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ABSTRACT: Block copolymers can self-assemble into nanoscale objects with various morphologies, offering custom nanomaterials 

for diverse fields of application. However, achieving amorphous 2D morphology through self-assembly in solution remains challeng-

ing. Here, we systematically investigate the structural requirements of rod (bottlebrush) – coil (linear) block copolymers for self-

assembly into nanoscale discs by independently varying sidechain and backbone lengths. We identify optimal polymer dimensions 

that yield well-defined nanodiscs with 50-200 nm diameters through direct self-assembly in water. 

Polymeric nanoparticles have revolutionized fields such as electronics, materials science and nanotechnology.1 Especially, anisotropic 

particles, like discoidal nanoparticles, exhibit distinct advantages in applications requiring controlled surface interactions and tailored 

mechanical properties.2, 3 Their large surface area and unique 2D geometry enhance interfacial behaviour and dispersion stability.4, 5 

Their high aspect ratio introduces atypical flow behaviour in fluids that influence particle alignment and aggregation.6-8 We have 

recently summarized the development of nanodisc fabrication techniques, which remain considerably scarce compared to other pol-

ymer particle morphologies, like spheres and worms.9 This is attributed to the significant challenge of overcoming energetic penalties 

that favor curved interfaces and inhibit the formation and stabilization of planar structures like discs. In this context, the use of 

crystallization to achieve planar 2D copolymer assemblies has emerged; initially through the crystallization of micelle cores, nowa-

days predominately through the growth of polymer platelets using crystallization-driven self-assembly (CDSA).10 Thus, the fabrica-

tion of discoidal nanoparticles with crystalline cores has become controllable and reliable. In the absence of crystalline polymers, the 
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challenge of fabricating amorphous, discoidal nanoparticles remains. Rod-coil architectures involving linear polymers, attached to 

helical11, 12 or polypeptide segments,13-15 demonstrate the ability to form discoidal structures as their rod segments facilitate planar 

packing.16 However, in either case – CDSA or linear rod-coil copolymers – the core of the assembled particles is densely packed and 

essential for particle stability which may hamper future applications where access to the core is important, like in drug delivery. In 

an effort to use non-crystalline polymers in self-assembly, approaches exploring external stimuli,17-19 templates20 or small molecules21, 

22 as driving forces have been studied. The complexity of these approaches underscores the necessity to develop more generalized 

methodologies that enable 2D assembly and that can be applied across different polymer systems and application contexts. 

A modular direct self-assembly into discoidal nanoparticles can be achieved using a molecular polymer bottlebrush system, where 

the bottlebrush adopts the properties of a rod segment like in linear rod-coil copolymers. Chen and coworkers showed 2D self-

assembly of discs using rod-coil copolymers, approximating ~400 nm in width and ~30 nm in height, using strong π-π stacking within 

the core-forming rods.23 We have recently demonstrated self-assembly of a functional linear-block-bottlebrush copolymer ‘tadpole’ 

into discs ranging between 300 – 500 nm in diameter.24 We further demonstrated the modularity of this approach by varying the 

hydrophobicity of the core-forming bottlebrush, revealing that different sidechains can be grafted without compromising the disc 

formation process.25 To expand our understanding of disc-forming building blocks, we herein show that a more modular ‘grafting-

from’ approach is advantageous in designing building blocks for nanodiscs self-assembly, as it allows to systematically identify an 

optimal window where nanodiscs can be realized. Similarly, we show that bottlebrushes with high glass transition temperature (Tg) 

can also form well-defined nanodiscs, similar to their low Tg analogues.  

Scheme 1. Synthesis of PEG-b-(PBIEMx-g-PBzMAy) tadpole-like rod-coil bottlebrush copolymers. 

 

footnote: x = 9, 15, 31, 49 and y = 6, 23, 51, 75, 144 
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Inspired by our tadpole-like, rod-coil bottlebrush copolymers (BBCPs) made via the “grafting-to” approach,24, 25 we designed a “graft-

ing-from” strategy to build a library of amphiphilic BBCPs using a linear PEO block (coil) and a poly(benzyl methacrylate) (PBzMA) 

bottlebrush block (rod) (Scheme 1). First, we used reversible addition-fragmentation chain-transfer (RAFT) polymerization to syn-

thesize a diblock copolymer by polymerizing 2-hydroxyethyl methacrylate (HEMA) from a mPEG114-CPADB macro-RAFT agent 

(Figure S1). The PHEMA was subsequently esterified with α-bromoisobutyrate bromide to give a poly(ethylene glycol)114-block-

poly[2-(2-bromo isobutyryloxy)ethyl methacrylate]x (PEG114-b-PBIEMx) polyinitiator backbone (Figure S2). The PBIEM moieties 

were then used to graft PBzMA sidechains using atom transfer radical polymerisation (ATRP) to yield well-defined tadpole-like 

BBCPs macromolecules. Varying the PHEMA block length and/or the PBzMA sidechain length allowed for adjusting the bottlebrush 

segment, and consequently the overall BBCP dimensions and hydrophilic-to-hydrophobic ratio (Table 1). As a first set, we used a 

PEG114-b-PBIEM15 backbone to generate a library of building blocks with constant backbone length, but different sidechain lengths: 

PEG114-b-(PBIEM15-g-PBzMAy), with y = 6, 23, 51, 75, 144. The growing sidechain length increased the overall hydrodynamic 

volume of the BBCPs, evident through a progressive shift towards shorter retention times in size exclusion chromatography (SEC) 

(Figure 1A). In addition, we synthesized a second BBCP set, maintaining a comparable sidechain length (DP~ 76-79), but varying 

the PBIEM backbone length (x = 9, 31, 49). Again, a shift in SEC retention time was attributed to the increasing hydrodynamic 

volume with increasing bottlebrush blocks (Figure 1B). Sidechain lengths were determined by comparison of the integration of the 

CH2 of the benzyl group at δ ~ 4.75 ppm to the repeating (CH2)2 PEG signal at δ ~ 3.55 ppm (Figures S3 & S4) under the assumption 

of 50% grafting efficiency.26, 27 Figure 1C shows a representative 1H NMR of PEG114-b-(PBIEMx-g-PBzMAy). A summary of the 

BBCP libraries is shown in Table 1. From here on, we denote our materials as tadpoles (TP), encoding the DP of PBIEM backbone 

and the DP of the sidechains, e.g. PEG114-b-(PBIEM15-g-PBzMA75) becomes TP15-75. All synthesis protocols are detailed in the Sup-

porting Information.   



4 

 

 

Figure 1. SEC traces in DMAc (50 °C and 1 mL min-1) of (A) PEG114-b-(PBIEM15-g-PBzMAy) library with increasing 

sidechain length (y = 6, 23, 51, 75, 144) and (B) PEG114-b-(PBIEMx-g-PBzMA75) library with varied backbone length (x = 9, 

31, 79). (C) Exemplar 1H NMR spectrum of PEG114-b-(PBIEMx-g-PBzMAy) in CDCl3. 

 

Table 1. Characterisation data of PEG114-b-(PBIEMx-g-PBzMAy) copolymer library 

 

aBzMA fraction in the copolymer, bDetermined by 1H NMR analysis, cDetermined by SEC (Mw/Mn). 

 

BBCPs DPPEG DPPBIEM DPPBzMA  afBzMA 
 bMn,NMR

 cÐSEC
 Self-Assembly Morphology 

TP15-6 114 15 6 0.44 12 900 1.19 Polymersomes 

TP15-23 114 15 23 0.75 30 400 1.11 Spherical particles 

TP15-51 114 15 51 0.87 72 400 1.11 Spherical particles 

TP15-75 114 15 75 0.91 104 000 1.11 Discs 

TP15-144 114 15 144 0.95 195 000 1.11 Spherical particles 

TP9-79 114 9 79 0.86 67 600 1.16 Polymersomes 

TP30-76 114 31 76 0.95 207 000 1.12 Spherical particles 

TP45-79 114 49 79 0.97 346 000 1.15 Spherical particles 
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Figure 2. (top) Schematic representation of varying sidechain lengths of BBCPs with TEM images of self-assemblies from (A) TP15-

6, (B) TP15-23, (C) TP15-51, (D) TP15-75, (E) TP15-144. (bottom) TEM micrographs of negatively-stained self-assembled BBCPs, with inset 

showing a representative unstained particle. A schematic for each particle is provided in the Supporting Information (Figure S6). 

Using the first set of BBCPs (constant PBIEM, but varying sidechain length), we self-assembled the BBCPs via a solvent switch 

method, starting with a 2 mg/mL solution in DMF and their dialysis into deionized water (see Supporting Information).  We used 

transmission electron microscopy (TEM) to survey the resulting assemblies (Figure 2) and dynamic light scattering (DLS) to estimate 

their hydrodynamic sizes (Figure S5). The self-assembly of TP15-6 resulted in the formation of polymersomes, as verified by TEM 

(Figure 2A) and AFM (Figure S7). Doubling the sidechain length in TP15-23 revealed spherical particles averaging 200 nm in hydro-

dynamic diameter (Figure S5) and particles ranging from ~90-200 nm via TEM (Figure 2B). These particles were verified by atomic 

force microscopy (AFM), with deflated heights of ~12-28 nm indicating dense spherical particles (Figure S8). Extending sidechains 

further in TP15-51 gave similar spherical morphologies, albeit with larger diameters (~80-300 nm) in TEM, AFM (Figure 2C, Figure 

S9) and DLS (Figure S5). Using AFM, we established that this sample also contained flat assemblies (height ~ 5 nm) that were 

dispersed amongst the larger spherical particles (with heights of ~20-30 nm) (Figure S9B-D). The flat particles indicated the coexist-

ence of another species, most likely discoidal assemblies. Interestingly, when extending the sidechains further, TP15-75 self-assembled 

exclusively into nanodiscs with diameters ranging from ~50-160 nm. These flat particles were observed to be uniformly shaded in 

TEM (Figure 2D), which aligns with previous work.9, 24, 25 The discoidal morphology was confirmed by AFM cross-section analyses 

(Figure 3), which occasionally revealed stacked discs (with doubled height) amongst single discs (Figure 3B & 3C) as an artefact of 

the sample preparation process. As the approximate carbon-carbon length in polymethacrylates correlates to ~ 0.25 nm,28 a stretched 

bottlebrush backbone would measure ~ 4-5 nm in height, indicating the BBCPs should stack side-by-side rather than end-to-end. 

Further extending the sidechain length, TP15-144 resulted in the formation of spherical particles with ~ 100-200 nm diameters with 

deflated heights between ~25-33 nm (Figure 2E, Figure S10).  

Considering the ratio of hydrophilic PEG to hydrophobic PBzMA and their macromolecular topology, we postulate that the shortest 

PBzMA sidechains (DP=6), combined with a reduced grafting density (ie. not 100% grafting efficiency) afford sufficient mobility of 
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the bottlebrush segment to be stabilised sufficiently by the hydrophilic PEG block (fBzMA = 0.44, Table 1), hence leading to poly-

mersomes. With increasing sidechain lengths, architectural asymmetry becomes more prominent relative to the flexible linear PEG, 

whilst increasing the hydrophobic fraction. This leads to the self-assembly of dense polymer particles, as we have recently shown for 

a different system.29 Further extension of sidechain length with the grafting density remaining constant, increases crowding and steric 

repulsion in the bottlebrush segment, leading to segment stiffening.30 This is further supported by theoretical predictions.31 In addition, 

a strong rigidity contrast of segments in rod-coil macromolecules can diminish the influence of volume fractions and dominate ther-

modynamic factors in the self-assembly of discrete nanostructures.16 At  fBzMA = 0.91 found in TP15-75, this steric repulsion affects the 

ability of the bottlebrush segment to bend and to adopt curvature32 during dialysis, leading to planar, discoidal assemblies. This 

segment stiffening is expected to be minimally affected by the nature of the solvent, provided the solvent is a good solvent for the 

bottlebrush. Using THF instead of DMF for the dialysis yielded also exclusively nanodiscs (Figure S14), indicating that the self-

assembly depends more on the rod-coil structure than solvent effects. This aligns with molecular dynamic simulations, indicating that 

increasing sidechain length leads to stiffening and an extension effect on bottlebrush backbones.33 As the ratio of PEG to PBzMA 

diverts further, sufficient stabilisation of the self-assembled materials becomes problematic, leading to the formation of dense polymer 

particles (likely large compound micelles or nanoprecipitates)34 with low colloidal stability. Scattering experiments indicate that the 

flexibility of bottlebrush backbones can be restored by excessive elongation of sidechains as their mutual interaction and conforma-

tional entropy overwhelms steric effects.35  
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Figure 3. (A) AFM height image of self-assembled discs of TP15-75 and its crosssectional analysis (B). (C) 3D plot of the 

marked section in the height image, with arrows indicating stacked discs. Z-value -1 – +7nm. 

 

Figure 4. Schematic representation of backbone length of polymer tadpoles with (A-C) TEM images of self-assemblies from 

(A) TP9-79, (B) TP30-76, (C) TP49-79.  Scale bars are 200 nm.  A schematic for each particle is provided in the Supporting 

Information (Figure S6).
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After finding that TP15-75 yielded polymer nanodiscs, we then varied the bottlebrush backbone length as another parameter to alter 

both the molar ratio and dimensions of the hydrophobic segment. Whilst the grafting density across our systems remains constant as 

the synthetic procedure is identical, a very short backbone length (DP = 9) in TP9-79 will allow for less protruding sidechains and a 

reduced steric hindrance between the sidechains, mimicking systems with sparsely grafted sidechains.36 Additionally, simulation 

studies show that shorter end-to-end backbone distances improve side chain mobility to spherically cap bottlebrush segments.37, 38 

Thus, the corresponding self-assemblies of  the highly asymmetric amphiphile TP9-79 formed polymersomes (Figure 4A, Figure S11). 

Despite maintaining a comparable PEG-to-PBzMA ratio in TP9-79 (fBzMA = 0.86) to TP15-75, the curvature effect at the interface between 

the domains is influenced by the greater sidechain flexibility and reduced persistent length of the backbone39 lending to vesicular 

structures. Increasing the backbone length in TP30-76 and TP49-79 meant that the hydrophobic bottlebrush segment increased dramati-

cally in volume and was more likely to behave like a bottlebrush again due to increased chain crowding and axial backbone stretch-

ing.38, 40 However, this resulted in the formation of spherical polymer self-assemblies (Figure 4B and 4C; Figure S12 and S13), as a 

result of the high hydrophobic content (fBzMA > 0.95) and the reduced solubility and enhanced collapse of the bottlebrush blocks, as 

recently seen for a different system.29 Whilst the increase in backbone length is expected to increase the persistence length and rigidity 

of the brush segment, and thus satisfy the expected requirements of planar packing, the sharp increase of the BzMA fraction ultimately 

leads to spherical polymer particles. 

To deduce influencing parameters on disc formation, we compared the linear-to-bottlebrush molar ratios of TP15-75 (Table 1) with that 

of our previously reported “grafting-to” studies using poly(ethyl glycoxylate) (fhydrophobic = 0.87)24 and poly(glycidyl ether)s (fhydrophobic 

~ 0.80)25 sidechains. Both exhibited similar, but not matching, ratios to the disc-forming TP15-75 (fhydrophobic = 0.91). However, because 

the chemical identity and grafting density of the hydrophobic bottlebrush segments differ across these three systems, we can expect 

that the critical ratio between the hydrophilic coil to the hydrophobic rod segment to facilitate planar packing will differ too. But in 

all these cases the bottlebrush backbone must be appropriately extended by sufficiently long sidechains that protrude from the back-

bone in response to steric repulsion.32, 38 This reduces the flexibility within the core-forming segment in all cases, whilst enhancing 

the segregation strength between the domains of the amphiphile,41, 42 both favorable for planar packing. Comparing the grafting 

densities of our grafting-from approach (~ 50%) to our grafting-to approach (~75%), it is expected that an increase in grafting density 

introduced sidechain overlapping and crowding more readily,43 which in turn positively influences a persistent rigid conformation of 

the backbone.40, 44 Given this depends on also on the nature of the polymer sidechains, there will be a critical sidechain length for 

individual disc-forming systems with sufficiently high grafting efficiency.45 Moreover, any differences in sidechain chemical com-

positions (particularly the Tg) may affect the bottlebrush conformational flexibility in the self-assembly process.46 Comparing the 

high Tg PBzMA47 sidechains in this study to low Tg poly(ethyl glycoxylate)48 and poly(glycidyl ether)s,49 it seems that Tg has limited 

effect on the overall disc formation, but may affect the overall diameter of particles but due to differing sidechain mobility. Moreover, 
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solvent quality, provided it remains a good solvent to the polymer, seemed to minimally influence the formation process, but presents 

an opportunity to influence disc sizes.  

In conclusion, this study revealed that a library of tadpole-like amphiphiles can be readily produced via a modular ‘grafting-from’ 

approach. Depending on their composition, topology and overall amphiphilic character, these amphiphiles self-assembled into either 

polymersomes, spherical polymer particles or nanodiscs. The window to exclusively assemble these BBCPs into nanoscale polymer 

discs was narrow but it demonstrated the opportunity of custom-designing building blocks with rod-coil character to produce pure 

polymer nanodiscs. In addition, we could demonstrate that BBCPs with a high Tg bottlebrush segment are able to form nanodiscs, 

just like their low Tg counterparts in previous studies. Insights from this study will aid the development of amorphous 2D nanoparticles 

and provide a route towards designing suitable building blocks for bottom-up fabrication of nanodiscs via solution self-assembly. 

While the complete mechanism of the disc formation remains unclear at this point, the above insights will aid future experiments to 

study the self-assembly process of rod-coil copolymers during dialysis. Previous work on rod-coil copolymers,50 including our nano-

discs,24 support a fusion driven self-assembly process involving intermediate assemblies. Simulation of this process will further pro-

vide understanding on bottlebrush properties in a progressively changing solvent environment. More generally, architectural asym-

metry in copolymers has become a growing focus in polymer self-assembly, both experimentally and theoretically,51-57 to which this 

work will contribute.  

ASSOCIATED CONTENT  

Full experimental and additional characterization of polymers and self-assembled particles by 1H NMR, SEC, TEM, DLS and AFM. This 

material is available free of charge via the Internet at http://pubs.acs.org.  
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