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Fig. 1 Schematic representation of multi-level self-assembly process of (a — d) proteins and (e — h) conjugated polymers:
(a) linear sequence of amino acids forming protein primary structure; (b) one common secondary structural element: a
helice; (c) a protein tertiary structure with one or more protein secondary structures; (d) the number and arrangement of
multiple folded protein subunits in a protein quaternary structure; (e) a conjugated polymer chain formed by donor and
acceptor units; (f) polymer aggregates formed through 7-7 stacking interactions in solution state; (g) the coexistence of
polymer crystalline and amorphous regions in a polymer thin film; (h) phase segregation structure of a typical bulk-hetero

junction (BHJ) organic solar cell. ETL, electron transporting layer; HTL, hole transporting layer
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Fig.2 (a) Schematic of the charge transport mechanism in
a polymer thin film; (b) Schematic of the device-scale
phase-segregation in a typical bulk-hetero junction (BHJ)
organic solar cell
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Table 1 Definition and characterization methods of multi-level self-assembly structures of conjugated polymers

Structure levels Definition

Structure characteristic

Characterization methods

One-dimensional polymer

Primary structure chain
Multiple polymer chain
Secondary structure  aggregates through

interchain interactions

Tertiary structure

and amorphous region boundary

Covalent bonding

Phase behavior: crystalline Domain size and grain

"H-NMR (molecular structure), gel
permeation chromatography (molecular
weight), absorption spectroscopy and
cyclic voltammetry (HOMO LUMO
levels), ab initio calculation

Lamellar packing, -z stacking  X-ray diffraction, molecular dynamics
and chain entanglement

simulation

Atomic force microscopy (AFM),
transmission electron microscopy (TEM),
resonant soft X-ray scattering (RSoXS),
energy dispersive spectrometer (EDS)

Interaction between different

Phase segregation in multi-

aternary st I .
Quaternary structure component mixture

component and phase
interfacial property

AFM, TEM, RSoXS, EDS
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Fig. 3 Design strategy of fully “conformation locked” PPV-based conjugated polymers, FBDPPV-1 and FBDPPV-2
and proposed intramolecular hydrogen bonds and backbone conformations for FBDPPV-1 and FBDPPV-2
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(a) The equilibrium of entanglement, disentanglement, nucleation and growth; (b) Proposed polymer

aggregates (from left to right) in ODCB solution, 20% toluene in ODCB solution and toluene solution
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P(I) Crystalline domains

PAN-matrix

—+ Charge transport channels
Top view

Schematics of the BDOPV-2T polymer microstructures for the devices prepared from (a) ODCB solution,

(b) toluene solution, and (c) 20% toluene in ODCB solution. In the schematics, long polymer chains (highlighted in red) can
connect ordered regions. Large voids between grains in films from toluene solution are highlighted in orange; (d) Chemical

structure of P(I); (e) Schematic representations of interlayer lamellar packing of (I) in the semiconductor layer thermally
annealed in the presence (right) and absence (left) of PAN; (f) Top-contact, bottom-gate OTFT device configuration on
OTS-18-modified Si/SiO, substrate; (g) Schematic representation of charge transport pathways through crystalline domains
of P(I) in PAN matrix on dielectric surface (Reprinted with permission from Ref.[39]; Copyright (2016) American

Chemical Society)
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(a) Schematic of nano-scale phase segregation domain and basic working mechanism of a typical bulk-hetero

junction (BHJ) organic solar cell; (b) 3D schematic representation of an OPV based on an architecture that has been
proposed to be ideal for exciton dissociation and charge collection; (c, d) Schematic of molecular packing in the PDPH
films and (e, f) schematic of the proposed molecular packing in the PDPF films (PDPF shows improved miscibility with the

N-DMBI dopant.)
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Multi-level Self-assembly of Conjugated Polymers
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(*Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing 100871)

Abstract Conjugated polymer materials have properties of light-weight, flexibility, good solution processability,
performance tunability and low manufacturing cost. Therefore they hold great promise in various applications like
light-emitting diodes, photovoltaics, field effect transistors and sensors. Due to the weak intermolecular
interactions between conjugated polymers, subtle chemical structure modification and fabrication process
alteration will cause variation of molecule assembly behaviours at a broad range of length scale and change of
device performance. Thus, complex and diverse multi-level self-assembly structures of conjugated polymers can
be formed. This provides rational molecular design and future industrial application with theoretical basis and
applicable design strategies. This also sheds light on understanding the “structure-function relationships” of
conjugated polymer materials. For the first time, based on systematic comparison of similarity between multi-level
self-assembly behaviours of conjugated polymers and proteins, this review proposes that the assemblies used in
optoelectronic devices usually have quaternary structures as in proteins: the primary structure is the one-
dimensional polymer chain connected by covalent bonding; the secondary structure is multiple polymer chain
aggregates forming through interchain interactions like lamellar packing, z-z stacking and chain entanglement; the
tertiary structure is the phase behaviour as crystalline and amorphous region with domain size and grain boundary;
the quaternary structure is the phase segregation in multi-component mixture through interaction between different
component and phase interfacial properties. Multi-level self-assembly behaviours are in concert with each other to
functionalize conjugated polymer materials by light, electric, magnet and heat performances. This review
summarizes recent progresses on studies of conjugated polymer multi-level self-assembly process, which provides
us with a new prospect of better observing, understanding and guiding the conjugated polymer multi-level self-
assembly process. And thereby the substantial relationship between chemical structure, fabrication processing,
assembly behaviour and macroscopic physical process is established, and the optoelectronic properties of polymer
materials is furthermore optimized.

Keywords Conjugated polymer, Supramolecular chemistry, Solution-state self-assembly, Structure-function

relationship
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