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S1. Effect of nonlinear deformation of bottlebrush blocks on domain structure and network 

elastic properties. 

Equilibrium Domain Spacing. Consider an LBL triblock copolymer consisting of linear L-blocks with the 

degree polymerization (DP) 𝑛𝐿 and bottlebrush B-block with backbone DP 𝑛𝑏𝑏. In the bottlebrush block, 

side chains with DP 𝑛𝑠𝑐 are attached to every monomer of the backbone such that the number of bonds 

between neighboring grafting point is 𝑛𝑔=1. The properties of the linear L-chains are characterized by the 

bond length (monomer projection length) 𝑙𝐿, Kuhn length 𝑏𝐿 and monomer pervaded volume 𝑣𝐿. For 

bottlebrush B-block, we assume that backbones and side chains are made of identical monomers with bond 

length 𝑙𝐵, Kuhn length 𝑏𝐵 and monomer pervaded volume 𝑣𝐵. Interactions between side chains stiffen 

bottlebrush blocks such that the effective Kuhn length of the bottlebrush block 𝑏𝑘 depends on the value of 

the crowding parameter, 𝛷,  describing the degree of mutual interpenetration between side chains and 

backbones of the neighboring bottlebrush macromolecules.31 The crowding parameter depends on the 

monomer excluded volume 𝑣𝐵, bond length 𝑙𝐵, Kuhn length 𝑏𝐵, DP of the side chains 𝑛𝑠𝑐 and volume 

fraction of the backbone monomers  

𝜑 =
𝑛𝑔

𝑛𝑔 + 𝑛𝑠𝑐
                                                                                (𝑆. 1) 

and has the following form  

Φ ≈
𝑣𝐵

(𝑙𝐵𝑏𝐵)3 2⁄

𝜑−1

𝑛𝑠𝑐
1 2⁄

                                                                    (𝑆. 2) 

For bottlebrush macromolecules the effective Kuhn length scales linear with the crowding 

parameter such as 

𝑏𝐾 ≈ 𝑏𝐵Φ/Φ∗           (S. 3)  

The crossover value of the crowding parameter Φ∗ ≈ 0.7 was determined from analysis of the 

renormalization of the effective Kuhn length of graft polymers in a melt.31 

  The composition of the triblock copolymers is characterized by the volume fraction of the L-blocks 

which is defined as follows  

𝜙𝐿 =
2𝑣𝐿𝑛𝐿

2𝑣𝐿𝑛𝐿 + 𝑣𝐵(𝑛𝑏𝑏𝑛𝑠𝑐/𝑛𝑔 + 𝑛𝑏𝑏)
=

2𝑣𝐿𝑛𝐿

2𝑣𝐿𝑛𝐿 + 𝑣𝐵𝑛𝑏𝑏/𝜑
                          (𝑆. 4) 

This defines the bottlebrush elongation ratio or the equilibrium distance between spherical 

aggregates as a function of the molecular parameters in the case of the nonlinear deformation of the 

bottlebrush block.  

Flory-like calculations of equilibrium size 2LB of the bottlebrush block connecting spherical 

domains of the linear B-blocks of the microphase separated immiscible L- and B-blocks results in the 

following nonlinear relationship34  
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𝛽3/2(1 + 2(1 − 𝛽)−2) = 𝐶𝑑 (
𝑅𝑔𝑙

𝑅𝑚𝑎𝑥
)

3 𝛾𝐿𝐵𝑏𝐾𝑅𝑚𝑎𝑥

𝑘𝐵𝑇
                          (𝑆. 5) 

for the bottlebrush block elongation ratio 

 𝛽 = 4𝐿𝐵
2 /𝑅𝑚𝑎𝑥

2       (S. 6) 

where Cd is a numerical constant which value depends on the symmetry of the domain structure,  LB is the 

surface tension of the LB-interface, ( )
1/3

3 / 4gl L LR v n = is the size of the collapsed linear block, 

max B bbR l n=  is the size of the fully extended bottlebrush backbone, kB is the Boltzmann constant and T is 

the absolute temperature.  

Deformation of Self-Assembled Bottlebrush Networks. The deformation of a polymer network 

undergoing uniaxial deformation is described by the following constitutive equation relating true stress with 

the network elongation ratio 𝜆:6,18 

𝜎𝑡𝑟𝑢𝑒 =
𝐸

9
(𝜆2 − 𝜆−1) (1 + 2 (1 −

𝛽𝐼1(𝜆)

3
)

−2

)                               (𝑆. 7) 

where 𝐼1(𝜆) = 𝜆2 + 2/𝜆 is the first deformation invariant. The structural Young’s modulus 𝐸 and strand 

elongation ratio 𝛽 are determined by the molecular architecture of the network strands and their 

concentration. For incompressible networks the structural shear modulus is related to the structural Young’s 

modulus 𝐸 as 𝐸 = 3𝐺.  The bottlebrush block elongation ratio  is given by eq S.6. Structural Young’s 

modulus of the network, 𝐸, is defined as  

𝐸 ≈ 𝐶1𝑘𝐵𝑇
𝜌𝐵𝜑

𝑛𝑏𝑏

𝑅𝑚𝑎𝑥

𝑏𝐾
𝛽(1 − 𝜙𝐿)                                                           (𝑆. 8) 

where C1 is a numerical constant on the order of unity accounting for a network topology. 

It is important to point out that the structural modulus is different from the Young’s modulus at 

small deformations (𝜆 → 1)  

𝑑𝜎𝑡𝑟𝑢𝑒

𝑑𝜆
|
𝜆=1

= 𝐸0 =
𝐸

3
(1 + 2(1 − 𝛽)−2)                                           (𝑆. 9) 

Thus, using equation S.8 and S.5 we find the following scaling relation for the Young’s modulus at small 

deformation in terms of the molecular parameters34  

𝐸0 ≈
𝛾𝐿𝐵𝑅𝑔𝑙

3

𝑅𝑚𝑎𝑥

𝜌𝐵𝜑

𝑛𝑏𝑏

(1 − 𝜙𝐿)𝛽−1 2⁄                                                       (𝑆. 10) 

Eq S.10 shows a good agreement with the experiment (fig. 3c).  
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Table S1: Mechanical parameters of tissues. All tissues are represented in Fig. 1d and Fig. 3b with 

highlighted entries selected for Fig. 1a. 

Label  Tissue 𝑬 (𝑷𝒂) (1) 𝜷 (1) 𝑬𝟎(𝒌𝑷𝒂) (2) Ref 

1 Porcine aorta 19800 0.67 127.8 35 

2 Dog lung 300 0.69 2.2 36 

3 Brain 60 0.75 0.7 37 

4 Blood vessel 3400 0.75 37.4 38 

5 Fetal membrane 1300 0.79 20.1 39 

6 Lens capsule 10800 0.90 723.6 40 

7 Heart muscle 20 0.96 8.3 41 

8 Human abdominal skin 1200 0.93 163.7 42 

9 Eel skin 7800 0.84 205.7 43 

10 Mice skin 2600 0.90 174.2 44 

11 Porcine skin parallel spine 5800 0.74 59.1 45 

12 Porcine skin perpendicular spine 10600 0.46 27.8 45 

13 Human alveolar wall 84 0.87 3.3 46 

14 Human vocal fold ligament 147 0.93 20.0 47 

15 Zonular filaments 69 0.92 7.2 48 

16 RA muscle fiber bundle 204 0.75 2.3 49 

17 Human single muscle fiber 2016 0.54 7.0 50 

18 Wild turkey muscle 441 0.90 29.5 51 

19 Human adipose tissue 7 0.96 3.0 52 

20 Pig belly slow rate 5457 0.45 13.8 53 

21 Artery adventitia A 348 0.91 28.8 54 

22 Porcine meniscus 23508 0.97 17421 55 

23 Thrombus 12 0.98 19.5 56 

24 Invertebral disk posterior  606 0.93 82.7 57 

25 Invertebral disk anterior 208 0.96 86.6 57 

26 Spinal cord 2724 0.84 71.8 58 

27 Porcine brain 1005 0.72 8.9 59 
 

(1) Structural modulus 𝐸 and strain-stiffening parameter  𝛽 are fitting parameters in eq. 1.  (2) Young’s 

modulus at small deformations which can be determined either as tangent of a stress-strain curve at 𝜆 = 1 

or from fitting equation eq. 2.   
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Table S2: Mechanical parameters of gels. All gels are represented in Fig. 1d and Fig. 3b with 

highlighted entries selected for Fig. 1b. 
 

Label  Gel (1) 𝑬 (𝒌𝑷𝒂) (2) 𝜷 (2) 𝑬𝟎(𝒌𝑷𝒂) (3) Ref 

1 Zwitterionic sulfobetaine 5.70 0.0041 5.7 60 

2 PAM/Surfactant 6.38 0.015 6.5 61 

3 PAM/Surfactant 16.5 0.036 17.3 61 

4 Synthetic elastin 263.9 0.02 271.1 62 

5 PDMA/Silica 1.49 0.008 1.5 63 

6 PEDOT/PSS 91.5 0.128 110.7 64 

7 PEDOT/PSS 30.8 0.077 34.4 64 

8 PAMAP/PAM  733.2 0.219 1047 65 

9 PAM 245.7 0.074 272.9 65 

10 Clay nanocomposite 1.36 0.005 1.4 66 

11 Bimodal PEG 2.82 0.163 3.6 67 

12 Polyrotaxane 9.41 0.033 9.8 68 

13 PNIPAM/Clay nanocomposite 77.1 0.005 77.5 69 

14 PAM/Clay nanocomposite 1435 0.002 1438 70 

15 Microfibrillated cellulose/Elastin  116.9 0.436 284.0 71 

16 PAM/Xanthan Gum 140.2 0.001 140.3 72 

17 PAM/Xanthan Gum 560.9 0.001 561.6 72 

18  ICE PAM/Alginate 105.5 0.026 109.3 73 

19 PAM/Alginate 75.8 0.259 117.4 74 

20 PAM/Alginate with Cations 112.8 0.029 117.4 75 

21 Iota-carrageenan/PAM 8.09 0.001 8.1 76 

22 Kappa-carrageenan/PAM 23.8 0.254 36.4 76 

23 PVA/PAM 74.2 - 74.2 77 

24 PDGI/PAM-PAA 48.6 0.007 49.1 78 

25 PDGI/PAM 44.9 0.007 45.4 78 

26 PAM/PAA 2.03 0.119 2.4 78 

27 Graphene/PAACA 6.58 0.042 6.9 79 

28 PAACA 2.15 0.114 2.5 79 

29 PNVP/PAA 12.3 0.297 20.7 80 

30 PAA/SAPS 106.5 0.038 112.2 81 
 

(1) Gel name represents the defining features and chemistry, for specifics please visit referenced literature.  
(2) Structural modulus 𝐸 and strain-stiffening parameter  𝛽 are fitting parameters in eq. 1. (3) Young’s 

modulus at small deformations which can be determined either as tangent of a stress-strain curve at 𝜆 = 1 

or from the fitting equation eq. 2. 
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Table S3: Structural and mechanical parameters of reported LBL PMMA-PDMS-PMMA. 
 

𝑺𝒂𝒎𝒑𝒍𝒆 𝒏𝒃𝒃
(1) 𝒏𝑳

(2) 𝝓𝑳
(3) 𝑬(𝒌𝑷𝒂)(4) 𝜷 (4) 𝑬𝟎(𝒌𝑷𝒂)(5) 𝒅𝟑 (𝐧𝐦)(6) 𝑫𝑳 (𝐧𝐦)(7) 𝒅𝟏 (𝐧𝐦)(8) 

Group 1  (𝒏𝒔𝒄 = 𝟏𝟒) 9) 

300-1/14 302 57 0.030 4.5 0.48 12.8 42.9 20.8 3.44 

300-2/14 302 117 0.059 5.5 0.56 20.4 45 25.5 3.45 

300-3/14 302 181 0.089 5.6 0.69 41.5 45.7 30.2 3.45 

600-1/14 602 295 0.074 2.9 0.30 4.9 NA NA NA 

600-2/14 602 351 0.087 3.6 0.35 6.9 NA NA NA 

600-3/14 602 677 0.155 4.4 0.42 10.1 NA NA NA 

600-4/14 602 803 0.179 5.0 0.51 15.3 NA NA NA 

900-1/14 938 190 0.032 3.3 0.29 5.4 55.5 24.3 3.48 

900-2/14 938 325 0.053 3.6 0.33 6.5 59.3 32.3 3.44 

900-3/14 938 656 0.102 4.7 0.45 11.8 78.8 50.9 3.42 

900-4/14 938 1235 0.177 6.2 0.67 39.3 141 NA 3.43 

1200-1/14 1065 360 0.052 3.3 0.26 5.1 66.4 33.4 3.56 

1200-2/14 1065 480 0.068 3.8 0.30 6.4 79.1 42.8 3.56 

1200-3/14 1065 810 0.110 3.9 0.36 7.8 77.4 45.7 3.55 

Group 2  (𝒏𝒔𝒄 = 𝟕𝟎) 9) 

100-1/70 112 105 0.029 12.8 0.71 106.2 28.5 12.0 7.10 

100-2/70 112 131 0.036 11.0 0.76 130.0 33.8 15.3 7.06 

100-3/70 112 185 0.050 6.12 0.84 155.7 37.1 18.7 7.05 

300-1/70 296 156 0.017 1.07 0.77 13.3 71.05 24.8 7.15 

300-2/70 296 285 0.030 1.05 0.80 18.3 69.97 29.7 7.10 

300-3/70 296 507 0.052 0.80 0.85 24.8 90 45.9 7.03 

300-4/70 296 754 0.075 0.75 0.91 55.7 113 65.3 7.06 

450-1/70 447 288 0.020 1.32 0.71 11.2 66.3 24.6 6.95 

450-2/70 447 604 0.041 1.49 0.78 20.4 84.5 39.9 6.94 

450-3/70 447 772 0.052 1.16 0.81 22.3 82.2 42.0 6.93 

450-4/70 447 894 0.060 1.29 0.82 26.3 102.2 54.6 6.90 
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(1) Degree of polymerization (DP) of bottlebrush block backbone determined by 1H-NMR and verified by 

AFM (Fig. S6,8). (2) DP of PMMA linear block by 1H-NMR (Fig. S7). (3) Volume fraction of L-block 

calculated using 𝜙𝐿 =  (2𝑛𝐿𝑀𝑀𝑀𝐴/𝜌𝑀𝑀𝐴) (2𝑛𝐿𝑀𝑀𝑀𝐴/𝜌𝑀𝑀𝐴 + 𝑛𝑏𝑏𝑀𝑠𝑐/𝜌𝑃𝐷𝑀𝑆)⁄  where 𝜌𝑃𝑀𝑀𝐴 =
1.15 𝑔 𝑐𝑚3⁄ , 𝜌𝑃𝐷𝑀𝑆 = 0.96 𝑔 𝑐𝑚3⁄ , 𝑀𝑀𝑀𝐴 = 100𝑔/𝑚𝑜𝑙 and where 𝑀𝑠𝑐 = 1024 𝑔/𝑚𝑜𝑙 and 𝑀𝑠𝑐 =
5227 𝑔/𝑚𝑜𝑙 are the respective molar masses of Group 1 and 2 macromonomers measured by NMR. (4) 

Structural modulus and strain-stiffening parameter obtained by fitting stress-strain curves with eq. 1. (5) 

Young’s modulus from eq 2. (6) Position of the main interference peak (see text for details). (7) Diameter of 

PMMA spherical domains is determined from the form-factor of spheres (𝑑2). (8) Position of bottlebrush 

scattering caused by the electron-density contrast between the brush backbone and that of the side chains. 
(9) Effective DP of PDMS side chains determined as 𝑛𝑠𝑐 = 𝑀𝑠𝑐 𝑀0⁄  where 𝑀0=74 g/mol is molar mass of 

PDMS monomer. 
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Figure S1: True stress-elongation curve profiles of 𝑛𝑠𝑐 = 70 LBL plastomer series. (a) 33-x/70 (b) 100-

x/70 (c) 300-x/70 (d) 450-x/70. 

 
 

Figure S2: (A) Cyclic loading-unloading curves of 1200-3/14. Stress-strain curves reveal the 

emergence of a hysteresis at 𝜆 ≈ 0.6𝜆𝑚𝑎𝑥. (B) Hysteresis energy as a function of elongation, 

inset: normalized hysteresis.  
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Figure S3:  Stress-elongation curves of a pure 300/70 plastomer sample diluted with increasing weight 

fractions of free bottlebrush and cast from THF, which highlights decoupling 𝐸0 and 𝛽 as summarized in 

the table. 
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Figure S4: Leachability of samples into aqueous medium. (A) 1H-NMR of aqueous extract from a 

commercial silicone gel used in breast implants monitored over a month (400 MHz, CDCl3): 4.70 (Residual 

H2O), 1.17, 0.01 (unidentified extract).  (B) 1H-NMR of aqueous extract from a 300-1/70 sample monitored 

over a month (400 MHz, D2O): 4.70 (Residual H2O), 2.09 (Residual acetone). 
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Figure S5: 1H-NMR of LBL plastomer at different stages of synthesis. (400 MHz, CDCl
3
): 6.12, 5.57 

(CH
2
=C(CH

3
)C=O, PDMS macromonomer, s, 1H), 4.12 (CO-OCH

2
-, PDMS macromonomer, t, 2H), 0.55 

(-CH
2
-(Si(CH

3
)

2
-O)

n
-CH

2
-CH

2
-, PDMS macromonomer and bottlebrush mixture, m, 4H) 0.09 (-(Si(CH

3
)

2
-

O)
n
-, PDMS macromonomer and bottlebrush mixture, s, 438H).

 
𝐶𝑜𝑛𝑣𝑃𝐷𝑀𝑆 =

([𝐴𝑟𝑒𝑎(𝑎 + 𝑎′)/438] − [𝐴𝑟𝑒𝑎(𝑑)/1]) [𝐴𝑟𝑒𝑎(𝑎)/438]⁄  = 79%. Peaks c' and 1 set of 2H b' for 

bottlebrushes with 𝑛𝑠𝑐 = 70 do not show on NMR in CDCl
3
 in contrast to 𝑛𝑠𝑐 = 14 bottlebrushes. For 

PMMA-PDMS-PMMA plastomer (400 MHz, CDCl
3
): 3.62 (COO-CH

3
, s, 3H), 0.55 (-CH

2
-(Si(CH

3
)

2
-O)

n
-

CH
2
-CH

2
-, m, 2H) 0.09 (-Si(CH

3
)

2
-, s, 438H). 𝑛𝐿 = [𝐴𝑟𝑒𝑎(𝑒′)/3] [𝐴𝑟𝑒𝑎(𝑎)/438]⁄ ∗ 𝑛𝑏𝑏 where 𝑛𝑏𝑏 =

𝐶𝑜𝑛𝑣𝑃𝐷𝑀𝑆 ∗
[𝑀]

[𝐼]
= 79% ∗ 375 = 296. Subsequent washing with PDMS anti-solvent acetone and PMMA 

anti-solvent hexane yields acetone soluble PMMA homopolymer and hexane soluble PDMS bottlebrush 

respectively. 
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Figure S6: 1H-NMR of PDMS bottlebrush B-blocks. Unpurified growth of 𝑛𝑠𝑐 = 70 PDMS brushes (400 

MHz, CDCl
3
): 6.12, 5.57 (CH

2
=C(CH

3
)C=O, PDMS macromonomer, s, 1H), 4.12 (CO-OCH

2
-, PDMS 

macromonomer, t, 2H), 0.55 (-CH
2
-(Si(CH

3
)

2
-O)

n
-CH

2
-CH

2
-, PDMS macromonomer and bottlebrush 

mixture, m, 2H) 0.09 (-(Si(CH
3
)

2
-O)

n
-, PDMS macromonomer and bottlebrush mixture, s, 438H). For series 

300-x/70, 𝐶𝑜𝑛𝑣𝑃𝐷𝑀𝑆 = ([𝐴𝑟𝑒𝑎(𝑎 + 𝑎′)/438] − [𝐴𝑟𝑒𝑎(𝑑)/1]) [𝐴𝑟𝑒𝑎(𝑎)/438]⁄  = 79% ; 𝑛𝑏𝑏 =

𝐶𝑜𝑛𝑣𝑃𝐷𝑀𝑆 ∗
[𝑀]

[𝐼]
= 79% ∗ 375 = 296. 
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Figure S7: 1H-NMR of LBL PMMA-PDMS-PMMA triblock copolymers. (400 MHz, CDCl
3
): 3.62 (COO-

CH
3
, s, 3H), 0.55 (-CH

2
-(Si(CH

3
)

2
-O)

n
-CH

2
-CH

2
-, m, 2H) 0.09 (-Si(CH

3
)

2
-, s, 438H). 𝑛𝐿 =

[𝐴𝑟𝑒𝑎(𝑒′)/3] [𝐴𝑟𝑒𝑎(𝑎′)/438]⁄ ∗ 𝑛𝑏𝑏. (A) 33-x/70 series (B) 100-x/70 series (C) 300-x/70 series (D) 450-

x/70 series. 
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Figure S8: Atomic Force Microscopy of brush blocks. Height micrographs of PDMS bottlebrush blocks 

deposited on mica by Langmuir-Blodget technique for series (A) 100-x/70 (B) 300-x/70 (C) 450-x/70. 

Where 𝑛𝑏𝑏 is determined by AFM as 𝐿𝑛 𝑙0⁄  where 𝐿𝑛 is number average measured bottlebrush contour 

length via AFM and 𝑙𝑜= 0.25 nm is the length of bottlebrush backbone monomeric unit. Bottlebrush 

dispersity, Đ = 𝑀𝑤 𝑀𝑛⁄  is calculated from analysis of > 300 molecules. 
 

 

Figure S9: Composite of LBL X-ray spectra. (a) 𝑛𝑠𝑐 = 14 and (b) 𝑛𝑠𝑐 = 70 plastomers from Table S3.  
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