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EXPERIMENTAL SECTION

Materials We purchased poly(methyl methacrylate) (PMMA) (Mw = 92,000 

g/mol, Mw/Mn = 1.06), deuterated PMMA (dPMMA; Mw = 106,000 g/mol, Mw/Mn = 1.60) and 

polystyrene (PS) (Mw = 7,100,000 g/mol, Mw/Mn = 1.15) from Polymer Source Inc. (Dorcal, 

Quebec, Canada). All solvents were purchased from Sigma Aldrich (St. Louis, Missouri, USA).

Silicon (Si) substrate preparation. Polished 3” and 4” Silicon (Si) substrates (100) wafers 

were purchased from Shin-Etsu (Tokyo, Japan). Their surfaces were rinsed with deionized (DI) 

water. After drying, they were exposed to UV/ozone (UV/Ozone ProCleaner, BioForce 

Nanoscience, Ames, IA) to remove remaining organic contamination. Next, 

the substrates were immersed in about 20 ml of diluted hydrofluoric acid (HF) solution (H2O: 

HF=10:1) to etch the oxide layer. The etched wafers were then thoroughly cleaned with DI 

water, followed by blowing with a N2 gas stream.

Polymer multilayers for diffusion dynamics study The PS and (d)PMMA were dissolved in 

1-chloropentane and toluene, respectively, at the various concentrations to obtain the desired 

thicknesses. The solutions were filtered through PTFE membranes (1 and 0.5 µm, Milipore, 

Billerica, MA, USA). First, the UV/ozone was exposed to the wafer surfaces for 90 min in 

advance. The dPMMA solution were spin-coated on UV/ozone-treated hydrophilic 4” Si wafer. 

In addition, the PS solution at the concentration of 2.5 mg/ml was spun-cast on the 3” Si slabs 

(5 mm thick) at 2,500 rpm. The multilayers were dried in a vacuum oven at room temperature 

overnight to remove any excess solvent trapped in the films. The thicknesses of films were 

checked by an Ellipsometer (SE MG-1000 UV, Nano-View Co., Ltd., Korea) in advance to 

compare with the neutron reflectivity results. The dPMMA thin films were carefully floated on 

DI water surface. These were then transferred onto the PS thin film on the HF-etched Si 
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surfaces (denoted as a dPMMA/PS/Si). These bilayer samples were dried in a vacuum at room 

temperature for 24 h. For the bilayer of PS/PMMA, the PMMA solution were spin-coated on 

UV/ozone-treated substrate in advance. Then, the PS solution in 1-chloropentane (2.5 mg/ml) 

was directly spin-coated on the prepared PMMA surface. Direct spinning is possible because 

1-chloropentane is a good solvent for the PS but a poor solvent for the PMMA.1 Similarly, the 

bilayer of PS/PMMA was floated on DI-water surface. Subsequently, the prepared 

dPMMA/PS/Si sample was juxtaposed to the PMMA/PS thin film at the air-water interface, 

followed by transferring in horizontal contact, resulting in a multilayer of 

PS/PMMA/dPMMA/PS/Si. The samples were kept in a vacuum desiccator.

Construction of Simulation Systems We perform a series of coarse-grained simulations with 

a general polymer model that were employed in previous studies.2-6 A polymer chain is 

modeled with beads that are connected via harmonic bonding potential , 𝑈𝑏 =  𝐾𝑏(𝑟 ― 𝑟0)2

where  and . Here, r and r0 denotes the length between bonded 𝐾𝑏 = 1000𝜀/𝜎2 𝑟0 = 1𝜎

monomers and desired bond length. σ and ε denote the unit of length and energy in our 

simulations. The degree of polymerization of the polymer chains in our simulations is fixed at 

128. Since the entanglement length of the polymer model is known to 82 7, polymer chains in 

our simulations may entangle each other to some extent. The non-bonding interactions between 

monomers are described via a truncated and shifted Lennard-Jones potential 𝑈𝛼𝛽(𝑟) = 4𝜀𝛼𝛽

 and  and . Here, the [(𝜎
𝑟)12

― (𝜎
𝑟)6] ― 𝑈𝑐 (𝑟 <  𝑟𝑐) 𝑈𝛼𝛽(𝑟) = 0 (𝑟 > 𝑟𝑐) 𝑈𝛼𝛽(𝑟) = 0 (𝑟 > 𝑟𝑐)

cut-off distance rc is . α and β denote the types of monomers, and 𝑟𝑐 = 2.5𝜎 𝑈𝑐 = 4𝜀𝛼𝛽

. We model PS as type A polymers (upper and lower layers, Figure S1, blue) [(𝜎
𝑟𝑐)

12
― (𝜎

𝑟𝑐)
6]

and PMMA as type B polymer (center layers, Figure S1, red). To make type A and B polymers 
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interact repulsively, the interaction parameters are determined as , , and 𝜀𝐴𝐴 =  1 𝜀𝐵𝐵 =  1 𝜀𝐴𝐵

. We introduce 64 type A and 128 type B polymer chains to build simulation systems.  =  0.5

Two potential walls at the upper and lower bounds of the simulation systems are applied in 

order to confine the polymer film. The walls and type A polymers interact via purely repulsive 

Weeks-Chandler-Andersen potential.8 We apply periodic boundary condition in x and y 

directions of the simulation box. The dimensions of the simulation box are fixed to be 20  in  𝜎

x,y direction and 76  in z direction. The number density of monomers is 0.8. 𝜎

Molecular dynamics Simulations. We propagate our simulation systems with molecular 

dynamics (MD) simulations by using LAMMPS simulation package.9 We equilibrate our 

systems following two steps. First, we carry out MD simulations with a relatively high 

temperature of  until the mean-square displacement of the chain reaches the radius of 𝑇 =  2

gyration of bulk polymer chains ( ). Then, we decrease the temperature down to 𝑅𝑏𝑢𝑙𝑘
𝑔  =  5.8

 and perform additional MD simulations until the potential energy of the systems 𝑇 =  1

converges. Velocity Verlet algorithm with a timestep of 0.01 is employed for all simulations. 

Temperature is fixed at 1 for the production simulations by applying Nosé-Hoover thermostat, 

which is higher than .10 We obtained 3 independent trajectories from different 𝑇𝑔 =  0.43

initial configurations.

Neutron reflectivity (NR). Specular NR technique was used to measure the interfacial 

structures of PS/PMMA/dPMMA/PS multilayers during annealing. The measurements were 

conducted by using an NG7 reflectometer at the Cold Neutron Facility of the National Institute 

of Standards and Technology (NIST) (Gaithersburg, MD, USA) with a monochromatic beam. 

The wavelength (λ) is 4.76 Å and Δλ/λ is ∼0.025. The NR data were corrected as a function 

of momentum transfer, qz (~4π/λsinθ), where θ and λ are the grazing angle and wavelength of 

the incident neutron beam, respectively.The width of the vertical slits was gradually opened as 
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a function of qz, in order to keep the resolution constant, Δqz/qz ≈ 0.03. The horizontal slit width 

was fixed as 30 mm. We also utilized a sample environment equipment, that is, specially-

designed heating vacuum chamber with sapphire windows for neutron beam. in-situ NR 

measurements were then performed during annealing at 145 ℃ and in the vacuum at 10-6 torr 

or less. The foot print correction and background reduction were proceeded for the obtained 

reflectivity profiles. The NR data were fitted to reflectivity profiles calculated from the one-

dimensional Schrödinger's equation of potential by the scattering length density (SLD) profile 

model.11 These computational profiles were computed by using a Levenberg–Marquardt 

nonlinear least-squares method12, 13 by adjusting the thickness, SLD, and interfacial width of 

the unknown layers with a least-squares statistic (χ2). Rg of the dPMMA (Mw = 106 kg/mol) 

was calculated to be 8.4 nm according to the following equation.14

[𝑅2
𝑔] =

𝑏2𝑁
6 =

[𝑅2]
6 =

𝑏2𝑀𝑤/𝑀0

6  

where b is monomer length of the PMMA (b = 0.66 nm) and M0 is the molar mass of a monomer 

unit (108.12 g/mol).

Bulk diffusion coefficient Our diffusion results were compared to the bulk diffusion 

coefficient of PMMA reported by Kunz and stamm, that is, Dbulk = 0.215 1018 cm2 s-1 at 130 ×

℃.15 They used a molecular weight of PMMA (85 kDa) similar to our high molecular weight 

(92 kDa). However, since the temperature (130 ℃) of the previous study was different from 

our diffusion temperature (145 ℃), we applied Williams–Landel–Ferry (WLF) equation to 

calculate Dbulk for 145 ℃16,

log (𝐷(𝑇0)
𝐷(𝑇1)) =

―𝐶1(𝑇 ― 𝑇0)
𝐶2 + 𝑇 ― 𝑇0

 

where, C1 = 11.9, and C2 = 69 K.17 Dbulk is calculated to be 0.551×1017 cm2 s-1 at 145 ℃. This 

is similar to our diffusion coefficients of thick films.
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Table S1. Thickness of each layer consisting of PS/PMMA/dPMMA/PS from the NR results. 

Symmetry geometry sample

dPMMA thick (Rg) Bottom PS (Å) dPMMA (Å) PMMA (Å) Top PS (Å)
PS/PMMA

Interface width
(Å)

2.1 182 177 170 188 26

4.4 198 368 319 196 26

5.0 178 420 429 150 20

6.5 184 544 484 187 27

8.5 184 713 747 190 28

Asymmetry geometry sample

dPMMA thick (Rg) Bottom PS (Å) dPMMA (Å) PMMA (Å) Top PS (Å)
PS/PMMA

Interface width
(Å)

1.2 191 98 1069 191 23

2.4 180 205 984 180 29

3.6 186 299 819 202 13

4.9 202 413 772 193 24

6.0 182 503 621 205 25

7.0 198 587 548 199 25
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Table S2. Fitting parameter of the Neutron reflectivity measurement results with symmetric/asymmetric sample 
of PS/PMMA/dPMMA/PS. 

Symmetry geometry sample

2.1 Rg 4.4 Rg 5.0 Rg 6.5 Rg 8.5 Rgt
(min) σ

(Å) Х2
t 

(min) σ
(Å) Х2

t
(min) σ

(Å) Х2
t

(min) σ
(Å) Х2

t
(min) σ

(Å) Х2

0 66.1 0.99 0 67.2 0.70 0 4 0 0 49.6 0.91 0 36.8 1.36
40 85.6 1.18 42 93.0 0.97 42 23.4 70 60 53.2 1.71 70 43.5 1.19
80 105 1.29 95 108 1.89 95 27.7 140 120 58.2 4.32 140 53.6 1.65
120 125 1.12 140 131 2.4 140 30.6 280 180 66.8 4.01 280 68.0 1.51
160 135 0.71 185 145 0.90 185 33.8 350 240 66.8 4.01 350 73.9 1.81

230 164 0.93 230 37.2 420 300 74.1 3.54 420 84.0 0.91
275 186 0.90 275 41.5 490 360 79.0 3.4 490 90.7 0.87
320 207 1.08 320 44.7 560 420 87.5 2.56 560 94.1 0.89
365 191 0.78 365 47.6 2.98 480 91.4 2.83
410 218 0.84 410 47.6 2.54 540 96.5 3.04
455 222 0.70 455 47.9 2.40 600 102 3.20
500 245 1.3

Asymmetry geometry sample

1.2 Rg 2.4 Rg 3.6 Rg 4.9 Rg
t (min)

σ (Å) Х2
t (min)

σ (Å) Х2
t (min)

σ (Å) Х2
t (min)

σ (Å) Х2

0 29.6 3.50 0 12.0 3.46 0 15.3 3.27 0 4.02 2.60
37 41.7 3.42 37 20.8 1.56 37 19.6 1.80 37 28.1 2.99
74 53.4 3.79 74 24.7 1.42 74 21.4 1.77 74 39.0 2.94
111 73.4 3.46 111 27.3 1.42 111 22.5 1.72 111 48.0 3.16
148 80.2 4.44 148 29.4 1.74 148 23.3 1.77 148 54.5 3.17

185 32.2 1.98 185 25.1 1.72 185 61.5 2.95
222 34.7 1.88 222 26.0 1.80 222 67.5 2.83
259 36.7 1.83 259 26.6 1.64 259 72.0 2.83
296 39.5 2.18 296 28.0 2.01 296 76.8 2.73
333 41.5 2.16 333 28.6 2.10 333 78.8 2.49
370 43.6 2.25 370 29.4 1.86 370 82.8 2.46

407 30.1 2.09
444 30.7 2.09
481 32.5 2.08
518 33.2 2.23
555 33.7 2.21

6.0 Rg 7.0 Rgt
(min) σ

(Å) Х2
t

(min) σ
(Å) Х2

0 6.0 4.08 0 24.0 4.33
- - - 37 37.1 3.59

74 41.5 4.48 74 47.2 3.47
111 59.4 4.13 111 56.1 3.45
148 68.2 4.16 148 64.2 3.43
185 75.0 3.85 185 70.2 3.43
222 81.7 3.85 222 76.1 3.27
259 81.7 3.81 259 82.5 3.27
296 87.0 3.82 296 86.5 3.29
333 93.3 3.60 333 92.0 3.24
370 98.6 3.60 370 92.9 3.54
407 100 3.60
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Figure S1. Representative snapshot of our simulations. Blue layers represent type A polymers that mimic PS and 
the red center layer represent type B polymers that mimic PMMA. 
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