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ABSTRACT: The self-assembly of amphiphilic block copolymers has facilitated the preparation of a 

wide variety of nano-objects of diverse morphology. Ready access to these nanostructures has opened up 

new possibilities in catalysis, sensing and nanomedicine. In comparison, the self-assembly of large building 

blocks (i.e., amphiphilic bottlebrush polymers) has received less attention, owing in part to the relatively 

more challenging synthesis of these macromolecules. Bottlebrush amphiphiles can self-assemble into 

uniquely stable spherical nanostructures and can also produce dynamic cylinders with lengths modulated 

by environmental conditions, motivating further research in this area. Herein, we report the synthesis of 

core-shell bottlebrush polymers (BBPs) containing complementary nucleobase functionalities via a 

combination of ring-opening metathesis polymerization (ROMP) and reversible addition-fragmentation 

chain transfer (RAFT) polymerization, using a “grafting-from” approach, and their hierarchical self-

assembly in aqueous media. Mixtures of BBPs containing thymine or adenine units in their core blocks 

were found to self-assemble into higher-order cylindrical supramolecules upon heating above a critical 

temperature. This temperature was demonstrated to correspond to the lower critical solution temperature 

(LCST) of the corona-forming poly(4-acryloylmorpholine) block, providing evidence for a unique one-

dimensional BBP assembly mechanism. Moreover, the formation of extended supramolecular assemblies 

was preferentially observed when both thymine- and adenine-functionalized BBPs were present in 

equimolar concentrations, pointing towards an alternating, isodesmic mechanism of organization occurring 
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via nucleobase interactions located at their chain termini. We anticipate that these discoveries will provide 

the basis for future studies regarding BBP self-assembly, especially with regards to the formation of stimuli-

responsive anisotropic nanostructures. 

 

INTRODUCTION 

Nature has perfected the creation of sophisticated constructs at the nanometer scale through the hierarchical 

assembly of biomacromolecules.1-2 These self-assembly processes yield a broad variety of structures from 

one-dimensional tubules and fibers to helices to even more complex three-dimensional structures, such as 

those possessed by proteins, wherein the precise positioning of key functionalities modulates reactivity in 

chemical transformations.3 In addition to their precise structures, nature’s assemblies are dynamic, capable 

of undergoing reversible changes in their degree of association, conformation, or length in response to 

physiologically relevant stimuli.4-5 For instance, the dynamic assembly of α- and β-tubulin heterodimers 

mediates processes in the cytoskeleton such as cell motility, intracellular transport, and cell division.6 This 

non-equilibrium behavior originates from the binding and hydrolysis of the nucleotide guanosine-5'-

triphosphate (GTP), which enables their polymerization or depolymerization by modulating tubulin 

subunits at the ends of the microtubules. 

Self-assembly procedures of synthetic, nanostructured building blocks into long, anisotropic 

supramolecules which mimic the behavior of microtubules or fibers have long been of interest to the 

scientific community.7-8 Amphiphilic block copolymers with crystallizable segments,9-11 peptide 

amphiphiles,12-13 cyclic peptides,14-16 macrocycles,17-19 and dendrons20-21 have all been exploited for the 

preparation of synthetic microtubes and fibers. Indeed, a broad range of supramolecular nanostructures have 

been accessed using these building blocks, with excellent control over dimension, topology, and 

surface/internal functionality.22-24 However, the factors underlying control over the supramolecular 

assembly of relatively larger building blocks (i.e., the secondary assembly of semi-crystalline cylindrical 

micelles, peptide nanofibers, or bottlebrush polymers) are, in comparison, less well-understood.25-26 
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The study of bottlebrush polymer (BBP) self-assembly mechanisms has accelerated in recent years, driven 

by the architectural control afforded by controlled polymerization techniques.27 BBPs are large, single 

macromolecules comprised of numerous polymer side-chains grafted to a polymer backbone.7, 28 The often 

dense grafting of their side-chains along with their persistent cylindrical shape makes them ideal candidates 

for the preparation of nanostructured materials. To date, the majority of literature reports have focused on 

the self-assembly of amphiphilic bottlebrush di- or triblock copolymers (BBCPs), which behave 

analogously to linear block copolymers with the exception of scale.29-30 For instance, giant surfactants 

prepared from amphiphilic BBCPs were shown to self-assemble into spherical micelles,31 cylindrical 

microdomains with remarkably long range order could be prepared from Janus-type BBCPs,32 and photonic 

crystals were found to arise during bulk self-assembly of BBCPs within thin films due to the large 

dimensions of the phase-separated domains (on the order of the wavelength of visible light).33-34 In each of 

these examples, the self-assembly behavior is governed by the immiscibility of polymer side-chains within 

discrete blocks. 

In contrast, amphiphilic core-shell BBPs, which possess an internal solvophobic compartment near the BBP 

backbone and an outer solvophilic layer, have been demonstrated to self-assemble in an end-to-end 

fashion.35-36 In this case, non-covalent intermolecular interactions between solvophobic regions at each 

chain-end drive the formation of higher-order one-dimensional cylindrical structures. This end-to-end self-

assembly has been speculated to occur due to the incomplete shielding of the terminal interfaces of the 

BBPs by the corona chains, imparting a unique anisotropy to BBPs that differentiates their behavior from 

linear diblock copolymers. End-to-end assembly has been observed for core-shell BBPs with charged 

coronas, driven by hydrophobic interactions between polystyrene cores (Figure 1A),35 and for BBPs with 

carboxyl functionalities in their core and coronae comprised of polyethylene glycol units that self-assemble 

through intermolecular H-bonding under acidic conditions.36 In both cases, spontaneous self-assembly was 

observed without application of an external stimulus. 
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Based on these initial reports, we wondered whether selectivity could be imparted on the end-to-end 

assembly of core-shell BBPs by incorporating nucleobase functionality. Nucleobases are the components 

of DNA and RNA that confer specific and complementary interactions between strands. For instance, 

thymine (T) and adenine (A) form a purine-pyrimidine pair known as a base complement in which multiple 

hydrogen bonds effect selective cross-pairing. Nucleobase functionalization of polymers has been utilized 

extensively in the preparation of supramolecular materials and nanoparticles.37-40 Previous reports from our 

group have demonstrated the preservation of selective nucleobase interactions between amphiphilic block 

copolymers containing acrylamide blocks fitted with either thymine or adenine, which, when mixed, 

exhibited unique self-assembly behavior.41-45 In this context, we envisioned that amphiphilic core-shell 

BBPs equipped with nucleobase functionality within their core compartment could self-assemble in an end-

to-end fashion, with interfacial interactions between BBPs in the assemblies dominated by complementary 

nucleobase pairing (Figure 1B). These interactions were hypothesized to confer additional organization to 

the BBP assemblies, as the BBPs should interact preferentially with those containing complementary 

nucleobases. 
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Figure 1. End-to-end supramolecular self-assembly of amphiphilic bottlebrush copolymers (BBCPs) with 

core-shell architecture. (A) Assembly driven by π-π stacking and hydrophobic interactions,35 and (B) 

assembly driven by complementary T-A H-bonding and hydrophobic interactions. 

 

Herein, we report the synthesis of amphiphilic thymine- or adenine-containing core-shell BBPs via a 

combination of ring-opening metathesis polymerization (ROMP) and reversible addition-fragmentation 

chain-transfer (RAFT) polymerization, using a “grafting-from” procedure. Notably, the nucleobase-

containing BBPs were found to selectively self-assemble to form hierarchical one-dimensional structures 

when BBPs with complementary nucleobase functionalities were mixed upon heating. In addition, we 

investigated the extent of selectivity of the assembly process with respect to nucleobase pairing and 

proposed a general mechanism for the supramolecular end-to-end self-organization of the prepared core-

shell BBPs. Finally, the ability of the formed cylindrical supramolecules to retain their characteristics upon 
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cross-linking at elevated temperatures and subsequent cooling to room temperature was also demonstrated. 

The reported mechanism of self-assembly is expected to be general for core-shell BBPs in aqueous solution 

regardless of the polymer side-chain composition. We anticipate that information regarding the 1D 

assembly of BBPs will enable the preparation of stimuli-responsive cylindrical nanostructures in future 

studies and could be of particular interest in the preparation of super-soft, dynamic networked materials. 

 

RESULTS AND DISCUSSION 

To prepare nucleobase-containing core-shell BBPs, we opted to utilize acrylamide-based monomers that 

bear nucleobase units, in this case either thymine (T) or adenine (A), at the end of a methylene spacer. 

These monomers have proven useful in previous studies due to their ease of synthesis and well-controlled 

polymerization.41, 43-44  The monomers were synthesized in two steps according to our previously reported 

procedure.42 For the BBP corona, 4-acryloylmorpholine (NAM) was chosen. PNAM is produced from a 

commercially available acrylamide monomer and represents a promising alternative to polyethylene glycol 

due to its ease of preparation, biocompatibility, potentially interesting pharmacokinetics, and high water 

solubility in its neutral form.46 In addition, previous studies from our group have demonstrated good 

compatibility of PNAM with nucleobase-functionalized acrylamide polymers.41, 43-44 Our initial attempts to 

prepare nucleobase-containing BBPs were conducted using a “grafting-through” polymerization 

methodology. Macromonomers comprised of either a hydrophobic core-forming poly(thymine acrylamide) 

(PTAm) or poly(adenine acrylamide) (PAAm) block, a hydrophilic PNAM block, and a norbornene end-

group were prepared via thermally initiated reversible addition-fragmentation chain-transfer (RAFT) 

polymerization. Consequently, “grafting-through” mediated by ring-opening metathesis polymerization 

(ROMP) using these macromonomers and (H2IMes)(Py)2(Cl)2Ru=CHPh (G3) was attempted. However, 

only low conversions (i.e., < 30%) could be obtained via ROMP “grafting-through” regardless of reaction 

conditions (various solvents, concentrations, and additives were tested), resulting in BBPs that were 
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contaminated with large quantities of unreacted macromonomer that was difficult to remove from the 

polymer samples. 

As an alternative approach, the synthesis of nucleobase-functionalized BBPs was achieved using a 

“grafting-from” procedure (Figure 2A). First, a poly(chain transfer agent) (PCTA, DP = 100) was prepared 

via ROMP of a small molecule CTA that had been fitted with a norbornene polymerizable end-group (NB-

CTA). A block of PTAm or PAAm was then grown via RAFT polymerization using the synthesized PCTA 

and 2,2′-azobis(2-methylpropionitrile) (AIBN) as a source of radicals to yield either PNB100-g-PTAm12 or 

PNB100-g-PAAm12 BBPs depending on the monomer utilized. Next, chain-extension of these precursor 

BBPs using NAM via RAFT polymerization under similar reaction conditions yielded amphiphilic PNB100-

g-(PTAm12-b-PNAM40) and PNB100-g-(PAAm12-b-PNAM40) core-shell BBPs, which contained either T 

or A nucleobase units, respectively, in their hydrophobic domains. These BPPs will be referred to as TBB 

(for a PTAm-based core) and ABB (for a PAAm-based core). As shown in Figure 2B, Figure S7, and Table 

S1, the final BBPs possessed monomodal molecular weight distributions with moderate dispersity values 

(ÐM, TBB = 1.44, ÐM, ABB = 1.60). High molecular weight shoulders were present in both samples, which 

could originate from poor solubility of the BBPs in the SEC mobile phase (DMF + 5 mM NH4BF4) or 

intermolecular coupling between BBPs that occurred during the RAFT process. In addition, number average 

molecular weight values (Mn) determined by SEC analysis were evidently lower than theoretically expected 

values determined from polymerization conversions. This discrepancy in theoretical and observed Mn likely 

originates from the highly branched nature of the BBPs, leading to reduced hydrodynamic volumes relative 

to linear polymers of the same molecular weight and thus increased retention on the SEC columns. 1H-

NMR spectra of both TBB and ABB samples in DMSO-d6 confirmed the presence of signals that were 

assigned to protons present in both the inner nucleobase blocks and the outer NAM shell (Figures S4 and 

S5). The core-shell conformation of the bottlebrush polymers was also evidenced by their solubility in 

aqueous milieu. Following synthesis, TBB and ABB were purified by preparative SEC to remove linear 

polymer impurities. 
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Figure 2. Synthesis of amphiphilic nucleobase-containing core-shell BBPs using a “grafting-from” 

procedure. (A) Schematic representation of the synthetic route followed for preparation of TBB and ABB. 

(B) Normalized SEC RI molecular weight distributions of PCTA (black trace), PNB100-g-PTAm12 (green 

trace), and the final PNB100-g-(PTAm12-b-PNAM40) (TBB) upon chain-extension with NAM (blue trace). 

Reported Mn and ĐM values were calculated from PMMA standards using DMF + 5 mM NH4BF4 as the 

eluent. 

 

Importantly, the solution behavior of TBB and ABB in aqueous media was further characterized using 

dynamic light scattering (DLS) and transmission electron microscopy (TEM). As shown in Figures 3A and 

3B, both BBP samples exhibited broad size distributions with additional larger components in the DLS 

traces. The fact that these traces are multi-modal can be rationalized by considering three factors: (1) the 

presence of coupled bottlebrush polymers which arose during “grafting-from” polymerization (also 

observed in the SEC traces); (2) a dynamic formation and dissociation of bottlebrush aggregates which 
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occurred on the timescale of the DLS experiment; and (3) additional relaxations occurring which 

contributed to the scattering profile due to the anisotropy of the bottlebrush polymers in solution.47 Dry-

state TEM images of TBB and ABB revealed the presence of small spherical nanoparticles, which were 

primarily single BBP molecules. Particle size analysis was conducted using the acquired images, again 

revealing broad size distributions for both samples. Sizes measured from TEM were smaller than those 

obtained from DLS, which is typical for dried samples due to the absence of extended hydration volumes 

that are present in solution (Table S2). Whilst the BBPs appear to be spherical in the TEM images, they 

likely exist as cylindrical nanostructures in aqueous environment due to their anisotropic dimensions (the 

backbone DP is ca. 2× the length of the combined side-chain DPs), as has been reported for BBPs in solution 

measured using X-ray or neutron scattering analyses.48-49 Moreover, BBPs have been shown to de-wet 

various substrates due to unfavorable surface interactions, causing them to present as globules in TEM or 

atomic force microscopy (AFM) images.50 Importantly, no large aggregates were observed in the TEM 

images, indicating that neither BPP spontaneously self-assembled into higher-order structures when 

dissolved in aqueous media at room temperature. 
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Figure 3. Solution characterization of amphiphilic nucleobase-containing core-shell BBPs at r.t. ((A) = 

TBB; (B) = ABB; and (C) = TBB + ABB, using a 1:1 molar ratio of each). (I) Averaged size distributions 

(from at least 3 repeat measurements) obtained by DLS for BBPs at 1 mg mL-1 in water. (II) Representative 

dry-state TEM images obtained from a 1 mg mL-1 solution of BBPs in water and stained with 1 wt% aqueous 

uranyl acetate (UA) solution. (III) BBP size distributions along with calculated average diameter values 

obtained from TEM particle analysis. In each case, at least 100 particles were analyzed. 

 

To evaluate BBP self-assembly driven by complementary non-covalent nucleobase interactions, TBB and 

ABB solutions were mixed at a 1:1 molar ratio. Surprisingly, no aggregation or assembly was observed by 

either DLS or TEM upon BBP mixing at room temperature, as shown in Figure 3C. Previous reports on 

end-to-end assembly of core-shell BBPs demonstrated spontaneous organization into cylindrical 

nanostructures upon dissolution in aqueous media.35-36 The seminal example of dynamic cylindrical 
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assembly of BBPs was described by Wooley and coworkers.35 In this report, end-to-end assembly was 

theorized to occur due to strong hydrophobic interactions between styrene units in the core compartments 

of amphiphilic core-shell BBPs. In this case, BBPs possessed coronae comprised of poly(acrylic acid) 

(PAA) blocks, which, in neutral water, may not sufficiently stabilize the macromolecules against 

aggregation. Hierarchical assembly into supramolecular structures would therefore be favored under these 

conditions to minimize interactions between the polystyrene units and the solvent molecules. In a more 

recent report by Rzayev and coworkers, end-to-end assembly was observed for BBPs with PAA cores and 

PEG coronae.36 Here, spontaneous self-assembly was driven by the relatively strong H-bonding interactions 

(in comparison to hydrophobic effects) between PAA domains, which overcame the high shielding 

tendency of the PEG shells. These assemblies were sensitive to pH and disassembled upon deprotonation 

of the acid residues. We initially supposed that the specific H-bonding capacity of the nucleobase-

containing BBPs utilized in our study would promote a similar effect. However, since no spontaneous 

assembly was observed, even between BBPs with complementary nucleobase functionality, we 

hypothesized that the PNAM-based corona might effectively inhibit interactions between the BBP cores 

through steric shielding. 

For polymer micelles, steric shielding can often be discouraged by decreasing the solubility of the corona 

chains in the selected solvent.51 In aqueous milieu, this can be accomplished by changing the pH of the 

solution (in case the corona-forming blocks contain ionizable functionalities), increasing the salt 

concentration, or by heating. Here, addition of NaCl to the TBB/ABB mixture did not induce self-assembly. 

However, a 1 mg mL-1 solution of a 1:1 molar ratio of TBB/ABB became turbid upon heating above 70 °C, 

indicating that self-assembly had occurred. 

To investigate the supramolecular assemblies that formed upon heating, DLS analysis and dry-state TEM 

imaging with sample preparation at elevated temperatures were subsequently conducted. First, a DLS 

temperature ramp experiment showed a step-wise increase in the size of the dissolved nanostructures that 

occurred as the solution was heated above 60 °C (Figure 4A). Although the size values obtained from DLS 
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in this experiment were outside of the measurement capacity of the instrument, no precipitation was 

observed, even at high temperatures. To describe this intriguing self-assembly event in future experiments, 

the temperature at which this step-change occurs and its magnitude will be considered rather than size 

values themselves. Second, a sample was prepared by heating a stoichiometric mixture of TBB and ABB 

at 70 °C for 1 h and then drop-casting this hot sample directly onto a TEM grid prior to imaging. As shown 

in Figure 4B, the heated solution contained mixed populations of single bottlebrush molecules and 

supramolecular cylinders of self-assembled BBPs. Particle size analysis was employed to quantify this 

distribution, which was conducted on the basis of the area that each particle possessed. A threshold particle 

area was determined using acquired TEM images of the BBPs in their un-assembled state (e.g., Figures 3A-

II, 3B-II, and 3C-II). Above this threshold, each particle was considered to be a supramolecular BPP 

assembly (see Supporting Information for further details). Using this method, the fraction of particle area 

above the threshold value, which is directly related to the distribution of “unimeric” and assembled BBPs, 

was determined to be 0.72 – 0.76, demonstrating that the majority of the BBPs had undergone self-assembly 

toward the formation of higher-order supramolecules (Figures 4C and 4D). In addition, the supramolecular 

BBP assemblies possessed average areas that were at least an order of magnitude larger than the BBPs 

themselves. This distribution was further confirmed by conducting a DLS temperature ramp experiment 

under dilute conditions (0.1 mg mL-1 total BBP concentration) (Figure 4E). In this case, intensity-average 

Dh values and intensity-weighted distributions were within instrumental tolerances, allowing for 

comparison of the size distributions as a function of temperature. It should be also noted that the onset of 

transition toward larger supramolecules occurred at higher temperature compared to the TBB/ABB mixture 

at 1 mg mL-1, owing to a higher input of energy required in this case to compensate for reduced BBPs 

concentration. Figure 4F shows the evolution of intensity-weighted size distributions over the 

experimentally assessed heating range (25 – 76 °C). Under these conditions, the relative intensity of the 

peaks corresponding to “unimers” (black trace) and self-assembled BBPs (purple trace) agreed well with 

the values obtained from TEM particle analysis, with the assembled BBPs possessing a Dh value that was 

ca. one order of magnitude larger than the BBP “unimers”. 
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Figure 4. Heating the TBB/ABB mixture at elevated temperatures results in the formation of 1D 

assemblies. (A) Step-change in intensity-average Dh values as a function of solution temperature, as 

measured by DLS for a 1 mg mL-1 solution of the TBB/ABB mixture. (B) Representative dry-state TEM 

image of the TBB + ABB sample (1 mg mL-1) that had been heated at 70 °C for 1 h prior to imaging. The 

grid was prepared by directly drop-casting the heated sample and was stained with 1 wt% aqueous UA 

solution. The scale of the inset is 300 nm × 300 nm. (C) Particle analysis based on the acquired TEM image 

for TBB/ABB mixture, quantifying the size of the assemblies with respect to their surface area. (D) Fraction 

of self-assembled vs. “unimeric” BBPs determined from the particle size analysis in C. (E) Step-change in 

intensity-average Dh values as a function of temperature, as measured by DLS for a 0.1 mg mL-1 solution 

of the TBB/ABB mixture. (F) Intensity-weighted size distributions corresponding to the data shown in E. 

The intensity-average distribution shifts toward larger size values as the temperature increases. 
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It is important to note that the cylindrical BBP assemblies obtained by heating the TBB/ABB mixture 

dissociated completely to spherical “unimers” when the solution was allowed to cool to room temperature. 

Multiple heating and cooling cycles were attempted to drive the self-assembly process toward elongated 

structures and to stabilize the supramolecules against disassembly. However, as shown in Figure S8, these 

cycles had an insignificant effect on the size of the BBP assemblies over multiple events. Moreover, “aging” 

the BBP assemblies by heating a TBB/ABB mixture for a period of 24 h at 70 °C also had little influence 

over their ultimate size or room-temperature stability. 

As discussed above, DNA or RNA nucleobases are known to interact in a complementary manner via non-

covalent H-bonding. Purines such as thymine (T) (or uracil in RNA) or cytosine (C) are complementary 

only with the pyrimidines adenine (A) or guanine (G). Non-complementary pairing interactions between 

purines or pyridines are energetically unfavorable due to overlap repulsion in the former case or overlong 

H-bond distances in the latter one.52 Based on this concept, we hypothesized that nucleobase-containing 

BBPs would have weak interactions between macromolecules bearing the same bases, but would strongly 

bind to those containing complementary bases. A series of experiments were designed to evaluate the 

selectivity of interactions between BBPs containing different nucleobases, or between the BBPs and 

nucleobase-functionalized linear PNAM-b-PTAm and PNAM-b-PAAm diblock copolymers prepared via 

RAFT polymerization, as shown in Figure 5A. First, the largest increase in the size of the BBP assemblies 

was obtained only when TBB and ABB were mixed stoichiometrically. Solutions of TBB or ABB alone 

did not exhibit a significant increase in size, even when heated to >70 °C (Figure 5B). These data suggest 

that complementary nucleobase pairing was necessary to form large-scale, stable structures in this system. 

Second, diblock copolymer PNAM40-b-PAAm20 (Aadd) was mixed with ABB such that the amount of 

diblock copolymer was equal to the total number of side-chains of ABB. Similarly, there was no apparent 

difference in self-assembly behavior upon heating this mixture (Figure 5C). However, when the 

complementary diblock copolymer PNAM40-b-PTAm20 (Tadd) was added under otherwise identical 
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conditions, the formation of cylindrical BBP assemblies was completely inhibited. It seems to be the case 

that intermolecular interactions between ABB and Tadd screen further supramolecular BBP-BBP assembly, 

likely due an increase in corona volume from insertion of the diblock copolymer into the BBP “unimers”, 

which is favored by the relatively stronger H-bonding of the adenine residues of ABB with the 

complementary bases of Tadd (with respect to A-A H-bonding). This did not occur for Aadd, which further 

supports the selectivity of complementary nucleobase pairing. Finally, the effect of Tadd on the self-

assembly of the TBB + ABB mixed system was also investigated. As shown in Figure 5D, addition of Tadd 

completely prevented the formation of BBP assemblies. The small size of Tadd compared to TBB likely led 

to preferential interaction of the diblock copolymer with ABB, limiting interactions between the BBPs 

themselves. Taken together, these experiments demonstrate that hierarchical self-assembly of nucleobase-

functionalized BBPs, at least in this context, is dominated by complementary base pairing interactions 

between thymine- and adenine-containing macromolecules. 
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Figure 5. (A) Series of experiments followed for evaluation of selectivity of supramolecular self-assembly 

of nucleobase-functionalized BBPs. (B) Intensity-average Dh values as a function of temperature for TBB 

alone, ABB alone, and the TBB + ABB mixture, as measured by DLS. The largest assemblies were obtained 

when both TBB and ABB were present. (C) Addition of non-complementary Aadd diblock copolymer, 

containing AAm units, does not appear to influence self-assembly, whilst Tadd diblock copolymer 

containing complementary functionality (TAm units) prevents self-assembly of ABB. (D) Addition of a 

complementary Tadd diblock copolymer, containing TAm repeat units, discourages self-assembly between 

TBB and ABB. The total BBP concentration was 1 mg mL-1 in all cases. 

 

Self-assembly of the BBPs prepared herein toward formation of cylindrical supramolecules only occurred 

once the samples were heated above a certain threshold (ca. 60 °C for the TBB/ABB mixed sample). This 

thermally-dependent behavior was hypothesized to originate from reduced shielding by the corona-forming 

chains at elevated temperatures, leading to the formation of supramolecular TBB + ABB chains. The most 

reasonable explanation for this phenomenon is the existence of a lower critical solution temperature (LCST) 

transition for PNAM chains in the BBP shells. Linear PNAM is not known to possess LCST behavior in 

aqueous media (Figure S10).53 However, numerous reports have demonstrated that LCST varies with 

polymer topology, with graft polymers generally exhibiting lower LCSTs than their linear counterparts. 

The close packing of polymer chains in a densely-grafted polymer (i.e., in BBPs) facilitates the exclusion 

of water upon heating, lowering the temperature at which this transition occurs. Thus, we wondered whether 

BBPs with PNAM homopolymer side-chains would conform to this trend; therefore, a NB-PNAM38 

macromonomer was prepared via RAFT polymerization of NAM using a norbornene-functionalized chain 

transfer agent (Table S3). BBP synthesis using the resulting macromonomer was then achieved via ROMP 

“grafting-through” polymerization, as shown in Figure 6A, to produce a series of PNBn-g-PNAM38 (n = 

15, 30, 45, 60, 75) BBPs with increasing backbone degrees of polymerization and low ÐM values (Figures 

6B and 6C, and Table S4). LCST values for these BBPs were then determined using variable temperature 

UV-Vis spectroscopy, where in each case the LCST was taken to be the inflection point of the obtained 
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absorbance vs. temperature curve. Sharp LCST transitions were observed for each of the five BBPs 

prepared, and the LCST values were found to decrease with increasing BBP molecular weight (Figure 6D). 

In addition, the dependence of LCST on BBP molecular weight agreed well with the trend predicted by the 

Flory-Huggins combinatorial entropy approximation, LCST ∝ ½(1 + MW-2)2,54 confirming that this 

transition did indeed occur from an entropically-favored exclusion of water molecules from the solvated 

BBPs (Figure 6E). Whilst LCST values for nucleobase-containing BBPs could not be easily determined 

using UV-Vis spectroscopy due to coincidence of LCST and self-assembly phenomena, we assumed that 

the PNAM blocks in the amphiphilic core-shell BBPs also experience molecular weight-dependent LCST 

transitions similar to block copolymers with LCST polymers in their hydrophilic domains.55 

 

Figure 6. Change in LCST as a function of backbone DP for PNBn-g-PNAM38 BBPs. (A) Synthesis of 

PNBn-g-PNAM38 BBPs via ROMP “grafting-through” using G3. (B) Normalized SEC RI molecular 

weight distributions of NB-PNAM38 macromonomer (dashed line) and prepared PNBn-g-PNAM38 BBPs 

with increasing backbone DPs (solid lines). (C) Evolution of Mn (filled circles) and ĐM (empty circles) 

values with increasing targeted backbone DP calculated from SEC analysis. Reported Mn and ĐM values 

were calculated from PMMA standards using DMF + 5 mM NH4BF4 as the eluent. (D) Variable temperature 
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absorbance spectroscopy curves and corresponding LCST values of PNBn-g-PNAM38 BBPs. (E) Measured 

LCST values as a function of BBP number-average molecular weight (Mn). The LCST values decrease with 

increasing BBP molecular weight. The solid line represents theoretical LCST values predicted by a 

modification of the Flory-Huggins combinatorial entropy approximation: LCST ∝ ½(1 + MW-2)2. 

 

Based on the selectivity and temperature dependence of the self-assembly process of the developed 

nucleobase-containing BBPs, we hypothesized that the formation of supramolecular BBP structures 

occurred according to the mechanism proposed in Figure 7A. At room temperature, steric shielding 

interactions of the PNAM coronae prevented the formation of large scale assemblies (although dimeric and 

other smaller species likely exist in equilibrium with unimers, as discussed previously) (Figure 7B). Upon 

heating, the BBPs experienced an LCST transition in their coronae (Figures 6D and 6E), which resulted in 

both increased hydrophobicity of the BBP “unimers” and exposure of core-block interfaces at the BBP 

chain-ends. This was also supported by DLS and static light scattering (SLS) measurements of the TBB + 

ABB mixture as a function of solution temperature. As shown in Figure 7C, Rh values of the core-shell 

BBPs initially decreased with increasing temperature, whereas Rg values remained relatively constant, 

suggesting that the extent of stretching of the corona-forming chains progressively decreased resulting in 

thinner and more compact structures.56 Moreover, a concurrent Rg/Rh ratio increase was also determined 

upon increasing solution temperature, suggesting the formation of more anisotropic rod-like structures 

(Figure S9).57 Above a critical temperature, hierarchical self-assembly allowed for formation of long, 1D 

cylindrical supramolecules of BBPs (Figure 7B). This supramolecular polymerization process is thought to 

occur via an isodesmic mechanism, wherein TBB and ABB “unimers” were incorporated in an alternating 

fashion.58-59 This proposed mechanism is evidenced by: (1) the sensitivity of the assembly process to 

nucleobase-chemistry (Figure 5); (2) the strong dependence of the assembly process on concentration 

(Figure 7D); and (3) the dramatic influence of TBB/ABB stoichiometry (Figure 7E), consistent with an 

alternating incorporation of BBP amphiphiles. It should be noted that the distribution of BBP “unimers” 
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and assemblies could not be driven toward a single population of pure self-assembled supramolecules. 

Whilst heating the BBP samples resulted in increased hydrophobicity, which favored self-assembly, it also 

likely decreased the strength of H-bonding interactions between nucleobases (H-bond strength/length is 

exquisitely sensitive to temperature), acting to drive the equilibrium back toward the BBP “unimers”. 

 

Figure 7. Proposed isodesmic mechanism for formation of supramolecular nucleobase-containing BBP 

assemblies. (A) Heating the TBB/ABB mixture at elevated temperatures results in collapse of the PNAM 

corona chains and exposure of core-block interfaces at the BBP chain-ends, increasing the hydrophobicity 

of the BBP “unimers”. To compensate for an increased energy of interaction with the solvent, the BBPs 

assemble into supramolecular chains of alternating TBB and ABB units. (B) Step-change in intensity-

average Dh values as a function of solution temperature, as measured by DLS for a 1 mg mL-1 solution of 

the TBB/ABB mixture in water, and representative dry-state TEM images of the TBB/ABB sample at room 

temperature and upon heating at 70 °C for 1 h prior to imaging. In both cases, TEM grids were stained with 
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1 wt% aqueous UA solution. The scale of the insets is 300 nm × 300 nm. (C) Change in Rh (black circles) 

and Rg (red circles) values with increasing solution temperature, as determined by DLS and SLS for a 0.1 

mg mL-1 solution of the TBB/ABB mixture, supporting the corona collapse hypothesis, as BBPs 

progressively become thinner and more compact. (D) The alternating structure arises from an isodesmic 

mechanism of assembly. The step-change in intensity-average Dh as a function of temperature becomes less 

dramatic at lower BBP concentrations, which is a key characteristic of isodesmic supramolecular 

polymerizations. (E) A dramatic dependence of the magnitude of the step-change in intensity-average Dh 

on the stoichiometry of the TBB/ABB mixture further supports addition of BBP “unimers” in an alternating 

manner. 

 

In an attempt to maintain the morphology of the supramolecular TBB + ABB assemblies upon cooling their 

solution to room temperature, a covalent cross-linking methodology was subsequently utilized. In 

particular, the aqueous solution of the TBB/ABB mixture at 1:1 molar ratio was first heated at 70 °C to 

promote their higher-order assembly and then N,N’-methylenebis(acrylamide) (MBAm) and radical 

initiator (V-50) were added resulting in inter- and intramolecular cross-linking via RAFT polymerization, 

yielding corona-cross-linked supramolecules (Figure 8A). The resulting solution was subsequently cooled 

to room temperature and the cross-linking efficiency was evaluated upon comparison of the relative fraction 

between self-assembled and “unimeric” BBPs from acquired TEM images (Figures 8B and 8E). On the 

basis of TEM image analysis and contrary to TBB/ABB sample heated at elevated temperatures (Figures 

8C and 8D), it is evident that the majority of supramolecular BBP chains disassembled into individual core-

shell “unimers”, whereas only a small population (~26%) of cylindrical assemblies was present for the 

sample that was cooled to room temperature (Figures 8F and 8G). Intriguingly, no gelation or macroscopic 

aggregation was observed during cross-linking, further supporting the proposed selective end-to-end 

assembly phenomenon. The relatively poor cross-linking efficiency achieved in this experiment could have 

resulted from the loss of CTA end groups during RAFT “grafting-from” or to decomposition during the 

initial self-assembly process. It could also be the case that cross-linking, and thus cylinder retention, could 
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have been enhanced by the use of a cross-linker with a longer methylene spacer. In any case, this experiment 

highlights both the transient nature of the end-to-end bottlebrush assembly mechanism in this system and 

the potential for the selective development of long, cylindrical supramolecules through sequential 

hierarchical assembly and cross-linking steps. 

 

Figure 8. Cross-linking of the supramolecular BBP assemblies at 70 °C for evaluation of morphology 

retention at room temperature. (A) Cross-linking was carried out in the presence of N,N’-

methylenebis(acrylamide) (MBAm) that led to the formation of covalently stabilized assemblies. (B) 

Representative dry-state TEM image of the TBB + ABB sample (1 mg mL-1) that had been heated at 70 °C 

for 1 h prior to imaging. The grid was prepared by directly drop-casting the heated sample and was stained 

with 1 wt% aqueous UA solution. The scale of the enlarged region is 300 × 300 nm2. (C) Particle analysis 

based on the acquired TEM image for heated TBB + ABB sample at 70 °C, quantifying the size of the 
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assemblies with respect to their surface area. (D) Fraction of self-assembled vs. “unimeric” BBPs 

determined from the particle size analysis in C. (E) Representative dry-state TEM image of the TBB + ABB 

sample (1 mg mL-1) that had been heated at 70 °C for 1 h, cross-linked with MBAm at 70 °C, and then 

cooled to room temperature prior to imaging. The grid was stained with 1 wt% aqueous UA solution. The 

scale of the enlarged region is 300 nm × 300 nm. (F) Particle analysis based on the acquired TEM image 

for cross-linked TBB + ABB sample, quantifying the size of the assemblies with respect to their surface 

area. (G) Fraction of self-assembled vs. “unimeric” BBPs determined from the particle size analysis in F. 

 

CONCLUSIONS 

In summary, the synthesis and self-assembly of nucleobase-containing amphiphilic “core-shell” bottlebrush 

polymers in solution were presented herein. To the best of our knowledge, this report represents the first 

evidence of thermally-induced BBP supramolecular assembly mediated by the development of 

complementary nucleobase interactions. We also provided evidence for a mechanism of assembly mediated 

by the thermally-induced collapse of the stabilizing corona blocks, facilitating close interactions between 

functional groups at the BBP chain-ends. Due to the high selectivity of nucleobase interactions, this self-

assembly behavior was only observed when equimolar amounts of BBPs containing complementary 

thymine and adenine functionalities were mixed and heated at elevated temperatures. The evident 

sensitivity of this supramolecular assembly procedure to both stoichiometry and concentration implied that 

an alternating, isodesmic mechanism was in operation. This report highlights the unique asymmetric 

reactivity of BBPs and informs on the importance of steric shielding in core-shell BBP-based architectures 

on the growth and disassembly of cylindrical supramolecules. Further, it provides additional insight on how 

polymer topology influences the physical properties of the polymeric side-chains through the introduction 

of LCST behavior to a polymer that typically does not exhibit thermally-dependent solubility in its linear 

form. The discoveries reported herein can be leveraged in future studies to rationally design stimuli-

responsive, dynamic bottlebrush assemblies. 
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