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10 Abstract

11 A strategy that enables the facile synthesis of bottlebrush block copolymers with flexible 

12 backbones was developed.  A demonstration of the strategy’s utility was carried out by grafting 

13 end functionalized polymethylmethacrylate (PMMA) and polystyrene (PS) to the dually reactive 

14 block copolymer, poly(glycidyl methacrylate)-block-poly(vinyldimethylazlactone) (PGMA-b-

15 PVDMA). Five different bottlebrush diblock copolymers were investigated by SEC, 1H NMR, FT-

16 IR, DSC, X-ray scattering methods, AFM, rheology and computational simulations using 

17 molecular dynamics (MD) and self-consistent field theory (SCFT). A relationship between the 

18 glass transition temperature and the fraction of chain ends was demonstrated by DSC and 
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19 highlights the potential of this synthetic method to tailor polymer properties. All five samples were 

20 found to be in a disordered phase exhibiting multi-scale structures revealed by two broad peaks in 

21 small angle X-ray scattering (SAXS) that can be attributed to graft-to-graft and backbone-to-

22 backbone density correlations using MD simulations. The SCFT-based simulations justify the 

23 observation of a disordered phase due to its stabilization by the grafts. This modular approach can 

24 be easily extended to other grafts, including responsive, conducting, and charged polymers with 

25 the prerequisite end groups.  The versatility and ease of assembling these functional bottlebrushes 

26 constitutes a powerful ‘toolbox’ method for the rapid and scalable synthesis of novel bottlebrush 

27 block copolymers with desired properties.

28



30 Introduction

31 The ability to create new functional materials with unique structures depends on the ability to 

32 effectively manipulate matter on the nanoscale level. By harnessing van der Waals forces, 

33 electrostatic and magnetic interactions, as well as controlling phase separation within the system, 

34 individual nanostructure and polymer building blocks can be aligned in predictable and prescribed 

35 ways. Such efforts require a detailed understanding of how polymer properties such as molecular 

36 weight, composition, and topology affect assembly at interfaces. This understanding can only 

37 come from systematic synthesis of polymers that vary these parameters individually. Bottlebrush 

38 polymers, a type of branched or grafted polymer with polymeric side chains attached to a linear 

39 backbone, can be designed in a modular manner that enables the systematic variation of polymer 

40 properties, thus providing a veritable ‘toolbox’ for the facile synthesis of bottlebrush block 

41 copolymers.1-3 

42 Unlike linear block copolymers, high molecular weight bottlebrushes do not entangle due to the 

43 strong, excluded volume interactions between side chains.4-6 Blending bottlebrush copolymers 

44 enables effective surface-active additives and can be used to tailor surface properties by blending 

45 them with other homopolymers and block copolymers.7-8 Other potential applications include 

46 lithography, drug delivery, photonic crystals and energy storage devices.9-13 The three established 

47 methods to prepare bottlebrush polymers are: (1) “grafting-to”; (2) “grafting-from”; and (3) 

48 “grafting-through” and all have advantages and disadvantages.4, 14-17 Grafting-from and grafting-

49 through methods can result in 100 % grafting density.  However, when the grafting-from method 

50 is used, accurate characterization of the molecular weight and dispersity for the grafts and resultant 

51 bottle-brush polymer is challenging.  Likewise, the grafting-through method typically requires 

52 synthesis of a macromonomer. Furthermore, longer backbone degrees of polymerizations (DP) are 



53 difficult to achieve.18 In contrast, by utilizing the grafting-to approach, the graft polymer molecular 

54 weight can be fine-tuned and characterized before attachment, but the grafting density for the 

55 resultant bottle-brushes are typically much lower compared to the other methods.5, 14, 19

56 Bottlebrush copolymers can be made by attaching two (or more) different types of polymeric side 

57 chains, which enable the bottlebrushes to have multiple functionalities. Examples include 

58 polystyrene-poly(lactide) (PS-PLA) and polystyrene-poly(methyl methacrylate) (PS-PMMA) 

59 bottlebrush block copolymers prepared using the grafting-from approach,20, 45 poly(hexyl 

60 isocyanate)-poly(4-phenyl butyl isocyanate) (PHIC-PBI) bottlebrush block copolymers prepared 

61 using the grafting-through approach,21, 22 bottlebrush random copolymers and core-shell 

62 bottlebrush copolymers prepared by the grafting-to method.23-24 Orthogonal approaches have also 

63 been reported including the one-pot synthesis of polystyrene-polyethylene glycol (PS-PEO) 

64 bottlebrush block copolymers prepared by simultaneous grafting-from and grafting-to methods.25-

65 27  To the best of our knowledge, there are a very few reports on the synthesis of bottlebrush diblock 

66 copolymers using the grafting-to method with flexible backbones.28  Here, we present a 

67 straightforward route for the synthesis of bottlebrush diblock copolymers that builds on previous 

68 work with dually reactive block copolymers.29 PGMA-b-PVDMA incorporates two reactive 

69 functional groups into the block copolymer using controlled radical polymerization. An 

70 extensively studied and well-defined dually reactive diblock copolymer, PGMA-b-PVDMA was 

71 adopted as the backbone of the bottlebrush copolymer and two end-group functionalized polymers, 

72 with PS-OH and PMMA-COOH utilized as polymeric side chains, as a proof of concept.30-33 

73 Specific conditions were found that enabled the hydroxy-terminated PS to react exclusively with 

74 PVDMA followed by the reaction of PMMA with carboxylic acid end groups and PGMA.34-35 A 

75 series of bottlebrush diblock copolymers, PGMA(-g-PMMA)-b-PVDMA(-g-PS), were prepared 



76 and investigated by nuclear magnetic resonance (NMR), size exclusion chromatography (SEC), 

77 thermal gravimetric analysis (TGA), X-ray scattering, atomic force microscopy (AFM), and 

78 computational simulations. This simple synthetic route offers a wide selection of polymeric side 

79 chains and allows enables a new path for the synthesis of bottlebrush AB diblock copolymers with 

80 targeted properties via the grafting-to method.

81

82 Experimental

83 Materials

84 All reagents, including the ring opening catalyst 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU), 

85 chain-transfer agents (CTA) 2-cyano-2-propyl dodecyl trithiocarbonate (CPDT), 4-cyano-4-

86 [(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDPO) and 4-cyano-4-

87 [(dodecylsulfanylthiocarbonyl)sulfanyl]pentanol (CDPA), were purchased from Sigma Aldrich 

88 and used as-received unless stated otherwise. 2-Vinyl-4,4-dimethyl azlactone (VDMA; Isochem 

89 North America, LLC) was distilled under reduced pressure. 2,2'-Azobis(2,4-dimethylvaleronitrile) 

90 (V-65) was purchased from Wako Specialty Chemicals and recrystallized from methanol before 

91 use. 

92 Synthesis of PGMA-b-PVDMA Diblock Copolymer

93 PGMA72-b-PVDMA111 was prepared via a sequential two-step reversible addition fragmentation 

94 chain transfer (RAFT) polymerization process starting from the synthesis of PGMA (Scheme 1).29 

95 GMA (7.245 g, 5.1010-2 mol), CPDT (237.5 mg, 6.7510-4 mol; GMA:CPDT = 76:1), V-65 (35.5 

96 mg, 1.4310-4 mol; CPDT:V-65 = 4.7:1), and DMF (10.358 g) were added into a 50 mL two-neck 

97 round-bottom flask. The solution was sparged with nitrogen for approximately 1 h. The flask was 



98 then placed in a heated oil bath set at 50 C and allowed to react for 20 h. The monomer conversion 

99 was found to be 95.5% by 1H NMR analysis. The mixture was diluted with THF (approximately 

100 10 mL), precipitated in hexanes three times, and dried under high vacuum. SEC analysis results: 

101 Mn,SEC = 10.6 kDa; dispersity  (Ð) = 1.15. The DP was 72, as calculated from the number average 

102 molecular weight determined by SEC (Mn,SEC ) data and molecular weight of GMA and CPDT. 

103 The PGMA macroCTA (2.010 g, 1.9010-4 mol), VDMA (2.607 g, 1.8810-2 mol), V-65 (10.3 

104 mg, 4.1510-5 mol), and DMF (7.081 g) were added into a 50 mL two-neck flask. The solution 

105 was sparged with nitrogen for 1 h before the flask was placed into a 50 C oil bath. After 20 h, the 

106 flask was removed from the oil bath and the mixture was diluted with 10 mL THF followed by 

107 precipitation into hexanes three times. The purified diblock copolymer was dried in vacuo and 

108 analyzed by SEC and 1H NMR spectroscopy. SEC results: Mn,SEC = 26.0 kDa, Ð  = 1.12. The final 

109 monomer conversion was 99.3 % as calculated from the 1H NMR spectra. The DP of the PVDMA 

110 block was 111 as calculated from the Mn,SEC of PGMA-b-PVDMA, PGMA macroCTA, and 

111 molecular weight of VDMA.

112 A block copolymer with a higher DP was also prepared using the same procedure. For the PGMA 

113 macroCTA the GMA to CPDT ratio was 396:1 with a 5:1 initatior to CTA ratio.  SEC results: 

114 Mn,SEC = 42.1 kDa, Ð  = 1.35.  For the block copolymer the PVDMA to macroCTA ratio was 400:1 

115 Sec results: Mn,SEC = 96.0 kDa and Ð = 1.31. The DP of PGMA and PVDMA was 338 and 343, 

116 respectively.



117

118

119

120 Scheme 1. Synthesis of PGMA-b-PVDMA, PS-OH, and PMMA-COOH by RAFT

121 Synthesis of PS-OH and PMMA-COOH as Grafts

122 For the synthesis of PS16-OH (Scheme 1), styrene (5.220 g, 5.0210-2 mol), CDPO (944.1 mg, 

123 2.4210-3 mol), AIBN (52.7 mg, 3.2110-4 mol), and DMF (2.968 g) were added into a 50 mL 

124 two-necked round-bottom flask. The molar ratio of styrene:CDPO:AIBN = 21:1:0.13. The solution 

125 was sparged with nitrogen for approximately 1 h and then placed into an 80 C oil bath for 40 h. 

126 The reaction mixture was then precipitated in methanol three times and the purified polymer was 

127 dried in vacuo. SEC results: Mn,SEC = 2.1 kDa, Ð = 1.06. The DP of PS-OH was 16, as calculated 

128 from Mn,SEC of PS-OH and the molecular weight of styrene and CDPO.

129 For the synthesis of PMMA48-COOH (Scheme 1), MMA (5.218 g, 5.2210-2 mol) was combined 

130 with CDPA (491.7 mg, 1.2210-3 mol), AIBN (33.0 mg, 2.0110-4 mol) and anisole (5.506 g) with 

131 the molar ratio of MMA:CDPA:AIBN = 43:1:0.16. The solution was sparged with nitrogen for 
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132 approximately 1 h and then placed into a 60 C oil bath for 20 h. The polymer was then precipitated 

133 in hexane three times and the purified polymer was dried in vacuo. SEC results: Mn,SEC = 5.2 kDa, 

134 Ð  = 1.07. The DP of PMMA-COOH was 48, as calculated from Mn,SEC of PMMA-COOH and the 

135 molecular weight of MMA and CDPO. To vary the DP of PMMA, the MMA:CDPA molar ratio 

136 was changed while keeping the CDPA:AIBN molar ratio constant; all other procedures remained 

137 the same.

138 PS75-OH (Mn = 8.2 kDa, Ð =1.09) and PMMA24-COOH (Mn = 2.8 kDa, Ð = 1.13) were prepared 

139 using a similar method.

140 Synthesis of PS and PMMA-Grafted Bottlebrushes

141 The PGMA(-g-PMMA48)-b-PVDMA(-g-PS16) diblock bottlebrushes were prepared via a two-step 

142 reaction process starting from the synthesis of PGMA-b-PVDMA(-g-PS16) (Scheme 2). PGMA-

143 b-PVDMA (208.8 mg, 8.8910-6 mol), PS16-OH (1.870 g, 8.510-4 mol), and DMF (3.009 g) were 

144 added into a 50 mL round-bottom flask. After the polymers were dissolved by DMF, DBU (6 L) 

145 was injected into the solution and the flask was placed into a 35 C oil bath for 3 days. The product 

146 was purified by dialysis (MWCO = 25,000) against acetone. SEC results: Mn,SEC = 197.0 kDa, Ð  

147 = 1.33.

148 For the synthesis of PGMA(-g-PMMA48)-b-PVDMA(-g-PS16), PGMA-b-PVDMA(-g-PS16) 

149 (103.5 mg, 7.6010-7 mol), PMMA48-COOH (252.1 mg, 5.3610-5 mol), and DMF (1.078 g) were 

150 added into a 50 mL round-bottom flask. The reaction mixture was placed into a 65 C oil bath for 

151 2 days. The reaction mixture was then diluted with ~5 mL acetone and was transferred into a 

152 dialysis tube (MWCO = 25,000) and dialyzed against acetone to remove the excess PMMA side 



153 chains (Mn = 586.0 kDa, Ð = 1.49). Other PGMA(-g-PMMA)-b-PVDMA(-g-PS) bottlebrushes 

154 with different chain length of PMMA or PS were synthesized using the same procedure (Table 2).

155

156 Scheme 2. Synthesis of PGMA(-g-PMMA)-b-PVDMA(-g-PS) bottlebrushes

157 Characterization

158 1H NMR spectra were obtained on a Varian VNMRS 500 NMR spectrometer at room temperature 

159 in CDCl3. Fourier transform infrared spectroscopy (FTIR) experiments were performed on a 

160 Bruker Vertex 70 with a diamond attenuated total reflection (ATR) window in the range of 4000 

161 to 500 cm-1. The peak resolution was set to 4 cm-1 and each spectrum was scanned 64 times.

162 The molecular weight of polymers and bottlebrushes were determined by SEC system using a 

163 Malvern OMNISEC equipped with a light scattering detector with a 640 nm laser and a refractive 

164 index (RI) detector with 640 nm. Three Agilent PLgel Mixed C (two columns with 5 µm particle 

165 size and 300 mm by 7.5 mm column dimensions, and one guard column with 5 µm particle size 

166 and 50 mm by 7.5 mm column dimensions) were used, and THF was the eluent with a flow rate 

167 of 1 mL/min.

168 TGA data were collected in the temperature range of 25 C to 700 C under N2 flow heated at 10 

169 C min-1 using TA Instruments Discovery TGA. Thermal transition was measured using a TA 

170 Instruments (TA Q2000) differential scanning calorimeter (DSC) under N2. Reported values 



171 (middle point) were from the second heating cycle of a heat/cool/heat procedure: (1) 10 C min-1 

172 ramp to 350 C, isotherm at 350 C for 3 min, (2) 10 C min-1 quench cool to 0 C, isotherm at 0 

173 C for 3 min, (3) 10 C min-1 ramp to 350 C. The glass transition temperature (Tg) was determined 

174 by TA Universal Analysis software.

175 SAXS measurements were carried out on an Anton-Paar SAXSess mc2 instrument with slit-

176 collimated monochromatic CuKα radiation (λ = 1.5406 Å) operating at 40 kV and 50 mA. The 

177 collimated beam size was 18 mm x 0.4 mm. The films were aligned perpendicular to the direction 

178 of the X-ray beam (transmission mode) and the scattered beam was recorded on a CCD detector 

179 (PI-SCX, Roper Scientific Inc.) with a pixel resolution of 2084 × 2084 and pixel dimensions of 24 

180 × 24 μm2. The slit-smeared SAXS curves were all desmeared using a desmearing algorithm 

181 provided by Anton-Paar and expressed as intensity versus q, where q = (4π sin θ)/λ after subtraction 

182 of detector dark current and background scattering. 

183 AFM measurements were done using a Cypher ES (Asylum Research, USA). Measurements were 

184 performed using silicon probes AC160TS-R3, having nominal resonant frequency, ω0 = 300 kHz, 

185 and stiffness, k = 26 N/m. Samples were mounted onto metal pucks using carbon tape prior to 

186 taking the measurements. All measurements were carried out at room temperature (~20 °C) and at 

187 30–40% relative humidity.

188 Small-amplitude oscillatory shear experiments were performed on an HR2 rheometer (TA 

189 Instruments) with 8mm-diameter parallel plates in the frequency range of 1—100 rad/s and 

190 temperature range of 250—115°C, with a temperature increment of 5°C. The sample was 

191 equilibrated at each temperature for 8 minutes before the frequency-sweep measurement. The 



192 temperature control was achieved through an Environmental Test Chamber with nitrogen as the 

193 gas source.

194

195 Coarse-Grained Molecular Dynamics and Self-Consistent Field Theory Simulations

196 Coarse-grained molecular dynamics simulations of different bottlebrush diblock copolymer melts 

197 were performed. The chain architecture of the bottlebrush diblock copolymer consisted of 𝑁𝑏𝑏

198 = 32 connected backbone beads, where 16 backbone beads were grafted to sidechains consisting 

199 of A-type beads and the other half to side chains consisting of B-type beads. The degree-of-

200 polymerization of the block A-type side chains was, 𝑁𝐴 = 20, while that of the block B-type side 

201 chains were varied from 𝑁𝐵 = [5, 10, 20, 40, 80]. 

202 The simulations were done in the canonical (NVT) ensemble and the constant temperature (T) was 

203 maintained by coupling the system to a Langevin thermostat as implemented in LAMMPS.36-37 

204 The initial configuration of the system consisted of 𝑚𝑏 randomly oriented bottlebrush molecules 

205 arranged in a cubic 𝑛3 lattice with lattice spacing of 2𝑁𝑏𝑏𝜎, where 𝜎 is the bead diameter. The 

206 simulation box size, 𝐿 (in units of 𝜎), was gradually compressed to a final density of 0.85𝜎―3 for 

207 a simulation run of 5000𝜏. After compression, the system was equilibrated for an additional 

208 20,000𝜏. Here, 𝜏 is the characteristic time defined as 𝜏 = 𝜎(𝑚/𝑘𝑇)1/2, where m is the mass of a 

209 bead and 𝑘𝑇 is the thermal energy. The production run consisted of a run, which was 80,000𝜏 long 

210 and the trajectory was sampled every 500𝜏 resulting in 1601 trajectory frames used for the 

211 ensemble average in the calculation of scattering functions. System sizes are provided in Table 1 

212 and further details of the simulations are presented in the Supporting Information (SI).

213 Table 1. System Sizes Simulated using Molecular Dynamics Simulations.



𝑚𝑏 𝑁𝑏𝑏 𝑁𝐴 𝑁𝐵 𝑛𝑡𝑜𝑡𝑎𝑙 𝐿(𝜎)

729 32 20 5 314928 71.82

729 32 20 10 373248 76.01

512 32 20 20 344064 73.97

343 32 20 40 340256 73.70

216 32 20 80 352512 74.57

214 𝑚𝑏 : number of bottlebrush molecules, 𝑁𝑏𝑏 : Degree-of-polymerization of backbone, 𝑁𝐴 : Degree-

215 of-polymerization of block A side chains, 𝑁𝐵 : Degree-of-polymerization of block B side chains, 

216 𝑛𝑡𝑜𝑡𝑎𝑙 : Total number of beads in the simulation box, 𝐿(𝜎):  simulation box size

217 To investigate the structure of the bottlebrush molecules in the melt, we calculated the partial 

218 structure factors based on the fast Fourier transform (FFT) method previously described by Carrillo 

219 et al.38 The static structure factor, 𝑆(𝑞), is defined in equation 1 as 

𝑆(𝑞) =
1

𝑛𝑡𝑜𝑡𝑎𝑙

𝑛𝑡𝑜𝑡𝑎𝑙

𝑗=1

𝑛𝑡𝑜𝑡𝑎𝑙

𝑘=1
𝑓𝑘𝑓𝑗〈exp ―i 𝑞 ∙ (𝑟𝑘 ― 𝑟𝑗) 〉 (1)

220 where 𝑓𝑖=𝑘,𝑗 is the scattering weight and is varied from either 0 or 1 depending on the type of bead, 

221 𝑞 is the scattering vector, 𝑟𝑖=𝑘,𝑗 is the position vector, and the bracket 〈…〉 denotes ensemble 

222 averaging.

223 Large-cell self-consistent field theory (SCFT) simulations of incompressible bottlebrush diblock 

224 copolymers were also conducted using the PSim software package in two dimensions.39 The 

225 bottlebrushes simulated consisted of a backbone and two different side chains (i.e., PS and PMMA) 

226 spaced equally apart and the resulting morphology of microphase separation was studied as the 

227 relative length of the side chains was varied. In the context of these simulations and the figures, 



228 the backbone was denoted "E", the PS graft was denoted "S", and the PMMA graft was denoted 

229 "M".  Other details of the SCFT based simulations and expected morphologies are presented in the 

230 SI. 

231

232 Discussion

233 In previous work, we showed that RAFT polymerization could be used to synthesize dually 

234 reactive block copolymers containing pendant epoxy and azlactone groups.29  Here, we extend that 

235 work to use PGMA-b-PVDMA block copolymers as a platform for tailored bottlebrush polymers 

236 via grafting-to reactions. A relatively low and high molecular weight polymer backbone, PGMA72-

237 b-PVDMA111 (Mn = 26.0 kDa, Ð = 1.12) and PGMA338-b-PVDMA343 (Mn = 96.0 kDa, Ð = 1.31), 

238 respectively, were synthesized to investigate the versatility of the process.  In addition to the SEC 

239 results, epoxy groups from PGMA were observed by 1H NMR (assigned as peak a, b and c) and 

240 azlactone groups from PVDMA (1815 cm-1) were visible by FT-IR, as shown in Figure 1, 

241 confirming that the reactive groups were available for “grafting-to” reactions. Both azlactones and 

242 epoxides are known to react with similar nucleophiles, however; previous literature reports 

243 suggested that by judicious choice of reactions conditions PGMA and PVDMA could be 

244 independently targeted.40-41  Test reactions using small molecules with a pendant carboxylic acid 

245 and alcohol groups were used to determine the optimal reaction conditions and order to 

246 independently target either PGMA or PVDMA.  A more detailed description of the test conditions 

247 can be found in Table S1. The best results were obtained when -OH groups were reacted with 

248 PVDMA using1 mol % DBU as a catalyst at 35 C and when -COOH groups were reacted with 

249 PGMA at 65 C. Copolymers of PMMA and PS and their phase behavior have been the subject of 



250 numerous literature reports and were therefore chosen to serve as a model system for this 

251 process.42-44  However, in principle any polymer with hydroxy (-OH) or carboxylic acid (-COOH) 

252 end groups could be “grafted-to” the PGMA-b-PVDMA backbone, making this platform 

253 incredibly versatile and tailorable.  PMMA-COOH and PS-OH polymers were synthesized using 

254 either CDPA or CDPO RAFT agents to impart carboxylic acid and hydroxy groups, respectively. 

255 Molecular weight and dispersity results for all the polymers used in this study are summarized in 

256 Table 2. 

257

258 Figure 1.  a)1H NMR and b) FTIR spectra for i) PGMA72-b-PVDMA111 backbone (black), ii) 

259 PGMA-b-PVDMA(-g-PS16) (red), and iii) PGMA(-g-PMMA24)-b-PVDMA(-g-PS16) (blue) 

260 bottlebrushes.



261

262 Table 2. Molecular weight and dispersity of PGMA-b-PVDMA backbones, PMMA-COOH and 

263 PS-OH.

Polymer Molecular Weight (Mn, kDa) Ð

PGMA72-b-PVDMA111 26.0 1.12

PGMA338-b-PVDMA343 96.0 1.31

PMMA24-COOH 2.8 1.13

PMMA48-COOH 5.2 1.07

PS16-OH 2.1 1.06

PS75-OH 8.2 1.10

PGMA72-b-(PVDMA111-g-PS16) 197 1.33

PGMA72-b-(PVDMA111-g-PS75) 719 1.31

PGMA338-b-(PVDMA343-g-PS16) 796 1.35

264

265 The first step of bottle-brush formation consisted of reacting the PGMA-b-PVDMA backbone with 

266 excess PS-OH and 1 mol% of DBU at 35C for 3 days. The reaction was monitored by FTIR and 

267 showed the azlactone peak at 1825 cm-1 decreasing in intensity while an additional peak at 1726 

268 cm-1 (Figure 1b) emerges and is attributed to the formation of an ester linkage between PVDMA 

269 and PS-OH.  Epoxide peaks at 3.3 (CH-O-CH2) and 2.6 ppm (CH-O-CH2) observed by 1H NMR 

270 (Figure 1a - i, ii) before and after the reaction confirm that PS-OH reacts preferentially with 

271 PVDMA.  After addition of PS-OH, the epoxide peaks are still present at 3.3 and 2.6 ppm (no peak 

272 shifts) and additional peaks between 6.6 and 7.2 ppm attributed to PS aryl protons are observed.  



273 Dialysis against acetone was used to purify the mixture; however, unreacted PS-OH could still be 

274 observed in the SEC trace but is apparently removed in subsequent reaction and purification steps 

275 (Figure S1). For the second step, PGMA-b-PVDMA(-g-PS) was reacted with excess PMMA-

276 COOH at 65 C. The reaction was monitored by 1H NMR using the epoxy peaks in PGMA at 3.3 

277 and 2.6 ppm (Figure 1a, iii). Unreacted PMMA-COOH was removed by dialysis against acetone 

278 and confirmed by SEC (Figure S1).  Even though PGMA and PVDMA showed high conversions 

279 in the test reactions with small molecules, such high conversions are rare for grafting-to bottle 

280 brush systems.5 In total, five bottlebrush diblock copolymers were prepared by varying either the 

281 graft molecular weight or backbone length and in each case, the dispersity of the final bottlebrush 

282 broadened considerably compared to the backbone dispersity indicating a distribution of grafted 

283 polymers among the backbone chains (Table 3).  For narrowly dispersed grafts such as the ones 

284 used in this work, an increase in dispersity of the bottlebrushes relative to the dispersity of the 

285 backbone is not unexpected when grafting efficiencies are less than 100%.18 NMR was used to 

286 determine the composition of the block copolymer and the bottlebrush in order to determine the 

287 grafting density (number of side chains/number of backbone repeats) for each step.46, 47  This was 

288 done by integrating the peaks assigned to PVDMA (1.4-1.5 ppm), PGMA (3.3 ppm), PS (6.6-7.2 

289 ppm), and PMMA (3.6 ppm) to determine the molar composition of the block copolymer 

290 backbones and bottlebrushes and converted them to a wt %.  The molecular weight of the 

291 macroCTA (PGMA), diblock (PGMA-b-PVDMA), PS-OH grafts, and PMMA-COOH grafts were 

292 all determined independently by SEC.  The total molecular weight of the bottlebrushes could then 

293 be calculated using the backbone molecular weight and weight fraction determined using SEC and 

294 NMR, respectively.  The grafting density of PS and PMMA for each bottlebrush is listed in Table 



295 4 and estimated based on the total number of PS and PMMA repeat units determined from NMR 

296 (see the details of these estimations in the SI). 

297 Table 3. Table of backbone DP, side chain composition, molecular weight, and Ð of BB-1 to 

298 BB-5.

Backbone PMMA PS Wt % PMMA Wt % PS MWa

(Da)

Ðb

BB-1 1 24 16 56.9 31.5 224,138 1.42

BB-2 1 48 16 71.1 20.0 295,454 1.49

BB-3 1 24 75 35.3 37.3 172,185 1.66

BB-4 1 48 75 32.6 45.0 116,071 1.53

BB-5 2 24 16 64.6 27.5 1,215,190 1.36

299 Backbone 1 stands for PGMA72-b-PVDMA111, while Backbone 2 stands for PGMA338-b-

300 PVDMA343. aDetermined from 1H NMR and see the details in the SI, b determined from SEC.

301

302 Table 4. Table of grafting density of PS and PMMA graft of BB-1 to BB-5 determined by 1H 
303 NMR. 

BB-1 BB-2 BB-3 BB-4 BB-5

Step 1 (PS to PVDMA) 31% 25% 7% 5% 46%

Step 2 (PMMA to PGMA) 64% 56% 31% 10% 83%

304

305 We studied the effects of chain architecture (i.e., number and length of grafts as well as backbone 

306 lengths) on the physical properties and structure of bottlebrush block copolymer melts. Many 

307 physical properties and surface segregation behavior of bottlebrushes can be attributed to having 

308 a larger number of chain ends when compared to linear polymers.8, 45 For instance, we probed the 

309 effects of chain ends on the Tg of bottlebrush block copolymers. In general, the chain ends are 



310 expected to act as self-plasticizers leading to a decrease in Tg with an increase in chain end fraction 

311 compared to total monomer repeats.46-47 The Tg of the PGMA-b-PVDMA backbones, PS and 

312 PMMA grafts, and bottlebrush block copolymers were measured by DSC, and are shown in Figure 

313 2.  PMMA-24 and PS-16 have Tg of 51.2 C and 47.0 C, respectively while the longer grafts, 

314 PMMA-48 and PS-75 have Tg’s of 82.6 C and 82.2 C, respectively.  The Tg for PMMA-48 and 

315 PS-75 are slightly lower than the reported literature values, which is not unexpected since they are 

316 below the entanglement MWs for PMMA and PS.48-49  The Tg for PGMA72-b-PVDMA111 and 

317 PGMA338-b-PVDMA343 are 79.0 C and 75.7 C, respectively (see Table S3). The glass transition 

318 temperature for the bottlebrush block copolymers ranged from 79.4 C to 116.2 C.  To compare 

319 the measured changes in the Tg for the five bottlebrush block copolymers due to changes in the 

320 grafting density, graft lengths, and backbone lengths, we calculated the fraction of chain ends (fe 

321 = ne/DP, where ne and DP are the number of ends and total degree of polymerization, respectively). 

322 Results from these calculations are shown in Table S4. Based on the concept of self-plasticization 

323 by the chain ends, a linear relation between 1/Tg and the fraction of chain ends, fe, would be 

324 expected.46 To verify the linear relation, 1/Tg as a funtion of fe was plotted in Figure 3 and a 

325 regression line with an R2 value of 0.9811 confirms the relationship.  What is remarkable about 

326 the data is that the similar Tg of BB-5 (96 kDa backbone) and BB-1 (26 kDa backbone) can be 

327 explained by their similar fe values despite BB-5 being roughly five times the MW and having 

328 approximatly 5 times more chain ends than BB-1. This leads us to conclude that the chain ends act 

329 as self-plasticizers in bottlebrush block copolymers and the fraction of chain ends can be used to 

330 tailor Tg of bottlebrush block copolymers.   



331       

332 Figure 2. DSC analysis of (a) PGMA-b-PVDMA backbones and PS and PMMA grafts and (b) for 

333 BB-1 through BB-5.

334

335 Figure 3. Self-plasticization due to chain ends in five bottlebrush block copolymer is shown by 

336 plotting 1/Tg (K-1) as a function of the fraction of chain ends (fe) (see Table S4 for the estimations).  
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337 The linear relationship between 1/Tg (K-1) and fe indicates that the decrease of the glass transition 

338 temperature is due to self-plasticization resulting from an increase in the fraction of chain ends. 

339

340 Figure 4. SAXS data collected on five bottlebrush samples at 130 °C showing at least one and 

341 sometimes two broad peaks (e.g., in the cases of BB-1,BB-3, and BB-5) hinting at segregation at 

342 two characteristic length scales. 

343 Microphase separated bottlebrush block copolymers should exhibit multiple small-angle X-ray 

344 scattering (SAXS) peaks similar to linear diblock copolymers of PS and PMMA due to the periodic 

345 microdomain structure having a long-range order.42-44 Information of the microphase morphology 

346 can be obtained from the relative positions of the SAXS peaks which are associated with the 

347 microdomain packing. For instance, the ratio of the q values at the scattering maxima are expected 

348 to be 1, 2, 3, 4,... for lamellae, 1, 3, 4, 7, 9... for cylinders in a hexagonal array, and 1, 2, 3, 

349 4, 5,... for spheres in a body-centered cubic array.50  For example, Rzayev and coworkers 

350 reported a grafted-from bottlebrush system with a PMMA volume fraction of 41% and the SAXS 



351 data showed a number higher order SAXS peaks that were consistent with a hexagonally packed 

352 morphology.45 However, SAXS date for the bottlebrushes in the present study failed to produce 

353 higher order SAXS peaks (Figure 4) which indicate the absence of well-ordered microdomain 

354 packing. The SAXS intensity profiles do show strong primary SAXS peaks for each sample, that 

355 correspond to the interdomain distance, d, which increases from 6.5 to 12.2 nm with increasing 

356 graft molecular mass. Furthermore, secondary peaks are also observed in samples BB-1, BB-3, 

357 and BB-5. The morphology of the bottlebrush copolymers films was also investigated using AFM. 

358 All the samples were annealed at 130 C for 24 h to assist the microphase separation between the 

359 two blocks. Figure 5 shows the observed AFM height images of BB-1 to BB-5. These images 

360 exhibit no signature of any long-range ordered morphology such as lamellae, hexagonally packed 

361 cylinders, etc. predicted by the SCFT (see Figure S2-S4).  The AFM results were consistent with 

362 SAXS and point toward a disordered phase in the melts of the copolymers.  To further confirm the 

363 absence of ordered morphology, small-amplitude oscillatory shear measurements were performed 

364 on BB-5 in the temperature range of 250—115°C. The dynamic moduli determined at different 

365 temperatures (Figure 6(a)) can be collapsed onto master curves by using either the Cole-Cole plot 

366 (Figure 6(b)) or time-temperature superposition (Figure 6(c)).51 Additionally, the obtained linear 

367 viscoelastic master curve (Figure 6(c)) resembles that of an entangled polymeric liquid, with a 

368 rubbery plateau at intermediate frequencies and terminal flow behavior at low frequencies. These 

369 results clearly indicate the absence of an order-disorder transition and the low-frequency liquid-

370 like behavior suggests that the sample is in a disordered state.



371

372 Figure 5. AFM topography images collected over a (A,C,E,G,I) 30 x 30 µm2 and a smaller 

373 (B,D,F,H,J) 1 x 1 µm2 -region. Data is shown for samples (A,B) BB-1, (C,D) BB-2, (E,F) BB-3, 

374 (G,H) BB-4, and (I,J) BB-5.

375



376 Figure 6. Linear viscoelastic properties of BB-5. (a) Storage 𝐺′(𝜔) and loss modulus 𝐺″(𝜔) of 

377 BB-5 at different temperatures. The results are color-coded with the “jet” colormap of MATLAB. 

378 The high-temperature data appear as reddish colors, whereas the low-temperature results are 

379 represented by bluish colors. (b) Cole-Cole plot of the data in (a), where the loss modulus is shown 

380 as a function of the storage modulus. (c) Master curve of dynamic moduli constructed according 

381 to the time-temperature superposition principle. The reference temperature is 250°C. Inset of (c): 

382 corresponding temperature shift factor 𝑎𝑇.

383

384 Figure 7.  Snapshot of simulation box of a melt consisting of bottlebrush diblock copolymer. 

385 Beads belonging to A-block, B-block and backbone are colored magenta, green and cyan, 

386 respectively.

387

388 To understand the origin of the SAXS peaks despite the lack of ordering, we conducted coarse-

389 grained MD simulations to compute the partial structure factors of disordered melts of bottlebrush 



390 block copolymers. A similar analysis of the structure factor of bottlebrush melts was presented 

391 recently by Liang et al.52 A typical snapshot from the MD simulations of athermal melts of the 

392 copolymers is shown in Figure 7 with multi-scale structures in disordered melts of these 

393 copolymers.  Furthermore, based on the electron density of PS, PMMA, PGMA, and PVDMA 

394 (=9.61, 10.84, 9.74, and 9.57 x 10-6 Å-2, respectively), the partial structure factor, SBB(q), was 

395 chosen to understand the qualitative effects of graft lengths (at fixed grafting densities) on the 

396 SAXS spectra.  By ignoring slight differences in the electron density values of PS, PGMA, and 

397 PVDMA, B was chosen to represent PMMA, enabling a qualitative comparison between the 

398 simulated spectra and the SAXS results. The partial structure factor spectra are shown in Figure 

399 8(a) as the number of beads along a B-graft is varied from 5 to 80. The partial structure factor 

400 exhibits three peaks (e.g., for NB = 5), where the peak at q/ 𝜎  ~7 represents density-density 

401 correlations at the length scale of a single bead. The other two peaks represent correlations at larger 

402 length scales are comparable to the peaks observed in SAXS data. With an increase in NB, the peak 

403 at intermediate wave-vector values disappears. The microscopic origin of the two length scales 

404 (larger than that of the monomer size) lies in the backbone-to-backbone and graft-to-graft 

405 correlations as shown in Figure 8(b). Specifically, the peak at intermediate wave-vectors results 

406 from backbone-to-backbone correlations (Sbb), and an increase in NB leads to a shift of the peak 

407 representing such correlations to lower wave-vectors. The peak at the lower wave-vectors 

408 represents lamellar-like organization of a bottlebrush chain and is independent of the graft length. 

409 This peak will shift with a change in either the backbone length or fraction of backbone monomers 

410 belonging to A. In fact, this is the reason that the primary peak in the SAXS for BB-5 is shifted in 

411 comparison with the other samples. 

412



413  

414 Figure 8. Generated SAXS plots from MD simulations: (a) effects of graft length on partial 

415 structure factor (SBB) representative of SAXS experimental data shown in Figure 4(a). (b) All of 

416 the partial structure factors are shown for NB= 5. Peaks at highest wave-vector results from finite-

417 sized monomeric beads and the other two peaks represent two length scales related to graft lengths 

418 and block lengths along the backbone separating A and B grafts.   

419 Lastly, we used self-consistent field theory (SCFT) (see Figures S2-S4 and SI for details) to study 

420 the disorder-order transition boundary for different ratios of side chain lengths as a function of the 

421 relative ratio of side chain segments, 𝑓𝑀/(𝑓𝑆 + 𝑓𝑀). These results are shown in Figure 9. Here, 𝑓𝑖

422 = 𝑁𝑖/𝑁 is simply the overall fraction of segments in each bottlebrush block copolymer of type 𝑖, 

423 and "S" and "M" denote the two types of grafts. It is notable that the value of χN required to 

424 manifest the transition from a disordered state to an ordered state is significantly higher (𝜒𝑆𝑀𝑁 ≈

425 30) compared to linear diblock copolymers (𝜒𝑁 ≈ 10). These results imply that the bottlebrush 

426 block chain architecture stabilizes the disordered phase over ordered morphologies and provide 

427 justification for the observation of a disordered morphology in all five bottlebrushes. 

(a) (b)



428

429 Figure 9: Disorder-order transition boundary estimated in terms of interaction parameter 𝜒𝑆𝑀 

430 (representing interaction among unlike grafts) as a function of relative ratio of side chain segments 

431 for 𝜒𝑀𝐸 = 𝜒𝑆𝐸 = 0.

432 Conclusions

433 A ‘toolbox’ that enables the synthesis of bottlebrush AB diblock copolymers was developed by 

434 grafting -OH and -COOH end functionalized polymers onto PGMA-b-PVDMA backbones via a 

435 two-step reaction that leverages preferential reactivity of the backbone epoxide and azlactone 

436 groups. Five PGMA(-g-PMMA)-b-PVDMA(-g-PS) bottlebrush block copolymers were 

437 synthesized and characterized by SEC, 1H NMR, and FT-IR. The thermal properties, as well as 

438 the morphology of the bottlebrush diblock copolymers, were investigated by DSC, SAXS, AFM 

439 and rheology. The chain ends act as self-plasticizers in the bottlebrush block copolymers and the 

440 fraction of chain ends was found to affect the glass transition temperature of bottlebrush block 

441 copolymers. Although the samples were found to be in the disordered phase, SAXS indicated that 

442 multi-scale structures were present, which can be attributed to graft-to-graft and backbone-to-

443 backbone density correlations as revealed by MD simulations.  Furthermore, SCFT simulations 

444 indicate that the grafts serve as stabilizers for the disordered morphology and as a result, ordered 



445 phases were not observed in this work. The synthetic strategy presented here represents a platform 

446 to graft a variety of polymer side chains onto a backbone. This modular approach can be easily 

447 extended to other grafts, including functional polymers, with the prerequisite end groups making 

448 this a versatile method for the synthesis of novel bottlebrush block copolymers with desired 

449 properties.  This will be the subject of our future research efforts.

450 Supporting Information

451 Experimental details for reactivity test and results (Table S1).  SEC analysis of diblock copolymer 

452 and grafts (Figure S1).  Molecular weights and bottle brush grafting description and results (Table 

453 S2 and Equations 1-11).  Glass transition temperatures of the grafts and the parent block 

454 copolymers (Table S3).  Diblock bottle brush glass transition temperatures, number repeat units 

455 for the backbone and total grafts, number of chain ends, and fraction of chain ends to total repeat 

456 units (Table S4).  Experimental details for coarse-grained molecular dynamics simulations. 

457 Experimental details for self-consistent field theory simulations, schematic of structure, simulated 

458 morphologies, and partial structure factors versus graft lengths (Figure S2-S4). 
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