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Abstract

This supporting document includes information on sample preparation, characterization

of PGNP membranes and substrates, information on measurement techniques such as atomic

force microscopy, which was used to investigate the evolution of surface morphology of bilayer

samples. The details of molecular dynamics simulation performed on bilayer systems with

snapshots of the nanoparticle penetration, are also provided here.
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Sample preparation

All experiments are carried out on a ultra-thin layer of polystyrene grafted gold nanoparticles

(PGNPs) transferred on polymer substrates. PGNPs were synthesized through a modified

grafting-to-method as given in the literature. As synthesized particles are dried under vac-

uum and characterized through various techniques to remove any traces of solvent, and

characterized through a palette of techniques to measure their overall size, core size, density

of grafted polymers, and the glass transition temperature of the respective membranes. The

UV visible spectroscopy of PGNPs are shown in Fig. S1(a). PGNPs are characterized using

Transmission Electron Microscopy (TEM), Thermo Gravimetric Analysis (TGA) and Small

Angle X-ray Scattering (SAXS). NP core size is deduced from TEM. TEM images of PGNPs

with graft molecular weight Mw = (3 kD), and (53kD) is given in figure S1(b)-(c). The

distribution of the core sizes of respective PGNPs were shown aside of the images.

300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
o

rm
a
li
s
e
d

 A
b

s
o

rb
a
n

c
e

Wavelength (nm)

 PGNP_3k

 PGNP_53k

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
0

1

2

3

4

5

6

 

 

C
o

u
n

ts

Bin Centers(nm)

PGNP3k

R=0.74nm

0.7 0.8 0.9 1.0 1.1 1.2 1.3

0

1

2

3

4

5

6

7

8

 

 

PGNP53k

R=1nm

C
o

u
n

ts

Radius(nm)

1(a)

1(b)

1(c)

Figure 1: a) Absorption spectra of PGNP-S and PGNP-L collected using UV-visible spec-
troscopy. TEM images of b) PGNP-S and c) PGNP-L. The size distribution of respective
PGNPs were shown aside of the images.
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Characterization of PGNPs

TGA (Figure S2(a)) was performed to deduce the mean weight fraction of Au core and PS

corona in the PGNPs. Grafting density of PGNPs were estimated using Au fraction from

TGA and core size from TEM. We SAXS (Bruker, Nanostar Germany) to measure the overall

PGNP size combining both the core and the polystyrene shell. SAXS profiles (intensity vs

wave vector) of powder samples of different PGNPs, shown in (Figure S2(b)) captures the

structure factor peak characterizing the mean separation between two neighboring PGNPs,

which is equivalent to the diameter of the PGNP in powder form.
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Figure 2: a) TGA and b) SAXS data of all PGNPs. All symbols are defined in respective
panels.
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Preparation of supported PGNP membranes
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Figure 3: X-ray reflectivity and respective fits (red curve) used for estimation of polymer
substrate thickness.
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Figure 4: Iso curve of monolayer of (a)PGNP3k and (b)PGNP53k. surface pressure vs area.
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Figure 5: AFM images of as transferred S-50k and L-50k with grain size histograms. The
grain radius is estimated from the histogram.

Table 1: Specifications of PGNPs and constituting monolayer

PGNP Mw of shell rAu hs rc

[kDa] [nm] [nm] [nm]
S 3 1.7 1.6 26
L 53 0.9 4.4 19

Here rAu: radius of Au core with error of 0.4 nm, hs: shell thickness with error of 0.6 nm,
rc: radius of PGNP cluster with error of 3. Naming of monolayer: S - small molecular
weight, 3 kDa; L - large molecular weight, 53 kDa. Sample naming is adapted from our

earlier work.1

S-50k_AFM and SEM comparison

300K
373K

Same scale in all images

393K

Figure 6: SEM and AFM images of S-50k at a) T = 300 K, b) T = 373 K and c) T = 393
K.
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Controlled experiment of Temperature and time dependent AFM

imaging to see the penetration of nanoparticles from the structural

changes on the surface

We have done the temperature dependent AFM in the presence of N2 gas flow. The tem-

perature is increased at the rate of 1 degree/min. Temperature induced structural changes

for L-50k and L-PtBA samples are given in Fig. S7 and S8. As temperature of the system

increases towards substrate Tg, the grains are penetrating into the bottom membrane and

the surface is becoming smooth like a pure polymer surface. So, we have done the controlled

experiment near the transition temperature of the membrane to compare the entropic and

enthalpic effect on penentration of PGNPs. We have also quantify the normalised height

vs temperature for all the samples and fitted with sigmodal function to get the transition

temperature.
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Figure 7: The AFM images of L-50k with temperatures.
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Figure 8: The AFM images of L-PtBA with temperatures.

3D View of AFM images and comparison of surface height with

temperature and time

To understand the effect of entropic and enthalpic barrier on penetration of PGNPs, We

have collected AFM images at regular time intervals near the transition temperature (Fig.

S9-S12). On comparing S-50k and L-50k at T = 363 K (Fig. S9 and S10), we can see

that PGNP penetration is faster in L-50k as compared to S-50k. On the other hand, for

PtBA based samples we observe that the grains in L-PtBA is penetrating slower than that

of S-PtBA (Fig. S11 and S12). In figure S12, the comparison of surface height histograms

are given.
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L-50k , 358K (t = 0sec)

L-50k , 368K (t = 6hrs)L-50k , 363K (t = 6hrs)L-50k , 358K (t = 6 hrs)

L-50k , 368K (t = 0sec)L-50k , 363K (t = 0sec) L-50k , 373K (t = 0sec)

L-50k , 373K (t = 6hrs)
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h)f)
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Figure 9: AFM 3D view of L-50k. The temperature and timescales are mentioned in the
figure.
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Figure 10: AFM 3D view of S-50k. The temperature and timescales are mentioned in the
figure.
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S-PtBA, 325K (t=0 sec)

S-PtBA, 325K (t= 6 hrs)

L-PtBA, 328K (t = 0 sec) L-PtBA, 338K (t = 0 sec)

L-PtBA, 328K (t  = 6 hrs) L-PtBA, 338K (t = 6 hrs)

(a)

(b) (d)
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(f)

Figure 11: AFM 3D view of S-PtBA a) T = 324 K (t = 0 hrs), b) T = 324 K (t = 6 hrs),
c) L-PtBA, T = 328K (t=0 hrs), d)T = 328K (t = 6 hrs), e) L-PtBA, T = 338K (t=0 hrs)
f) T = 338K (t = 6 hrs).

S-PtBA (333K)(t = 0sec) S-PtBA (333K)(t = 6hrs )

L-PtBA (333K)(t = 0sec) L-PtBA (333K)(t = 6hrs 

)

(a)

(c)

(b)

(d)

Figure 12: AFM 3D view for S-PtBA a) T = 333 K (t = 0 hrs), b) after (t = 6 hrs), c) for
L-PtBA T = 333 K (t=0 hrs), d) after (t = 6 hrs).

Comparison of height histogram at similar timescales

To compare the penetration of nanoparticles into the bottom bulk polymer, we have shown

the height histogram with temperature for both the systems.
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Figure 13: The height histogram of a) S-50k at temperature 343K and 373K and b) S-PtBA
at temperature 303K and 333K. The temperature mentioned in the figure.

The height histogram for all the samples at time evolution. We can clearly see the height

as well as width are changing with time.
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Figure 14: The height histogram of a) S-50k at temperature 368K b) L-50k at 358K c)
L-PtBA at 333K and d) S-PtBA at temperature 333K. The temperature and timescales are
mentioned in the figure.
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Figure 15: The height histogram of a) S-50k, b) L-50k, c) S-PtBA, and d) L-PtBA. The
temperature and timescales are mentioned in the figure.

Relaxation time of pristine polymers
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Figure 16: The rms roughness obtained from AFM images as a function of time for pristine
polymer a) PS50k and b) PtBA100k. The temperatures are mentioned in the figure. The
solid line is the fit using exponential decay function.

The rms roughness obtained from AFM images as a function of time for pristine polymers

are shown in Fig. S13. We find that roughness decays exponentially with temperature.

The surface height as a function of time

Here we have shown the temporal evolution of surface normalised height (h(t)/h(t0)) of

bilayer films at different temperatures. On comparing PS based samples, it is very clear that
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the penetration of PGNPs is faster in L-50k than that of S-50k. On contrary, the behavior

is opposite in PtBA based samples, the penetration is slower in L-PtBA as compared to

S-PtBA.
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Figure 17: The surface height as a function of time for a) S-50k, b) L-50k, c) S-PtBA, and
d) L-PtBA.

Comparison of percentage of penetration
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Figure 18: The percentage of penetration, ∆h as a function of T/Tg for bith PS based and
PtBA based samples.
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To quantify the penetration of PGNPs into the bulk, we estimate the percentage of pene-

tration, ∆h, using the following relation,

∆h(T ) =

[
h(T = 303K, t = 0)− h(T, t = 6hrs)

h(T = 303K, t = 0)

]
∗ 100, (1)

An overall increase in the percentage of penetration with temperature is observed for all

samples, as expected (Fig. S15). Within PS based samples PGNP penetration is faster in

L-50k and the trend is opposite in PtBA based samples.

MD simulation

Bottom layer polymer chains

Graft polymer chains

Tether monomer

Nanoparticle core

Figure 19: Snapshot of simulation system: monolayer of polymer grafted nanoparticles rest-
ing on top of a thick polymer layer. This snapshot is created using Visual Molecular Dy-
namics (VMD) software. Here, graft chain has 53 monomers and the bottom layer polymer
chain has 50 monomers. Different monomer size is chosen for clarity and hence size of the
monomers shown in the picture has no correlation with actual monomer size.

In order to confirm the experimental observations, we have performed coarse grained molec-

ular dynamics (MD) simulations using LAMMPS simulator.2 The bilayer consists of a mono

layer of PGNPs on top of a bulk free linear chains inside a rectangular box with periodic

boundary conditions along X and Y-direction and a fixed boundary condition is applied along

Z-direction. We use canonical NVT ensemble in which the amount of Particle , Volume of

simulation box and temperature is kept constant. To maintain a constant temperature vari-
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ety of thermostat exists,the commonly use one is the Nose-Hover thermostat. To make the

linear chains we have used the bead-spring model with hybrid potential of finite extensible

nonlinear elastic (FENE) potential and harmonic potential with standard values of the pa-

rameters.3 All the species of the system interacted through shifted Lennard-Jones potential

with the following equation,4

E = 4ϵ [(
σ

r
)12 − (

σ

r
)6]− Erc, (2)

where rc = ((D1+D2)/2)σ (D1 and D2 are the diameter of the interacting species and σ is

the length unit ), Erc is the energy cut-off at r = rc and ϵ is the reduced energy unit. The non-

bonded graft-graft monomer interactions were modeled using Lennard-Jones potential with

ϵgg = 1.0kBT . To model PGNP/PSsim system, non-bonded matrix-matrix and graft-matrix

interactions were set as Lennard-Jones potential with ϵmm and ϵmg at 1.0kBT and 1.03kBT ,

respectively. Whereas to model PGNP/PtBAsim system, non-bonded matrix-matrix and

graft-matrix interactions were set as Lennard-Jones potential with ϵmm = 0.83kBT and

ϵmg = 0.7kBT respectively. The temperature of the system is kept at T/Tg ≈ 1.09, where Tg

of PS and PtBA is 0.44 and 0.37 receptively in reduced units.5 The initial snapshot of the

bilayer system before production runs is shown in Figure S16.

The snapshot of time evolution of PGNP-PSsim and PGNP-PtBAsim bilayer systems are

shown in Figure S17 respectively.

14



𝑡 = 6 𝑥104τ 𝑡 = 1 𝑥105τ 𝑡 = 4 𝑥105τa) b) c)

f)e)d)

g) i)h)

L-50k

S-PtBA

S-50k

Figure 20: The VMD snapshot of bilayer samples at different time scales. (a-c) L-50k at
T/Tg ≈ 1.36, (d-f) S-50k at T/Tg ≈ 1.36 and (g-i) S-PtBA system at T/Tg ≈ 1.09. Time is
mentioned in the figures.

From MD simulation we have extracted the nanoparticle number density along the thick-

ness of bilayer (Fig. S19 and S20). The peak in the profile indicates the location of top

PGNP layer and the increase in the peak width indicates the penetration of nanoparticles

into the bottom polymer layer. The width of nanoparticle peak in L-50k sample increases

with time very quickly as compared to S-50k indicating fast nanopaticle penetration in L-50k

as compared to S-50k. For quantify the penetration of nanoparticles into the bulk, we are

defining the surface region from the profile as the position of the peak and following the

evolution of the peak only in that region. In Fig. S21, we have shown the surface density

area reduction with time for S-50k and L-50k.

15



-8 -6 -4 -2 0 2 4 6

0.000

0.002

0.004

n
a

n
o

p
a

r
ti

c
le

 n
u

m
b

e
r
 d

e
n

s
it

y

Distance from bottom of simulation box

 (20000)

 5 (100000)

 10 (200000)

 20 (400000)

L50k, T=0.6,

 T/Tg= 1.36

mg = 1.03

gg = 1.0

mm = 1.0

Surface

-20 -10 0

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

S-50k, T=0.6,

 T/Tg= 1.36

n
a

n
o

p
a

r
ti

c
le

 n
u

m
b

e
r
 d

e
n

s
it

y

Distance from bottom of simulation box

 (20000)

 5 (100000)

 10 (200000)

 20 (400000)
mg = 1.03

gg = 1.0

mm = 1.0 

Surface

-14 -12 -10 -8 -6 -4 -2

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014 S-PtBA, T=0.4,

 T/Tg= 1.09

n
a

n
o

p
a

r
ti

c
le

 n
u

m
b

e
r
 d

e
n

s
it

y

Distance from bottom of simulation box

 (20000))

 5 (100000))

 10 (200000)

 20 (400000)

mg = 0.7

gg = 1.0

mm = 0.83 

Surface

(a) (c)(b)

Figure 21: The nanoparticle number density profile of a) S-50k, (b) L-50k, and (c) S-PtBA
along the bilayer thickness. All the parameters are mentioned in the figures.
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Figure 22: The nanoparticle number density profile of a) S-50k and b) L-50k at different
time scales.
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