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ABSTRACT  

Thin films of immiscible polymer blends will undergo phase separation into large domains, but 

this behavior can be suppressed with additives that accumulate and adhere at the polymer/polymer 

interface. Herein, we describe the phase behavior of polystyrene/poly(methyl methacrylate) 

(PS/PMMA) blends with 20 vol% of a bottlebrush additive, where the bottlebrush has poly(styrene-r-

methyl methacrylate) side chains with 61 mol% styrene. All blends are cast into films and thermally 

annealed above the glass transition temperature. The phase-separated structures are measured as a 

function of time with atomic force microscopy and optical microscopy. We demonstrate that subtle 

changes in bottlebrush architecture and homopolymer chain lengths can have a large impact on phase 

behavior, domain coarsening, and domain continuity. The bottlebrush additives are miscible with PS 

under a broad range of conditions, but are only miscible with PMMA when the bottlebrush backbone is 

short, or when the PMMA chains are similar in length to the bottlebrush side chains. In all other cases, 

the limited bottlebrush/PMMA miscibility drives the formation of a bottlebrush-rich interphase that 

encapsulates the PMMA-rich domains, stabilizing the blend against further coarsening at elevated 



 

temperatures. The encapsulated domains are aggregated in short chains or larger networks, depending 

on the blend composition. Interestingly, the network structures can provide continuity in the minor 

phases.   



 

INTRODUCTION 1 

Polymer blends can exhibit superior bulk properties than the pure constituents, such as 2 

enhanced toughness and impact strength1,2. However, most polymer blends will undergo 3 

macroscale phase separation2,3 to generate large and ill-defined domains with weak adhesion at 4 

the polymer/polymer phase boundary. Consequently, a phase-separated material will exhibit poor 5 

mechanical properties. Surface-active additives such as block polymers4–9, random 6 

copolymers8,10,11, and polymer-grafted nanoparticles12–16 will accumulate and adhere at the 7 

polymer/polymer interface, thereby dispersing the immiscible polymers into small domains and 8 

stabilizing the structures against further coarsening and coalescence. A variety of microstructures 9 

can be achieved with proper blend formulation and additive design, including discrete domains 10 

or continuous networks with sub-micron length scales17.  11 

Many polymeric compatiblizers are synthesized from monomers that match the blend 12 

constituents. If the blend is comprised of immiscible A and B homopolymers, then copolymers 13 

with random or blocky AB sequences can be effective compatibilizers. The copolymer 14 

architecture is an important parameter that impacts the surface activity, interfacial strength, and 15 

kinetics of structure formation. Long copolymers can form multiple loops between the two 16 

phases, which is advantageous for adhesion at the phase boundary11,18, and they produce a larger 17 

reduction in the interfacial tension8.  Increasing the “blockiness” in a copolymer favors 18 

surfactant-like behavior, meaning the additive forms a monolayer at the polymer/polymer 19 

interface, while a more random monomer sequence can drive the formation of an interfacial 20 

wetting layer10,18.  Finally, molecular geometry also impacts the interfacial tension: for example, 21 

long comb copolymers with many grafted side-chains are more effective compatibilizers than 22 

short linear block polymers8.     23 



 

Nanoparticle compatibilizers are often coated with polymer brushes that match the 24 

chemistry of the parent homopolymers12. The objective of these coatings is to generate particles 25 

that are evenly wet by the blend constituents, thereby favoring their placement at the A/B 26 

interface12,14,19. The brushes could be mixtures of A and B homopolymer chains13,16, AB random 27 

copolymer chains20, or even pure homopolymer chains 15,21. The architecture of the brush, i.e., 28 

areal chain density and chain length, will also impact interfacial activity. Nanoparticle 29 

compatibilizers can produce similar blend microstructures as polymeric surfactants, including 30 

both discrete domains and co-continuous phases13,15. However, the adsorption of nanoparticle 31 

compatibilizers at an A/B interface is strong and nearly irreversible, so the microstructure can 32 

withstand prolonged high-temperature annealing13,15 and shear flow16.  33 

In this study, we report the design of bottlebrush copolymer compatibilizers for 34 

immiscible polymer blends. Bottlebrush polymers are architecturally similar to comb polymers, 35 

but with a much higher density of side-chains (~1 per backbone monomer)22 that produce a 36 

conformationally-frustrated macromolecule with particulate-like features.23,24 These materials 37 

have shown potential as surface-active additives for polymer melts: as examples, low 38 

concentrations of bottlebrush poly(dimethylsiloxane-co-lactic acid) will spontaneously 39 

accumulate at the interfaces of linear polylactic acid films25, and low concentrations of 40 

bottlebrush polystyrene will spontaneously accumulate at the interfaces of linear polystyrene 41 

films26. The latter study proposed that bottlebrush polymer additives are more closely related to 42 

polymer-grafted nanoparticles than comb polymers: the highly-branched architecture leads to 43 

poor miscibility with long linear polymers26,27, and there is a strong entropic drive for placement 44 

of bottlebrush additives at the free surface and substrate of a thin film26. Similar arguments can 45 

explain the segregation behaviors of star polymer additives in thin films of block copolymers28. 46 



 

Therefore, we expect that bottlebrush additives could rapidly de-mix from a blend, localize at the 47 

A/B interface, and inhibit coarsening of the microstructures. The objective of this work is to 48 

identify the architectural parameters that enable such behavior. 49 

EXPERIMENTAL METHODS  50 

Materials. All reagents and solvents were purchased from commercially available sources and 51 

used as received unless noted. 2,2’-Azobis(2-methylpropionitrile) (AIBN) was purified by 52 

recrystallizing in methanol. Inhibitors were removed from styrene and methyl methacrylate 53 

monomers using an aluminum oxide column. Dichloromethane was dried with molecular sieves 54 

(4 Å). Exo-7-oxabicyclo [2.2.1] hept-5-ene-2,3-dicarboxylic anhydride, norbornene-55 

functionalized chain transfer agent (NB-CTA) and modified Grubbs' catalyst 56 

(H2IMes)(pyr)2(Cl)2RuCHPh were synthesized using previously reported methods29.  57 

Linear Homopolymers. Linear polystyrenes (PS1 and PS2) and poly (methyl methacrylates) 58 

PMMA1 were purchased from Polymer Source. PMMA2 was synthesized via reversible addition-59 

fragmentation chain-transfer (RAFT) polymerization. PMMA3 was purchased from Agilent 60 

Technologies. 61 

Polymer Mn, kg/mol N Đ 

PS1 14.8 142 1.03 

PS2 15.9 153 1.01 

PMMA1 15.7 157 1.25 

PMMA2 13.3 133 1.20 

PMMA3 16.7 167 1.04 



 

Table 1: Homopolymer Characterization. Mn is number-average molecular weight, N is degree of 62 

polymerization and Đ is dispersity. 63 

Random Copolymer Macromonomer. Linear poly (styrene-r-methyl methacrylate) 64 

macromonomers, NB-P(S-r-MMA)-CTA, were synthesized via reversible addition-65 

fragmentation chain-transfer (RAFT) polymerization. S (1.75g, 16.9mmol), MMA (1.7g, 66 

17.0mmol) NB-CTA (117mg, 0.211 mmol) and AIBN (3.53mg, 0.0215mmol) were added into a 67 

25 mL round bottom flask. The solution was purged with nitrogen gas for 30 minutes. The 68 

polymerization was initiated by placing the flask in an oil bath at 65°C. After 6 hours, the flask 69 

was removed and quenched by immersing in an ice bath. The polymer was then obtained by 70 

precipitating in methanol at 4°C and dried under vacuum. 71 

Bottlebrush Random Copolymer (RCBB). Bottlebrush with random copolymer poly (styrene-72 

r-methyl methacrylate) side-chains, hereafter referred to as RC, was prepared by ring-opening 73 

metathesis (ROMP) polymerization using the modified Grubbs' catalyst. NB-P(S-r-MMA)-CTA 74 

macromonomers were added to a dry, 25 mL round-bottom flask with a stir bar. The flask was 75 

then degassed with three pump–purge cycles, and the desired amount of degassed, anhydrous 76 

dichloromethane (DCM) was added for a total macromonomer concentration of 0.02–0.05 M. In 77 

a separate flask, (H2IMes) (pyr)2(Cl)2RuCHPh was dissolved in degassed, anhydrous DCM. The 78 

catalyst solution was then transferred to the macromonomer-containing reaction flask using a 79 

cannula, which initiates the polymerization. The reaction flask was stirred at room temperature 80 

for at least 1 hour, and the reaction was then quenched with butyl vinyl ether. The product was 81 

collected by precipitation in methanol at 4°C and dried under vacuum at room temperature. 82 

  83 



 

 84 

Tg fPS Nsc Đsc Nb Đb 

RCBB1 0.61 59 1.22 115 2.2 

RCBB2 0.61 59 1.20 52 1.4 

RC 0.61 59 1.22 --- ---- 

Table 2: Properties of RC and RCBB additives. RC/RCBB side chains have composition fPS 85 

(mole fraction styrene), degree of polymerization Nsc, and dispersity Đsc. Backbone degree of 86 

polymerization and dispersity are Nb and Đb, respectively.  87 

 88 

Instrumentation 89 

Gel Permeation Chromatography (GPC). GPC was performed using a system with an Agilent 90 

1200 module containing three PSS SDV columns in series (100, 1000 and 10000 Å pore sizes), 91 

an Agilent variable wavelength UV/vis detector, a Wyatt Technology HELEOS II multiangle 92 

laser light scattering (MALLS) detector (λ = 658nm), and a Wyatt Technology Optilab rEX RI 93 

detector. This system enables size exclusion chromatography (SEC) with simultaneous refractive 94 

index (SEC-RI), UV/vis (SEC-UV/vis) and MALLS detection. The mobile phase used in this 95 

system was THF at 40°C with a flow rate of 1 mL/min.  Molecular weights and dispersities of 96 

linear PS were obtained by conventional calibration with a polystyrene column. In the case of 97 

PMMA-containing bottlebrush and linear polymers, the molecular weights were calculated from 98 

the dn/dc values measured using a 100% mass recovery method assumption. A detailed 99 

explanation of this method is included in Supporting Information.  100 

Nuclear Magnetic Resonance Spectroscopy (NMR). Using a 400 MHz Bruker multinuclear 101 

spectrometer, the hydrogen NMR (1H NMR) spectra was obtained in CDCl3 with 102 



 

tetramethylsilane as an internal standard. Samples with a concentration of 10 mg/mL were placed 103 

in 5mm o.d. tubes. 104 

Atomic Force Microscopy (AFM).  AFM was performed using a Veeco Dimension 3000 105 

Atomic Force Microscope. The topography and phase contrast were measured through tapping 106 

mode. The probes were silicon with an aluminum reflex coating, spring constant of 107 

approximately 40 N/m, and resonance frequency of 300 kHz. The parameters used for image 108 

acquisition were 1.0 Hz scan frequency, 10 µm x 10 µm and 20 µm x 20 µm scan sizes, and 512 109 

x 512 image resolution. Raw AFM data were processed using the Nanoscope 6.14R1 software 110 

from Veeco Instruments.  Zeroth-order flattening was used to process both height and phase 111 

images. This eliminates any Z offsets formed between scan lines by subtracting each point in the 112 

scan line with an average Z value (Z = phase or height).   113 

Contact Angle (CA) Goniometry. The contact angle of DI water on functionalized substrates 114 

was measured using a Dataphysics OCA 15EC goniometer. The contact angle measurements 115 

were recorded for 60 seconds at 6.25 frames per second from three different areas of the sample. 116 

The measurements were then plotted out against a logarithmic time scale, and the equilibrium 117 

angle was determined from the observed plateau.  118 

Sample Preparation.  119 

Substrates. Substrates used for all studies were (100)-oriented p-type silicon wafers. Each 120 

substrate was rinsed in deionized water to remove dust particles from the surface and dried under 121 

a nitrogen stream. Organic contamination was removed with an ultraviolet-ozone cleaner, and a 122 

clean oxidized surface was confirmed with measurements of water contact angle (< 5°). A 123 

hydroxyl-terminated poly(styrene-r-methyl methacrylate) random copolymer was grafted to the 124 



 

clean silicon surface to form a “neutral” brush layer, which is intended to screen preferential 125 

interactions between PMMA and the underlying substrate.30,31 The random copolymer was 126 

purchased from Polymer Source, and has an Mn = 6.8 kg/mol, Ð = 1.25, and 62 mol% styrene 127 

content. The brush was prepared following the protocol described elsewhere32. The measured 128 

water contact angle of the brush layer ranges from 77-83°. 129 

Polymer Blend Films. The PS/PMMA blend compositions were varied from 45 vol% to 55 130 

vol% with an uncertainty of ±1 vol%. Additives (linear random copolymer or bottlebrush 131 

random copolymer) were included in some films at concentrations of 20 wt% relative to the total 132 

amount of PS and PMMA. The polymers (PS, PMMA, additives) were dissolved in toluene at a 133 

concentration of 3.4-3.6 wt% and the solution was filtered with two 0.2 μm Teflon mesh. Films 134 

with thicknesses of 150 nm (± 10 nm) were prepared by spin-casting on the brushed silicon 135 

wafers. Thicknesses of as-cast films were measured with a J.A. Woollam M-2000 spectroscopic 136 

ellipsometer. The ellipsometry parameters Δ and ψ were modeled by describing the polymer’s 137 

optical properties with the Cauchy dispersion relation, n(λ) = A + B/λ2, where λ is the incident 138 

wavelength (nm). The optical properties of silicon and native oxide are part of a built-in 139 

database. A, B, and film thickness are adjustable parameters for regression analysis. Typical 140 

values for A and B are 1.5 and 0.01, respectively. All films were annealed on a hotplate in air 141 

(unless stated otherwise) at 150 °C for times ranging from 0 to 85 min. 142 

Selective Removal of PS Domains. PS domains were selectively dissolved from the blend films 143 

using cyclohexane. Samples were soaked in cyclohexane for at least 60 seconds and were dried 144 

using nitrogen gas. 145 

Image and Domain Size Analysis. The sizes and areas of microstructures were determined by 146 

analysis of AFM phase images using ImageJ software. First, the phase images were converted 147 



 

into an 8-bit grayscale image. Second, the image contrast, brightness, and threshold were 148 

adjusted to enhance the areas of interest for analysis. Third, image noise was removed by 149 

correcting odd pixels with the median of surrounding pixels using the “remove outliers” 150 

function. Last, the perimeter p and area A of the domains were calculated with the built-in 151 

particle analysis function.  The domain sizes of the microstructures were then calculated by 152 

Equation 113:  153 

               Domain Size =   𝜋𝐴/𝑃                                         (1) 154 

Where A is the area of the microstructure and P is the perimeter of the microstructure. 155 

Histograms of the distribution of the minority domains were based on the area fraction of the 156 

minority domains within each range. The area fractions of the minority domains were calculated 157 

by dividing the sum of areas of minority domains in each range by the overall areas of the 158 

minority domains. 159 

RESULTS AND DISCUSSION  160 

We investigate the effects of bottlebrush copolymer additives on the phase behavior of 161 

PS/PMMA blends. Table 1 summarizes the properties of the linear PS and PMMA samples. The 162 

bottlebrush copolymer (RCBB) additives are synthesized by a "grafting through" reaction based 163 

on ring-opening metathesis polymerization (ROMP) of poly (styrene-r-methyl methacrylate) 164 

(PS-r-PMMA) macromonomers with norbornene end groups. This scheme generates one PS-r-165 

PMMA side-chain per backbone norbornene.  To test for enthalpic effects, we also examined 166 

PS/PMMA blends with PS-r-PMMA macromonomers (RC), i.e., a linear additive with the same 167 

length as bottlebrush side chains. The characteristics of all copolymer additives are summarized 168 

in Table 2.  169 



 

All PS/PMMA blend films were prepared with no additive, 12 vol% and 20 vol% of 170 

RCBB1, or 20 vol% of RC. The use of films rather than bulk samples allows us to distinguish 171 

between PS, PMMA, and RC/RCBB additives through AFM phase imaging25–27. PMMA-rich 172 

domains are the “brightest” phase in the measurements, PS-rich is the darkest, and RC-173 

rich/RCBB-rich structures generate intermediate contrast. A commonly encountered 174 

complication with thin film blends is vertical stratification of constituents due to surface and 175 

substrate attraction33. PS and PMMA have very similar surface tensions34, but PMMA is strongly 176 

adsorbed at a silicon substrate. Therefore, silicon substrates were coated with a "neutral" PS-r-177 

PMMA brush to suppress adsorption of PMMA at the native oxide31. 178 

All as-cast films exhibited bumps at the free surface that are approximately 0.5 μm in 179 

diameter and 80 nm tall (Figure S1). These protrusions are assigned to a PMMA-rich phase 180 

based on the imaging contrast. Such structures are routinely observed in thin film PS/PMMA 181 

blends when PS is more soluble in the casting solvent than PMMA31,35, and are explained by the 182 

relative drying rates of each phase35: During spin-casting, PMMA is more rapidly depleted of 183 

toluene and will “harden” while PS remains swollen. As the PS phase dries, it collapses around 184 

the PMMA-rich domains and generates the high-curvature topography. This initial state is highly 185 

non-equilibrium, so subsequent annealing above the glass transition (of PS, PMMA, and 186 

additives) drives changes in film topography and activates further phase separation. The 187 

microstructures that evolve depend on the blend composition and the type of additive.  188 

We checked for through-film uniformity of annealed microstructures by washing away 189 

PS in cyclohexane (Figure S2) and found that AFM measurements of the surface are 190 

representative of the through-film morphology when the molecular weights of PS and PMMA 191 

homopolymers are low (PS1/PMMA1, PS1/PMMA2).  As discussed in the Supporting 192 



 

Information, blends with higher molecular weight homopolymers (PS2/PMMA3) produce 193 

structures that are non-uniform with depth into the film (Figures S4-S5), where the PMMA-rich 194 

domains are larger near the substrate compared with the surface.   195 

 196 

Figure 1. AFM phase images of PS1 /PMMA1 blend microstructures annealed for 85min, with 197 

(a,b) no additive; (c,d) RC additive. The proportion of PS1:PMMA1 is constant in each column 198 

(left: 57:43, right: 47:53). Relative volumes of blend constituents are noted above each 199 

micrograph, and the measured relative areas of α:β or α:β:γ phases are marked in the bottom-200 

right of each image. The contrast of α, β, and γ phases are dark, bright, and intermediate, 201 

respectively. 202 

 203 

Figures 1a and 1b report the microstructure of PS1/PMMA1 blends having PS volume 204 

fractions of ΦPS = 0.57 and 0.47. Using Flory-Huggins theory2,3,36, we estimate that the majority 205 

phase will switch from PS-rich to PMMA-rich at ΦPS ≈ 0.5 (see Supporting Information).   After 206 

85 min of annealing, the outcomes of PS1/PMMA1 are as-expected: blends with ΦPS > 0.5 phase-207 

separate into a PS-rich matrix with PMMA-rich minority domains, while blends with ΦPS < 0.5 208 

exhibit the inverse structure. We then consider the effects of RC linear additive on PS1/PMMA1 209 

blends. The proportion of PS1:PMMA1 remains the same, i.e., 57:43 and 47:53 vol:vol, but the 210 



 

overall composition is changed by the addition of 20 vol% RC. As observed in Fig. 1c and 1d, 211 

the RC additive reduces the size of the of minority domains and increases their circularity, but 212 

the microstructures are otherwise very similar to blends with no additive. Figure S6 reports the 213 

size distribution of minority domains for each proportion of PS1:PMMA1 with and without RC 214 

additive. 215 

 216 

Figure 2. AFM phase images of PS1/PMMA1 blends with 20 vol% of RCBB1 additive. (a,b) 10 217 

min; (c,d) 30 min; and (e,f) 85 min, inset at twice the magnification. Relative volume of 218 

PS1/PMMA1 blend constituents is fixed in each column (left: 57:43, right: 46:54), and relative 219 

volumes of α:β or α:β:γ phases are marked in the bottom-right of each image. The contrast of α, 220 

β, and γ phases are dark, bright, and intermediate, respectively. 221 



 

 222 

  The effects of bottlebrush RCBB1 additive on the PS1/PMMA1 blends (57:43 and 47:53) 223 

are reported in Figure 2 as a function of annealing time; 2e and 2f show data for 85 min, which is 224 

the same annealing time that is shown in Figure 1. There are two clear changes in the phase-225 

separated structure: First, both blend compositions show a PS-rich majority phase, which 226 

demonstrates that RCBB1 additive is not evenly distributed between PS1 and PMMA1. Second, 227 

the RCBB1 additive drives the formation of a three-phase system. The microstructure in these 228 

cases resembles chains of small, circular PMMA-rich domains encapsulated by a RCBB-rich 229 

interphase. 230 

The composition of each phase was estimated through image analysis and mass balances. 231 

First, the areas of PS-rich (α), PMMA-rich (β), and bottlebrush-rich (γ) phases were calculated 232 

from the AFM phase images. These microstructures are uniform with depth (Figure S2), so the 233 

area fraction of each phase at the surface is equal to the bulk volume fraction (V). The volume 234 

fractions of each phase are reported at the bottom-right of each micrograph in Figure 1. Second, 235 

the total amount of PS, PMMA, and additive in each blend are known, so the composition of 236 

each phase can be determined from a mass balance31. The general form of this mass balance for a 237 

two-phase system is 238 

(2) Φ𝑃𝑋 = 𝜑𝑃𝑋
𝛼 𝑉𝛼 + 𝜑𝑃𝑋

𝛽
𝑉𝛽, 239 

and for a three-phase system is 240 

(3) Φ𝑃𝑋 = 𝜑𝑃𝑋
𝛼 𝑉𝛼 + 𝜑𝑃𝑋

𝛽
𝑉𝛽 + 𝜑𝑃𝑋

𝛾
𝑉𝛾. 241 



 

In equations (2) and (3), the symbol "PX" designates the type of polymer, such as PS1, PMMA1, 242 

RC, RCBB1, etc. The parameters 𝜑𝑃𝑋
𝑖  are the volume fractions of polymer "PX" in phase "i” and 243 

are determined by solving the system of linear equations. 244 

For the binary PS1/PMMA1 blends, we estimate 𝜑𝑃𝑆
𝛼 =  0.95 and 𝜑𝑃𝑆

𝛽
=  0.04 . These 245 

values are consistent with predictions from Flory-Huggins theory (Supporting Information), 246 

which offers validation for the mass balance approach and suggests that the blend compositions 247 

are equilibrated. The compositions of each phase in the ternary PS1/PMMA1/RC blend are 248 

summarized in Table 3. These data demonstrate that RC additive with fPS = 0.61 is miscible with 249 

both homopolymers up to at least 20% by volume. The estimated compositions of each phase in 250 

the ternary PS1/PMMA1/RCBB1 blends are summarized in Table 4. The estimated compositions 251 

of the PMMA-rich and bottlebrush-rich phases are reported with large uncertainties, as there are 252 

degeneracies when fitting a large number of parameters to a limited data set. However, we 253 

determined that RCBB1 is partially miscible with PS1, but limited miscibility with PMMA1 254 

drives the formation of a bottlebrush-rich γ phase.   255 

The limited miscibility between RCBB1 additive and PMMA1 could arise from enthalpic 256 

incompatibility between these constituents, entropic factors due to the highly branched 257 

bottlebrush architecture, or both effects. With regards to enthalpic interactions, the linear RC 258 

additive has the same styrene composition as RCBB1 (fPS = 0.61) and is equally soluble in both 259 

PS1 and PMMA1 up to 20 vol% (Table 3, Figure 1). It is important to note that the RC additive is 260 

the same molecular weight as the RCBB1 side chains, meaning the overall size of the bottlebrush 261 

additive is much larger than the linear additive, so this control experiment does not cleanly 262 

separate the role of enthalpic interactions from the entropic effects of architecture and molecular 263 

weight. Furthermore, the bottlebrush/linear interface is characterized by a high density of side-264 



 

chain end groups (dodecyl, from the RAFT chain transfer agent), so the unusual architecture 265 

could magnify the effects of end-group compatibility with each homopolymer.37 Therefore, we 266 

examine the roles of enthalpic interactions by synthesizing a series of bottlebrush random 267 

copolymers with short backbones, and examine their miscibility in PS/PMMA blends. The 268 

outcomes are reported in the Supplemental Information (Figure S14). These data suggest that 269 

dodecyl-terminated bottlebrushes with fPS ~ 0.5 have near-equal solubility in PS and PMMA. 270 

While this result may seem intuitive, the miscibility of linear poly(styrene-r-methyl 271 

methacrylate) in PMMA and PS has been examined by others,38,39 and these studies demonstrate 272 

that S-rich poly(styrene-r-methyl methacrylate) copolymers are more soluble in PMMA than PS.  273 

Entropic factors can strongly influence the miscibility of architecturally-complex 274 

polymer blends. Prior studies have shown that the miscibility of bottlebrush and linear polymer 275 

architectures is partly controlled by backbone and side chain conformational entropy. In the 276 

absence of enthalpic interactions, short linear chains can swell a long bottlebrush additive and 277 

promote backbone extension, while long linear chains drive bottlebrush contraction to an ideal 278 

coil.27  It has also been proposed that short linear chains can penetrate and “wet” the bottlebrush 279 

side-chains,26 similar to the wetting of linear polymers at “brushy” surfaces,40 which enables 280 

their dispersion in the linear melt.  In the present system, the PMMA1 chains are longer than PS1, 281 

and PMMA is slightly stiffer than PS36, so PMMA1 is a poorer “solvent” for the  highly-282 

branched RCBB additive than PS1. The various roles of bottlebrush architecture on blend 283 

compatibility are further elaborated in later sections of this manuscript. 284 

 285 

Table 3: Compositions of PS-rich (α) and PMMA-rich (β) phases in PS1:PMMA1:RC 286 

blends, calculated from analysis of Vα and Vβ in 45:35:20 and 37:43:20 blends. 85 min 287 

anneal. 288 



 

PX 𝜑𝑃𝑋
∝  𝜑𝑃𝑋

𝛽
 

PS1 0.7 0.1 

PMMA1 0.1 0.7 

RC 0.2 0.2 

 289 

Table 4: Compositions of PS-rich (α), PMMA-rich (β), and bottlebrush-rich (γ) phases in 290 

PS1:PMMA1:RCBB1 blends, calculated from analysis of Vα, Vβ, and Vγ in 45:35:20 and 291 

37:43:20 blends. 85 min annealed.  292 

 293 

PX 𝜑𝑃𝑋
∝  𝜑𝑃𝑋

𝛽
 𝜑𝑃𝑋

𝛾
 

PS1 0.7 0.01-0.02 0.05-0 

PMMA1 0.1 0.84-0.92 0.43-0 

RCBB1 0.2 0.15-0.06 0.52-1 

 294 

The time evolution of the PS1/PMMA1/RCBB1 microstructure is illustrated in Figure 2 295 

for two blend compositions, with the corresponding OM data in Figure S7.  The microstructure 296 

quickly develops, but there is exchange of material between the three phases at short times. In 297 

both blend compositions, the PMMA1-rich β phase grows at the expense of the RCBB1-rich γ 298 

phase, consistent with limited miscibility between these constituents.  Figure 3 includes a 299 

statistical analysis of the PMMA-rich domain size distributions (β phase) as a function of time. 300 

Within 30 minutes of annealing, the microstructures are resistant to further coarsening, which 301 

demonstrates that the bottlebrush-rich γ phase creates a strong encapsulation layer.   For 302 

comparison, the minority phase in neat blends will coarsen over the same time scales, and these 303 

data are summarized in Figure S6.   304 



 

   305 

Figure 3. Domain size distributions of β phase in PS1/PMMA1 with 20 vol% of RCBB1 additive. 306 

Relative volume of PS1:PMMA1 blend constituents is fixed at (a) 57:43 and (b) and 47:53. 307 

     308 

We also investigated the effects of additive loading by preparing a 57:43 PS1:PMMA1 309 

blend with 12 vol% of RCBB1 additive (PS1/PMMA1/RCBB1 = 49:39:12), and then compared 310 

the results with blends that have same proportions of PS1:PMMA1 but 20 vol% of RCBB1 311 

additive (PS1/PMMA1/RCBB1 = 45:35:20).  First, we observe a decrease in the average size of 312 

the PMMA-rich domains when the RCBB additive loading increases from 12 to 20 vol%.  313 

Second, the PMMA-rich domains coarsen over time with 12 vol% additive, while the coarsening 314 

is suppressed after 30 mins with 20 vol% additive (Figure 3). These behaviors are attributed to a 315 

thicker interphase with higher RCBB loading13,16:  as shown in Figure 4a, with 12 vol% additive, 316 

the interfacial layer is not observed in all regions. 317 



 

 318 

 319 
 320 

Figure 4: (a) AFM phase image of 57: 43 PS1/PMMA1 blends with 12 vol% of RCBB1 additive 321 

annealed for 85 mins and (b) time evolution of domain size distribution.     322 

 323 

As previously discussed, the formation of an encapsulation layer in PS1/PMMA1/RCBB1 324 

blends might be attributed to an entropy-controlled de-mixing of PMMA1 and RCBB1. To test 325 

this point, we prepared ternary blends using PS1/PMMA2/RCBB1. PMMA2 is a slightly lower 326 

molecular weight than PMMA1, and may therefore be a better “solvent” for the RCBB 327 

additive.26,27 If the RCBB1 additive is evenly partitioned between the two phases, then we expect 328 

a transition from a PS-rich to PMMA-rich majority phase near Φ, PS ≈ 0.5. Ternary blends were 329 

prepared with 20 vol% of RCBB1 additive and PS1:PMMA2 volume ratios of 57:43, 52:48, and 330 



 

47:53. Figure 5 reports AFM phase images for the latter two blend compositions as a function of 331 

time. Figures S8-S9 includes additional AFM and OM data for all blends. 332 

 333 

Figure 5. AFM phase images of PS1/PMMA2 blends with 20 vol% RCBB1 additive. (a,b) 10 min; 334 

(c,d) 30 min; and (e,f) 85 min. The α, β, and γ phases are dark, bright, and intermediate contrast, 335 

respectively. Relative volume of blend constituents is fixed in each column (left: 52:48, right: 336 

47:53), and relative volumes of α:β phases are marked in the bottom-right of each image. 337 

 338 

   Upon annealing, the PS1/PMMA2/RCBB blends form two phases, PS-rich (α) and 339 

PMMA-rich (β). Through qualitative inspection and quantitative analysis of the AFM 340 

micrographs, we conclude that the RCBB1 additive is soluble in both PS1 and PMMA2: First, 341 



 

there is no sign of an encapsulation layer at any annealing time. Second, the structure "inverts" 342 

near the expected Φ, PS ≈ 0.5 for a neat blend: a PS-rich majority phase is observed when the ratio 343 

of PS1:PMMA2 is 57:43 (Figure S8-S9) and 52:48 (Figure 5a,c,e), while a PMMA-rich majority 344 

phase is observed for the 47:53 ratio (Figure 5b,d,f). Finally, through image analysis and mass 345 

balances, we find that bottlebrush is equally soluble in the α and β phases. The calculated 346 

composition of each phase after 85 min of annealing is reported in Table 5. These outcomes 347 

support the hypothesis that entropic effects associated with wetting at the bottlebrush/linear 348 

interface are partly controlling the miscibility of the bottlebrush and PMMA constituents. The 349 

transition from a state of complete to partial miscibility occurs when the linear PMMA chains are 350 

2.5-3 times longer than the bottlebrush side chains, which is consistent with a prior study of 351 

bottlebrush/linear polystyrene blends,26 and similar to predictions for homopolymer/brush 352 

wetting at low curvature surfaces.40  353 

Table 5: Compositions of PS-rich (α) and PMMA-rich (β) phases in PS1/PMMA2:RCBB 354 

blends, calculated from analysis of Vα, Vβ, and Vγ in 45:35:20, 42:38:20, and 37:43:20 355 

blends. 85 min anneal. 356 

PX 𝜑𝑃𝑋
∝  𝜑𝑃𝑋

𝛽
 

PS1 0.7 ~ 0 

PMMA2 0.1 0.8 

RCBB1 0.2 0.2 

 357 

The microstructure in PS1/PMMA2/RCBB blends is distinct from neat blends or blends 358 

with RC additive: small, circular minority domains are aggregated in longer chains, much like 359 

the PS1/PMMA1/RCBB1 system. This suggests that some RCBB1 additive accumulates at the 360 

PS1/PMMA2 interface during the early stages of annealing, perhaps a monolayer (or less) that 361 

cannot be detected with AFM. However, a thin surfactant-like layer cannot stabilize the 362 

microstructure against coarsening. Through visual inspection of Figure 4, we see that minority 363 



 

domains in the blend are growing over the time scale of the experiment, which is confirmed by 364 

the complete statistical analysis in Figure 6. Figure 6a reports the size distribution of PMMA-365 

rich domains (β phase) for a blend composition of 52:48 PS1:PMMA2. Figure 6b reports the size 366 

distribution of PS-rich domains (α phase) for a blend composition of 47:53 PS1:PMMA2, as the 367 

PMMA-rich domains form a continuous matrix. 368 

 369 

Figure 6. Domain size distributions of PS1/PMMA2 with 20 vol% of RCBB additive. Relative 370 

volume of PS1/PMMA2 blend constituents is fixed at (a) 52:48 and (b) 47:53 371 

 372 

To further illustrate the formation and function of RCBB encapsulation layers, we 373 

prepared ternary blends of PS2/PMMA3/RCBB1. Both PS2 and PMMA3 have higher molecular 374 

weights than all other PS and PMMA blend constituents (PS1, PMMA1, PMMA2). As with the 375 

other blends, if the bottlebrush is evenly partitioned between the two homopolymers, then we 376 

anticipate a transition from PS-rich to PMMA-rich majority phase when ΦPS ≈ 0.5. Ternary 377 



 

blends of PS2/PMMA3 with 20 vol% of RCBB1 additive were prepared with PS2/PMMA3 378 

volume ratios of 57:43, 52:48 and 47:53. Figures 7a and 7b reports the AFM images for the latter 379 

two blends compositions; the microstructures in 57:43 blends were highly non-uniform across 380 

different regions, as shown in Figure S11. 381 

  382 
Figure 7: AFM phase images of PS2/PMMA3 blends with 20 vol% of RCBB additives of 383 

different backbone lengths and annealed for 85 min. The proportion of PS2/PMMA3 in blends are 384 

(a, c) 52:48 and (b, d) 47:53. The backbone length of the RCBB additives is fixed in each row 385 

(top: Nb=115, bottom: Nb = 52),  Relative volumes of the blend constituents are noted in on the 386 

left side of the micrograph, and the relative volumes of α:β or α:β:γ phases are marked in the 387 

bottom-right of each image. The contrast of α, β, and γ phases are dark, bright, and intermediate, 388 

respectively. 389 

 390 

From the AFM images, we observe a three-phase system, i.e. a PS-rich α phase, a 391 

PMMA-rich β phase and a RCBB-rich γ phase.  Based on the previous analysis of the PS/PMMA 392 



 

systems, we expect the RCBB1 additive to have very limited miscibility in the higher molecular 393 

weight PMMA phase (β phase), but it is unclear if increasing the length of the PS chains will 394 

reduce bottlebrush/PS miscibility. We do not apply mass balances to this blend system, as the 395 

domain sizes are not uniform throughout the film thickness: the widths of the PMMA/RCBB 396 

features increase with depth into the film, a sign of preferential wetting by PS at the free surface 397 

and/or PMMA at the substrate (Figure S4-S5). However, we offer a few qualitative observations 398 

based on the area fraction of each phase at the surface: First, as in the other blends, a PS-majority 399 

phase is observed when ΦPS < 0.5, which suggests that RCBB1 remains soluble in PS as 400 

molecular weights are increased. Second, the interphase is considerably more diffuse, and its 401 

area fraction (at the surface) exceeds the volume fraction of RCBB1 in the blend. This may 402 

reflect a greater surface attraction for the branched additive compared with a long linear 403 

polymer.26,41,42 Finally, we note that the interphase is continuous throughout the plane of the film 404 

in Figure 7b (PS2:PMMA3 = 47:53), despite the relatively low concentration of RCBB1 in the 405 

blend. Furthermore, the interphase is nearly continuous in the PS1/PMMA1/RCBB1 blends and 406 

PS2/PMMA3/RCBB1 blends shown in Figure 2b and Figure 7a, respectively, where the 407 

proportion of PS in the blend is slightly higher (PS2:PMMA3 = 52:48). Continuous minority 408 

phases are notoriously difficult to achieve in blend systems43, but have been observed in other 409 

studies that employ architecturally-complex compatibilizers44, albeit with different underlying 410 

thermodynamics.  411 

Analysis of the domain sizes in the PS2/PMMA3/RCBB1 blends confirms that the 412 

encapsulation layer suppresses coalescence of the PMMA-rich domains after 30 mins of 413 

annealing. The time evolution of domain sizes is reported in Figure 8 for blends with 414 

PS2/PMMA3 = 57:43 (Figure 8a) and 47:53 (Figure 8b).  Note that Figure 8a illustrates the size 415 



 

distribution of the encapsulated PMMA domains, while Figure 8b reports the size distribution of 416 

the PS domains. In Figure 8a, we report the size distribution of PMMA domains with the 417 

interphase encapsulation layer because it was difficult to identify the individual PMMA domains.  418 

In Figure 8b, we report the size distribution of PS domains because the encapsulated PMMA 419 

domains formed a continuous matrix. 420 

 421 

 422 
 423 

Figure 8: Domain size distributions of PS2/PMMA3 with 20 vol% of RCBB1 additive. Relative 424 

volume of PS2/PMMA3 blend constituents is fixed at (a) 57:43 and (b) 47:53.    425 

 426 

We also studied the effects of the bottlebrush backbone length, Nb, by preparing ternary 427 

blends using PS2 and PMMA3 homopolymers with RCBB2 at volume ratios of 57:43, 52:48, and 428 

47:53. RCBB2 is a random copolymer bottlebrush additive with the same side chain length and 429 



 

styrene composition as RCBB1, but with a shorter backbone length, i.e., Nb = 52 instead of Nb = 430 

115. The different backbone length changes the overall size of the additive as well as the aspect 431 

ratio. We then compared this system to the same blend compositions with 20 vol% RCBB1. 432 

Outcomes are reported in Figure 7. Additional AFM images and OM images for this study are 433 

included in Supporting Information. 434 

   From the AFM results, we observe a transition from a three-phase system to a two-phase 435 

system for all PS2/PMMA3 blend compositions as the backbone length of the RCBB additive 436 

decreases. Considering that the volume of the PMMA-rich phase increases as backbone length is 437 

reduced, we conclude that miscibility with PMMA is enhanced by this change to the bottlebrush 438 

architecture. As the chemistry of the bottlebrush is unchanged, this enhancement is due to a gain 439 

in the configurational entropy of mixing. In the context of a Flory-type model for architecturally-440 

complex blends, the bottlebrush is viewed as a linear polymer with degree of polymerization Nb 441 

and monomer size   442 

 443 

CONCLUSIONS 444 

    We examined the effects of bottlebrush P(S-r-MMA) additives on the phase behavior of 445 

PS/PMMA polymer blends in thin films. The bottlebrush side chain length and composition are 446 

fixed at Nsc = 59 and 61 mol% styrene, respectively, and the bottlebrush concentration in the 447 

blends is 20 vol%. We demonstrate that subtle changes in bottlebrush architecture and 448 

homopolymer chain lengths can have a large impact on phase behavior, domain coarsening, and 449 

domain continuity. The bottlebrush copolymer additives are miscible with PS under all the 450 

conditions we studied, which is contrary to prior studies with linear copolymer architectures (60 451 



 

mol% styrene) that report greater miscibility with PMMA.39 This discrepancy might be a 452 

consequence of the dodecyl-terminated chain ends at the bottlebrush/PS interface, but further 453 

studies with different end groups are needed to clarify such effects. In contrast, bottlebrush 454 

miscibility with PMMA is a function of the overall bottlebrush size and the relative length of 455 

PMMA chains to bottlebrush side chains. When the bottlebrush backbone is short (Nb = 52), 456 

and/or the PMMA homopolymer chain lengths are short (N = 133), the bottlebrush additives are 457 

equally miscible with both PS and PMMA. Therefore, the phase separation process is largely 458 

controlled by immiscibility between PS and PMMA, and the resulting structure is comprised of 459 

PS-rich and PMMA-rich domains that coarsen with time.  However, by increasing the length of 460 

the bottlebrush backbone (115 branches) and the PMMA homopolymer (N ≥ 146), the 461 

bottlebrush/PMMA miscibility is reduced. As a result, the system separates into three-phases: 462 

PS-rich, PMMA-rich, and a bottlebrush-rich interphase. We suggest that bottlebrush/PMMA 463 

miscibility is largely controlled by 1) conformational entropy of side chains, which is tied to 464 

wetting at the brush/linear interface; and 2) the configurational entropy of mixing, which is 465 

controlled by the overall sizes of bottlebrushes and linear polymers. Significantly, under 466 

conditions that produce three phases, the bottlebrush-rich interphase encapsulates the PMMA-467 

rich domains and suppresses their coarsening at elevated temperatures. Furthermore, the 468 

encapsulated PMMA-rich domains are aggregated into longer strings, and the blend composition 469 

can be tuned to produce continuity in this microstructure. Bottlebrush additives offer a few 470 

unique attributes that could be useful for fundamental studies of soft, brushy nanoparticles, as 471 

well as select applications: they are entirely organic, their aspect ratio and composition is easily 472 

tuned through synthesis, and they do not entangle during processing.  473 

 474 
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