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chains were enabled by a facile and versatile �grafting-from� 

strategy. Atomic force microscopy (AFM) was employed to 

confirm the structure of the hierarchically branched single 

molecules, and the stability of the synthesized giant molecules 

was evaluated on a mica substrate. 
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Figure 1. (a) GPC traces, (b) Mn and Ð versus monomer 

conversion, and (c) kinetic data in the polymerization for the 

preparation of BP-1; (d) GPC traces in the polymerization for 

the PMB-2 preparation.

Concurrent ATRP/reversible addition-fragmentation 

transfer (RAFT) polymerization27,28 was employed to prepare 

copolymers consisting of methyl methacrylate (MMA) and 2-

(trimethylsilyloxy)ethyl methacrylate (HEMA-TMS) as the 

backbone precursors (BPs). This unusual polymerization 

technique is able to synthesize polymers with ultrahigh 

molecular weights in a well-controlled manner due to its 

thermal-initiator-free initiation and two synergistically-

cooperating reversible-deactivation mechanisms. BPs with 

various monomer ratios were labeled as BP-p (Table S1, p = 1, 

2), where p is used to represent the sample number in this 

report. Cumyl dithiobenzoate (CDB) served as both a chain-

transfer agent in the RAFT process and an initiator of ATRP 

that can be activated by the in-situ (re)generated CuI/tris[2-

(dimethylamino)ethyl]amine (Me6TREN), enabling the 

synthesis of copolymers with ultra-high degree of 

polymerization (DP > 1000) and relatively low dispersity (Ð < 

1.3). 

Figure 1a�c presents the polymerization results for BP-1. 

Controlled polymerization was confirmed by the narrow 

molecular weight distribution (Figure 1a,b) that was evaluated 

by gel permeation chromatography (GPC), a good agreement 

between experimental (Mn,GPC) and theoretical (Mn,theo) 

number-average molecular weights determined by monomer 

conversions (Figure 1b), and the pseudo-first-order kinetics 

(Figure 1c). The polymerization was stopped in 12 h with a 

conversion of 56.7%, determined by 1H nuclear magnetic 

resonance (1H-NMR) spectroscopy, offering a composition of 

P(MMA1021-r-HEMA-TMS113) (Mn,GPC = 1.22 × 105
 Da, Ð = 1.18).

The one-pot deprotection and esterification at the 

trimethylsilyloxy (TMS)-protected sites of the BPs were 

conducted to obtain the backbone macroinitiators (BMIs) for 

the subsequent integration of primary side chains. The BMIs 

with various compositions were labeled as BMI-p (Table S2, p = 

1, 2). A quantitative transformation of HEMA-TMS derived 

repeating units to (2-bromoisobutyryloxy)ethyl methacrylate 

(BIBEM) 18,29 counterparts was verified by the absence of TMS 

protons (0.14 ppm) and the presence of methyl protons (1.98 

ppm) adjacent to the bromine atom of BIBEM in the 1H-NMR 

spectrum (Figure S5). 

ATRP of HEMA-TMS in the presence of BMIs resulted in the 

formation of TMS-protected molecular brushes (PMBs) containing 

the primary side chain precursor of MBoBs (Table S4). For instance, 

PMB-2 with primary side chains of DP = 64 (Mn,GPC = 5.98 × 105 Da, Ð 

= 1.1) was synthesized from BMI-1 (Figure 1d). The site-specific 

initiation in the graft-from experiment was demonstrated by the 

clear shift of GPC traces from the BMI (at 0 h), as well as the 

absence of low molecular weight polymers (Figure 1d). 

Polymerizations with low monomer conversion (< 10%) and high 

monomer dilution were conducted so that inter-brush coupling was 

suppressed, as evidenced by the absence of high molecular weight 

polymers.30,31 Corresponding molecular brush macroinitiators 

(MBMIs) derived from PMBs were prepared through similar one-pot 

deprotection and esterification conditions that were employed in 

the preparation of BMIs (Table S5). The large discrepancy between 

Mn,theo and Mn,GPC of the molecular brushes could be attributed to 

their small hydrodynamic volumes resulting from their compact 

molecular conformation, compared to their linear counterparts of 

the same molecular weights.
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Figure 2. (a) GPC traces in the polymerization for the MBoB-5 

preparation; (b) GPC traces of MBoBs with various DPs of secondary 

side chains.

MBoBs were prepared through another round of ATRP-

mediated �graft-from� reactions using MBMI as the initiator. 

To minimize intermolecular coupling, the ATRP polymerization 

was also terminated at low conversions (< 10%) with 

monomer-diluted reaction conditions (nearly bulk 

polymerization). For example, the secondary side chains of 

poly(n-butyl acrylate) (PnBA) were installed in the presence of 

MBMI-2, and GPC traces clearly shifted towards the high 

molecular weight regime with increased reaction time (Figure 

2a). 

Hierarchically-branched MBoB architectures with varied 

backbone DPs and grafting density and lengths of 

primary/secondary side chains were readily prepared, and the 

MBoB samples with various compositions, i.e., MBoB-p (p = 1�

15), are summarized in Table 1. MBoBs with various lengths of   
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Table 1. Structural parameters of MBoBs.

Samples ma na xa y (M)a Mn,GPC (×105 Da)b Mn,theo  (×106 Da) Ðb

MBoB-1 1021 113 33 18 (nBA) 10.73 9.77 1.32

MBoB-2 1021 113 33 22 (nBA) 14.49 11.68 1.16

MBoB-3 1021 113 33 54 (nBA) 16.42 26.98 1.13

MBoB-4 1021 113 33 63 (nBA) 18.26 31.28 1.11

MBoB-5 1021 113 64 22 (nBA) 14.85 22.54 1.14

MBoB-6 1021 113 64 26 (nBA) 16.32 26.25 1.15

MBoB-7 1021 113 64 36 (nBA) 18.27 35.52 1.08

MBoB-8 1021 113 64 46 (nBA) 20.29 44.79 1.07

MBoB-9 1152 12 30 33 (tBA) 4.46 1.81 1.11

MBoB-10 1152 12 30 53 (tBA) 5.54 2.73 1.13

MBoB-11 1152 12 30 92 (MA) 5.08 3.07 1.17

MBoB-12 1152 12 30 38 (BzMA) 4.72 2.62 1.15

MBoB-13 1152 12 30 56 (MMA) 5.12 2.23 1.23

MBoB-14 1152 12 30 14 (St) 3.2 0.74 1.14

MBoB-15 1152 12 30 53 (AA) ND 1.59 ND

a m and n are the numbers of units of MMA and BIBEM, respectively, in the backbone; x and y are the DPs of the primary and 

secondary side chains, respectively; M represents the monomer used in the synthesis of the secondary side chains; nBA = n-butyl 

acrylate, tBA = tert-butyl acrylate, MA = methyl acrylate, BzMA = benzyl methacrylate, St = styrene, AA = acrylic acid. b Mn,GPC and 

Ð were obtained from THF GPC, calibrated with linear polystyrene standards. 

MBoB-1 MBoB-3

MBoB-5 MBoB-7

Figure 3. AFM height images of MBoBs. The scale bars are 400 

nm.

secondary side chains were prepared from the same MBMI-1, 

and only negligible intermolecular coupling (<10%), evidenced 

by the shoulder peaks in the GPC traces, was detected (Figure 

2b).  The Mn,GPC shifted from 1.07 × 106 Da to 1.82 × 106 Da 

with increasing DPs of the secondary side chains from 18 to 63 

(MBoBs-1, 2, 3, 4). The absence of low molecular weight 

polymers indicated exclusive initiation from the MBMI. 

Compared to the MBMI samples, the MBoB samples showed 

an even larger discrepancy between Mn,theo and Mn,GPC as a 

result of the more compact molecular conformation, leading 

to drastically different hydrodynamic volumes between MBoBs 

and the linear polystyrene GPC standards.

The morphologies of MBoBs were imaged by AFM (Figure 

3, Figure S35-39). An extended worm-like feature with clear 

hairy corona structures was observed in the majority of the 

MBoB samples. Increasing DPs of the secondary side chains 

from 18 to 54 yielded a thickened (width from 37 nm to 45 

nm) and extended (contour length from 331 nm to 363 nm) 

worm-like morphology (Table S7). These AFM results indicated 

that the secondary side chains could simultaneously extend 

and thicken the primary side chains, further thickening and 

extending the worm-like morphology of the entire MBoBs. A 

further increase in DP of the secondary side chains to 63 

generated severe scission of the backbone upon spin-coating 

on mica substrates, possibly due to the tension along the 

backbone caused by the large steric repulsion of side chains on 

the surface (Figure S38).32

Interestingly, no apparent scission of the backbone was 

observed on mica substrates when the length of the primary 

side chains was extended to a DP of 64 while limiting the DPs 

of the secondary side chains up to 36 (e.g., MBoBs-5,7, Table 

S7). This enhanced stability could be ascribed to the fact that the 

decrease in the thickness of side chain brushes, i.e., DPs of 

secondary side chains, resulted in reduced tension in MBoBs even 

though side chain brushes were elongated. While keeping the 

same secondary side chains (DP = 22), increasing the DP of the 
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primary side chains from 33 to 64 significantly thickened the 

worm-like morphologies, from 45 nm to 69 nm, and extended 

the contour length slightly, from 336 nm to 352 nm (MBoBs-2, 

5).

To further demonstrate the versatility of the approach of 

sequential �graft-from� reactions toward MBoB architectures, 

MBoBs with the secondary side chains of polyacrylate (MBoBs-

9, 10, 11), polymethacrylate (MBoBs-12, 13), and polystyrene 

(MBoB-14) were synthesized with controlled molecular 

weights and low dispersity (Ð < 1.2). An MBoB with secondary 

side chains of sodium acrylate was prepared by deprotection 

of tert-butyl groups of MBoB-10 and subsequent neutralization 

(MBoB-15, Figure S32). An MBoB with secondary side chains of 

poly(benzyl methacrylate)38-block-poly(tert-butyl acrylate)69 di-

block copolymers was synthesized through further chain 

extension of MBoB-12 with secondary side chains of 

poly(benzyl methacrylate)38, indicating the good fidelity of 

terminal bromide groups (Figure S33 and S34). 

In summary, the hierarchically branched MBoBs were 

synthesized via an ATRP-based sequential �graft-from� 

method. The worm-like morphologies of PnBA-based MBoBs 

with clear hairy corona structures were visualized by AFM. The 

lengths of backbone and primary/secondary side chains as well 

as backbone grafting density were readily tuned through 

rationally varying the monomer conversion and comonomer 

ratio in the polymerization. The versatility of this approach 

toward MBoBs was further corroborated by installing various 

homo- or block copolymers of tBA, MA, BzMA, St and sodium 

acrylate as the secondary side chains. Structure-property 

relationships of the synthesized MBoBs are currently under 

investigation in our research group.
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