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In a different approach, we have developed 
polymeric supra-π-amphiphiles by halogen bond-
ing (XB) interaction between different hydrophobic 
π-scaffolds functionalized with the pyridyl group as 
the XB-acceptor and XB-donating iodotetrafluoro-
phenyl end-capped hydrophilic polymers (PEG).[11]

[12] While the aqueous supramolecular assemblies 
in these systems were primarily guided by the 
synergistic effect of π-stacking and H-bonding[12] 
or dipole-dipole[11] interactions depending on the 
nature of the dye used, orthogonal XB of the dyes 
with end-functionalized PEG chains imparted 
surface functionality and colloidal stability to the 
self-assembled objects generated in water. By 
varying the length of the oxyethylene chains (PEG-1 
or TEG-1), the morphology of the X-bonding-driven 
nanostructures could be tailored from vesicles to 
fibers in water, when fluorescent NMI-Py was used 
as an XB acceptor (Figure 4).[11]  Further, we demon-
strated acid-responsive disassembly by rupture of 
the halogen bonds in these two-component self-as-
sembled structures.[9-12] While H-bonding has been 
used as a powerful tool in designing bioinspired 
self-assembled structures of numerous synthetic 

Supramolecularly-Engineered 
Polymeric Amphiphiles

One approach to tackle this issue is developing 
supramolecularly-engineered polymers,[5] where 
the polymer assembly is driven by specific direc-
tional supramolecular interactions among a tiny 
supramolecular structure directing unit, rather than 
non-specific solvophibic chain collapse. Towards 
this direction, Ghosh et al. from India has developed 
polymeric π-amphiphiles, whose self-assembly 
processes were dictated specifically by hydrogen 
(H)-bonding[5] or donor-acceptor charge-transfer 
interactions.[6] In such systems, it had been shown 
that a single H-bonding functional group can dictate 
the final morphology of an attached polymer aggre-
gate by ignoring the critical packing parameter (P) 
(Figure 2).[5,7]

In the past five years, our group has been working 
on underexplored directional molecular interac-
tions such as halogen bonding[8-12] and dipole-di-
pole[10,13-15] interactions for engineering polymer 
assemblies. We have shown that in pegylated block 
copolymers where the core-forming block featured 

Aritra Rajak
Aritra Rajak was born and raised in 
India. He completed his graduation 
in 2015 from Visva-Bharati University 
in Santiniketan, India, and earned his 
Master’s degree there in 2017. He then 
relocated to the Indian Association 
for the Cultivation of Science (IACS), 
Kolkata, where he is presently working 
with Dr. Anindita Das in the School of 
Applied and Interdisciplinary Sciences 
to complete a Ph.D. degree. His 
research interests include controlled 
chain-growth polymerization, self-
assembly of chromophore-conjugated 
polymers by dipole-dipole interactions, 
and polymer-chain crystallization. 
Outside of his research life, he is a 
passionate football player and enjoys 
nature photography and traveling.
.

Anindita Das
Anindita Das was born in 1985 in 
India. After receiving B.Sc. and 
M.Sc. degrees from the University 
of Calcutta, Kolkata, she enrolled 
in the Ph.D. program at the Indian 
Association for the Cultivation of 
Science (IACS), Kolkata, India, under 
the supervision of Professor Suhrit 
Ghosh in 2009. After receiving 
Ph.D. degree in 2014, she then 
moved to the Institute for Technical 
and Macromolecular Chemistry, 
University of Hamburg, Germany to 
work with Professor Patrick Théato 
as an Alexander von Humboldt 
postdoctoral fellow (2014-2016). This 
was followed by another postdoctoral 
research stint with Professor E. W. 
Meijer at the Eindhoven University of 
Technology, Netherlands (2016-2017). 
She then returned to India in 2017 
to start her independent research 
career as a Faculty Fellow at IACS, 
where she is currently working as 
an Assistant Professor in the School 
of Applied and Interdisciplinary 
Sciences. Her research interests 
include supramolecular polymerization 
of functional π-systems, halogen 
bonding and dipole-dipole interactions 
in molecular and macromolecular 
assemblies, and functional polyesters 
and their crystallization-driven self-
assemblies. In 2022, she became an 
Associate of the Indian Academy of 
Sciences and received the DAE-BRNS 
Young Scientist Research Award. 
Her author’s profile was featured in 
Angewandte Chemie in the same 
year. She serves as an Editorial 
Board Member of the Journal of 
Macromolecular Science, Part A, 
and an Early Career Advisory Board 
Member of ChemNanoMat since 
2022.
.

Figure 1. Schematic representation of the Packing Parameter 
(P) dependent nanostructure formation by block copolymers 
in block-selective solvents. Adapted with permission 
from ref 2. Copyright 2009 Wiley VCH. P = v/(aolc), where v, 
lc and ao represent the volume of the hydrophobic chains, 
hydrophobic tail length, and area of the head group, respectively.

Figure 2. The structure of polymers appended with supramolecular-structure-directing 
units  and their different mode of self-assembly govern by hydrogen(H)-bonding interactions. 
Adapted with permission from ref 5. Copyright 2021 American Chemical Society.

pendant dipolar merocyanine 
dyes, typical anti-parallel stack-
ing of the dyes by dipole-dipole 
interaction guided the polymer 
assembly, resulting in the forma-
tion of nano-discs with aromatic 
interiors that showed remarkably 
high thermal stability in water.[14] 

Further, we have shown that when 
a few percentages of the same 
dye were randomly distributed in 
an amphiphilic block copolymer 
(MC-P1) within an amorphous pol-
ystyrene core (Figure 3), dipolar-in-
teraction-driven supramolecular 
cross-linked micelles and reverse 
micelles could be produced in 
water and toluene, respectively, 
with rich optical properties and 
enhanced kinetic or thermal sta-
bility as compared to the ABCP 
without the attached dye.[15] 
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decades through enduring research on the 
self-assembly of ABCPs with crystallizable 
core-forming blocks[23-25] instead of amor-
phous ones. The impetus for the self-as-
sembly in this class of BCPs stems from 
the crystallization of the core-forming block 
in corona-block selective solvents, unlike 
immiscibility-driven chain collapse observed 
in amorphous BCPs. This enables the for-
mation of highly crystalline and well-defined 
hierarchical assemblies, such as 1D rod, 2D 
lamellar, or even more complex structures 
in solutions with well-controlled shapes and 
dimensions, similar to molecular crystals. 
This concept was named the “crystalliza-
tion-driven self-assembly” (CDSA) of BCPs 
in solution[24,25] (Figure 5). In this approach, 
the first crucial stage is crystallite nucleation, 
which is followed by growth. Therefore, the 
initially formed nuclei act as seeds for the 
epitaxial growth of the remaining unimers in 
the solution, and hence, the dimension of the 
nanostructures depends upon the unimer-
to-seed ratio. Thus, to obtain homogeneous 
structures with narrow dispersity, nucleation 
must occur much faster than growth, which 
is a critical step in the CDSA process.  

Inducing such CDSA with crystallizable 
BCPs in solutions can be achieved in one of 
two ways. In the “solvent switch” technique, 
a solution of the BCP in a “good” solvent 
is mixed with a corona-selective solvent 
that gradually facilitates the crystallization 
of the core-forming block. In an alternate 
approach, the BCP can be solubilized at 
an elevated temperature in a specific sol-
vent. The core-forming block crystallizes in 
this thermal processing method when the 
solution is slowly cooled to a temperature 
below its melting point. In this tempera-
ture-triggered crystallization process, the 
ratio of the in situ-generated nuclei to the 
unimer keeps varying with changes in tem-
perature and is the decisive factor for size 
control. Nearly for two decades, CDSA has 
been extensively studied with BCPs with 
different crystalline blocks, such as poly(-
ferrocenyldimethylsilane) (PFDMS)[26] and 
similar structures,[27,28] polyethylene (PE),[29] 

poly(caprolactone) (PCL),[30] poly(L-lactide) 
(PLLA),[31] poly(ethylene oxide/glycol) (PEO/
PEG),[32] syndiotactic polypropylene,[33] pol-
ypeptoids,[34] and many others.[35-40] So far, 
the role of the corona-forming block has 
been largely limited to dictating the shape of 
the self-assembled structures in corona-se-
lective solvent and imparting their colloidal 
stability, but their functional utility has been 
seldom studied.[25, 41-46] Usually, when the 
corona-forming chains are short enough to 
not hinder the lateral growth of the semic-
rystalline micelle core, two-dimensional (2D) 
structures are preferred.[47] One-dimensional 
(1D) fiber-like micelles can form as a result of 
steric factors linked to lengthy corona chains 

optical properties have clearly been widened 
by supramolecularly-engineered π-amphi-
philic polymers,[5] this method still faces diffi-
culties in achieving precise structural control 
over size, shape, and dispersity. Although 
such strategies have been successful in 
generating 1D fibers or spherical assem-
blies, a generally applicable strategy for 
controlled 2D assemblies of π-systems is 
yet to be realized. Promising solutions to the 
aforementioned problems have been devel-
oped to a great extent during the past two 

systems, its utility is limited in the aqueous 
medium due to the intrinsic challenge of 
achieving site isolation. In this regard, our 
approach involving XB appears highly prom-
ising for the synthesis of stimuli-responsive 
functional soft materials[8,16-19] in water due to 
its intrinsic hydrophobic character.[20-22]

Crystallization-Driven Self-
Assembly (CDSA)

Although the possibilities for precise 
macromolecular assemblies with enriched 

Figure 3. (Top) Structures of merocyanine (MC) pendant block copolymer MC-P1 
synthesized from the reactive parent polymer P1. (Bottom) schematic representation 
of dipole-dipole interaction-mediated MC-dimerization producing supramolecular-
cross-linked micelle and reverse micelle in water and toluene, respectively. 
Adapted with permission from ref 15. Copyright 2020 Royal Society of Chemistry.

Figure 4. Structure of XB Acceptor (NMI-Py), XB Donors (PEG-1/TEG-1), and their co-
assembly by X-bonding. Confocal laser scanning microscopy images of NMI-Py+PEG-1 (1:1) 
and NMI-Py+TEG-1 (1:1) in water showing green emitting fibers and vesicles, respectively. 
Adapted with permission from ref 11. Copyright 2020 American Chemical Society.
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Inspired by these recent studies, we 
hypothesized that substituting non-func-
tional non-ionic polymer/ charged moieties 
at the PLLA homopolymer chain terminus 
with dipolar π-scaffolds would have ben-
efits beyond simply facilitating the PLLA 
platelets’ solubility in the desired polar sol-
vent. Some of these include (i) promot-
ing dye assembly on the 2D surface by 
dipole-dipole interactions,[13-15] (ii) giving the 
chromophore-conjugated 2D platelets new 
photophysical properties so that the range 
of these structurally appealing emerging 
materials might be explored in various appli-
cations. At the same time, considering the 
polar nature of the dye, their array on the 
surface is expected to serve the primary 
purpose of providing the colloidal stability 
of the platelets in crystallizing polar medium 
like in the previous systems. We also envis-
aged that the steric impact of the long pol-
ymeric corona block in PLLA BCPs, which 
frequently inhibits the inherent inclination of 
PLLA crystals to form diamond-shaped (loz-
enge-shaped) 2D platelets, could be avoided 
in dye-attached PLLA homopolymers. This 
would enable us to construct a library of 
predictable and identical 2D architectures, 
yet with different surface chemistry, which 
remains a long-standing problem in supra-
molecular assemblies.

We made a significant step forward in 
this direction by generating similar dia-
mond-shaped 2D platelets with monolayer 
thickness by CDSA in isopropanol from 
chromophore-conjugated PLLA homopoly-
mers with different π-scaffolds of our choice 
attached at the chain terminus (Figure 7).[67] 
The first question that kicked in after the 
formation of the 2D structures was, “Where 
are the dyes located?” Our hypothesis was 
in good agreement with the previous reports 
on CDSA, which stated that the dyes only 
have one possibility, and that is on the 2D 
surface. Pleasingly, we were successful in 
decorating the surface of these elegant 2D 
architectures with structurally different dye 
molecules with distinct fluorescent proper-
ties and thereby demonstrated the general 
applicability of this molecular design for 
making purely organic luminescent 2D mate-
rials (Figure 7c,d). 

More importantly, our extensive spectros-
copy studies probed that the CDSA of the 
PLLA chains not merely expelled the dipolar 
dyes such as merocyanine (MC) and naph-
thalene monoimides (NMI) on the platelet 
surface, but also allowed enough flexibility 
to enable them to assemble in a 2D array 
in their most favorable π-stacking mode 
(Figure 7b). Our studies further demon-
strated that such structural engineering at 
the PLLA chain terminus with corona-form-
ing small dye(s) does not perturb the intrinsic 

such as PLLA [31,42,43,59] since they are non-
toxic, unlike most inorganic counterparts, 
and can be used to produce sustainable 
degradable materials. While crystallization 
of PLLA in bulk has been studied to a great 
extent,[60-62] their crystallization-driven solu-
tion self-assembly in particular 2D nano-
structures is far less familiar. O’Reilly and 
colleagues created diamond-shaped 2D 
platelets from PLLA diblock copolymers 
with corona-forming poly(N,N-dimethylam-
inoethyl methacrylate) (PDMAEMA) block in 
ethanol, where the PLLA code adopted the 
orthorhombic crystal form (Figure 6).[63] They 
observed similar morphology with a varying 
chain length of the corona-forming block.
[63] This suggested that the corona-core 
block ratio had little effect on the formation 
of the diamond-shaped platelets. When 
tetrahydrofuran (THF) was introduced in 
minimal amounts in ethanol, it could sig-
nificantly enhance the platelet size while 
maintaining a consistent thickness (Figure 
6). This was caused by the BCP’s enhanced 
solubility, which led to the production of 
fewer nuclei from which a greater number 
of unimers could grow to produce larger 
platelets. Further, they demonstrated the size 
effect of these platelets on Pickering water-
in-water emulsion stabilization.[63] However, 
in another report, they showed opposite 
results when (PDMA) to poly(N,N-dimeth-
ylacrylamide) (PDMA) was used instead of 
PDMAEMA chains as the corona block. 
PLLA platelets were observed in ethanol 
with longer PDMA chains, while the shorter 
ones produced rod-like structures.[64] In an 
independent study Manners and co-workers 
demonstrated that such 2D platelets with the 
similar thickness could be produced even 
with PLLA homopolymers with cationic end 
groups in isopropanol.[65-66] 

that inhibit lateral growth. Various other fac-
tors influence the morphologies obtained 
such as choice of solvents and their interac-
tion with the corona-forming blocks,[48] pres-
ence of surfactant molecules and salts in 
the prepared solution, [49,50] temperature and 
concentration,[51] external additives such as 
homopolymers corresponding to the crys-
talline blocks,[52] and several others. Thus, 
the major focus in this area is still devoted to 
understanding the structural aspects rather 
than their functional applications. 

A Route to Biodegradable Organic 
2D Materials

Two-dimensional (2D) planar structures 
have gained extensive attention for the past 
two decades due to their unique charac-
teristics such as enhanced electron delo-
calization, charge-transport properties, 
and large surface functional group display, 
which originate from their ultrathin and flat 
morphology with high surface area.[53-55] In 
recent times, they have found applications 
in several emerging fields in electronics, 
photonics, and spintronics. The majority 
of these are prepared from bulk layered 
materials using a “top-down” approach. In 
contrast, the use of “bottom-up” routes to 
discrete organic 2D nanostructures is much 
less explored. Thus, purely organic self-as-
sembled 2D materials with added benefits 
of size and shape tunability, non-toxicity, 
and the possibility for easy functionalization 
have sparked a great deal of interest.[56-58] 

Bottom-up self-assembly of crystalline block 
copolymers (BCPs) represents a promising 
route to analogous organic 2D materials with 
monolayer thickness, controlled shapes, 
and dimensions. Particularly fascinating 
are 2D assemblies made of biodegradable 
and biocompatible semicrystalline poly-
mers obtained from renewable sources 

Figure 5. A generic mechanism for CDSA of a semi-crystalline block copolymer in a corona 
selective solvent to form a 2D platelet structure. The crystalline core and solvophilic corona 
are depicted in blue and purple colors, respectively. The crystalline core consists of an end-
to-end packing of a rectangular unit cell. As a model system, each unit cell is comprised 
of two PCL repeating units. Adapted with permission from ref 24. Copyright 2020 Elsevier.
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distinct scaffolds, NMI and PY, which hold 
a Förster resonance energy transfer (FRET) 
donor-acceptor relationship (Figure 7b). Not 
only that we could achieve well-defined sim-
ilar structures with co-assembly of the two 
dyes on the 2D surface, but now achieved 
remarkably high FRET efficiency of ~ 80 % 
between them, which could be diminished 
by dissolving the 2D platelets by adding a 
good solvent, chloroform.[67]

Considering the enormous potential of 
biodegradable polyesters for producing 
sustainable functional materials[68] with pre-
cise structural control through CDSA, our 
next target was to expand the scope of 
CDSA with a new class of degradable crys-
tallizable polyesters that are anticipated to 
generate precision assemblies with new 
properties, those very different from PLLA. 
Toward this direction, our first step was to 
develop a facile synthetic route to functional 
polyesters with distinct end-groups, which 
remains an underdeveloped research area 
itself despite the fact that many polyesters 
are already in commercial use. For that, we 
chose well-known activated ester chemistry.
[69] We have recently established organo-
catalyzed transesterification as an attractive 
condensation polymerization methodology 
for making polyesters under mild reaction 
conditions using N, N dimethylaminopyridine 
(DMAP) as a catalyst.[70]  As a case study, 
using this methodology we have reported 
the synthesis of telechelic polyesters by 
condensation of pentafluorophenyl (PFP)-
containing activated diester monomer of adi-
pic acid (AA) with various diols (BB) (Figure 
8). This methodology not only allows the 
synthesis of polyesters at a much lower tem-
perature than that is known for transesteri-
fication with non-activated esters, but also 
other challenges of continuous removal of 
by-products to enable high molecular weight 
polymers could be avoided. This is because 
the released pentafluorophenol happened 
to be far less reactive than aliphatic alcohols, 
which failed to participate in the backward 
reaction, making this strategy a non-equilib-
rium process. 

This highly effective method, which was 
investigated through kinetic studies, allows 
quantitative polymerization with a variety 
of diols, including cyclic (1,6-hexanediol), 
linear nonpolar (1,6-hexanediol), and polar 
(tetraethylene glycol) (Figure 8), which is 
highly promising for exploring this method 
further for making structurally diverse func-
tional polyesters. Further, one-pot synthesis 
of well-defined dye-functionalized aliphatic 
polyesters with predictable molecular 
weight was made possible by the addition 
of a “monofunctional impurity, “viz., 1-pyr-
enemethanol (Figure 8). The wide substrate 
scope of this methodology further enabled 

benzene (Bn) instead of NMI or MC. The cru-
cial role of the core crystallization of the PLLA 
chain was demonstrated through compar-
ative self-assembly studies under similar 
conditions with chromophore-conjugated 
amorphous poly(D, L-lactic acid) that failed 
to generate such discrete 2D architectures. 
Further, we progressed to a more com-
plex system by co-crystallizing two PLLA 
homopolymers end-functionalized with two 

crystallizable properties of the PLLA block. 
However, the surface functionalities impact 
the colloidal stability of the crystalline 2D 
platelets to a great extent. Being polar in 
nature, the self-assembled MC or NMI 
bestowed essential colloidal stability to 
the 2D platelets in isopropanol, which was 
partly compromised when the PLLA chain 
was end-functionalized with hydrophobic 
non-polar chromophores like pyrene (PY) or 

Figure 6. (a) Schematic illustration of CDSA of poly(N,N-dimethylaminoethyl methacrylate) 
(PDMAEMA) in ethanol leading to the formation of diamond-shaped 2D platelets. (b-g) 
TEM images showing enhancement in the platelet size with increasing fraction of THF in 
ethanol. Adapted with permission from ref 44. Copyright 2018 American Chemical Society.

Figure 7. (a) Structures of different chromophore-conjugated PLLA homopolymers and 
(b) their CDSA in isopropanol showing the formation of diamond-shaped 2D platelets with 
a well-ordered array of self-assembled dyes on the platelet surface. (c, d) Morphology 
of the diamond-shaped 2D platelets of NMI-PLLA as visualized under the transmission 
electron microscope (TEM) and confocal laser scanning microscope (CLSM). Figures 
(c) and (d) were adapted with permission from ref 67. Copyright 2021 Wiley VCH.
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the construction of different types of complex hierarchi-
cal polymeric structures with precise size and shape 
control.[24,25] In the recent past, a similar seeded growth 
concept has been demonstrated in the supramolec-
ular polymerization of π-conjugated chromophores, 
also called living supramolecular polymerization.[72-76] 

Typically dynamic, supramolecular polymers[77,78] con-
stituted from directional non-covalent bonds serve 
as excellent illustrations of equilibrium self-assembly 
under thermodynamic control. However, some of these 
systems exhibit pathway complexity[79, 80] and can be 
trapped in their kinetically-driven assemblies in readily 
available experimental settings, which can serve as 
monomer reservoirs for seeded/living supramolecular 
polymerization.[72-76] Optimizing the balance between 
the kinetic and thermodynamic parameters for self-as-
sembly systems, George and co-workers from India 
have demonstrated two-component systems for living 
supramolecular polymerization in naphthalene diimide 
(NDI)-based π-scaffolds.[81-83] They have established 
strategies for exploring multicomponent complex supra-
molecular block copolymer structures of higher order 
by carefully nurturing equilibrium and non-equilibrium 
states of supramolecular polymers and visualized them 

us to study how variations in the molecular 
weight and the structure of the backbone 
(rigid vs. flexible), or end-groups affected 
the thermal properties of the synthesized 
polyesters, including melting, crystallization, 
and degradation temperatures.[70]

Living CDSA for Sequence-
Controlled Dye-Assemblies in 
Multi-Component Systems

A major challenge with the conven-
tional self-assembly phenomenon is that 
the structures formed in solutions have a 
wide size distribution and cannot have their 
dimensions predicted or regulated due to 
the intrinsic randomness in the self-nu-
cleation process. The ability to precisely 
regulate the size of the crystalline nanopar-
ticles utilizing seeded-growth techniques 
is a significant advantage of BCPs with a 
crystallizable core-forming block.[24,25] It has 
been well-studied that when small “seeds” 
of the stable BCP micelles (prepared by 
sonication-induced fragmentation of the 
polydisperse pre-formed aggregates) are 
introduced to a fresh batch of unimers of 
the same BCP/homopolymer or analogous 
one or its blend with homopolymers with 
identical crystallizable core, the seed termini 
remained active towards further growth 
following 1st order kinetics with respect to 
the polymeric surfactant, [25,65]  similar to 
conventional living chain-growth covalent 
polymerization (Figure 9a).[71]

Thus, 1D micelles or 2D platelets with 
very low structural dispersity and excellent 
size control could be prepared (Figure 9b). 
Additionally, a linear relationship between 
the size increase and the mass ratio of addi-
tional unimer to seed was noted with sev-
eral BCP systems participating in CDSA 
(Figure 9c).[25,65] Hence, the seeded growth 
technique came to be known as “living 
CDSA.”[24,25] Over the past few years, the 
living CDSA technique has been utilized for 

Figure 8. Synthetic methodology for pyrene end-capped 
polyesters by step-growth polymerization of activated 
AA monomer with structurally diverse BB-diols in the 
presence of a monofunctional alcohol, 1-pyrenemethanol.

Figure 9. (a) Schematic illustration of the living CDSA process to generate controlled 
area 2D platelet micelles by the addition of a crystallizable charge-capped 
homopolymer or BCP/homopolymer blends to 1D seed micelles. (b) Controlled area 
2D platelet micelles from the addition of 20 mass equivalents of charge-capped 
PFDMS homopolymer to PFDMS-b-poly(2-vinyl pyridine) seed micelles. (c) A plot 
showing the linear relationship between average 2D platelet area and unimer-to-seed 
mass ratio. Figure (a-c) adapted with permission from ref 25. Copyright 2021 Royal 
Society of Chemistry. (d) Structures of NDI-1 and NDI-2 and their supramolecular 
block copolymers as (e) depicted from SIM images (Solvent = 5 % toluene in
methylcyclohexane). (d,e) Adapted with permission from ref 81. Copyright 2020 
American Chemical Society. (f) Schematic illustration of the different pathways 
of self-assembly of NDI-3 in the presence and absence of a base (DMAP). 
Adapted with permission from ref 84. Copyright 2019 Royal Society of Chemistry.
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likely to pave the way for the future construc-
tion of programmable segmented core-shell 
block architectures with various other types 
of functional moieties.

Conclusion
Over the past two decades, extensive 

studies on the self-assembly of polymeric 
amphiphiles through directional supramo-
lecular interactions or chain crystalliza-
tion have demonstrated the possibility of 
achieving great control over their structural 
aspects. One way to take it forward is to 
introduce other underexplored directional 
supramolecular interactions[95-97] into the 
polymeric domain with optimism to foresee 
new properties from such hybrid self-as-
sembled materials and expand their struc-
tural and functional diversity. On the hand, 
emerging seeded-growth techniques, oper-
ating at ambient temperature, have allowed 
unprecedented control over the dimensions 
and architecture of crystalline assemblies 
in the solution phase. Living CDSA has 
enabled the development of a new class 
of 1D, 2D, and complex polymer-based 
sequence-controlled hetero-architectures 
with promising scalability and potential func-
tions that could not be achieved by immisci-
bility-driven aggregation of amorphous block 
copolymers in block selective solvents. Not 
to forget that the crystallization of polymers 
(in solid state) is a vast area and systems 
are not necessarily limited to only block 
copolymers. For example, in the recent 
past, Ramakrishnan and co-workers[98] have 
shown the crystallization-driven lamellar 
assembly of polyesters having immiscible 
pendant chains with the possibility of con-
trolling the interlamellar spacing, which is 
attractive for controlling the domain size 
within a smaller length scale than those 
typically seen in BCPs. Further, they stud-
ied the effect of the nature and length of 
periodically located pendant substituents 
on the mesomorphic properties of a series 
of main-chain liquid crystalline polymers[99]  
and pendant-assisted crystallization-driven 
gelation.[100] Importing such knowledge to 
the arena of CDSA in solution could provide 
new opportunities in expanding the scope 
of this emerging technique for the synthesis 
of predictable and structurally well-defined 
macromolecular self-assembled objects. 
Our studies with the sequence-controlled 
segmented organization of distinct self-as-
sembled π-chromophores on the PLLA 
platelets have shown that this approach can 
be extended to a variety of end-functional-
ized crystallizable homopolymers to expand 
the functional diversity of these aesthetically 
beautiful structures. This is a big step toward 
exploring under-charted territory in terms of 
testing the scope and potential of CDSA for 
new functional materials. 

by structured illumination microscopy (SIM) 
imaging (Figure 9d,e).[81,82] On the other hand, 
Ghosh and co-workers have demonstrated 
the possibility of inhibiting spontaneous 
and uncontrolled assembly by arresting 
the active NDI-monomer in a metastable 
dormant state (Figure 9f).[84,85] In another sys-
tem, they showed how the shape mismatch 
between the hydrocarbon solvent and the 
peripheral hydrocarbon chain of the building 
block regulated the off-pathway aggregate 
that was used as a monomer reservoir for 
seed-initiated chain-growth supramolecular 
polymerization for the synthesis of control-
lable nanostructures.[86,87] However, when 
dealing with two component π-systems, 
achieving sequence-controlled supramolec-
ular block copolymers[81,82,88-90]  is the most 
difficult aspect of the molecular design as 
the sequence is driven by the free energy 
of intermolecular (homo vs. hetero) interac-
tions and the exchange dynamics between 
the monomers. Therefore, in the majority of 
examples, either narcissistic self-sorting[91] 
between the supramolecular homopolymers 
or formation of random supramolecular 
copolymers[6,92-94] have been reported. As a 
result, it is highly challenging to design a gen-
erally applicable strategy for the predictable 
sequence-controlled compartmentalized 
organization of π-chromophores in discrete 
supramolecular block copolymer assem-
blies, and is a topic of current interest. CDSA 
of block copolymers, on the other hand, can 
allow the formation of rigid and kinetically 
frozen discrete structures with very little or 
no exchange dynamics between the crys-
tallized polymer chains and unimers. Thus, 
by sequentially adding unimers with various 

Figure 10. (a) Schematic illustration of the sequence-controlled dye-assembly on the surface 
of the 2D block co-platelet by living CDSA using preformed NMI-PLLA platelet as seeds and 
non-aggregated PY-PLLA as unimers. (b) TEM images of the hierarchical block co-platelets 
in isopropanol. Figure b was adapted with permission from ref 67. Copyright 2021 Wiley VCH.

corona-forming blocks to seeds, 1D or 2D 
block co-micelles of precisely regulated size 
with chemically distinct coronal segments 
can be created.[24,25] 

Taking advantage of such a “living” CDSA 
approach, we further generated hierarchi-
cal block co-platelet structures by using 
one of the chromophore-appended PLLA 
homopolymers as the “seed” and another 
as an “unimer.”[67] This made it possible 
to arrange two different self-assembled 
chromophores, namely NMI and PY, in a 
sequence-controlled pattern with their pre-
determined locations on the surface of the 
diamond-shaped block co-platelet by the 
epitaxial growth of the PLLA homopoly-
mer (PY-PLLA) from the pre-existing seed 
platelet of the other (NMI-PLLA) in isopro-
panol (Figure 10a). Not only was it possible 
to visualize those hierarchical segmented 
block co-platelet structures by their mor-
phological characterization by TEM imaging 
(Figure 10b), which showed distinct contrast 
between the inner core and the periph-
ery, but also by FRET studies that revealed 
communication between the two dyes only 
at the interface (Figure 10). As for the blocky 
structure, because the FRET happened only 
between the dyes located at the interface 
between the outer platelet segment and 
the inner core, the FRET ratio was found to 
be much lower than the case when the two 
dyes were randomly distributed all over the 
platelet surface (Figure 7b).[67] As we have 
successfully demonstrated that the intrinsic 
crystallization property of the PLLA chain is 
not affected by the presence of a small dye 
molecule at the chain end, this strategy is 
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