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Abstract 20 

Poly(dimethylsiloxane) (PDMS) based bottlebrush polymers, PDMS-g-PDMS, have been syn-21 

thesized by anionic polymerization in combination with a condensation based grafting reaction. 22 

Bottlebrush polymers show intriguing features, e.g., extremely low viscosities. Hereby studies of 23 

their dynamics are rare. Therefore, we focus on the segmental relaxation by broadband dielectric 24 

spectroscopy. An increasing cross-sectional radius proportional to the increasing side chain length 25 

has been observed by small-angle neutron scattering over three samples. A comparison of the seg-26 

mental relaxation times of the bottlebrushes with the respective linear chains reveals slower dy-27 

namics in the former. For longer chains this effect vanishes. 28 

 29 

Introduction 30 

Bottlebrush polymers count to the branched polymers. Hereby, a high number of linear side 31 

chains are covalently bonded to a linear backbone, preventing the backbone from adopting a ran-32 

dom coil conformation.1 Changing the ratio of side chain to backbone length strongly influences 33 

the shape of bottlebrush polymers. This enables the synthesis of various structures ranging from 34 

elongated to spherical objects.2-4 Several possible applications originate from the structural fea-35 

tures, ranging from lubricants, to solvent free elastomers5 up to surface modifications6 or drug de-36 

livery agents7. 37 

Investigations based on the dynamics are rare. So far, the main focus of study is the difference 38 

in flow behavior compared to linear polymers, as determined by rheology.8-9 Viscosity of polymers 39 

is related to their glass transition temperature, 𝑇𝑔, defined by 𝑇𝑔 = 𝑇(𝜂0 = 10
12 Pa s).10 A similar 40 

expression exists for the segmental relaxation time, 𝜏𝑠, often measured by dielectric spectroscopy, 41 

i.e., 𝑇𝑔 = 𝑇(𝜏𝑠 = 100 s).11 However, studies based on the segmental relaxation behavior of 42 
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homopolymer bottlebrushes compared to their linear side chains are missing. The dielectric relax-43 

ation properties of heteropolymer bottlebrushes have been investigated in comparison to their re-44 

spective backbone and side chain polymers.12-14 45 

In this publication we are focusing on the segmental relaxation of poly(dimethylsiloxane) based 46 

bottlebrush, PDMS-g-PDMS, polymers compared to their respective linear PDMS side chains. For 47 

that, a synthesis route towards PDMS-g-PDMS bottlebrush polymers by the grafting-to method has 48 

been developed. This approach enables us to investigate the relaxation behavior of the single com-49 

ponents prior to the grafting process. Furthermore, by using the same polymer for backbone and 50 

side chains, we minimize the risk of nano- or microphase separation. These phenomena are known 51 

to influence or constrain the dynamics of polymers with side chains, e.g., poly(alkylene oxide)s 52 

and poly(alkyl acrylate)s.15-16 53 

 54 

  55 
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Analysis 56 

Small-Angle Neutron Scattering 57 

For systems having a Kuhn length, ℓ𝑘, and contour length, 𝐿, much larger than the cross-sec-58 

tional radius, 𝑅, the formfactor can be obtained by the decoupling approximation. Hereby, the 59 

backbone contour length (Figure 1 left), is treated separately from the side chains, i.e., the cross 60 

section (Figure 1 right).17 61 

 

Figure 1. Pictorial representation of an elongated bottlebrush polymer, showing the side (left) 

and front view (right), with contour length, L, and cross-sectional radius, R. 

 

The backbone is assumed to have an expanded conformation due to the high grafting density. 62 

However, because of the attached side chains, the overall structure is still flexible. Therefore, the 63 

backbone can be approximated by a semiflexible polymer chain, whereby the side chains are con-64 

sidered via the cross section by applying the Fourier transformation of the star like density profile, 65 

including the Flory exponent 𝜈.4, 18 66 

𝜑(𝑟)𝑠𝑡𝑎𝑟 =
𝑟
1−3𝜈
𝜈

(1 + exp (
𝑟 − 𝑅
𝜎𝑅 ))

  (1) 

Here, the radial monomer density distribution19 is multiplied by the Fermi cut-off function to ensure 67 

a smooth decay at the outermost radius 𝑅 including the smearing parameter 𝜎. 68 

The total scattering function for elongated bottlebrush polymer can be written as4 69 
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𝐼(𝑄) = Φ𝑉𝑡𝑜𝑡𝑎𝑙Δ𝜌
2 ⋅ (𝑃𝑆𝑃𝐶(𝑄) ⋅ 𝑃𝐶𝑆(𝑄) + 𝑎 ⋅

𝑃𝑏𝑙𝑜𝑏(𝑄)

1 + 𝜈𝐸𝑉𝑃𝑏𝑙𝑜𝑏(𝑄)
)  (2) 

with volume concentration, Φ, the contrast, Δ𝜌, and the total volume, 𝑉𝑡𝑜𝑡𝑎𝑙, of the polymer, in-70 

cluding all side chains and the backbone. It can be determined by using the molecular weight, 𝑀𝑤, 71 

𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 ⋅ 𝑓 + 𝑉𝑏𝑎𝑐𝑘𝑏𝑜𝑛𝑒 (3) 

with number of side chains, 𝑓, and volume, 𝑉𝑖 =
𝑀𝑤𝑖

𝜚𝑖𝑁𝐴
, associated with side chains and backbone 72 

and the respective mass density, 𝜚𝑖. The form factor 𝑃𝑆𝑃𝐶(𝑄) stands for an infinitely thin, semi-73 

flexible polymer chain including excluded volume effects as described by Pedersen et al.20, 74 

method 3, and Chen et al.18 The final model for the semiflexible polymer chain has three adjustable 75 

parameters, the Kuhn length, ℓ𝑘, the Flory exponent, 𝜈, and the cylinder contour length, 𝐿.  76 

The form factor of the cross section, 𝑃𝐶𝑆(𝑄), can be calculated by a two-dimensional Fourier 77 

transformation of the star like density profile, equation (1). This reads as 78 

𝑃𝐶𝑆(𝑄) = |
∫ 𝜑(𝑟)𝑠𝑡𝑎𝑟 ⋅ 𝐽0(𝑄𝑟)𝑟 𝑑𝑟
𝑅

0

∫ 𝜑(𝑟)𝑠𝑡𝑎𝑟𝑟𝑑𝑟
𝑅

0

|

2

 (4) 

with 𝐽0 denoting the zeroth-order Bessel function of first kind and 𝑟 the radial distance from the 79 

backbone. The dimension of our bottlebrush cross section is finite, therefore the outer radius, 𝑅, 80 

can be taken for the upper integration limit of the Fourier transformation instead of infinity. For the 81 

description of the internal structure within the cross section, a blob contribution, scaled with the 82 

prefactor 𝑎, is added to the form factor, considering the excluded volume, 𝜈𝐸𝑉. With 𝜈𝐸𝑉 overlap-83 

ping chains are considered and subtracted from the overall contribution. The form factor for the 84 

blob contribution, 𝑃(𝑄)𝑏𝑙𝑜𝑏, can be described as:  85 
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𝑃(𝑄)𝑏𝑙𝑜𝑏 = exp (−
𝑄2𝜉2

3
) + (

𝑑𝑓

𝜉𝑑𝑓
)Γ(

𝑑𝑓

2
)

(

 
 
erf (

𝑄𝑘𝜉

√6
)
3

𝑄

)

 
 

𝑑𝑓

 (5) 

Here, 𝑘 = 1.06 is an empirical constant, 𝜉 the radius of gyration and 𝑑𝑓 the fractal dimension of 86 

the scattered particle which is typically 𝑑𝑓 = 2 f   m       Θ-conditions or 𝑑𝑓 = 1.7 for so called 87 

good solvent conditions. This parameter is connected to the Flory exponent, 𝜈, with 𝑑𝑓 = 1/𝜈. The 88 

 yp     v     f   m       Θ-condition is 𝜈 = 0.5, whereby for good solvent 𝜈 = 0.588, as predicted 89 

by perturbation theory.21 90 

 91 

Broadband Dielectric Spectroscopy 92 

The PDMS based bottlebrush polymers have only a dipole moment perpendicular to the poly-93 

mer chain, in both, backbone and the side chains, and are thus type B polymers. Therefore, by using 94 

dielectric spectroscopy, only the segmental dynamics are probed.  95 

The Debye model is the simplest description of a relaxation process. The complex dielectric 96 

function, 𝜖∗(𝜔), is defined as 97 

𝜖∗(𝜔) = 𝜖∞ +
Δ𝜖

1 + 𝑖𝜔𝜏𝐷
 

(6) 

with 𝜏𝐷 as the characteristic relaxation time of the system.22 However, most of the time, the ob-98 

served processes are non-ideal and the Debye model is not applicable. The empirical Havriliak-99 

Negami function (HN), an adaption of the Debye model for non-ideal, i.e., asymmetric, relaxation 100 

processes, is used to describe the dielectric data in the frequency domain.23  101 

𝜖𝐻𝑁
∗ (𝜔) = 𝜖∞ +

Δ𝜖

(1 + (𝑖𝜔𝜏𝐻𝑁)𝛽)𝛾
 

(7) 
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Here, 𝛽 and 𝛾 are shape parameters, describing the asymmetric broadening of the relaxation 102 

peak with the restrictions of 0 < 𝛽 ≤ 1 and 0 < 𝛾 ⋅ 𝛽 ≤ 1. This complex function can also be split 103 

in a real and an imaginary part 104 

𝜖𝐻𝑁
′ (𝜔) = 𝜖∞ + Δ𝜖 𝑟(𝜔) cos[𝛾𝜓(𝜔)] 

𝜖𝐻𝑁
′′ (𝜔) = Δ𝜖 𝑟(𝜔) sin[𝛾𝜓(𝜔)] 

(8) 

with  105 

𝑟(𝜔) = [1 + 2(𝜔𝜏𝐻𝑁)
𝛽 cos (

𝛽𝜋

2
) + (𝜔𝜏𝐻𝑁)

2𝛽]
−
𝛾
2

 

𝜓(𝜔) = arctan [
sin (

𝛽𝜋
2
)

(𝜔𝜏𝐻𝑁)−𝛽 + cos (
𝛽𝜋
2
)
] 

(9) 

This results in the Havriliak-Negami relaxation time 𝜏𝐻𝑁.22 However, 𝜏𝐻𝑁 does not represent 106 

    “    ”     x        m  𝜏𝑠, because it is slightly shifted due to the asymmetry of the relaxation 107 

peak. In order to correct this, the following equation needs to be applied.24-27 108 

1

𝜏𝑠
=

1

𝜏𝐻𝑁
[sin (

𝛽𝜋

2 + 2𝛾
)]

1
𝛽
[sin (

𝛽𝛾𝜋

2 + 2𝛾
)]
−
1
𝛽

 (10) 

The temperature dependence of the segmental relaxation can be described with the  109 

Vogel-Fulcher-Tammann (VFT) equation. 110 

𝜏𝑠 = 𝜏∞ exp (
𝐴

𝑇 − 𝑇0
) 

(11) 

 111 

  112 



8 

 

Experimental Methods 113 

Gel-Permeation Chromatography with Multi Angle Laser Light Scattering (GPC-MALLS) 114 

For all Gel-Permeation Chromatography with Multi-Angle Laser Light Scattering (GPC-115 

MALLS) measurements a GPC with two 500 mL HL syringe pumps from Teledyne Isco Inc., a 116 

Rheodyne manual injection valve from Kinesis Inc., three Phenogel 5 µm columns (300 ×117 

 7.8 mm) from Phenomenex, a Dawn Eos 18-angle static light scattering detector from Wyatt Tech-118 

nology Corporation, and a L-7490 differential Refractive Index (dRI) detector from Hitachi were 119 

used. The Astra software package was used for data collection and treatment.  120 

 121 

Small-Angle Neutron Scattering (SANS) 122 

Small-angle neutron scattering (SANS) experiments have been performed with the Bilby in-123 

struments at the Australian Centre for Neutron Scattering (ACNS) in Sydney, Australia.28-29 The 124 

monochromatic mode has been used, with a wavelength of 𝜆 = 6 Å and a resolution of 
Δ𝜆

𝜆
= 10%. 125 

Bilby has two detector carriages which can move independently within the vacuum vessel. The 126 

detector carriages consist of one single rear detector and a complex front detector assembled of 127 

four equally sized panels, called curtains. Hereby, distances from the sample to the rear detector, 128 

the horizontal and the vertical curtains of 13.5 m, 1.9 m, and 0.9 m were used, with a separation 129 

of the left and right curtain of 0.175 m and 0.350 m and those of the top and bottom curtain equals 130 

to 0.150 m and 0.030 m. This allows to capture the 𝑄-range from 0.003 Å−1 to 0.56 Å−1 with the 131 

momentum transfer 𝑄 =
4𝜋

𝜆
sin (

𝜗

2
) and scattering angle 𝜗, within one measurement, without 132 

changing the detector arrangement. The data reduction was performed using Bilby specific suitable 133 

routines in MANTID.30 After correction for empty cell scattering, transmission, and detector re-134 

sponse, the data sets were radially averaged and transformed onto an absolute scale. All samples 135 
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were additionally background corrected by subtracting the corresponding contributing volume frac-136 

tion of the solvent. 137 

 138 

Broadband Dielectric Spectroscopy 139 

The dielectric spectroscopy measurements were performed with a Broadband Dielectric Alpha 140 

Analyzer from Novocontrol GmbH. The instrument operates in a frequency range of 141 

10−2 Hz – 106 Hz. The available temperature range of 𝑇 = −150 °C to 𝑇 = +500 °C is con-142 

trolled by a Quatro Cryosystem with a manufacturer specified accuracy of 0.1 °C by using an evap-143 

orated nitrogen stream. For the measurements, a temperature range of 𝑇 = −140 °C to  144 

𝑇 = −90 °C with an increment of Δ𝑇 = 2.5 °C was enough to move the segmental dynamics 145 

through the available frequency range. A waiting time of three minutes was set prior to each spec-146 

trum measurement, ensuring a temperature stability equal or better than 0.1 °C. To avoid crystalli-147 

zation, the sample was rapidly cooled down to 𝑇 = −140 °C and measurements at all temperatures 148 

were conducted in the order from low to high temperatures. 149 

 150 

 151 

 152 

 153 

 154 

 155 

 156 

 157 

 158 

 159 

 160 
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Results and Discussion 161 

Synthesis 162 

In the synthesis of PDMS based homopolymer bottlebrush the focus has mainly been on the 163 

grafting of living PDMS, with active lithium silanolate chain ends, onto a chlorosilane functional-164 

ized backbone, i.e., poly(methyl-2-chlorodimethylsilylethylsiloxane) or poly(methylchlorosilox-165 

ane) (PMClS).31-32 These reactions suffer from side reactions, typically suppressed in the anionic 166 

ring opening polymerization of PDMS. In this paper we explored a mild grafting reaction based on 167 

the iterative growth of linear oligo(dimethlsiloxane)s in combination with the palladium catalyzed 168 

chlorination of PMHS as a viable alternative for the use of living PDMS (Scheme 1).33-34  169 

 

Scheme 1. Palladium catalyzed chlorination (top) and condensation based grafting reaction (bot-

tom). 

 170 

The precursor polymer, i.e., poly(methylhydrosiloxane) (PMHS), has been synthesized via the 171 

known cationic ring opening equilibration of tetramethylcyclotetrasiloxane and was split into frac-172 

tions via precipitative fractionation with toluene as a solvent and acetonitrile as a non-solvent. For 173 

the activation of the backbone, a chlorination reaction of silanes catalyzed by palladium chloride 174 

with hexachloroethane as a chlorine source was adapted from Pongkittiphan et al.33 The proposed 175 

mechanism involves the catalyst activation under production of hydrogen chloride.33 To prevent 176 
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thermodynamic re-equilibration of the siloxane bonds, hydrogen chloride needs to be removed 177 

from the reaction. This was achieved by activating a PdCl2/hexachloroethane mixture with chloro-178 

dimethylsilane followed by partial drying in vacuum. The reaction in pure dichloromethane re-179 

sulted in a degree of chlorination of 99.7 % as determined by the disappearance of the SiH signal 180 

in the 1H NMR spectrum. The chlorination was used for the in situ functionalization of PMHS 181 

directly before the grafting of side chains, avoiding the need for purification by filtration as needed 182 

in the chlorination with trichloroisocyanuric acid.32 183 

Van Genabeek et al. reported the synthesis of monodisperse, low molecular weight PDMS by 184 

the repeated condensation of a oligo(dimethylsiloxane)s with silanol and chlorosilane chain ends, 185 

followed a reactivation of the chain ends for further condensation.34 The condensation product, 186 

hydrochloric acid, is trapped by the addition of pyridine.34 This concept is transferred towards the 187 

synthesis of bottlebrushes. The chlorosilane functionalized oligomer is replaced with PMClS as the 188 

electrophile and the silanol functionalized oligomer by a silanol terminated PDMS.  189 

The applicability of the reaction is demonstrated via the synthesis of three bottlebrushes with 190 

long, middle, and short side chains, i.e., with 155, 25, and 4 repeating units, respectively (Table 191 

1). Hereby, the long and middle side chains possess bulky tert-butyl end groups, whereas the short 192 

ones have slim SiH end groups. The grafting reaction results in similar grafting densities for the 193 

middle and long side chains and almost complete grafting for the shortest side chains. The molec-194 

ular weight of the fraction of unreacted polymer remains unchanged after the grafting reaction, 195 

compared to the ungrafted side chains, as seen on the chromatograms of the bottlebrush with the 196 

longest side chains in Figure 2. The other chromatograms and 1H NMR spectra can be found in 197 

Figure S1-S6 in the Supporting Information. The peak corresponding to the bottlebrush in the crude 198 

product mixture (black chromatograms) shows a low molecular weight tail. This part of the product 199 

mixture is removed after fractionation.  200 
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 201 

 

Figure 2. Differential Refractive Index (dRI) (down peak) and 90 ° Light Scattering (LS) (up 

peak) signal of the GPC-MALLS chromatogram on a relative scale for the single side chain 

(black), crude bottlebrush (blue), and fractionated bottlebrush (red) for the longest side chains. 

 202 

Table 1. Number average molecular weight, 𝑀𝑛, PDI, and the grafting density, 𝜌∗, of the three 

bottlebrush samples and their constituents. 

 

Name 
single chain 

𝑀𝑛 (g/mol) (PDI) 

bottlebrush 

𝑀𝑛 (kg/mol) (PDI) [𝜌∗] 

Short 298 (1.0) 95 (1.3) [89] 

Middle 1800 (1.2) 157 (1.1) [30] 

Long 11500 (1.1) 1106 (1.2) [41] 

Backbone-short 16500 (1.1) --- 

Backbone-middle/long 13500 (1.2) --- 

 203 

  204 
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Small-Angle Neutron Scattering 205 

A low concentration, Φ = 0.5%, of the bottlebrush polymers in deuterated cyclohexane is 206 

measured to identify the pure form factor, 𝑃(𝑄). For the sample, having the shortest side chains, 207 

𝑀𝑛
𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 = 298 g/mol (blue circles), two kinks appear, as seen in Figure 3 (blue circles). While 208 

the first one is located at 𝑄~0.01 Å-1, the second one is at 𝑄~0.2 Å-1. In the region between these 209 

two kinks an intensity dependence of 𝐼 ∝ 𝑄−1.7 is found. This power law of 1.7 suggests the pres-210 

ence of elongated shapes with a semi-flexible structure in good solvent conditions.4 Hereby, the 211 

first kink corresponds to the length, whereas the second one is attributed to the cross-sectional 212 

radius. With increasing side chain length, the second kink from 𝑄~0.2 Å-1 moves to smaller 𝑄 213 

(Figure 3, green squares), while the kink at lower 𝑄 stays the same. This effect is caused by an 214 

increase of the cross-sectional radius through the longer side chains, while the overall length of the 215 

polymer stays the same. Both together show the independent modification of length and cross-216 

sectional radius. Increasing the side chain length further to 𝑀𝑛
𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 = 11500 g/mol shifts both 217 

kinks even closer together resulting in a direct transition from low to intermediate 𝑄-values, which 218 

suggest the appearance of an almost spherical shape (Figure 3, red diamonds). 219 

All samples can be well described by the form factor, 𝑃(𝑄), for elongated bottlebrush polymers, 220 

equation (2). The resulting fit parameters are summarized in Table 2. 221 
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Figure 3. Scattering intensity, 𝐼(𝑄), vs. momentum transfer, 𝑄, of the three different PDMS-g-

PDMS bottlebrush polymers in d-cyclohexane. Solid lines represent the description with the 

form factor 𝑃(𝑄). For clarity, the data are shifted by a factor 𝑏 in y-direction. Blue circles  

𝑏 = 1, green squares 𝑏 = 50, and red diamonds 𝑏 = 5000. Error bars are within symbol size 

and omitted. 

 222 

Table 2. Contour length, 𝐿, radius, 𝑅, Kuhn length, ℓ𝑘, and blob size, 𝜉, of the three bottlebrush 

polymers. All errors are smaller than 1%. An additional table with the remaining fit parameters 

can be found in the Supporting Information.  

 

Name Short Middle Long 

Length 𝐿 (Å) 797.0 796.7 840.7 

Radius 𝑅 (Å) 4.8 8.7 47.2 

Kuhn length ℓ𝑘 (Å) 43.6 43.6 42.8 

Blob size 𝜉 (Å) 2.7 7.5 18.9 

 223 

The fit parameters illustrate the independence of the Kuhn length, ℓ𝑘, from the side chain length 224 

while the contour length, 𝐿, increases. This is a consequence of the attachment of the side chains, 225 

as those located at the extremities of backbone cause its extension. This effect exists for all three 226 

samples but is most evident for the bottlebrush with the longest side chain. Only the radius and the 227 



15 

 

blob size are substantially influenced by the side chain variation. The Kuhn length of PDMS-g-228 

PDMS seems to be significantly larger than the one of linear PDMS, ℓ𝑘
𝑃𝐷𝑆𝑀 = 13 Å.35 This obser-229 

vation appears to be a common feature shared by a variety of bottlebrush polymers if compared to 230 

their respective linear counterparts.4  231 

 232 

Broadband Dielectric Spectroscopy 233 

All samples, together with the single side chains, i.e., PDMS-g-PDMS bottlebrush and linear 234 

PDMS, have been measured with dielectric spectroscopy. Since PDMS is a so-called type B poly-235 

mer, dielectric spectroscopy has access to the segmental relaxation for the bottlebrush polymers 236 

and the single side chains, resulting in information about the segmental relaxation times, 𝜏𝑠. How-237 

ever, the majority of the dipole moments are located in the side chains; therefore, the segmental 238 

relaxation of the bottlebrush polymers is dominated by the side chains.  239 

This publication sets the focus on the pure segmental relaxation. However, the bottlebrush pol-240 

ymers also show the influence of the cold crystallization on the segmental relaxation, i.e., the 𝛼𝑐-241 

relaxation, as known for linear PDMS.36 This effect intensifies with increasing molecular weight 242 

of the side chains. In our samples, the 𝛼𝑐-relaxation is well pronounced only for the sample with 243 

the longest side chains, 𝑀𝑛
𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 = 11500 g/mol (Supporting Information Figure S8). For the 244 

other two samples, the crystallization is marginal due to the low molecular weight and does not 245 

allow to be extract a relaxation time. Since we are focusing on the pure segmental relaxation, the 246 

𝛼𝑐-relaxation will not be discussed further.  247 

The typical relaxation spectra obtained by dielectric spectroscopy for the PDMS-g-PDMS bot-248 

tlebrush polymers (top row) and the respective linear PDMS side chains (bottom row) are shown 249 

in Figure 4. 250 

 251 
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Figure 4. Imaginary part of the permittivity, 𝜖′′, vs. frequency, 𝑓, for the PDMS-g-PDMS bot-

tlebrush polymers (top) compared with the respective linear PDMS side chains (bottom). Top 

row: a1: 𝑀𝑛
𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 = 298 g/mol, b1: 𝑀𝑛

𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 = 1800 g/mol,  

c1: 𝑀𝑛
𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 = 11500 g/mol. Bottom row: a2: 𝑀𝑛 = 298 g/mol, b2: 𝑀𝑛 = 1800 g/mol,  

c2: 𝑀𝑛 = 11500 g/mol. Solid lines represent the best descriptions with Havriliak-Negami func-

tions.  

 252 

Here, in bottlebrush polymers as well as in the single side chains, a well pronounced relaxation 253 

peak is visible which shifts to higher frequencies with increasing temperature. This is associated 254 

with a decrease in relaxation time, 𝜏𝑠, which is the reciprocal value of the frequency at the peak 255 

maximum. The data can be well described with a combination of Havriliak-Negami functions.  256 

Normalizing the dielectric permittivity as well as the frequency to one allows to analyze the 257 

influence of the temperature on the shape of the relaxation peak (Figure 5). This comparison shows 258 

no effect of temperature on the segmental relaxation other than a changing relaxation time. This 259 

applies to all samples, regardless of the architecture of the polymer.  260 
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Figure 5. Normalized imaginary part of the permittivity, 𝑎 ⋅ 𝜖′′, vs. normalized frequency, 𝑏 ⋅ 𝑓, 

for the PDMS-g-PDMS bottlebrush polymers (top) compared with the respective linear PDMS 

side chains (bottom). Top row: a1: 𝑀𝑛
𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 = 298 g/mol, b1: 𝑀𝑛

𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 = 1800 g/mol,  

c1: 𝑀𝑛
𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 = 11500 g/mol. Bottom row: a2: 𝑀𝑛 = 298 g/mol, b2: 𝑀𝑛 = 1800 g/mol,  

c2: 𝑀𝑛 = 11500 g/mol. Solid lines represent the best descriptions with the Havriliak-Negami 

function. 

 261 

Differences arising from the onset of the crystallization are visible at the low frequency sides. 262 

In case of the short and middle side chain length, this little onset is not developed enough to perform 263 

an adequate analysis for the 𝛼𝑐-relaxation. In contrast, for the bottlebrush polymer and the single 264 

side chains with 𝑀𝑛
𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 = 11500 g/mol (Figure 5 c1 and c2) pronounced deviations, caused 265 

by the 𝛼𝑐-relaxation, are visible at the left side.  266 

The temperature independent shape of the 𝛼-relaxation peak simplifies the description of the 267 

data sets and allows to describe all temperatures by the HN model function. The parameters 𝛽 and 268 

𝛾 are hereby shared over all temperatures.11, 37 The associated fit values of the relaxation peak can 269 
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be found in the Supporting Information. Therefore, the relaxation time associated with each single 270 

temperature can be calculated from the shift factors used for the normalization. This leads to the 271 

Havriliak-Negami relaxation time, 𝜏𝐻𝑁, which is transformed to the relaxation time, 𝜏𝑠, connected 272 

to the position of the relaxation peak, by using equation (10). 273 

Figure 6 illustrates the relaxation time dependence on the reciprocal temperature, which is a 274 

more convenient way to compare the relaxation behavior of the different materials. Hereby the 275 

temperature dependence follows the empirical VFT-law (equation (11)). The resulting fit parame-276 

ters can be found in Table 3. 277 

All samples have in common that the relaxation time decreases continuously with increasing 278 

temperature. However, comparing the bottlebrush polymer with the respective side chains shows 279 

an increased relaxation time. This effect depends on the molecular weight of the side chains and 280 

disappears for sufficiently high 𝑀𝑛
𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛. For the shortest side chain length (Figure 6a) the re-281 

laxation times are slowed down by ~2.5 orders of magnitude and those for the middle side chains 282 

by ~1.5 orders of magnitude (Figure 6b). Upon increasing the side chain length further, to 283 

𝑀𝑛
𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 = 11500 g/mol, both samples, bottlebrush and single side chain, coincide over the en-284 

tire temperature range and no increase of the relaxation time is observable (Figure 6c).  285 

 286 

 287 

 288 

 289 

 290 
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Figure 6. Segmental relaxation time, 𝜏𝑠, vs. 1000/𝑇 for the PDMS-g-PDMS bottlebrush polymer 

compared with their respective single linear PDMS side chains.  

a) 𝑀𝑛
𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 = 298 g/mol, b) 𝑀𝑛

𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 = 1800 g/mol, c) 𝑀𝑛
𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛 = 11500 g/mol. Solid 

lines are the best description with the VFT equation. 

 291 

 292 

 293 
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Table 3. Fit parameter for describing the temperature dependence of the segmental relaxation 

times from PDMS-g-PDMS bottlebrush polymer and their respective single side chain.  

 

 Sample 𝜏∞ (s) 𝐴 (K) 𝑇0 (K) 

Bottlebrush 

Short (12.3 ± 2.3) ⋅ 10−13 508 ± 11 124.5 ± 0.3 

Middle (13.4 ± 3.9) ⋅ 10−14 602 ± 17 128.6 ± 0.4 

Long (4.6 ± 2.3) ⋅ 10−14 654 ± 23 126.0 ± 0.4 

Side Chain 

Short (23.1 ± 1.8) ⋅ 10−14 572 ± 4 118.8 ± 0.1 

Middle (92.3 ± 6.1) ⋅ 10−15 608 ± 4 126.7 ± 0.1 

Long (5.6 ± 1.3) ⋅ 10−15 759 ± 12 123.9 ± 0.2 

 294 

For each graph, the relaxation time of chains covalently bonded to a backbone is compared to 295 

those of linear chains with identical molecular weight. Strongest differences are observed in case 296 

of the lowest molar mass, equivalent to only four repeating units. Increasing the number of repeat-297 

ing units leads to a reduction of the differences in relaxation times, resulting in nearly overlapping 298 

VFT-graphs for the longest side chains. This is a strong indication that those segments in close 299 

proximity to the junction are affected the strongest, while there is less influence farther away from 300 

the backbone. This suggests a critical length above which segments have the same relaxation time 301 

as free chains. It may also suggest a gradual change from the inner to the outermost segments, that 302 

may even be considered as a gradient of relaxation times from strongly confined, at the junction, 303 

to free relaxation, equivalent to a linear chain. 304 

Segmental relaxation is always connected to the glass transition temperature, which can be 305 

defined as the temperature, at which the condition for the relaxation time 𝜏𝑠 = 100 s, i.e., 𝑇𝑔 =306 

𝑇(𝜏𝑠 = 100 s) is fulfilled.22 Extracted values for the single side chains, as well as for the respective 307 

bottlebrush polymers are summarized in Table 4. Here differences are visible, depending on the 308 



21 

 

architecture and the molecular weight. In general, the glass transition temperature of the bottlebrush 309 

polymers is above the respective single side chains but in the same region. This trend matches the 310 

differences in segmental relaxation times. Similar results were also found for different hetero- and 311 

homopolymer bottlebrushes.13, 38-39  312 

 313 

Table 4. Extracted glass transition temperature, 𝑇𝑔, from dielectric spectroscopy measurement 

for the single linear PDMS side chains and the respective bottlebrush polymers. 

 

 Sample 𝑇𝑔 (°𝐶) 𝑇𝑔 (𝐾) 

Bottlebrush 

Short −132.8 ± 0.2 140.4 ± 0.2 

Middle −127.0 ± 0.5 146.2 ± 0.5 

Long −128.6 ± 0.7 144.6 ± 0.7 

Side Chains 

Short −137.3 ± 0.1 135.8 ± 0.1 

Middle −128.8 ± 0.1 144.3 ± 0.1 

Long −128.9 ± 0.2 144.3 ± 0.2 

 314 

Therefore, the grafting process also increases the glass transition temperature, as expected by 315 

the slowed down segmental relaxation time. However, the temperature dependence of the relaxa-316 

tion times is still the same, independent of the architecture, which is in contrast to heteropolymer 317 

bottlebrush polymers.13  318 

 319 

Conclusion 320 

We have investigated the segmental relaxation behavior of PDMS-g-PDMS bottlebrush poly-321 

mers depending on the side chain lengths. Therefore, three bottlebrushes with different side chain 322 

molecular weights have been synthesized, whereby in all cases the backbone length was kept 323 
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constant. This results in increasing cross-sectional radii, investigated by small-angle neutron scat-324 

tering. The connected dynamical changes, inherent with the different side chain lengths, have been 325 

examined by broadband dielectric spectroscopy, measuring the segmental relaxation times, 𝜏𝑠. By 326 

comparing the segmental relaxation behavior of the bottlebrush polymers with the respective single 327 

side chains, an increase in the segmental relaxation times is visible. Hereby, the strongest effect is 328 

apparent in the sample with the shortest side chains. By increasing the side chain length, the effect 329 

of an increased 𝜏𝑠 decreases. Finally, for the sample with the longest side chains, the segmental 330 

relaxation times coincide over the whole temperature range. This effect of the increased relaxation 331 

times originates from the grafting process and is independent of the grafting density. Consequently, 332 

the glass transition temperatures of bottlebrush polymers can be approximated with equal or higher 333 

values compared to those for the linear polymers equivalent to the side chains.  334 
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