of gyration of the copolymer chain. A time step of
At = 101 was adopted, where 1 is the characteristic diffu-
sion time. The characteristic stress is given by o. = n/t, where
n is the viscosity coefficient of distinct blocks. Each simula-
tion started from a homogeneous state with small random
fluctuations and five independent runs with different ran-
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dom seeds were performed for each parameter setting. Fur-
ther details regarding the DSCFT model of the AB-type multi-
block copolymers are provided in Section S1 (in ESI).

Based on the temporal profiles of the local volume fraction
fields ¢, and conjugate fields w, obtained from the DSCFT sim-
ulations, we statistically analyzed the chain conformations of
the AB-type multiblock copolymers to establish a quantita-
tive connection between the molecular sequence and meso-
scopic structures during VUPS. To this end, we extended the
analysis of the equilibrium loop probability to our non-equi-
librium system for sub-chains of linear AB-type multiblock
copolymers.l79-811 The method begins by partitioning the sys-
tem into Voronoi cells, each centered around a single I-rich
(I = A or B) nanodomain by the thinning algorithm. An end
block of the sub-chain is assigned to a cell if its A-B junction
lies within the corresponding Voronoi region. We then fo-
cused on a representative cell to compute the loop probabili-
ty using a modified propagator formalism, where the parti-
tion function is spatially restricted to the targeted nan-
odomain. This approach can evaluate the likelihood that the
inner block of the sub-chain forms a loop conformation with-
in the resident nanodomain. Given the statistical equivalence
of all Voronoi cells, the overall loop probability fi,,, of the
sub-chain was obtained by spatial averaging.

Beyond chain-level statistics, we introduce two morpholo-
gy-based metrics (i.e., area fraction f,,, and Euler characteris-
tic Xguler) to characterize the evolving structures quantitative-
ly. The local volume fraction threshold ¢, > f; was used to
identify I-rich nanodomains. The area fraction f,, is defined
as the ratio of the area occupied by the I-rich nanodomains to
the total area of the system, reflecting the relative spatial cov-
erage of the I|-rich phase. The Euler characteristic gy, de-
rived from the interface genus captures the topological com-
plexity and pore structure of nanodomains. For instance,
Xeuler = 0 indicates continuous lamellae, whereas xg e < 0 indi-
cates a perforated or network-like morphology.

RESULTS AND DISCUSSION

In our previous work,’® DSCFT simulations were used to probe
the VUPS of simple A,B, diblock copolymers (corresponding to
the n=1 case of the (AB), series). It was demonstrated that the
A;B; system exhibits a unique pathway of microphase separa-
tion, where dispersed droplets are initially formed by low-mod-
ule blocks and subsequently evolve into a lamellar structure (i.e.,
a distinctive phase inversion phenomenon). This phenomenon
highlights the governing role of viscoelastic mismatch in struc-
tural evolution. Extending from diblock to multiblock architec-
tures introduces not only a greater conformational complexity
but also a key new variable: the sequence order of blocks with
different moduli. This sequence directly encodes the spatial ar-
rangement of dynamic asymmetry along the chain, which is ex-
pected to couple strongly with the viscoelastic response and
thereby regulate the non-equilibrium conformation pathway.
To reveal the intricate interplay among viscoelasticity sequence,
chain conformation, and microphase-separated structures, we
now apply DSCFT simulations to investigate the VUPS behav-
jors of (AB),A and (AB), multiblock copolymers, focusing on
how sequence-encoded dynamic asymmetry dictates both
structural evolution and chain-level conformational changes.

In our model, dynamic asymmetry arises from a mismatch
in the intrinsic dynamic properties, such as viscoelasticity be-
tween the constituent blocks. Given that the bulk modulus
plays a dominant role in governing the resulting non-equilib-
rium pathway, %9821 we focus on the disparity in the bulk mod-
ulus to introduce dynamic asymmetry. Herein, a component
with a higher bulk modulus exhibits a more solid-like, elastic
response and is designated as slow-relaxing “hard” block (H),
whereas a component with a lower bulk modulus displays a
more fluid-like character and is termed as fast-relaxing “soft”
block (S). This difference in mechanical properties is quanti-
fied by the disparity in the bulk modulus, AK = Ko — Kg. In
the Oldroyd-B model, viscoelastic stress scales with the bulk
moduli. Consequently, hard blocks generate higher stresses
and relax more slowly (slower stress relaxation), whereas soft
blocks generate lower stresses and relax faster (faster stress
relaxation). To isolate the effect of dynamic asymmetry from
the bulk modulus disparity, the shear moduli for both block
types were set to be equal (i.e., Gp o = Ggo = 0,).

Viscoelastic Microphase Separation of Triblock
Copolymers

We began by investigating the simplest odd-parity architecture,
the A;B;A,-type triblock copolymer, which corresponds to the
case of (AB),A with n = 1. For the symmetric triblock copolymer
system, we constructed two distinct sequences, placing the
hard and soft blocks: one with hard outer blocks and a soft in-
ner block (denoted as A;;BisA,) and the other with soft outer
blocks and a hard inner block (A;sB;1A5s). To ensure a symmet-
ric chain architecture for both sequences, the total volume frac-
tion of the A component was fixed at f,=0.50, with two ampere
blocks of equal length (fy;=f4,=0.25), and the inner B block thus
had a volume fraction of f3=0.50. The Flory-Huggins interaction
parameter was set to xN = 36.

Focusing first on the A;;B;sA,4 case, we examined how this
specific arrangement of dynamic asymmetry directs the VuPS
pathway. This sequence leads to a distinctive microphase
separation pathway that markedly diverges from the behav-
ior of its dynamically symmetric counterpart (Fig. S2 in ESI). As
shown in the time-series snapshot in Fig. 1(a), the process of
microphase separation begins with the rapid formation of a
percolating network-like structure by the hard A,y and A,y
blocks (t = 141), whereas the soft B;5 blocks are compressed
and expelled into the isolated droplet-like domains embed-
ded within this A-rich matrix. This is followed by a contrac-
tion of the percolating network (t = 201), accompanied by
coarsening of the B-rich droplets. Such coarsening drives
their coalescence (highlighted by red circles at t = 307), there-
by forming irregular lamellar structures. Finally, these tran-
sient structures reorganized into randomly oriented lamellae
(t=18071).

The morphological evolution of VUPS was quantitatively
characterized by the time-dependent area fraction and topo-
logical metrics. Fig. 1(b) presents the temporal variation in the
area fraction f,, of the B-rich nanodomains under different
bulk modulus disparities AK. Under a dynamic symmetry of
AK=0, f,.., remains constant at 0.50. By contrast, under a dy-
namic asymmetry of AK =80, and 160, f,., starts from a pro-
nounced minimum and recovers toward 0.5. The correspond-
ing temporal evolution of the Euler characteristic xge, for B-

https://doi.org/10.1007/5s10118-026-3705-7


https://doi.org/10.1007/s10118-026-3705-7
https://doi.org/10.1007/s10118-026-3705-7
https://doi.org/10.1007/s10118-026-3705-7
https://doi.org/10.1007/s10118-026-3705-7
https://doi.org/10.1007/s10118-026-3705-7
https://doi.org/10.1007/s10118-026-3705-7
https://doi.org/10.1007/s10118-026-3705-7

4 Zhu, Z.P. et al./ Chinese J. Polym. Sci.

—0— AK=00,
—o— AK=80,
—Oo— AK=160,

ﬁoop

.
-
~
s ®
I/ II
b
05 D 600
0.4 o 400
3 2
W >
0.3 —0— AK=00, 200
—— AK=80,
0.2 . * —O— AK:16O'C
0
/I II
0 20 40 60 180 0

t (1)

7
0 20 40 60 180

Fig.1 (a) Morphological evolution of microphase-separated nanostructures of A;;;B;sA, triblock copolymers with higher bulk modulus of outer A
blocks. The bulk modulus disparity between A and B blocks is set as AK = K, o — Kg g = 160.. The A- and B-rich nanodomains are color-coded in yellow
and blue, respectively. Note that all the profiles are displayed in the identical color map. Insets illustrate the enlarged images of local volume
fraction field ¢, enclosed by dashed boxes. The red circles highlight the coalescence of B-rich domains. (b) Area fraction f,., and (c) Euler
characteristic Xg,er Of B-rich nanodomains as a function the time t for triblock copolymers with tunable bulk modulus disparity AK. (d) Temporal
change in loop probability fi,,, of Bys blocks. Error bars are omitted for clarity. Data from the early stage of microphase separation are excluded due
to the lack of well-defined interfaces, as indicated by the shade area in Figs. 1(b)-1(d). The red and green arrows highlight the startups of phase

inversion and conformation rearrangement for AK = 160,.

rich nanodomains is shown in Fig. 1(c). At AK = 0.0, Xgyjer de-
creased monotonically to zero, which is consistent with the
formation of randomly oriented lamellae. Under a dynamic
asymmetry of AK > 0.0, X er €xhibits a distinct two-stage be-
havior. Taking AK = 160, as an example, it remains nearly con-
stant before t = 20t, indicating coarsening of the B-rich
droplets without significant coalescence. After t = 20r, it de-
clined toward zero, signifying the onset of fast coalescence
and the final formation of lamellar structures. The recovery
trajectories of f,.e; and Xgyer from the extreme values clearly
characterize the phase inversion phenomenon, the startup of
which is marked by red arrows in Fig. 1.

Notably, beyond the phase inversion phenomenon, the tri-
block architecture with hard-outer/soft-inner sequence ex-
hibits a unique conformation relaxation absent in the A;B; di-
block copolymers. This relaxation is directly captured by the
temporal change in the loop probability fi,,, of the B;s blocks
(Fig. 1d). The initial pronounced maximum in fi,,, correlated
with the formation of a percolating A-rich network, which
forced the soft B, blocks into a loop conformation within the
droplets. This is followed by an abrupt decline in 5, at t-20T
(marked by the green arrow for AK = 160,), signifying a sud-
den conformational change driven by droplet coalescence

during the phase inversion. Thereafter, fi,,, gradually recov-
ered as the system evolved into a lamellar structure. It should
be mentioned that a smaller disparity in the bulk modulus ac-
celerates the start-up of chain conformation rearrangement.
To elucidate the underlying mechanism during VuPS, we
analyzed temporal changes in the thermodynamic force
F,= -y ¢,V and viscoelastic forces F, = —V-0, acting on I-
type blocks (Egs. S9 and S10 in ESI). The spatially averaged
magnitudes per lattice are given by F, = |F,| and F, = |F| and
are shown in Fig. 2(a). In the initial stage of phase inversion
(e.g., t-147), the modulus mismatch of incompatible A and B
blocks generates asymmetry in the viscoelastic stresses. The
higher viscoelastic force Fj of the harder A; and A,y blocks
promotes the formation of a percolating network, whereas
the lower viscoelastic force Fg of the softer B;s blocks allows
them to yield compressed droplets. Thus, the B, blocks were
forced into a loop conformation via elastic confinement with-
in the A-rich matrix. Subsequently, the increasing influence of
the thermodynamic force F, from the incompatibility of the A
and B blocks accelerates the phase inversion process. Mean-
while, the viscoelastic forces accumulated and reached a peak
at t-20t1. Their subsequent dissipation leads to the coales-
cence of B-rich droplets and rupture of the A-rich network.

https://doi.org/10.1007/5s10118-026-3705-7
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Fig. 2 (a) Time evolution in spatially averaged magnitudes of thermodynamic force F,, viscoelastic force F, of I-type blocks during the VUPS of
A;4B1sA,y triblock copolymers. The bulk modulus disparity between A and B blocks is set as AK = K — Kgo = 160.. The red and green arrows
highlight the startups of phase inversion and conformation rearrangement. (b) Schematic of mechanistic pathway of hard-soft-hard (HSH) effect

during coupled phase inversion and conformation rearrangement.

This structural reorganization was accompanied by conforma-
tional rearrangement of the B,s blocks. Finally, as the vis-
coelastic forces continue to relax, the thermodynamic force
drives the system toward a lamellar morphology.

Based on this analysis, we propose a mechanistic picture of
the VuPS of the A;4B;sA,y triblock copolymers, as illustrated
in Fig. 2(b). Initially, soft B-rich droplets were embedded with-
in a percolating network of hard A, and A,y blocks, resulting
in a high loop probability for the B;s blocks. As the viscoelas-
tic forces relax, they facilitate the coarsening and coales-
cence of the B-rich droplets, which in turn triggers a pro-
nounced conformation rearrangement, manifested as a sharp
decrease in the loop probability fi,. The system eventually
relaxes into a lamellar morphology with the coexistence of
the loop and bridge conformations. We term this distinctive
kinetic pathway as hard-soft-hard (HSH) effect, revealing a
mechanism absent in the microphase separation of conven-
tional block copolymers.

Next, we examined the complementary case of triblock
copolymers with a sequence of soft outer A blocks and a hard
inner B block (i.e., A;sBi1Ays). This inverse dynamic asymme-
try gives rise to a VUPS pathway that is morphologically and
kinetically distinct from the A;4B;sA,4 system. As shown in
the morphological evolution (Fig. 3a) and the corresponding
temporal profiles of the spatially averaged forces (Fig. S3 in
ESI), the higher viscoelastic force of the hard inner B, blocks
initially drives the formation of a swollen percolating net-
work (highlighted by a double arrow), whereas the soft outer
A;s and Ay blocks are compressed into isolated droplets (t =
1471). Subsequently, the increasing influence of the thermody-
namic force of incompatible A and B blocks causes the
swollen B-rich network to contract and the A-rich droplets to

coarsen (t = 201). Following a peak in the viscoelastic forces
around t-20, their dissipation triggered the formation of irreg-
ular lamellar structures at t = 48t. Ultimately, as the viscoelas-
tic forces relax further, the thermodynamic force dictates the
reorganization of these transient structures into randomly ori-
ented lamellae (t = 1801).

Quantitative analysis further highlighted the contrasting
evolutionary pathways of the A;;B;sA,y and A;sB Ay sys-
tems. In the A;sB;4A,s system, the higher bulk modulus of the
inner B blocks causes a decrease in the area fraction f,., of
the B-rich nanodomains from its maximum at t = 147 (Fig. 3b),
reflecting the gradual contraction of the swollen B-rich net-
work. In parallel, the Euler characteristic xg e exhibited a
sharp minimum at t = 147 (Fig. 3¢), quantitatively confirming
the formation of a continuous B-rich network containing iso-
lated A-rich droplets. The subsequent plateau in g e be-
tween t = 14t and 20t indicates that no rapid coalescence of
A-rich droplets occurred during this stage. Thereafter, Xgyier
gradually approaches zero as the structure evolves toward
the lamellar morphology.

In stark contrast to the A;4B;sA,y system, which exhibits a
high initial loop probability fi,,, ~ 1.0, the A;sByuA,s triblock
copolymers show a significantly reduction fi,,, at about 0.6
for AK = 160, (t = 147 in Fig. 3d). This reduction in fo,, arises
from the formation of a swollen B-rich percolating network,
which increases the average distance between A-rich
droplets. Between t = 141 and 207, the contraction of the B-
rich network (reflected in the decrease in f,.,), while its con-
nectivity remains steady (indicated by the plateau in xgyer),
leads to a gradual decrease in fioo,. At t = 201, the fiy,, Of the
AqsB1nAys system approached the value of the viscoelasticity-
symmetric reference system. This evolutionary pathway

https://doi.org/10.1007/5s10118-026-3705-7
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Fig. 3 (a) Morphological evolution of microphase-separated nanostructures of A;sB;,4A5s triblock copolymers with higher bulk modulus of inner
By blocks. The bulk modulus disparity between A and B blocks is set as AK = Ky o — Kz o = —160.. The double arrows highlight the spatial distance
between the droplets. (b) Area fraction f,., and (c) Euler characteristic xg,e, Of B-rich nanodomains as a function the time t for triblock copolymers
with tunable bulk modulus disparity AK. The red and green arrows highlight the startups of phase inversion and conformation rearrangement for
AK = -160.. (d) Temporal change in loop probability fio,, of By blocks. (e) Schematic of mechanistic pathway of soft-hard-soft (SHS) effect during
coupled phase inversion and conformation rearrangement. The other representations are the same as those in Fig. 1.

sharply diverges from that of the A;;B;sA,4 system. In the lat-
ter, fioop remained close to about 1.0, between t = 147 and 20t
(Fig. 1d), as the droplets of soft B;s blocks were stably embed-
ded within the continuous network of hard A;y and A,y
blocks. However, at t = 201, the A;4B;sA,4 system underwent
a sharp conformational rearrangement, driven by the coales-
cence of the B-rich droplets.

A mechanistic picture of the VUPS of the A;sB;4A,s triblock
copolymer is shown in Fig. 3(e). The process is initiated from a
swollen, percolating B-rich network, which corresponds to a
moderate initial loop probability. As the thermodynamic
force drives the contraction of this network, the spatial sup-
port for loop conformations is progressively reduced, leading
to a continuous decrease in the loop probability.[83-851 The
system eventually evolves into a lamellar morphology, and its

conformational distribution converges toward that of the dy-
namically symmetric case of AK = 0. The distinct pathway of a
gradual conformational rearrangement driven by network
contraction is designated as the soft-hard-soft (SHS) effect,
which is distinct from the sharp conformational rearrange-
ment caused by droplet coalescence in the HSH effect of
Aq4BsA,4 triblock copolymers. Therefore, the viscoelastic se-
quence of hard and soft blocks acts as a molecular-scale pro-
gram to direct both the structure and conformation evolu-
tion during VuPS.

Effect of Flory-Huggins Interaction Parameter

Building on the finding that the sequence of hard and soft
blocks dictates the pathways of microphase separation of block
copolymers, we now examine how the thermodynamic driving

https://doi.org/10.1007/5s10118-026-3705-7
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force governed by the Flory-Huggins interaction parameter yN
modulates their sequence-encoded kinetics. This investigation
addresses how the competition between thermodynamics and
viscoelasticity influences the conformational evolution of tri-
block copolymers. Figs. 4(a) and 4(b) show the temporal change
of the loop probability fi,,, of the B blocks under different yN
values for the A;;BisA,y and A;sBqA, triblock copolymers, re-
spectively. In both cases, increasing xN from 36 to 44 acceler-
ates microphase separation kinetics and promotes conforma-
tional rearrangement of the B blocks, as the enhanced thermo-
dynamic force becomes more effective in resisting viscoelastic
suppression of composition fluctuations, thereby inducing earli-
er and more pronounced conformational changes. In contrast,
reducing xN from 36 to 20 delays both microphase separation
and the conformational rearrangement of inner blocks because
the weaker enthalpic contribution is insufficient to overcome
the dominant viscoelastic stresses, which persistently suppress
both structure and conformation evolution.

Another key observation is the pronounced influence of N
on the deviation of fi,,, from the equilibrium value of defect-
free lamellae, which is highlighted by dashed lines in Fig. 4. At
a high N, the loop probability fi,,, exhibits a large deviation
from the equilibrium value, whereas at a low xN, it approach-
es the equilibrium value. This behavior can be explained by
the corresponding morphologies of VUPS at various yN val-
ues (Figs. 4c and 4d, as well as Fig. S4 in ESI). A high xN results
in sharply defined interfaces and defect-rich nanostructures,
which kinetically trap the polymer chains in non-equilibrium
conformations and retard conformational relaxation. Extend-
ed simulations from 4007 to 12007 confirm that these struc-
tures remained metastable for high xN. In contrast, a low YN
facilitates defect annihilation, yielding well-defined lamellar
domains with near-equilibrium loop conformational charac-
teristics.

f
loop

0 200

We performed additional simulations to examine how end-
block asymmetry influences conformation evolution. Keep-
ing the overall composition symmetric (i.e., fa=f;=0.50), we
varied the composition (fa; and fa,) of the two end blocks in
both the HSH- and SHS-type triblock systems with the con-
straint of fy; + fa; = 0.50. Fig. S5 (in ESI) summarizes the effect
of end-block asymmetry on the conformation evolution of tri-
block copolymers during viscoelastic microphase separation.
It has been demonstrated that both the HSH and SHS effects
remain operative even with asymmetric end blocks. However,
asymmetry has the capability to regulate conformational re-
arrangement in both effects. In particular, the loop probabili-
ty fioop Of the Bys blocks for the asymmetric case of the
A14B1sA,y sequence has a slight increase compared to the
symmetric case. It should be noted that the loop probability
still evolves toward that of the symmetric system. These phe-
nomena indicate that the fundamental HSH and SHS kinetic
motifs are robust to the viscoelastic microphase separation of
triblock copolymers, despite end-block asymmetry.

Viscoelastic Microphase Separation of ABAB
Tetrablock Copolymers

Turning now to the even-parity system, we investigated
A;B;A,B, tetrablock copolymers, corresponding to the (AB), se-
ries with n = 2. Unlike triblock copolymers, which follow a single
evolutionary pathway of the HSH or SHS effect, the alternating
sequence of the tetrablock architecture inherently integrates
both effects within one chain. Given the constraints of a fixed
overall composition (f,=f;=0.50) and equal lengths for all blocks
(i.e., fa; = fay=f g1=fp,=0.25), this symmetry permits only one se-
quence under dynamic asymmetry of AK > 0: designating A
blocks as hard components yields A;;B;sA5Bys tetrablock
copolymers. This unique architecture and sequence establish
tetrablock copolymers as a model system for studying the inter-
play between sequence-specific HSH and SHS effects.

)

10fb [
—0— xN=20
—A— yN=44
0.6
B
0.4
0.2
0 II /I
0 200 400 1200
t(7)
d =20 XN=44
,

Fig.4 (a, b) Influence of Flory-Higgins interaction parameter yN on the temporal change of loop probability i, of B blocks during the viscoelastic
microphase separation of (a) A;B;sA, and (b) A;sByyAys triblock copolymers. Dashed lines highlight the equilibrium value of iy, in defect-free
lamellae. (c, d) Microphase-separated morphologies of (c) A;4B1sA,n and (d) A;sB;A,s triblock copolymers at YN = 20 and 44 at t = 12007. The bulk

modulus disparity between A and B blocks is set as |AK| = 16.
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Our DSCFT simulations reveal that the tetrablock copoly-
mers exhibit a phase inversion phenomenon during struc-
tural evolution (Fig. S6 in ESI), similar to the triblock copoly-
mer system. However, conformation evolution revealed a
complex landscape encoded by an alternating sequence. The
A14B1sA,4Bys chain contained two overlapping triblock-like
A11B1sAsn and BysA,Bys sub-chains, each predisposed to dif-
ferent pathways of microphase separation. This design en-
ables concurrent yet distinct conformational pathways with-
in the same molecule, as evidenced by the temporal evolu-
tion of loop probabilities for the inner B;5 and A, blocks (Fig.
5a). The A,y blocks within the B;sA;4B,s sub-chains exhibit
the characteristic of gradual relaxation within the SHS effect,
maintaining a population of mixed loop and bridge confor-
mations. Subsequently, the B;s blocks within the A;B;sAyy
sub-chains exhibit a sharp conformational change in the HSH
effect, with the loop probability rapidly changing from high
to low values. Thus, the tetrablock copolymers exhibit both
HSH and SHS effects within a single molecule, with each ef-
fect operating locally within its respective sub-chains.

/L
7/
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08 —o—Bys
06
Q
2 000000 000
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Fig. 5 (a) Temporal change in loop probabilities fi,o, of Bys and
A,y blocks during the viscoelastic microphase separation of
A14B1sA,4B,s tetrablock copolymers. The bulk modulus disparity
between A and B blocks is set as AK = Ky o — Kz o = 160.. The arrows
highlight the startups of conformation rearrangement of various
sub-chains. (b) Schematic of mechanistic pathway of viscoelastic
microphase separation of A;;B;sA,Bys tetrablock copolymers
through hard-soft-hard (HSH) and soft-hard-soft (SHS) effects. The
Flory-Huggins interaction parameter is set as YN = 44.

The synergistic mechanisms of the effects of HSH and SHS
are summarized in Fig. 5(b). In the A;;B;sA, By tetrablock
copolymers, the dynamic asymmetry initially drives the for-
mation of a percolating network of hard A;, and A,y blocks,
within which isolated droplets of soft B;s and B,s blocks are
embedded. Within this metastable structure, soft B,s blocks
are constrained into loops, whereas A, blocks adopt a mixed
state of loops and bridges. As the system evolves, the cooper-
ative interplay between viscoelastic and thermodynamic
forces governs the subsequent pathway. This interplay in-
duces contraction of the A-rich network and triggers the SHS
effect, characterized by gradual disengagement of A, blocks
from the loop conformation. Concurrently, the coalescence of
the spherical domains of the soft B;5 blocks activates the HSH
effect, resulting in an abrupt loop-to-bridge conversion of the
B,s blocks. This topological reorganization enables the relax-
ation and bridge formation of both inner blocks, ultimately
driving their transformation into a lamellar morphology with
a mixed population of loop and bridge conformations.

Thus, the VUPS of ABAB tetrablock copolymers demon-
strates sequence-encoded self-assembly kinetics. Unlike the
system of triblock copolymers, where the dynamic asymme-
try of different blocks yields a single dominant response, the
alternating sequence of tetrablock copolymers programs dis-
tinct dynamic responses of HSH and SHS effects to concur-
rently operate within a single molecule. This leads to a tem-
porally coordinated conformational evolution, in which the
abrupt change triggered by the HSH effect can couple with
the gradual relaxation governed by the SHS effect. These
findings confirm that the hard and soft sequences of multi-
block copolymers can program multiple relaxation dynamics
into one chain, advancing the understanding of non-equilib-
rium self-assembly beyond the conventional diblock and tri-
block cases.

Generalizability to Multiblock Copolymers with
Extended Sequences

Having established the HSH and SHS effects in ABA triblock
copolymers and demonstrated their synergistic operation with-
in a single ABAB tetrablock chain, we proceeded to examine the
generalizability of these sequence-encoded self-assembly kinet-
ics to more complex architectures. As the next member of the
odd-parity A(BA), family, ABABA pentablock copolymers can be
used as a prototype system to test whether the sequence-based
design principles can be extended to program the conforma-
tion kinetics with an increased block number and connectivity.
A symmetric pentablock architecture was designed with short
outer A blocks (fy;=fa3=0.125) and long inner blocks (fp, = fz; =
fz;=0.25) to maintain the global composition symmetry (fy =
fg=0.50). In a direct analogy to the ABA triblock copolymers, two
distinct sequences were constructed by interchanging the posi-
tions of hard and soft blocks: one with hard outer and inner A
blocks and soft inner B blocks (denoted as A;B;sA;1B2sAsy), and
the other with the complementary soft-hard arrangement
(A15B1HA2sBHAss).

Fig. 6(a) presents the temporal evolution of the loop proba-
bilities for the B;s, A,y and By blocks in the A;B1sA54BasAsy
pentablock copolymers during VUPS, with the corresponding
conformational pathway summarized in Fig. 6(c). The data re-
vealed a competing, yet coordinated evolution of the confor-
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Fig. 6 Conformation evolution and mechanistic pathways of pentablock copolymers during viscoelastic microphase separation. (a) Loop
probabilities fi,, Of Bys, Ay and Bys blocks for ABisAyBasAsy sequence at AK = 160.. The arrows highlight the startups of conformation
rearrangement of different sub-chains. (b) Loop probabilities fiq,, of By, Ays and By blocks for AisByyA,sBonAss sequence at AK = —160.. The Flory-
Huggins interaction parameter is set as YN = 60. (c and d) Schematic of viscoelastic microphase separation pathways mediated by the concurrent

HSH and SHS effects for the sequences in (a) and (b).

mation. The hard A, block first undergoes a gradual loop-to-
bridge conformational change under the SHS effect, and sub-
sequently, the soft B;s and B,g blocks experience a sharp
change in the loop conformation under the HSH effect. This
SHS-HSH hierarchy emerges directly from the embedded and
overlapping hard-soft-hard and soft-hard-soft motifs within
the chain architecture of pentablock copolymers.

Figs. 6(b) and 6(d) show the conformational evolution of
the complementary A;sB;AsB,1Ass pentablock copolymers.
The kinetic pathway observed here further validates the se-
quence-encoded framework through a distinct and instruc-
tive inversion. The hard B;y and B,y blocks flanked by A
blocks undergo a gradual redistribution of their loop confor-
mations—a clear SHS-type response driven by network con-
traction. Subsequently, the soft, centrally located A,s blocks
exhibit a sharp loop-to-bridge change, which is characteristic
of the HSH effect triggered by the coalescence of droplet
nanodomains. Together, these results demonstrate that the
sequence-encoded kinetic framework is generalizable and ca-
pable of directing conformational evolution irrespective of
sequence permutation or increased architectural complexity.

Following the analysis of odd-parity ABABA pentablock
copolymers, we further extended the sequence-encoded ki-
netic framework to even-parity hexablock copolymers with

A11B1sAs4BasAsyBss architecture, corresponding to the (AB);
case. This architecture possesses an alternating arrangement
of both HSH and SHS motifs (e.g., A;1B;sA,4 as HSH, followed
by B;sA,4B5s as SHS). Fig. 7 shows the loop probabilities of the
four inner Bys, Ay, Bys and Asyy blocks. The results revealed a
localized kinetic picture. The soft B;5 and B,s blocks, each em-
bedded within a hard-soft-hard triad, exhibited a sharp de-
crease in their loop probabilities under the HSH effect. In con-
trast, the evolution of the hard A, and Asy blocks exhibited a
gradual loop-to-bridge change consistent with SHS-type re-
laxation. Importantly, although these blocks reside in differ-
ent long-range sub-chain environments (e.g., as HSH motifs,
the B;s block is adjacent to one SHS motif, whereas the By
block is flanked by two SHS motifs), their conformational evo-
lution is indistinguishable in Fig. 7. This demonstrates un-
equivocally that conformation evolution is governed by the
local HSH or SHS motif, independent of the broader architec-
tural context.

Together, these studies demonstrated that the conforma-
tional evolution of complex multiblock chains can be decon-
structed into overlapping HSH and SHS kinetic modules. Each
module determines the local dynamics of the subchains. The
preservation of these motif-specific behaviors with increas-
ing architectural complexity confirmed the robustness, local
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Fig. 7 Temporal change in loop probabilities fi,,, Of Bys, Ay, Bys
and Asy blocks during the viscoelastic microphase separation of
A14B1sA1BasAsBss hexablock copolymers with AK = 160.. The
arrows highlight the startups of conformation rearrangement of
different sub-chains. The Flory-Huggins interaction parameter is set
asxN=72.

determinism, and scalability of the sequence-encoded frame-
work. Therefore, the relaxation pathway of a multiblock chain
can be rationally predicted from its motif sequence, thereby
establishing a design principle for polymers with pro-
grammed hierarchical dynamics.

CONCLUSIONS

In summary, we employed viscoelastic dynamic self-consistent
field theory to demonstrate that the linear sequence of hard
and soft blocks in multiblock copolymers can act as a molecular-
level program to dictate the pathway of conformation evolu-
tion during viscoelastic microphase separation. For triblock
copolymers, a hard-soft-hard sequence drives a viscoelasticity-
driven phase inversion alongside a sharp droplet-coalescence-
driven conformation change, whereas a soft-hard-soft se-
guence leads to a gradual, network-contraction-triggered con-
formation relaxation. Advancing tetrablock copolymers, we
showed that these distinct kinetic effects can be integrated to
operate concurrently within a single chain, enabling a tempo-
rally coordinated conformation pathway. In addition, this se-
guence-encoded kinetic framework is generalizable to penta--
and hexa-block architectures, confirming that complex chains
can be deconstructed into kinetic modules with predictable be-
havior. This study establishes that the self-assembly pathway of
multiblock copolymers can be programmed through the princi-
ple of sequence-encoded viscoelastic kinetics, opening a route
for engineering dynamic material properties at the molecular
level.
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Graphical Abstract

Sequence-encoded Conformation Pathways in Viscoelastic Microphase Separation of Multiblock

Copolymers

Zhe-Peng Zhu, Jia-Ping Lin, and Liang-Shun Zhang

East China University of Science and Technology

The sequence-encoded viscoelastic kinetics is introduced
to direct non-equilibrium self-assembly pathways of
multiblock copolymers and program their distinct confor-
mation evolution, a capability that moves beyond the
conventional design of static equilibrium nanostructures.
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