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Abstract 14 

We have used anionic polymerization to synthesize polymers of linear and bottlebrush architecture 15 

each with a polydimethylsiloxane backbone. The blending of polymer architectures has the effect 16 

of changing material properties, e.g. the viscoelasticity, which is connected to the chain 17 

conformation. Thus, we explore the conformation of bottlebrush polymers in a linear host melt 18 

both as a function of the concentration as well as for various molecular weights of the linear host 19 

matrices. Our bottlebrush polymers are seen as shell-only particles with a negligible core size. We 20 
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2 

 

find a substantial influence of the molecular weight of the linear matrices on the structure of the 21 

bottlebrushes and their interactions. In samples with a low molecular weight matrix that has the 22 

same degree of polymerization as the side chains, the bottlebrush behavior is consistent with an 23 

effective theta solvent condition for all concentrations. With increasing molecular weight of the 24 

host matrix, this condition is only reached at the highest concentration of the bottlebrush polymers. 25 

The increase of the molecular weight of the host matrix leads to a shrinkage of the bottlebrushes 26 

and subsequently to a formation of clusters at higher volume concentrations. None of the scattering 27 

patterns show a pronounced correlation peak, however decreased forward scattering associated 28 

with a structure factor effect is observed. 29 

Keywords  30 

Bottlebrush, Shell-only particle, Star polymer, Colloid-cluster transition, Osmotic shrinkage 31 

Introduction 32 

Bottlebrush polymers are densely grafted macromolecules. They have gained significant 33 

attention in theoretical1-5 and experimental works,6-11 because of their architecture and resultant 34 

properties. The main structural features are the covalently bonded side chains on a backbone, 35 

which allows a manipulation of  material properties, simply by changing the length of the side 36 

chains, the type of polymer used for the side chains, or the grafting density, i.e. ratio of side chains 37 

to backbone repeating units.12 Applications include viscosity index manipulation,13 supersoft 38 

elastomers14-15 or photonic bandgap materials.16-17 The overall shape of the bottlebrush polymer is 39 

driven by the ratio of the degree of polymerization (DP) of grafted side chains, DPsc, compared to 40 

the backbone DPbb. Bottlebrushes assume a spherical shape for DPsc > DPbb. By decreasing the 41 

side chain length, at a constant backbone length, a transition into a cylindrical or filament like 42 
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structure occurs.8, 18 In the spherical region, the bottlebrush polymer is reminiscent of a star 43 

polymer (Figure 1).19-20 From theory a star polymer is defined as a single molecule with chains 44 

attached to a central point. Experiments attempt to reach this definition as far as possible, but multi-45 

arm star polymers require a finite sized core because of steric repulsion between the arms. A typical 46 

example is the utilization of a dendritic core.21-22 The number arms that can be attached to a 47 

dendritic core are given by the functionality, which is directly related with the number of dendrimer 48 

generations. A multi-arm star polymer implies several generations which leads to a finite sized 49 

core.19, 23  In comparison the core size of a bottlebrush is negligible, as illustrated in Figure 1. 50 

Therefore, spherical bottlebrush polymers are an ideal model system for soft particles. Due to the 51 

small core size, and the low dispersity of the side chains, the particles have a narrow dispersity. In 52 

comparison with polymer grafted nanoparticles (core-shell architecture),24 these star-like polymer 53 

can be envisaged as shell-only particles. 54 

 

Figure 1: Schematic comparison between a) spherical bottlebrush polymer and b) star polymer. 

The core of the bottlebrush polymer is vanishingly small compared to the core of the star 

polymer. 

 55 

In this paper we present a structural analysis of a spherical bottlebrush polymer dispersed in linear 56 

host matrices of varying molecular weights, measured by small angle neutron scattering (SANS). 57 

This mixture of architectures effectively represents shell-only particles immersed in linear polymer 58 

melts, allowing to study the molecular weight dependent changes on the morphology at the nano 59 
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and mesoscopic length scale of the shell. We focus on a solvent free system which is the limiting 60 

case for existing experiments in the literature on solutions of star polymers where linear chains are 61 

added to the system.25-28 The molecular weight as well as the grafting density are determined by a 62 

combination of multi-angle light scattering gel-permeation chromatography (GPC-MALS) and 63 

nuclear magnetic resonance spectroscopy (NMR). SANS data have been analyzed using the 64 

random phase approximation (RPA) including a modified core-shell model and a Debye form 65 

factor, yielding information on the overall radius 𝑅 of the bottlebrush polymer, the number of side 66 

chains 𝑓 and the blob size 𝜉.  67 

 68 

Theory 69 

Model function for single particle form factor P(Q) – Modeling of the SANS 70 

data 71 

The shape of bottlebrushes depends on the ratio of the degree of polymerization of the side 72 

chain, DPSC, with that of the backbone, DPBB. For  
𝐷𝑃𝑆𝐶

𝐷𝑃𝐵𝐵
≫ 1, they assume a spherical structure.29 73 

For this case, the bottlebrush polymer can be approximated as a star polymer.20, 30  74 

Form factor P(Q) 75 

The total scattering intensity, 𝐼(𝑄), is a product of the single particle form factor, 𝑃(𝑄), 76 

describing the shape of the object and the structure factor 𝑆(𝑄), which accounts for the interaction 77 

between neighboring particles. For monodisperse systems, 78 

𝐼(𝑄) ∝ 𝑃(𝑄) ⋅ 𝑆(𝑄) (1) 

whereby for dilute systems 𝑆(𝑄)  =  1 and 𝐼(𝑄) = 𝑃(𝑄) and can be described by a core-shell 79 

model initially derived for micelles and star polymers.31-33  The scattering intensity is:  80 
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𝐼(𝑄) =
Φ

𝑉𝑡𝑜𝑡𝑎𝑙
⋅ 𝑃(𝑄)  (2) 

with the single particle form factor 𝑃(𝑄) of chains attached to a core, following Pedersen31 with 81 

“    ” referring to the backbone, “s    ” to the side chains, Φ to the volume concentration and 82 

𝑉𝑡𝑜𝑡𝑎𝑙 to the total volume with 𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑓 ⋅ 𝑉𝑠ℎ𝑒𝑙𝑙 + 𝑉𝑐𝑜𝑟𝑒. 83 

𝑃(𝑄) = Δ𝜌𝑐𝑜𝑟𝑒
2 𝑉𝑐𝑜𝑟𝑒

2 𝐴(𝑄)𝑐𝑜𝑟𝑒
2  

               +2𝑓Δ𝜌𝑐𝑜𝑟𝑒Δ𝜌𝑠ℎ𝑒𝑙𝑙𝑉𝑐𝑜𝑟𝑒𝑉𝑠ℎ𝑒𝑙𝑙𝐴(𝑄)𝑐𝑜𝑟𝑒𝐴(𝑄)𝑠ℎ𝑒𝑙𝑙 

               +Δ𝜌𝑠ℎ𝑒𝑙𝑙
2 𝑉𝑠ℎ𝑒𝑙𝑙

2 𝐴(𝑄)𝑠ℎ𝑒𝑙𝑙
2 𝑓(𝑓 − 1) 

               +𝑎 ⋅ 𝑓Δ𝜌𝑠ℎ𝑒𝑙𝑙
2 𝑉𝑠ℎ𝑒𝑙𝑙

2 𝑃(𝑄)𝑏𝑙𝑜𝑏 

(3) 

Δ𝜌𝑐𝑜𝑟𝑒 = 𝜌𝑐𝑜𝑟𝑒 − 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡 and Δ𝜌𝑠ℎ𝑒𝑙𝑙 = 𝜌𝑠ℎ𝑒𝑙𝑙 − 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡 describe the contrast of the core and the 84 

shell to the solvent, respectively. The constants 𝜌𝑠ℎ𝑒𝑙𝑙 and 𝜌𝑐𝑜𝑟𝑒 are the scattering lengths densities 85 

of the shell and core. The volumes 𝑉𝑐𝑜𝑟𝑒 and 𝑉𝑠ℎ𝑒𝑙𝑙 are defined as 𝑉𝑖 =  
 𝑀𝑤𝑖

𝜚𝑖𝑁𝐴
  with the Avogadro 86 

constant 𝑁𝐴 = 6.022 ⋅ 10
23 mol-1, weight average molecular weight 𝑀𝑤𝑖

 and mass density 𝜚𝑖 87 

being associated with the core and the shell, and 𝑓 denoting the number of side chains per 88 

molecule. The form factor of the blob scattering, 𝑃𝑏𝑙𝑜𝑏, can be described with the Beaucage form 89 

factor34 for arbitrary chain statistics, scaled with the prefactor 𝑎. It describes the internal chain 90 

conformation within the shell, where each side chain is composed of several blobs with increasing 91 

size by increasing radial dimension from the center to the outside. In this small region the polymer 92 

chain behaves as a Gaussian coil.35  93 

𝑃(𝑄)𝑏𝑙𝑜𝑏 = exp(−
𝑄2𝜉2

3
) + (

𝑑𝑓

𝜉𝑑𝑓
)Γ (

𝑑𝑓

2
)

(

 
 
erf (

𝑄𝑘𝜉

√6
)
3

𝑄

)

 
 

𝑑𝑓

   
(4) 
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Here, 𝑘 = 1.06 is an empirical constant, 𝜉 the radius of gyration and 𝑑𝑓 the fractal dimension of 94 

the scattered particle which is typically 𝑑𝑓 = 2 for melt or Θ-conditions. This parameter is 95 

connected to the Flory exponent 𝜈 with 𝑑𝑓 = 1/𝜈, giving the typical value of 𝜈 =  0.5 for melt or 96 

Θ-condition.36 97 

The normalized scattering amplitude of the core with a constant density profile can be 98 

written as: 99 

𝐴(𝑄)𝑐𝑜𝑟𝑒 =
3(sin(𝑄𝑅𝑐) − (𝑄𝑅𝑐) cos(𝑄𝑅𝑐))

(𝑄𝑅𝑐)3
  (5) 

with 𝑅𝑐 as the core radius. 100 

The shell can be described with the normalized scattering amplitude 𝐴(𝑄)𝑠ℎ𝑒𝑙𝑙 obtained by 101 

Fourier transformation of an explicit density profile.  102 

𝐴(𝑄)𝑠ℎ𝑒𝑙𝑙 =  
∫ 4𝜋𝑟2

sin(𝑄𝑟)
𝑄𝑟 𝜑(𝑟)𝑠𝑡𝑎𝑟𝑑𝑟

𝑅

𝑅𝑐

∫ 4𝜋𝑟2𝜑(𝑟)𝑠𝑡𝑎𝑟𝑑𝑟 
𝑅

𝑅𝑐

 
(6) 

The shell dimension of our particles is finite, therefore we can use the overall radius 𝑅 for the 103 

upper integration limit instead of ∞.  104 

The star like density profile 𝜑(𝑟)𝑠𝑡𝑎𝑟 arises from the scaling theory for star polymers35, 37 105 

with a star consisting of three different regions (Figure 2): core, unswollen and swollen regions. 106 

 107 
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Figure 2: Model for star like representation including blobs of three different density regions 

originating from scaling theory:35, 37 Core, unswollen and swollen regions with 𝜈 being the Flory 

exponent: 𝜈 = 0.588 for good solvent and 𝜈 = 0.5 for Θ-condition. 

 108 

Our system comprises a polymer melt as matrix, giving a Θ-condition38, with 𝜈 = 0.5. By taking 109 

this Flory parameter into account, the swollen region reduces to 𝜑(𝑟) ∝  𝑟−1 and merges together 110 

with the unswollen region. Therefore, only core and shell (unswollen region) are left. The shell 111 

can be described by the following density profile 𝜑(𝑟)𝑠𝑡𝑎𝑟: 39-40 112 

𝜑(𝑟)𝑠𝑡𝑎𝑟 =
𝑟−1

(1 + exp (
𝑟 − 𝑅
𝜎𝑅 ))

  (7) 

Here the radial dependence of the monomer density distribution41 is multiplied with the Fermi cut-113 

off function to ensure a smooth density decay at 𝑅 including the smearing parameter 𝜎 for 114 

averaging over all chains. 115 
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By considering the scattering lengths of each part of our (h-PDMS)-g-(d-PDMS) 116 

bottlebrush polymer with deuterated side chains, having protonated end groups at the dangling 117 

ends, we have three different contrasts (Figure 3a): core, shell and end group. By including every 118 

contrast into the form factor 𝑃(𝑄) we have a core-shell-shell structure, where the second shell 119 

consists only of the end group contribution. However, the end group still belongs to the side chains 120 

which build up the shell of the bottlebrush polymer, just because of the different contrast we named 121 

    s   s    d “s    ”. The scattering intensities of the core and the end group shell is at least one 122 

order of magnitude weaker in comparison to that of the shell (Figure 3b).  123 

 124 

 125 

 126 

 127 

 128 

 129 

 130 

 131 
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Figure 3: a) Scattering length density 𝜌 vs. radius 𝑅 of the protonated core, the deuterated shell 

and the protonated end group. Core and end groups have a constant density profile, whereas 

the shell has a radial dependence based on scaling theory (equation 7). b) Scattering intensity, 

I(Q) vs momentum transfer Q of the model function together with the intensities from the 

individual contributions. 

 132 
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Therefore, we can approximate the (h-PDMS)-g-(d-PDMS) bottlebrush by only considering the 133 

shell and the blob contribution. As the later analysis demonstrates, these two parts are sufficient to 134 

describe the whole scattering curve (cf. Results and Discussion section). Accordingly, the single 135 

particle form factor 𝑃(𝑄), can be written as: 136 

𝑃(𝑄)𝐵𝐵 = Δ𝜌𝑠ℎ𝑒𝑙𝑙
2 𝑉𝑠ℎ𝑒𝑙𝑙

2 𝐴(𝑄)𝑠ℎ𝑒𝑙𝑙
2 𝑓(𝑓 − 1) + 𝑎 ⋅ 𝑓Δ𝜌𝑠ℎ𝑒𝑙𝑙

2 𝑉𝑠ℎ𝑒𝑙𝑙
2 𝑃(𝑄)𝑏𝑙𝑜𝑏  

(8) 

with the same expressions for the scattering amplitude as described earlier.  137 

For systems composed of different architectures and different isotope labeling - here 138 

deuterated bottlebrush polymers and protonated linear chains - the random phase approximation 139 

(RPA) allows to weight all contributions including the interactions between them.  140 

(Δ𝜌)2

𝐼(𝑄)
=  

1

Φ𝐵𝐵𝑉𝐵𝐵𝑃̃(𝑄)𝐵𝐵
+

1

Φ𝐿𝐶𝑉𝐿𝐶𝑃(𝑄)𝐷𝑒𝑏𝑦𝑒
− 2𝜒/𝑉0  

(9) 

Here Φ𝑖 and 𝑉𝑖 correspond to the respective volume fraction and molecular volume of the 141 

bottlebrush polymer with 𝑉𝐵𝐵 = 𝑓 ⋅ 𝑉𝑠ℎ𝑒𝑙𝑙 and the linear chains, 𝑉0 is the geometric average 142 

monomer volume with 𝑉0 =  √𝑉𝐻𝑉𝐷 where 𝑉𝐻 and 𝑉𝐷 are the protonated and deuterated monomer 143 

volume respectively.42 𝑃(𝑄)𝐷𝑒𝑏𝑦𝑒 is the form factor of the linear chains of the host matrix and is 144 

given by the Debye formula 145 

𝑃(𝑄)𝐷𝑒𝑏𝑦𝑒 =
2

(𝑄2𝑅𝑔2)
2 (𝑄

2𝑅𝑔
2 − 1 + exp(−𝑄2𝑅𝑔

2))  (10) 

with the radius of gyration 𝑅𝑔. 𝑅𝑔 was calculated based on the relationship ⟨𝑅𝑔
2⟩ =

1

6
⟨𝑅𝑒𝑒

2 ⟩ and the 146 

statistical segment length 𝑏 = 6.2Å of PDMS, which was determined independently 147 

(cf. Supporting Info, Figure S1). For all modelling, 𝑅𝑔 was fixed to theoretical values. The 148 

formfactor, used for considering the bottlebrush contribution changes from equation (8) to 149 
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𝑃̃(𝑄)𝐵𝐵 = 𝐴(𝑄)𝑠ℎ𝑒𝑙𝑙
2

1

𝑓
(𝑓 − 1) + 𝑎 ⋅

1

𝑓
 𝑃(𝑄)𝑏𝑙𝑜𝑏 (11) 

Most of the parameters presented above are calculated from the chemistry of the molecules. As 150 

seen in Figure 3a, the whole scattering curve can be described with the shell and the blob 151 

contribution only. Each part can be described with a set of two parameters independent of each 152 

other.  153 

Materials and Methods 154 

Synthesis 155 

All reactions and manipulations were carried out under high vacuum or in a glovebox, with 156 

the oxygen and moisture level below 1 ppm, using standard high vacuum and Schlenk 157 

techniques.43 All flasks were equipped with PTFE stopcocks to allow for high vacuum 158 

manipulation without the use of glassblowing. All chemicals and solvents were purchased from 159 

M              ,        α,ω-divinyl-polydimethylsiloxane (DMS-V42) (Gelest Inc.) and purified 160 

as described below. Benzene was distilled and dried over a tert-butyl lithium – 161 

 , ’d     y    y               d f  s  y d s     d                   f  sks, THF   s d   d      162 

CaH2, distilled, dried over Na/K-benzopheneone and freshly distilled into the reaction flask before 163 

use. Hexamethylcyclotrisiloxane (D3) was sublimated and dried in a 10 wt% solution of benzene 164 

over CaH2, distilled, subsequently dried over tert-butyl lithium and distilled into the reaction flask 165 

prior to use. Deuterated hexamethylcyclotrisiloxane (D3-d18) and octamethyltrisiloxane (D4-d24) 166 

were synthesized following established procedures.44-45 Further details can be found in the 167 

respective literature.43-45  168 
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Synthesis of host matrices:  169 

The two low molecular weight matrices (lin-h-PDMS9k and lin-h-PDMS38k) were 170 

synthesized via kinetically controlled anionic ring opening polymerization (ROP) of D3, initiated 171 

by lithium ehtynyldimethylsilanolate in a 50:50 mixture of benzene and tetrahydrofurane.46 The 172 

polymerizations were terminated with chlorodimethylvinylsilane, dried, precipitated from toluene 173 

into methanol and dried under high vacuum. The lin-h-PDMS68k was fractionated from 174 

polydisperse PDMS via solution fractionation from a 1.5 volume percent solution in toluene 175 

through the addition of methanol as the third fraction and dried under high vacuum. The lin-d-176 

PDMS3k was synthesized via cationic equilibrium ROP of D4-d24 with hexamethyldisiloxane and 177 

triflic acid.47 All polymers are analyzed via GPC-MALS and 1H NMR. The molecular weight, 178 

radius of gyration 𝑅𝑔 and polydispersity 𝑀𝑤/𝑀𝑛 of the linear host matrices and the deuterated 179 

linear PDMS are summarized in Table 1. 180 

Table 1: Weight average molecular weight 𝑴𝒘, number average molecular weight 𝑴𝒏, 

polydispersity 𝑴𝒘/𝑴𝒏 and the calculated radius of gyration 𝑹𝒈
𝒄𝒂𝒍𝒄 of the linear 

poly(dimethylsiloxane) (PDMS) polymer melt, used as the host matrix for the PDMS-g-PDMS 

bottlebrush polymer. a)Based on the statistical segment length of PDMS, 𝒃 =  𝟔. 𝟐 Å. 

(cf. Supporting Info, Figure S1) 

Name 𝑴𝐰 (g/mol) 𝑴𝐧 (𝐠/𝐦𝐨𝐥) 𝑴𝐰/𝑴𝐧 𝑹𝐠
𝒄𝒂𝒍𝒄 (Å)a) 

lin-h-PDMS9k 10600 8700 1.21 30.2 

lin-h-PDMS38k 44700 38000 1.17 62.2 

lin-h-PDMS68k 69400 68000 1.02 77.5 

lin-d-PDMS3k 3600 3000 1.21 17.0 

 181 
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Synthesis of Bottlebrush PDMS-g-PDMS:  182 

PDMS bottlebrushes were synthesized via the grafting-to method from living PDMS side 183 

chains onto a backbone with chlorosilane functionality (Figure 4). 184 

 

Figure 4: Synthetic scheme towards PDMS bottlebrushes via a grafting-to method of living 

PDMS chains onto polychloromethylsiloxane. 

 185 

The backbone precursor, polymethylhydrosiloxane (PMHS), was synthesized via cationic 186 

equilibrium ROP of tetramethylcyclotetrasiloxane with tetramethyldisiloxane and trifilc acid, 187 

precipitated into acetonitrile and fractionated from dry toluene through addition of dry 188 

acetonitrile.48 The seventh fraction was collected for use and dried under high vacuum. The 189 

backbone is activated through chlorination via an adapted method from Varaprath and Stutts.49 190 

Trichlorosiocycanuric acid was suspended in dichloromethane and PMHS in dichloromethane was 191 

added dropwise for a constant reflux. The reaction was stirred for two hours and then THF added 192 

dropwise for a constant reflux; the reaction was stirred overnight, dried under high vacuum and 193 

suspended in pentane. The suspension is filtered through a 220 µm PTFE filter membrane and 194 

dried, giving polychloromethylsiloxane (PClMS). The side chains were synthesized via kinetically 195 

controlled anionic ring opening polymerization (ROP) of D3-d18, initiated by tert-lithium in a 196 

50:50 mixture of benzene and tetrahydrofurane. After completion a small aliquot was taken for 197 

analysis and the remainder added to a solution of PClMS in benzene. The reaction was stirred for 198 

20 h at 25 °C and terminated via the addition of chlorotrimethylsiloxane. After removal of all 199 
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solvents and precipitation from methanol into toluene, the resulting bottlebrush was received as 200 

the first fraction of the precipitative fractionation with toluene and methanol as solvent/non-solvent 201 

combination for the removal of free side chains. The molecular weights and polydispersity of side 202 

chain (d-PDMS), the backbone (h-PDMS), together with values for the whole (h-PDMS)-g-(d-203 

PDMS) bottlebrush polymer are summarized in Table 2 (cf. Supporting Info, Figure S2). This 204 

gives a grafting density of side chains per backbone repeating unit of 56%, the residual free 205 

grafting sites were terminated with methoxy groups. This value is well above the threshold 206 

between comb and bottlebrush polymer. 207 

Table 2: Molecular weight Mn, degree of polymerization DP, and polydispersity 𝑴𝒘/𝑴𝒏, of 

the side chain (d-PDMS), the backbone (h-PDMS) and the (h-PDMS)-g-(d-PDMS) bottlebrush 

polymer. a)Per definition of a bottlebrush polymer. 

Name 𝐌𝐧 (𝐠/𝐦𝐨𝐥) 𝐌𝐰 (𝐠/𝐦𝐨𝐥) DP 𝐌𝐰/𝐌𝐧 

Side chain 10800 11400 136 1.07 

Backbone 4160 4230 70 1.02 

Bottlebrush 404000 446000 70a) 1.10 

 208 

 209 

Sample preparation:  210 

PDMS-g-PDMS bottlebrush and linear host matrices were weighed into 1.5 mL vials on a 211 

0.3 g total weight scale, dissolved in pentane, shaken for 24 h and dried under high vacuum. 212 

 213 
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Small-Angle Neutron Scattering (SANS) 214 

Small-angle neutron scattering (SANS) experiments were carried out on the 40 m 215 

QUOKKA50-51 instrument at the OPAL reactor at the Australian Nuclear Science and Technology 216 

Organization (ANSTO), Sydney, Australia. T       s           fi      ons were used, two with 217 

equal source-to-sample and sample to detector distances of 20 and 8 m, and the final configuration 218 

with a source-to-sample distance of 12 m and a sample-detector distance of 1.3 m with a 300 mm 219 

lateral detector offset to increase the maximum accessible Q. Source and sample aperture 220 

diameters of 50 mm and 12.5 mm, respectively, were used.   Å        s  Δλ/λ =   %  were used 221 

        f    s     f         s. T  s     fi        s      d d   𝑄 range of 222 

0.003 Å−1 <  𝑄 <  0.8 Å−1 with the momentum transfer 𝑄 =
4π

λ
sin (

𝜗

2
) and scattering angle 𝜗. 223 

The data reduction was performed using the suite of NCNR SANS reduction macros52, modified 224 

for the QUOKKA instrument, in the IGOR software package (Wave metrics, Oregon, US). After 225 

correction for empty cell scattering, transmission and detector response, the data were radially 226 

averaged and transformed onto an absolute scale by calibration with an attenuated direct beam. All 227 

samples were additionally background corrected, by subtracting the corresponding contributing 228 

volume fraction from the linear PDMS melt and incoherent scattering contribution.  229 

 230 

Results and Discussion 231 

Structural Analysis 232 

We conducted SANS studies on the poly(dimethylsiloxane) (PDMS) bottlebrush polymer 233 

((h-PDMS)-g-(d-PDMS)) in linear PDMS host matrices with molecular weight 234 

𝑀𝑛 =  8700, 38000, and 68000 g/mol - namely lin-h-PDMS9k, lin-h-PDMS38k, and lin-h-235 
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PDMS68k - respectively. The intensities, divided by their respective bottlebrush concentration, 236 

are shown in Figure 5 and Figure 6. 237 

 

 
Figure 5: Scattering intensities I(Q) vs. Q of PDMS-g-PDMS bottlebrush polymers in lin-h-

PDMS9k (a) and lin-h-PDMS38k (b) matrices in double-logarithmic representation. 

Concentration series normalized to the respective volume fraction 𝛷 including the extrapolated 

values that represent I(𝛷 = 0). The full cyan line represents a core-shell model used to describe 
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the lowest scattering intensity 𝛷 = 0.5% based on equation (9). The errors are within the 

symbol size and not shown for clarity. 

 238 

The scattering intensities of (h-PDMS)-g-(d-PDMS) bottlebrushes in lin-h-PDMS9k 239 

(Figure 5a), superimpose in the intermediate to high Q-region, but show substantial differences at 240 

the low Q. An extrapolation of the concentration series to Φ → 0 (yellow stars), by using 241 

Φ =  0.5%, 1%, and 5%, indicates that there is a negligible or no structure factor 𝑆(𝑄) 242 

contribution at the lowest measured volume fraction.53  243 

This region of small momentum transfer is particularly sensitive to the structure factor, 244 

which would be visible as reduced forward scattering through a repulsive interaction. The 245 

scattering at the lowest concentration of Φ = 0.5% is therefore consistent with the dilute regime 246 

enabling access to the particle form factor 𝑃(𝑄). 247 

The low Q-range corresponds to the Guinier region, whereas the intermediate 𝑄−4 behavior 248 

reflects the Porod law. As seen in the scattering curve, the transition between Porod and Guinier 249 

region is not accompanied by an additional region of a different slope. This suggests that the 250 

structure of the PDMS based bottlebrushes is consistent with spherical objects. The 𝑄−2 decay in 251 

the high Q-region is a signature of blob scattering,35 whereby only the outermost blob is visible in 252 

SANS experiments.54 One may therefore pose the question as to whether the size of the blobs 253 

changes with distance from the center. In order to tackle this question, we recall that the lin-h-254 

PDMS9k matrix and the side chains of the bottlebrush have the same molecular weight. Therefore, 255 

we can assume that the mixture physically acts as a concentrated star solution, by considering the 256 

bottlebrushes and the linear chains together. This statement is based on the classification of Daoud 257 

et al.35 which considers two regions - dilute and concentrated solutions - for scaling theory. These 258 

assumptions will be used further. Based on the scaling laws for this region (concentrated region), 259 
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all blobs have the same size once they start to overlap.35, 37, 55 Additionally, the power law in the 260 

blob region observed in our experiments follows 𝑄−𝑑𝑓 = 𝑄−2. It is connected to the Flory 261 

exponent 𝜈 by 𝑑𝑓 =  1/𝜈. Therefore, the experimental 𝜈 = 0.5 indicates a Θ-condition for all 262 

concentrations. 263 

As illustrated in Figure 5b, increasing the molecular weight of the linear host matrix by a 264 

factor ~4 (38kg/mol, lin-h-PDMS38k) does not substantially affect the Q dependence of 𝑃(𝑄), 265 

i.e., the bottlebrush seems to stay spherical.  At least at higher bottlebrush volume fractions, the 266 

spherical structure with smooth surface (𝐼 ∝ 𝑄−4) is still maintained. A more detailed comparison 267 

with Figure 5a reveals that the concentration dependence changes, since the reduction of the 268 

forward scattering with increasing the concentration is less pronounced than observed in the short 269 

matrix (lin-h-PDMS9k). In the high Q-region, the power law changes with increasing 270 

concentration, but still reaches 𝑑𝑓  = 2 at 25 %.  271 

The change of the slope indicates a volume fraction-dependent solvent quality. In the lin-272 

h-P M   k            Θ-condition with 𝜈 =  1/2 is only reached for the highest volume fraction, 273 

represented as a power law of 𝑄−2. This seems to be plausible because the mutual interpenetration 274 

of the side chains increases with increasing bottlebrush concentration. This leads to the fact that 275 

more chains of equal molecular weight interact. This is supported by measurements of the 276 

bottlebrushes in matrix chains of different molecular weights which exhibit a decrease of the 277 

solvent quality. The reduction of the solvent quality in the higher molecular weight matrix implies 278 

a greater tendency of the samples to form aggregates or different morphologies. Therefore, the 279 

structure factor would be less pronounced, though, there is no indication of aggregate formation 280 

or non-spherical structures in the experimental data. In order to explore this idea further, we 281 

continued to increase the molecular weight of the matrix chains.  282 
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In the next step we increase the molecular weight of the linear host matrix further, to 283 

68 kg/mol, lin-h-PDMS68k, which is around 7 times larger than the molecular weight of the side 284 

chains (Figure 6). 285 

 

Figure 6: Scattering intensities I(Q) vs. momentum transfer Q of PDMS-g-PDMS bottlebrush 

polymers in lin-h-PDMS68k matrix in a double logarithmic representation. Concentration 

series normalized to the respective volume fraction 𝛷. The full cyan line represents the 

description of the form factor for  𝛷 = 1.0% by only taking the shell contribution of our core-

shell model (equation (9)). 

 286 

Most apparent is the almost vanishingly concentration dependence at low Q, and the strong 287 

dependence in the high Q-region which reaches a power law of 𝑄−2 at the highest concentration. 288 

A more detailed inspection reveals the appearance of an additional power law 𝑄−2 between the 289 

low and intermediate Q-region for Φ =  25%, the highest volume fraction of bottlebrushes. This 290 

suggest the starting point of clustering25 or the formation of elongated objects, consisting of several 291 

bottlebrushes. Despite these obvious differences, the low concentration sample is very similar to 292 
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the cases in the low molecular weight matrices. In particular, we observe a direct transition from 293 

Guinier to Porod region, and the intensities are very similar, when compared to the bottlebrush in 294 

the lower molecular weight matrices. In this case the data modelling was done with Φ = 1.0% 295 

(due to leaking sample of the Φ = 0.5% during transport). Based on the behavior of the bottlebrush 296 

polymer in lin-h-PDMS9k and lin-h-PDMS38k, we assume that there is no contribution of the 297 

structure factor even at Φ =  1.0% and the assumption of a pure form factor contribution is still 298 

satisfied. 299 

 Figure 7 illustrates the volume-normalized intensity at low Q-values to further explore the 300 

influence of the matrix chains on the structure factor. Our data point to a linear increase with the 301 

molecular weight of the host polymer, in a double-logarithmic plot. To a first order approximation, 302 

we obtain a power law, that has a strong relationship with the concentration, with an exponent that 303 

increases from 0.06 ± 0.004 (1%) to 1.0 ± 0.06 (25 %).   304 

 

Figure 7: Scattering intensity, I(𝑄 → 0), divided by the bottlebrush concentration as a function 

of the molecular weight of the linear host matrix, for four concentrations of bottlebrushes, 𝛷 =

1%, 𝛷 = 5%, 𝛷 = 10% and 𝛷 = 25%.  
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 305 

The best model description of the experimental data can be achieved by a modified core 306 

shell model with a core of negligible size, used together with the random phase approximation 307 

(RPA) (equation (9)). The analysis supports our argument accompanying Figure 5 and Figure 6, 308 

that the samples with a low bottlebrush concentration can be well described by the particle form 309 

factor 𝑃(𝑄)𝑏𝑏 only. This form factor only contains the shell and the blob contributions 310 

(equation (8)). 311 

As expanded below, the density profile depends on the bottlebrush concentration and the 312 

host matrix molecular weight. Therefore, we calculate the average radius 𝑅𝑎𝑣𝑔 from the overall 313 

radius 𝑅, obtained by using the model function and the smearing parameter 𝜎 within the density 314 

profile 𝜑(𝑟)𝑠𝑡𝑎𝑟
56 (equation (7)) 315 

𝑅𝑎𝑣𝑔 ≔ 
∫ 𝑟3 ⋅ 𝜑(𝑟)𝑠𝑡𝑎𝑟𝑑𝑟
𝑅

0

∫ 𝑟2 ⋅ 𝜑(𝑟)𝑠𝑡𝑎𝑟𝑑𝑟
𝑅

0

 (12) 

The best fit values for Φ = 0.5% of lin-h-PDMS 9k and in lin-h-PDMS38k are summarized in 316 

Table 3 and for Φ = 1.0% in Table 4. As Figure 8 illustrates, 𝑅𝑎𝑣𝑔  decreases linearly with 317 

increasing molecular weight of the host matrix. The average radius for the highest molecular 318 

weight is already identical with the anticipated value for the lowest limit radius 𝑅𝑎𝑣𝑔
𝑙𝑜𝑤. To estimate 319 

𝑅𝑎𝑣𝑔
𝑙𝑜𝑤 we assume that the minimum value of the mass density cannot be below the physical density 320 

𝜚𝑑−𝑃𝐷𝑀𝑆 =  1.02 g/mol of linear deuterated PDMS. From 𝜚𝑑−𝑃𝐷𝑀𝑆 =  
𝑀

𝑉
 with 𝑀 = 𝑀𝑤/𝑁𝐴, 321 

replacing 𝑉 by the volume of a sphere, 𝑉 =  
4𝜋

3
(𝑅𝑎𝑣𝑔

𝑙𝑜𝑤)3 yields:  322 

𝑅𝑎𝑣𝑔
𝑙𝑜𝑤  = (

3

4𝜋𝑁𝐴

𝑀𝑤
𝑏𝑜𝑡𝑡𝑙𝑒𝑏𝑟𝑢𝑠ℎ

𝜚𝑑−𝑃𝐷𝑀𝑆
)

1
3

 
(13) 

 323 
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By using equation (13) and taking 𝑀𝑤
𝑏𝑜𝑡𝑡𝑙𝑒𝑏𝑟𝑢𝑠ℎ from Table 2, we find a value of 𝑅𝑎𝑣𝑔

𝑙𝑜𝑤  =  55.7 Å. 324 

Based on the calculated value for the lower limit of the radius 𝑅𝑎𝑣𝑔
𝑙𝑜𝑤, the size obtained for the 325 

bottlebrush polymer in the highest molecular weight host matrix, lin-h-PDMS68k, is the smallest 326 

possible value for our system. This statement has a very important consequence because it defines 327 

an upper limit for the matrix molecular weight and thus a miscibility region in which the shell-328 

only particles are miscible in linear polymer melts.  329 

 330 

 

Figure 8: Variation in average radius 𝑅𝑎𝑣𝑔 of the bottlebrushes with molecular weight of the 

host matrix including the lower limit of the average radius (dashed blue line), based on the 

density of pure deuterated PDMS.  

 331 

The associated Flory-Huggins interaction parameter  𝜒, obtained by fitting the data with 332 

equation (9), are very small but increase with increasing molecular weight of the linear host matrix. 333 

However, the values are always negative. A similar trend is reported for polybutadiene star 334 

polymers with labeled single arms mixed in two linear host matrices with increasing molecular 335 
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weight.57 In general, two components are only miscible if the 𝜒-parameter is negative and 336 

additionally below the critical interaction parameter 𝜒𝑐𝑟.58-59 The critical parameter can be 337 

calculated as 338 

𝜒𝑐𝑟 =
1

2
⋅ (

1

√𝐷𝑃𝐵𝑜𝑡𝑡𝑙𝑒𝑏𝑟𝑢𝑠ℎ
+

1

√𝐷𝑃𝑙𝑖𝑛𝑒𝑎𝑟 𝑐ℎ𝑎𝑖𝑛𝑠
)

2

 (14) 

with 𝐷𝑃𝐵𝑜𝑡𝑡𝑙𝑒𝑏𝑟𝑢𝑠ℎ and 𝐷𝑃𝐿𝑖𝑛𝑒𝑎𝑟 𝑐ℎ𝑎𝑖𝑛𝑠 being the degree of polymerization of the bottlebrushes and 339 

the linear chains of the host matrices, respectively. It follows the same trend as the experimentally 340 

determined values. We note that equation (14) assumes mixtures of linear polymers. Therefore, 341 

we approximate 𝐷𝑃𝐵𝑜𝑡𝑡𝑙𝑒𝑏𝑟𝑢𝑠ℎ by twice the degree of polymerization of the side chains as the 342 

interacting segments, thus, 𝐷𝑃𝐵𝑜𝑡𝑡𝑙𝑒𝑏𝑟𝑢𝑠ℎ = 290. The results are summarized in Table 5. All 343 

obtained values are below 𝜒𝑐𝑟 and are therefore consistent with our experimental observations of 344 

miscibility.  345 

Table 3: Best fit values of the bottlebrush polymers, mixed with lin-h-PDMS9k and lin-h-

PDMS38k, obtained by modeling the single particle form factor at the lowest concentration 

measured 𝜱 = 𝟎. 𝟓%. All errors are smaller than 1%. 

Parameter lin-h-PDMS9k 

(𝚽 = 𝟎. 𝟓%) 

lin-h-PDMS37k 

(𝚽 = 𝟎. 𝟓%) 

Overall Radius 𝑹 (Å) 56.3 53.9 

Radius of outermost blob 𝝃 (Å) 14.2 8.7 

Scaling parameter of blob 𝒂 0.14 0.08  

Smearing parameter 𝝈 0.36 0.39  

Number of side chains 𝒇 39.0 40.0  
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 346 

 347 

Table 5: 𝜒-parameter obtained from calculation and experiment for PDMS-g-PDMS 

bottlebrush polymer in linear host matrices with molecular weight of 𝑀𝑛 = 8.7, 38, 68 kg/mol. 

The errors are smaller than 1% of the fit value. 

𝝌 −parameter lin-h-PDMS9k lin-h-PDMS38k lin-h-PDMS68k 

Experiment 𝜒𝑒𝑥𝑝 −3.3 ⋅ 10−3 −1.1 ⋅ 10−3 −0.64 ⋅ 10−3 

critical 𝜒𝑐𝑟 1.01 ⋅ 10−2 4.94 ⋅ 10−3 4.17 ⋅ 10−3 

 348 

In the next step we explore the concentration-dependent evolution of the structure factor. From 349 

its typical signatures, we only observe the lowered forward scattering. In Figure 5, a decrease of 350 

Average radius 𝑹𝒂𝒗𝒈 (Å) 107.5 97.9 

Table 4: Best fit values of all systems obtained by modeling the single particle form factor at 

𝜱 = 𝟏. 𝟎% (cf. Supporting Info, Figure S3). For the largest host matrix, the blob size was not 

possible to determine. All errors are smaller than 1%. 

Parameter lin-h-PDMS9k 

 (𝚽 = 𝟏. 𝟎%) 

lin-h-PDMS37k 

 (𝚽 = 𝟏. 𝟎%) 

lin-h-PDMS68k 

(𝚽 = 𝟏. 𝟎%) 

Overall Radius 𝑹 (Å) 53.6 53.1 42.8 

Radius of outermost blob 𝝃 (Å) 14.2 8.7 −−−− 

Scaling parameter of blob 𝒂 0.14 0.09 −−−− 

Smearing parameter 𝝈 0.36 0.39 0.53 

Number of side chains 𝒇 39.0 40 40.0 

Average radius 𝑹𝒂𝒗𝒈 (Å) 107.5 85.6 55.6 
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the intensity with increasing bottlebrush concentration is seen; remarkably, increasing the 351 

molecular weight lowers this decrease. At the highest molecular weight, the decrease of the 352 

intensity is less pronounced or even disappeared. Moreover, in all cases the typical correlation 353 

peak, associated with the structure factor is absent in our systems.  354 

Both observations (intensity and peak) could have two possible reasons, (i) smearing effect 355 

inherent to the polymer itself or (ii) reduction of the structure peak, known from star/linear polymer 356 

mixtures in solution. 357 

Smearing is expected from the different contributions to the intensity in our samples. The main 358 

contrast is generated between the deuterated shell and the protonated linear chains of the host 359 

matrix. The contributions of the contrast between the protonated core and the protonated end 360 

groups of the deuterated side chains of our bottlebrush polymer are negligible for the form factor 361 

𝑃(𝑄) (Figure 3). However, they may influence the structure factor 𝑆(𝑄), because of the additional 362 

contrast between the perimeter of the shell and the core. Ultimately, this can cause a broadening 363 

of the correlation peak until it is completely smeared.  364 

Second, a similar behavior is known from star/linear polymer mixtures in solution.13, 28, 60-62 If 365 

we assume that our system represents the limiting case without solvent, we can utilize the same 366 

underlying theory and attempt to explain our observations based on the respective interaction 367 

potentials. In such a mixture, three different interaction potentials are present: star – star 𝑉𝑆𝑆, linear 368 

chains – linear chain 𝑉𝐶𝐶, and linear chain – star 𝑉𝑐𝑠 369 

The star – star interaction can be described with an ultra-soft potential, which can be written 370 

as: 13, 55, 60, 63-65 371 
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𝛽𝑉𝑆𝑆(𝑟) = (
5

18
) 𝑓

3
2

{
 
 
 

 
 
 
(

1

1 +
√𝑓
2

− ln (
𝑟

𝜎𝑆
))                           for 𝑟 ≤ 𝜎𝑆

1

1 +
√𝑓
2

(
𝜎𝑆
𝑟
) exp(−

√𝑓(𝑟 − 𝜎𝑆)

2𝜎𝑆
)    for 𝑟 > 𝜎𝑆

 (15) 

with 𝑓 number of side chains, 𝜎𝑆 is the so-called corona diameter, equivalent to the star extension, 372 

𝑟 is the distance between two star centers, and 𝛽 =  (𝑘𝐵𝑇)
−1 where 𝑘𝐵 is the Boltzmann constant 373 

and 𝑇 the temperature. This potential has a logarithmic dependence at short distances (𝑟 ≤ 𝜎𝑆) and 374 

decays exponentially at long distances (𝑟 > 𝜎𝑆). With increasing 𝑓, the transition to the typical 375 

hard sphere potential is established (Figure 9). 376 

 

Figure 9:Ultra-soft potential ranging to hard sphere potential for spherical bottlebrush polymer 

with outer perimeter of 𝜎𝑏 = 110 Å for different number of side chains 𝑓. From left to right: 

𝑓 = 30, 50, 75, 100, 150, 𝑎𝑛𝑑 500. The dotted red line represents our number of side chains 

𝑓 = 40. 

 377 

Additionally, the potential describing the interaction between two linear polymer chains 𝑉𝑐𝑐 is 378 

given by60, 66 379 
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𝛽𝑉𝑐𝑐(𝑟) = (
5

18
) 𝑓

3
2

{
 

 (
1

2𝜏2𝜎𝑐2
− ln (

𝑟

𝜎𝑐
))                                for 𝑟 ≤ 𝜎𝑐

1

2𝜏2𝜎𝑐2
exp(−𝜏2(𝑟2 − 𝜎𝑐

2))                 for 𝑟 > 𝜎𝑐

 (16) 

This potential results from the star-star interaction potential, if the number of side chains is low 380 

(𝑓 <  10). The parameter 𝜎𝑐 measures the size of the polymer chain, 𝑟 describes the distance 381 

between two linear chains by taking the middle monomeric unit as a center, and 𝜏 depends on the 382 

number of side chains and is a free parameter. From fitting of computer simulation data, 𝜏 = 1.03 383 

was determined for the case of a two-armed star polymer (𝑓 = 2), which reflects a linear chain.66  384 

The star – chain interaction can be written as:60 385 

𝛽𝑉𝑠𝑐(𝑟) = {

−Θ(𝑓) ln (
𝑟

𝜎𝑠𝑐
) + 𝐾                                             for 𝑟 ≤ 𝜎𝑠𝑐

𝜐0∫𝜑(𝒓
′)𝑠𝑡𝑎𝑟𝜑(|𝒓 − 𝒓

′|)𝑐𝑑𝒓
′                        for 𝑟 > 𝜎𝑠𝑐

 (17) 

with 𝜎𝑠𝑐 =
1

2
(𝜎𝑠 + 𝜎𝑐), Θ(𝑓) =

5

36
(

1

√2−1
) [(𝑓 + 2)

3

2 − (𝑓
3

2 + 2
3

2)], 𝐾 is a constant which can be 386 

evaluated by requiring continuity for 𝑉𝑠𝑐(𝑟) and its first derivative at 𝑟 = 𝜎𝑠𝑐, 𝜐0 is the excluded 387 

volume parameter and 𝜑(𝑟)𝑠𝑡𝑎𝑟 and 𝜑(𝑟)𝑐 are the radial dependent density profiles evaluated from 388 

the blob picture of the Daoud-Cotton model.35 389 

The effective interaction potential of a star polymer dispersed in linear chains, resulting 390 

from the three different interaction potentials in the system is derived by Camargo et al.26, 60, 67 and 391 

Mayer et al.61  392 

In such a system, once linear chains are added, the pure star-star correlation is reduced due 393 

to the linear chains, which are occupying space between overlapping stars. This results in a 394 

decrease in the internal fluctuations. As seen in scattering diagrams, this effect is connected with 395 

a drastic decrease of the structure peak 𝑆(𝑄) compared to a pure star polymer solution at higher 396 

concentration.28  397 
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The same effect is visible for spherical bottlebrush/linear polymer mixtures in d/h-toluene 398 

(Figure 10). Here we used protonated PDMS-g-PDMS bottlebrush polymers mixed with 399 

deuterated linear PDMS chains. The ratio of d/h toluene was chosen so that only the protonated 400 

bottlebrush polymer is visible and was determined by an initial SANS contrast variation 401 

experiment of deuterated linear PDMS chains (cf. Supporting Info, Figure S4).  402 

 

Figure 10: Scattering intensity I(Q) vs. Q of PDMS-g-PDMS bottlebrush polymer in d/h-toluene 

solution with increasing volume fraction of deuterated linear PDMS chains, normalized to the 

volume fraction of bottlebrush polymers. The dashed green line represents a simulation of the 

single particle form factor P(Q), based on values for the same bottlebrush polymer in d-toluene. 

The dotted purple line represents the pure structure factor S(Q), obtained by using the ultra-soft 

potential. The red line represents the total scattering intensity, obtained by combining P(Q) and 

S(Q) for the mixture with 𝛷 = 0% of linear chains. The ratio of d/h-toluene was chosen based 

on the toluene–solvent contrast matching condition for deuterated PDMS.   

 403 
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In a solution of protonated bottlebrush polymers in d/h toluene, a clear correlation peak in 404 

the intermediate Q-region is visible. This can be described with the form factor 𝑃(𝑄) combined 405 

with the structure factor 𝑆(𝑄). The latter one is obtained by solving the Ornstein-Zernike equation 406 

combined with the ultra-soft potential (equation (15)), as previously reported in the literature for 407 

star polymer solutions.63 The theory differs slightly from the experimental data, which could come 408 

from the experimental resolution which is not included in the theory. By adding linear chains, the 409 

peaks become less obvious, especially with increasing concentration Φ (Figure 10), whereby the 410 

high Q-region follows the same power law, 𝑄−1.5, as the pure bottlebrush solution. The reduction 411 

in intensity of the structure peak is more pronounced by increasing the volume concentration of 412 

the added linear chains, or by increasing the molecular weight of the linear chains.68 413 

The reduction in intensity of the correlation peak arises from a depletion-like phenomenon 414 

with the linear chains as the depletion agent. Further details can be found in the recent work by 415 

Stiakakis et al.27 and Mayer et al.61 The depletion effect was found to be extremely strong in melt 416 

compared to solvent for polymer nanocomposites and polymer/nanoparticle blends near a 417 

substrate.69-71 The resulting osmotic force from the linear chains acts on the star polymers, 418 

especially seen by the changing size, depending on the molecular weight of the linear host matrix. 419 

For mixtures, with linear chains of approximately the same molecular weight, 𝑀𝑛, as one single 420 

arm, the star polymer will swell due to interpenetration with the arms. If the molecular weight of 421 

the linear chains increases, the star polymer will shrink induced by the osmotic pressure. 422 

Additionally, we hypothesize that with increasing molecular weight, the osmotic pressure exerted 423 

on the star polymer increases as well; this is supported by the decreasing size of the bottlebrush 424 

polymers by increasing the molecular weight of the linear host matrix. With increasing 425 

concentration of the bottlebrush polymers in the highest molecular weight host matrix, the osmotic 426 
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pressure forces the bottlebrushes closer together which subsequently leads to a formation of 427 

another structural level with non-spherical symmetry, which can be seen as the start of cluster 428 

formation.25, 72 Similar behavior is known from polymer grafted nanoparticles. For polymer 429 

nanocomposites with 𝑀𝑚𝑎𝑡𝑟𝑖𝑥 ≫ 2 ⋅ 𝑀𝑔𝑟𝑎𝑓𝑡  the particle shell collapses and, subsequently, with 430 

increasing concentration of the polymer grafted nanoparticles, aggregation occurs.73-74  431 

In solution a concentration dependence of the bottlebrush size was observed and 432 

predicted.2, 53 This points our attention to the concentration dependent size. However, at high 433 

concentrations the analysis of the size is more difficult due to the dominant structure factor in the 434 

Guinier region. But the mid Q-region between 𝑄 =  0.05 –  0.08 Å−1 can be analyzed regarding 435 

size changes. A change in radius should shift the measured scattering towards higher or lower Q-436 

values for shrinking or expanding radius, respectively, as illustrated by the simulation of different 437 

radii (cf. Supporting Info, Figure S5). Based on this assumption it can be concluded that the radius 438 

at this length scale is almost concentration independent, as even a change by 5 % is directly 439 

observable. 440 

All these findings are summarized in Figure 11.  441 

 442 

 443 

 444 
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Figure 11: Sketch of bottlebrush polymer mixed with linear chains of the same polymer: a) 

bottlebrush polymer in matrix of low molecular weight linear chains, b) bottlebrush polymer 

in matrix of high molecular weight linear chains, c) high concentration of bottlebrush polymers 

in matrix of high molecular weight linear chains. 

 445 

Conclusion 446 

We have conducted small-angle neutron scattering experiments to understand the structural 447 

behavior of bottlebrush polymers dispersed in different linear polymer host environments. The 448 

form factor 𝑃(𝑄) can be fully described by applying the random phase approximation to a 449 

modified core-shell model and the Debye form factor. For the high Q-region, a blob model, based 450 

on the Daoud-Cotton scaling theory for star polymers was used. For systems with bottlebrush 451 

polymer dispersed in lin-h-PDMS68k, the Daoud-Cotton model was unable to describe the data. 452 

The structure of the bottlebrush polymer is maintained over all molecular weights of the host 453 

matrix investigated. However, the overall radius decreases with increasing molecular weight of 454 

the host matrix polymer. Additionally, in the highest molecular weight host matrix, the bottlebrush 455 

polymers start to cluster with increasing bottlebrush concentration. This behavior is similar to 456 
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polymer grafted nanoparticles dispersed in a linear polymer melt and can be seen as a model system 457 

to obtain better insights in the behavior of the ‘shell’ only. In our system, a pronounced structure 458 

factor peak at higher concentrations is absent; however, the lowered forward scattering, which is 459 

associated with interparticle interactions, is present. This absence could be explained by either (i) 460 

the structure peak broadens due to smearing effects of the additional generated contrast between 461 

the protonated core and the protonated end groups in within the deuterated shell or (ii) the structure 462 

peak disappears because of a depletion-like phenomenon whereby the linear chains act as the 463 

depletion agents. According to the literature, the correlation between neighboring bottlebrushes is 464 

reduced. This effect is more pronounced with increasing molecular weight of the host matrix.  465 
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