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Abstract. The block copolymer with functional small molecules formed via non-covalent interactions has tremendous
appeal in various fields of applications. When the functional small molecules were attached to one of the blocks of the
block copolymer, it can produce hierarchical structures with built-in functionality. This technique enables for the generation
of controlled nanostructures in the solid-state, and also creates nanoporous templates by selective dissolution of small
molecules. In this featured paper, we review the recent trends of block copolymer-based supramolecules in the self-assembly
process of organic semiconductors and nano-particles within the block copolymer domains in bulk and thin films.
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1. Introduction
Design and creation of functional materials based on noncovalent interactions, named as supramolecular chemistry,
is a rapidly emerging field [1,2]. The non-covalent interactions such as hydrogen bonding, π−π stacking, van der Waals
interaction, ionic interaction, etc. often act as synergistically
in a supramolecular system leads to stable assemblies with
comparable properties [3,4].
Recently, it was demonstrated that the fusion of the
supramolecular approach to block copolymer (BCP) selfassembly is considered as the simple, efficient, and feasible
way to construct advanced nanostructures [5–7]. The block
copolymer supramolecules are generated by the incorporation
of low molecular weight additives to one or more polymer blocks of the BCP via non-covalent interactions. The
attachment of small molecules to the polymer block creates
hierarchical assemblies to generate complex nanostructures
and scaffolds [7,8]. These supramolecular assemblies (SMA)
give benefits over the covalently linked analogs as multiple
functionalities can be readily integrated into the assemblies.
This will moderate the burden of synthesizing completely
new families of BCP [2,9]. Another foremost advantage of
SMA approach is to acquire a nanoporous material by selective dissolution of additives from SMA [10,11]. The obtained
functional nanotemplates can be easily accessible to more
potential applications [5,7].
From several kinds of SMAs, those containing hydrogen
bonds have a prominent position in supramolecular chemistry due to their versatility and directionality [9]. As per the
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literature studies, a large number of small molecules with
different characteristics such as electronic, optical, or stimuliresponsiveness were used to introduce functionality/features
into the formation of BCP supramolecules. One such important field to apply this supramolecular approach effectively
is the organic electronic system, where the organic semiconductor molecules can be used as the functional moieties.

2. BCP-based supramolecules containing organic
semiconductors
Organic semiconductors are mainly π-conjugated systems,
which have a crucial role in this new electronics revolution
period. It is an active material for optoelectronic applications,
such as solar cell [12], organic light-emitting diode (OLED)
[13], etc. Typically, organic-based devices are composed
of small molecules (semiconducting molecules) or polymers (π-conjugated polymers) as active materials [14,15].
The nanoscopic morphology, the molecular packing and the
macroscopic orientation of the organic semiconductor were
tuned to optimize the efficiency of the devices [15]. The crystallization tendency, lower mobility of conjugated polymers
and difficulty in solution processability of small molecules
badly affect the performance of devices [16,17]. To overcome
these obstacles, several methods have been adopted, including solvent–vapour annealing [18], thermal annealing [19],
etc. However, these techniques do not produce continuous
nanostructures with well-defined orientation and packing. It
can be readily achieved by creating BCP supramolecules with
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organic semiconductors, while maintaining the characteristics
of the organic molecules. The present review focuses on
the recent developments in BCP-based supramolecules using
non-covalent interactions with functional organic semiconductor molecules.
2.1 Supramolecules with π -conjugated polymers
Conjugated polymer is an interesting class of organic semiconductors, which possess superior optoelectronic properties and can be used for organic electronic and photonic
devices. The polymers like polyacetylene (PA), poly(3hexylthiophene) (P3HT), poly(phenylenevinylene) (PPV),
etc. are a few examples of this category [20]. It exhibits
lower mobility than its smaller counterparts, so their molecular weight, molecular packing and polydispersity could be
influencing the solution aggregation, solubility and solution processability, etc. that are tailored to optimize their
optical properties and charge mobility. By considering the
device performance, the π-conjugated polymers possess several advantages over the small molecular semiconductors. It
forms a very smooth and uniform thin film that facilitating
a great control over a large scale of the film structural and
morphological features. Also, the crystalline domains of polymers are comparatively less than the exciton diffusion length
of some optoelectronic devices, which produced the isotropic
transport properties [15].
To get the charge transfer more effectively, the nanoscopic
grains formed among the molecules, while blending to be
macroscopically oriented normal to the substrate and also
the packing and the alignment of the organic semiconductor
molecules within each grain must be optimized [21]. Several
approaches like blending of conjugated polymers with small
molecules like fullerene, or assembling them by non-covalent
(supramolecular) interaction [22,23], etc. were established
to overcome these obstacles. Among these methods, the
supramolecular approach will provide the ideal morphologies
for organic photovoltaics (OPVs) with nanoscopic features.
It eliminates some of the synthetic difficulties existing in the
preparation of conjugated BCPs and makes it possible to tailor
the supramolecules for better electronic characteristics.
A few studies are reported for the supramolecules based
on π-conjugated polymers and within that most studies were
focussed on the diacetylene molecule. This molecule undergoes topochemical polymerization under UV light generate
polydiacetylene (PDA), a well-known conjugated polymer
and exhibit colour tunability with respect to external stimuli such as heat [24], stress [25], etc. Due to their colour
tunability, it can be potentially applicable for mainly sensors, molecular switches and optoelectronics [26]. But for the
application side, it is difficult to stabilize the PDA thin film
without a change in the morphology upon solvent exposure
[27]. Wu et al [28] demonstrated a method to stabilize the
PDA thin films by complexing with poly(4-vinyl pyridine)
(P4VP) via hydrogen bonding. They obtained homogeneous
and highly transparent thin films of PDA by spin coating and
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showed the improved stability to organic solvents. The solvent stability of the PDA–P4VP hydrogen-bonding complex
provides a platform for the fabrication of microstructures via
photolithography.
Generally, the orientation and molecular packing of diacetylene are essential to enable the polymerization for the formation of PDA. Several approaches have been developed
to organize the diacetylene monomers in an ordered fashion, such as crystals, monolayers, vesicles, cages, porous
materials, electrospun fibers, etc. [26,29]. Lu and coworkers [30] fabricated a colorimetric sensor-based on PDA fibres
using an electrospinning method, in which the PDA was
embedded within the polystyrene-co-poly(4-vinyl pyridine)
(PS-co-P4VP) polymer matrix. This hydrogen-bonded complex was used to detect the amine concentration even in the
ppb level indicated by the colour change that occurs due to
the intensified stress on the backbone of PDA, while partially
breaking hydrogen bonding when exposed to amine vapour.
Hagaman et al [31] reported a strategy to develop an
electro-conductive polymer via a non-hydrogen-bonded functional SMA. They have used 1,5-bis(2,3-dihydrothieno[3,4b][1,4]dioxin-5-yl)-1,6-methano [10] annulene (bisEDOT), a
molecule that utilizes weak intermolecular forces other than
hydrogen bonds to form functional SMA with PS-b-P4VP.
The bisEDOT, fluorescent molecule undergoes polymerization within the BCP domain when it exposed to oxidant. Conductive AFM measurement confirms the templated
poly(bisEDOT) films are electroconductive in nature.
Further, Zhu et al [32] outlined the use of non-covalent
polymer side-chain modification to conduct the topochemical polymerization in BCP solutions and thin films. They
exploited the SMA strategy to the complexation of imidazolyl diphenyl-diacetylene monomer with polystyrene-bpoly(acrylic acid) (PS-b-PAA) via hydrogen bonding. The
microphase separation of the BCP was enhanced by using
solvent vapour annealing, which in fact enhanced the orientation and molecular packing of the monomer, as a consequence
the topochemical polymerization was improved significantly.
Then, we have explored the hierarchical assembly of
photopolymerizable 10,12-pentacosadyionic acid (PCDA)
molecule with the PS-b-P4VP block copolymer. Here, we
focussed on the effect of different annealing conditions, such
as solvent vapour annealing and thermal annealing on the
hierarchical ordering and molecular orientation of diacetylene
molecule (PCDA) within the block copolymer microdomain
and subsequent topochemical polymerization of PCDA.
When PCDA is added to the PS-b-P4VP, it selectively forms
the hydrogen bonding with the 4VP chains, resulting in the
formation of the lamellar morphology and the hydrogenbonded PCDA molecules form the hierarchical structures in
the P4VP domains. The obtained supramolecules were subjected to both annealing techniques to modify the microphase
segregation of BCP supramolecules and the molecular packing of the hierarchically ordered PCDA monomers. It should
be noted that in general, solvent–vapour annealed samples
result in kinetically trapped structures in nonequilibrium [33],
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while during thermal annealing above the glass transition temperatures (Tg ) of the blocks gives the equilibrium structures
[34]. Other than the Tg of polymers, the melting point of the
small molecules also plays a key role in the self-assembly process in block copolymer supramolecules [35–37]. Here, the
solvent vapour annealing resulted in the poor ordering of BCP
supramolecules as confirmed by SAXS and TEM. However,
these samples provide the longer π-conjugated PDA on the
topochemical polymerization, which means the packing of
hierarchically ordered PCDA molecules are effective for the
topochemical polymerization. Whilst the thermally annealed
sample shows well-ordered microphase segregation of block
copolymer supramolecules, but the topochemical reaction is
not that much effective that leads to shorter π-conjugated
polydiacetylene. The change in the degree of polymerization
of solvent vapour annealed and thermally annealed samples
confirm from the visual images as well as the UV spectra
shown in figure 1. It is evident that the molecular packing
of PCDA monomers is sensitive to the annealing conditions,
which in turn control the degree of polymerization of PCDA.
As depicted schematically in figure 2, the molecular packing of PCDA is critically important to the overall assembly
of BCP supramolecules and the subsequent topochemical
polymerization of hydrogen-bonded PCDA within the BCP
microdomains [38].
Recently, Liang et al [39] developed a strategy to produce a robust nanoporous membrane with controlled inclusion
of functional groups based on topochemical polymerization
aided by block copolymer. In their work, first, they incorporated functional monomers, the phenylalanine derivative
bearing a terminal pyrrole moiety (Py–Phe) into the P4VP
block of the PS-b-P4VP block copolymer via hydrogen bonding, followed by the topochemical polymerization of the
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preorganized Py–Phe monomers within the BCP. The organized amino acid-functionalized nanoporous polymeric films
were obtained after the extraction of the BCP template. In
brief, they have demonstrated a strategy based on block
copolymer-assisted topochemical polymerization to generate
stable nanoporous polypyrrole-based conductive films effectively with the regulated inclusion of functional groups on the
nanochannels.

2.2 Supramolecules with small semiconducting molecules
The small molecule organic semiconductors have high purity
and possess well defined electronic characteristics [40,41].
Like π-conjugated polymers, they also offer distinctive possibilities to generate organic electronic devices with low-cost
and high performance [40]. Due to the dewetting and crystallization tendency of small molecules, it is difficult to process
into a uniform film and also needed to arrange them in a
nanoscopic pattern for better electronic properties [42,43].
These limitations can overcome by using the organic semiconductors in a supramolecular approach and can control
and tune the electronic properties of the semiconducting
materials.
The supramolecular strategy introduces a new route for
processing organic semiconductors in thin films and assembling them into nanoscopic structures. Few latest reviews
discussed in detail about the supramolecules based on
fullerenes [22,23]. Lu et al [44] described the complexation
of 2-(2-pyridyl)ethylaminofullerene (PYEAF) with four different acidic polymers such as poly(vinylphosphonic acid)
(PVPA), poly(styrenesulphonic acid) (PSSA), poly(acrylic
acid) (PAA) and poly(methacrylic acid) (PMAA) via ionic

Figure 1. (a) Photographs of solvent vapour annealed (SA) and thermally annealed (TA) PS-b-P4VP(PCDA), UV-irradiated and meltcooled samples under visible light. (b) UV–Vis absorption spectra of PS-b-P4VP(PCDA) before UV irradiation (black line), solvent vapour
annealed sample after UV irradiation (blue line, marked as SA-blue), melt-cooled spectrum of SA-blue (red line, marked as SA-red),
thermal annealed sample after UV irradiation (green line, marked as TA-blue), and melt-cooled spectrum of TA-blue (brown line, marked
as TA-red). Reprinted with permission from ref. [38]. Copyright 2019 Royal Society of Chemistry.
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Figure 2. Schematic representation of the hierarchical self-assembly of the PCDA monomers within the block
copolymer microdomains in solvent vapour annealed and thermally annealed samples, followed by topochemical polymerization.

interaction. Due to the strong interaction among the polymer chains and fullerene molecules, none of the complexes
showed the glass transition temperature (Tg ) up to degradation
temperature. The complex yield and the extent of protonation
rely on the polymers acidic strength. Followed by Huang et
al [45] studied the same with hydrogen sulphated fullerenol
and P4VP. No Tg was observed due to the strong interactions between polymer chains and fullerenes as discussed in
the previous example. The assembly of new supramolecular aggregates by using carboxylic acid-functionalized C60
molecules with pyridine group of PS-b-P4VP via hydrogen
bonding was reported by Fujita et al [46]. They showed
that the formation of polymeric micelles with a PS shell
and a P4VP(C60) core. Under suitable conditions, these
supramolecules created C60 nanoparticles with narrow size
distribution and morphology.
Ikkala and coworkers [47] demonstrated the self-assembled
non-functionalized C60 molecules from cylindrical to spherical state by charge-transfer complexation among the fullerenes
and the PS-b-P4VP block copolymers. It maintains the distinctive purple colour of pure C60 after complexation with
the copolymer. But after ageing, the colour of the solution changed to brown and exhibit the absorption band in
the charge transfer region (450–550 nm) and simultaneous
morphological change occurs. It was suggested that the morphological change occurred due to the increased tendency
of aggregation of fullerene coupled with the fact that one
fullerene molecule bind with multiple P4VP units together
via charge transfer as shown in figure 3.
Hadziioannou and co-workers [48] described the complexation of poly(diethylhexyl-p-phenylenevinylene)-b-P4VP

(PPV-b-P4VP) with fullerene (C60) molecules. To achieve the
microphase separated morphology, samples were annealed
at 180◦ C for 16 h in a high vacuum chamber. The lamellar structure of the BCP was retained for the samples with
5 and 10 wt% C60, but have poor long-range order. The
macrophase separated structures are obtained in the case of
larger volume fraction of C60, e.g. >15 wt%, when annealed
the sample above the Tg of the polymer, which is due to
the weak interaction between the fullerene and P4VP block.
Further, the same group proposed a bicontinuous electrondonor/electron-acceptor design networks based on the SMA
approach between the P3HT-b-P4VP block copolymer and
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM), whereas
the domains of P3HT-rod act as electron-donating species and
P4VP:PCBM blend act as the electron acceptor. This method
offers an optimal composition of the system by maintaining the morphologies as well as the hole/electron motilities.
Compared to the P3HT/PCBM blend, the copolymer exhibit
enhanced thermal stability. A more improved BCP morphology and more intense rod block π−π stacking were noted
within a particular range of PCBM levels, resulting in an
ambipolar charge transport [49].
Other than fullerenes, Li et al [50] used COOH-modified
single-walled carbon nanotubes (SWCNTs) to exploit the
hydrogen bonding with pyridine units of poly[4-di(9,9dihexylfluoren-2-yl)styrene]-b-poly(2-vinyl pyridine) (P(StF12)-b-P2VP) to improve the dispersibility of SWCNT in
P2VP. Electrical conductivity measurements exhibit relatively low values compared to other polymer–CNT composites. The low conductivity value suggests the aggregation of
SWCNTs in the P2VP.
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Figure 3. Schematic representation of the charge-transfer complexation with PS-b-P4VP with fullerene (C60) molecule and TEM
images of pure PS-b-P4VP and PS-b-P4VP(C60) supramolecules casted from (centre) fresh and (right) aged solutions. Reprinted with
permission from ref. [47]. Copyright 2006 American Chemical Society.

Xu and co-workers [35,36,51,52] did several works in
this supramolecular area using oligothiophenes as small
molecules. The processability issue of oligothiophene can
overcome by using the SMA approach and can produce the
uniform films of reduced surface roughness without affecting charge mobility. Nanostructured lamellar assemblies of
the oligothiophene molecules shown in figure 4 will be able
to easily achieve in the thin films of oligothiophene-based
supramolecules, which is an ideal morphology for OPV
devices. The obtained charge mobilities of quarter thiophene
(4T) molecules and P4VP(4T)r supramolecules in an organic
field-effect transistor (OFET) are analogous to the organic
semiconductors used in OPVs and OLEDs. The charge transfer property exhibited by the PS-b-P4VP(4T) supramolecules
makes it as a nanostructured semiconductor composite [51].
They described that in the supramolecules, the crystallization tendency of the oligothiophene molecule possesses an
impact on the entanglement of polymer chain and morphology
of both BCP blocks that in turn enhances the thermoresponsiveness of the material. They focussed on a series of small

Figure 4. (a) Chemical structure and supramolecular assembly of
PS-b-P4VP(4T) and (b) TEM images of PS-b-P4VP(4T)1.5 annealed
at 155◦ C. Reprinted with permission from ref. [51]. Copyright 2010
American Chemical Society.

molecular organic semiconductors having distinct chemical
structures and strengths of intermolecular interactions and
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their supramolecules with PS-b-P4VP block copolymer. The
factors such as the position of the alkyl solubilizing groups on
the core (side vs. end functionalization), the arrangement of
alkyl groups (branched or linear), the composition of the crystalline core of the molecule, affect the overall morphology of
the supramolecules [35].
A few studies are reported on the perylene bisimide-based
supramolecules also. Asha and co-workers [53,54] reported
a series of works with P4VP and bisimide-based molecules
using supramolecular approach. They did the complexation
of P4VP with hydroxyl functionalized perylene and naphthalene bisimides, leading in a lamellar arrangement with a
domain spacing of 5–10 nm and this arrangement lead to
the enhanced conductivity. Here, the supramolecules show
an improved charge carrier mobility compared to the physical
blend. The most significant aspect of this strategy was to maintain the crystallinity of perylene and naphthalene bisimides in
the polymer supramolecular complex and to merge the benefit
of both small molecules as well as the polymer.
Tran et al [55] reported the alignment of n-type mesogen
within the block copolymer domain using magnetic field,
while cooling from the disordered state or melt state. They
have used perylene diimide (PDI) linked to an imidazole head
group through an alkyl spacer as mesogen, where the imidazole group will form a hydrogen bond with the acrylic acid
block of poly(styrene-b-acrylic acid) (PS-b-PAA) to form the
supramolecular assembly. The resulting organic monoliths
display uniform orientation of the microstructure throughout
the sample by the application of the magnetic field.
Kuila and co-workers [56] pointed out the use of perylene
bisimide (PBI) for the fabrication of organic semiconductor
material with PS-b-P4VP via supramolecular approach. They
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have described the hierarchical assembly formation of PBI
within the P4VP domain. The aggregation behaviour of PBI in
the P4VP domain exhibits improved luminescent properties
compared to the pure PBI molecules. Compared to pristine
PBI, they found that the SMA shows three-fold improvements
in the charge carrier mobility.
The primary focus of the research community in this
field to date was the incorporation of a low molecular
additive into the polymer chain via supramolecular assembly. In fact, the study based on multicomponent assembly was rarely attained, may be due to the frequently
faced issue of phase separation, even though it produces
novel nanostructured materials with improved properties.
Saibal et al [57] described the formation of random donor–
acceptor (D–A) comb polymers through the complexation
with P4VP domains via hydrogen bonding. The hydroxylfunctionalized oligo(phenylenevinylene) (OPVCN-OH) act
as donor molecule and pentadecylphenol-based asymmetric
perylenebisimide (UPBI-PDP) act as acceptor molecule. The
supramolecular random D–A comb polymer shows a lamellar
arrangement with domain size < 10 nm. To check the selforganizing behaviour of the D–A assembly with and without
the polymer template (P4VP domain), they prepare the D–A
small molecular complex in the absence of P4VP. The D–A
alone complex exhibit poor film-forming capacity and possesses very low electron and hole mobilities compared to the
supramolecular system.
Later, the reports from our group have shown the threecomponent hierarchical assembly by block copolymer
supramolecular approach. By using this strategy, we generated alternate D–A stacking within the block copolymer
domains in the solid-state. Here, the pyrene butyric acid

Figure 5. (a) Chemical structure of the block copolymer (PS-b-P4VP), donor molecule (PBA) and acceptor molecule (NDI).
(b) Schematic illustration of SMA formation and D–A stacking within the P4VP domain of block copolymer. (c) FTIR spectra of
NDI, PBA, PS-b-P4VP, PS-b-P4VP(PBA)0.5 , and PS-b-P4VP(PBA + NDI) in the region of 1030–980 cm−1 . Reprinted with permission
from ref. [58]. Copyright 2019 American Chemical Society.
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Figure 6. Schematic representation of the hierarchical self-assembly of the donor and acceptor molecules
within the block copolymer microdomains. Reprinted with permission from ref. [58]. Copyright 2019 American
Chemical Society.

(PBA) acts as donor and naphthalene diimide (NDI) acts as
acceptor molecule. The chemical structure of the molecules
and their interaction among the polymer domain are shown
in figure 5. The incorporation of PBA molecules to the P4VP
domain resulted in the morphological change from disorder
to cylindrical state. Further addition of NDI molecules to this
PS-b-P4VP(PBA) assembly preferred the formation of CT
complexes by π−π interactions without disturbing the hydrogen bonding among the PBA and P4VP, and thereby, changing
the morphology from cylindrical to lamellae. The formation of charge-transfer complexes between PBA and NDI
within the block copolymer domain was confirmed by using
UV/visible and photoluminescence spectroscopies, which is
also evident by the visual colour change. The physical blend
of PBA and NDI without block copolymer was prepared to
understand the role of the block copolymer in D–A assembly. In solution state, both the systems show stable assembly.
Upon solidification, the physical blend favours the self-sorted
assembly. The formation of hierarchical structures upon the
addition of PBA and NDI to the block copolymer is summarized and schematically described in figure 6. Further, the
space charge limited current measurements proved that the
block copolymer supramolecules having higher charge mobility compared to that of the physical blend. The most important
fact of this strategy was the solution processability and the
controlled formation of stable hierarchical assemblies in bulk,
which have potential for device applications such as optical
waveguides, light-harvesting, OPV, etc. [58].

The interest in the field of block copolymer supramolecular assembly is mainly due to the creation of polymeric
nanoobjects or nanoporous membranes by the removal of
low molecular weight additives [10,11,59]. In addition, this
method allowed to incorporate built-in functionalities on the
walls of polymeric nanomembranes, which can be effectively
used as templates for nanofabrication [5–7]. The long-range
order of the nanostructures is very significant for the functional devices. There are several reports appeared on the
employment of BCP templates for patterning of nanoparticles
[5–7,9,11,60]. This method is promising for the continuous
improvements in semiconductor technology, particularly in
the nanolithography for patterning next-era semiconductor
devices.

3. Summary and outlook
The block copolymer supramolecular assembly approach is a
simple and effective method to generate nanostructured functional materials. This review has highlighted some of the
recent developments in the field of BCP-based semiconductor
supramolecules. The strategy is comprising the non-covalent
interaction between organic semiconductors-based molecules
with one block of the block copolymer that significantly
improves molecular ordering, macroscopic orientation of the
semiconductor molecules, solution processability, etc. without losing their specific features. In addition, a wide range of
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potentially useful morphologies can be obtained using SMA
approach for diverse applications, such as nanofabrication
and devices. The multi-component hierarchical assemblies
using SMA approach is in the initial stages, and an enormous
scope is available for the fundamental understanding of the
assembly process and implementation of the obtained assemblies/morphologies for the fabrication of advanced materials
and devices. Further research and collaborative efforts in
this field are required to achieve the translation of academic
research on block copolymer-based organic semiconductor
supramolecules into applicable technology.
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