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Abstract

The structure and surface rheology of two model symmetric triblock copolymers with

different degree of hydrophobicity but identical polymerization degree, spread at an explicit

liquid/vapor interface, are investigated employing extensive equilibrium (MD) and innova-

tive nonequilibrium molecular dynamics (NEMD) simulations with semipermeable barriers

(SPB), in both the linear and nonlinear viscoelastic regimes. Results are obtained for interface

microstructural and surface rheological quantities under dilatation and surface shear. Our re-

sults reveal that the more hydrophilic triblock copolymer (H21T8H21 ) imparts a higher surface

pressure to the interface at a given surface concentration, and takes on a conformation with a

larger radius of gyration at the interface, compared with H9T32H9 , where H and T represent

chemically different monomers. Increasing the surface concentration and/or decreasing the de-

gree of hydrophobicity leads to an increase of both dilatational storage and loss moduli. Large

amplitude oscillatory dilatation (LAOD) tests show that both interfaces exhibit strain softening

at high strain amplitudes, while an intracycle nonlinearity analysis reveals an apparent strain

hardening in extension. This paradox was already addressed for air-water interfaces stabilized

by Pluronics in preceding experimental work. Gyration tensor components parallel and normal

to the interface as function of dilatational strain are used to characterize the microstructure; we

demonstrate their close relationship to nonlinearity indices in both extension and compres-

sion. A structure–rheology relationship is obtained by means of the first harmonic analysis

of the surface stress and the corresponding amplitude of the microstructure signal. In-plane

oscillatory shear flow simulations are performed as well. The presented approach thus renders

possible a test of theoretical frameworks which link interfacial rheological data to the surface

microstructure. It is furthermore shown to provide physical insights, which can be used for the

interpretation of existing experimental surface rheological data.

Introduction

Complex fluid-fluid interfaces carry adsorbed species that self-assemble into complex (quasi) two-

dimensional (2D) microstructures. Such interfaces can be formed by a wide range of surface active
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components including proteins, colloidal particles, polymers, lipids, and mixtures of these compo-

nents.1 The stability and transient behavior of multiphase systems, emulsions, and foams contain-

ing complex interfaces is often dominated by the dynamical properties of the interface.1 These, in

turn, are governed by the fact that the interfacial microstructure is affected by the applied defor-

mation. The interfacial rheology of complex interfaces is therefore typically highly nonlinear.1–3

Understanding the underlying mechanisms and effect of design parameters is highly relevant for

industrial applications, where large processing speeds may probe the nonlinear regime.

Fluid-fluid interfaces can be stabilized by amphiphilic multi-block copolymers. These poly-

mers consist of alternating blocks of hydrophobic and hydrophilic repeating units. One of the key

advantages of block copolymers over traditional surfactants is the high level of tailoring that can

be done to afford the best stabilization properties.4–6 Amphiphilic block-copolymers self-assemble

into complex 2D microstructures at the interface, including gels, liquid crystals, soft glass phases,

micelles, pancake and brush like structures, as revealed by experimental studies.7–14 Computer

simulations further revealed that the type of these microstructures may depend on the surface cov-

erage, chain length, hydrophobic to hydrophilic block ratio, chain stiffness, distribution of blocks,

and the degree of hydrophobicity (hydrophilicity) of sub-blocks.15

Among different types of multi-block copolymers, special attention has been paid to Pluron-

ics, which are symmetric triblock copolymers of poly(ethylene oxide) and poly(propylene ox-

ide) (EOxPOyEOx), and are commercially available in large amounts, with different degrees of

hydrophobicity and molecular weights. Motivated by their increasing relevance in fundamen-

tal research, industrial applications, pharmaceutical and biomedical areas16,17, interfacial films of

Pluronics have been the subject of numerous experimental studies.18–29 Surface rheological prop-

erties of these films are often measured in the linear regime, and their interfacial microstructures

are characterized in (near) equilibrium states, despite the fact that most real life applications in-

volve fast deformation rates and are thus located well within the nonlinear regime. We addressed

the former issue recently by performing LAOD tests to interfacial films of Pluronics, and found

that they exhibit nonlinearity in their response at relatively large strain amplitudes.18 The in-situ
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characterization of microstructure in the deformed state is extremely difficult as most methods are

either applicable to (near) equilibrium systems (e.g. X-ray or neutron scattering techniques), or

they require the interface to be transferred to a substrate and hence are destructive to the interface

(e.g. atomic force microscopy). Obtaining information about the microstructure at the molecu-

lar level in the deformed state is a challenge which can be well tackled by means of computer

simulations.

All atomistic MD simulations of Pluronics in bulk – although being limited to extremely small

system sizes – have provided us with useful information about their behavior, e.g. their structure

and interaction with the cell membrane in aqueous solution.30 Recent developments of Martini

coarse grained (CG) force fields for Pluronics31 have made it possible to study the equilibrium bulk

properties of these systems at larger length scales. While structure, rheology (and their connection)

of polymeric bulk systems had been extensively studied in the literature via NEMD simulations on

different levels of description32–36, there have been no studies so far on the interfacial rheology of

polymers at molecularly resolved fluid-fluid interfaces. Computer simulations of interfacial films

were mostly limited to low molecular weight surfactants and focused mainly on their equilibrium

properties such as surface pressure-area isotherms and equilibrium microstructures.15,37,38 Apart

from difficulties in setting up simulations of such heterogeneous systems, applying in-plane affine

deformation and decomposing the resulting stress signal into surface and bulk contributions are

additional technical difficulties present in simulations of these interfacial systems. The latter is

also of major importance in the interpretation of experimental data obtained from interfacial shear

rheology experiments.39,40 There have been a couple of Brownian dynamics simulation41–43 and

theoretical44 studies on structure and rheology of particle stabilized interfaces in which the bulk

phases carrying the interface were treated implicitly via a steep potential well, or not considered at

all. While these studies provided physical insights into the surface structure-rheology relationship

and allowed making use of classical NEMD algorithms based on homogeneous deformation of the

entire simulation box,45 they neglected (i) the presence of bulk phases that can dramatically alter

the interfacial microstructure46 and (ii) the contribution of momentum transfer between bulk and
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interface to the surface stress relaxation, which has recently been shown to be of crucial importance

in interfacial dynamics.15

Both long-standing deficiencies are overcome in the present work. We simulate the interfacial

rheology and structure of Kremer-Grest type47 FENE multibead-spring model triblock copolymers

at a molecularly resolved Lennard-Jones liquid-vapor interface.15 Employing such CG model we

are hence interested in the qualitative structural and dynamical behavior of triblock copolymers,

and the effect of block length ratio; the Martini force field has not yet been developed to capture the

situation at interfaces quantitatively. A novel method involving ‘semipermeable’ barriers (SPB) is

proposed that can impose in-plane oscillatory deformations to the interface but does not interact

with the bulk phase and therefore prevents the occurrence of unphysically strong secondary flows

while keeping the number of particles unchanged. Surface rheological data, such as surface storage

and loss dilatational moduli are calculated and compared with quantities such as the different com-

ponents of the gyration tensor, characterizing the interfacial structure. LAOD tests are performed

and intracycle nonlinearity measures, strain stiffening and strain rate thickening indices (S- and

T -factors),18,48,49 are calculated and compared with results of recent experiments.18 Our findings

may be of use in the development of constitutive models for the surface stress tensor of block

copolymer stabilized interfaces. Such models are required to interpret experimental data obtained

from interfacial rheology, taking into account phenomena on the level of the microstructure.

The remainder of this paper is organized as follows. First we introduce the model system and

discuss the results of equilibrium MD simulations regarding thermodynamics and surface structure.

Afterwards, the NEMD setup is described and validated, and the results of surface dilatational

rheology in terms of frequncy- and amplitude sweeps are presented. Nonlinear responses at large

strain amplitudes are then quantified by means of Ewoldt’s48 geometrical framework and compared

qualitatively against experimental data. Next, a structure–rheology relationship is obtained for

the polymeric films studied here by calculating different components of the gyration tensor, and

comparing it with the stress signal at different strain amplitudes. Finally, the main results of this

study and some lines for future research are outlined in Conclusions. Corresponding results for
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sheared surfaces are presented in the Supplementary Information.

Equilibrium MD simulations

In this section, we introduce the simulation setup and present results of extensive equilibrium MD

simulations on interfacial microstructure and relaxation times of two kinds of triblock copolymers

with different block length ratios.

While there exist different CG models in the literature for block copolymer systems, e.g. mod-

els based on the extension of the Matini force field,31, here we use a Grest-Kremer-type CG model

of copolymers in combination with a Lennard-Jones solvent close to its gas–liquid coexistence

region that was recently introduced and employed by us in another work.15 The model system con-

sists of a monoatomic liquid, namely w (water like particle), and a linear multibead-spring symmet-

ric triblock copolymer composed of two types (hydrophilic H and hydrophobic T) of monomers,

HnTmHn , so that the effect of block length ratio on interfacial properties could be explored sys-

tematically upon varying n at a fixed polymerization degree N , while choosing m = N − 2n.

For the sake of qualitative comparison with the results of our recent experiments,18 we here study

H21T8H21 and H9T32H9 , both carrying N = 50 monomers, as their block length ratios are ba-

sically identical to the commercially available Pluronic®F-108 and Pluronic®P-123, respectively.

Frequency sweeps in our recent experiments on Pluronic F-108 and P-12318 revealed that their sur-

face rheology is quite similar to that of linear 2D viscoelastic liquids. Therefore, by choosing the

degree of polymerization ofN = 50, it is reasonable to expect that strong entanglements within the

interfacial region are avoided and hence this CG model may represent, at least qualitatively, such

experimental conditions. All particle (i, j)-pairs (bonded and non-bonded) in the system interact

with a Lennard-Jones (LJ) interaction potential with the same size σ but different potential well

depths εij ,

Vij(r) =


4εij
[
(σ
r
)12 − (σ

r
)6
]
− V cut

ij , r 6 rcut

0, r > rcut

(1)
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Table 1: Lennard-Jones interaction potential well depth εij among different pairs (i, j) in the system
appearing in Eq. 1.

type i type j εij (ε)
w w 1.00
w H 0.85
w T 0.40
H H 0.50
H T 0.35
T T 0.40

shifted by V cut
ij such that Vij(rcut) = 0 at rcut = 2.5σ. Energy parameters εij are given in Table 1.

They are tuned such that εwH > (εww +εHH)/2 and εwT < (εww +εTT)/2, rendering the middle block

hydrophobic and the terminal blocks hydrophilic, and hence the entire molecule surface active. We

recently showed via extensive MD simulations15 that the type of microstructure block copolymers

form at the interface, such as homogeneous- or phase segregated interfacial films, is very sensitive

on these energy parameters εij. For Pluronics, experimental evidence points to the formation of

(homogeneous) brush-like films (See Ref.18 and references therein). Therefore the set of εij energy

parameters are selected by performing small-scale exploratory MD simulations of the interfacial

system and choosing a set that results in a rather homogeneous stable interfacial film. As shown

below, the chosen set is compatible with conditions of weak segregation. H21T8H21 exhibits an

approximately 8 times larger hydrophilic/hydrophobic block length ratio than H9T32H9 . To ensure

chain connectivity, adjacent beads within the chain interact with an additional finitely extendable

nonlinear elastic (FENE) bond potential as

VFENE(r) = −1

2
kR2

0 ln
[
1− (r/R0)2

]
, (2)

where k = 30ε/σ2 is the spring coefficient and R0 = 1.5σ is the maximum extension of a bond.38

The value chosen here for the spring constant k is large enough to avoid bond crossings.32

An orthogonal periodic simulation box with dimensions of Lx = Ly = 50.5σ, Lz = 100.5σ,
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and a total number of Ntotal = 103282 particles of monomer (H and T) and solvent (w) types

are considered, and fixed for all simulations. The open source molecular dynamics package

LAMMPS50 is used to carry out all simulations. Equilibrium MD simulations are performed in

the NV T ensemble, and the temperature is fixed at T = 0.723 ε/kB by means of the Nosé-Hoover

thermostat with a temperature damping time of 0.5
√
mσ2/ε. All masses m of particles are consid-

ered identical, and an integration time step of ∆t = 0.005
√
mσ2/ε is used to integrate Hamilton’s

equations of motion. The polymer-stabilized liquid-vapor interface is prepared efficiently in three

main steps15,37,38 as follows: (i) A cubic periodic box with dimensions Lx = Ly = L0,z = 50.5σ

is considered which contains Ntotal particles of type w only, and the system is relaxed at the state

point of T = 0.723 ε/kB and ρ ≈ 0.8σ−3 in the liquid phase, close to the liquid–gas coexistence

region51–53 for 105 MD steps; (ii) This equilibrated liquid slab is placed in the middle of the final

simulation box (with Lz = 100.5σ) and is allowed to reach equilibrium with its vapor phase for

another 2 × 105 MD steps, until two liquid-vapor interfaces (because of the periodic boundary

condition in the z-direction) are formed parallel to the xy-plane. We note here that the temperature

T = 0.723ε/kB is slightly above the triple point of the LJ fluid51 and well below its critical tem-

perature Tc ≈ 1.3ε/kB (from Ref.53). Thus the entire system should exhibit liquid–gas coexistence

at this temperature; (iii) For each polymer molecule to be placed at the interface, the same num-

ber of adjacent w particles (each one located at the 1.3σ radial distance neighborhood of the next

one) either from the top or the bottom interface are randomly selected and connected together with

FENE bonds. Their identity is then changed accordingly to H and T monomers. This procedure is

repeated until the desired amount of polymers are placed at both interfaces. Preparing the system

in this way ensures the total number density of the system to remain constant at different poly-

mer surface concentrations. The system is then relaxed for 106 MD steps and the temperature and

different components of the pressure tensor are monitored to ensure that a steady state is reached.

Afterwards, a sampling interval of 2 × 106 MD steps is simulated, and a total number of 5000

configurations is stored every 400 MD steps, to calculate ensemble averages and to perform data

analysis.
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(a) (b)

Figure 1: Equilibrium snapshots of the system containing 2Np = 170 triblock-copolymers dis-
tributed among the two interfaces for (a) H9T32H9 and (b) H21T8H21 , resulting in an average sur-
face concentration of Γ = 0.033σ−2 and Γ = 0.031σ−2 respectively. Representative single chain
conformations are shown as well. Gray dots, yellow and red spheres denote w, T and W particles
(monomers) respectively. The interfaces are oriented normal to the z-direction.

Equilibrium snapshots of the system containing 2Np triblock copolymers (Np = 85 spread

initially at each interface) and their corresponding single chain conformations for H9T32H9 and

H21T8H21 are depicted in Fig. 1a and 1b, respectively. The interfacial polymer films (normal to

the z-direction) and liquid and bulk phases are clearly visible in these snapshots. For both copoly-

mer types, the hydrophobic middle block (denoted by yellow spheres) points toward the vapor

phase while the hydrophilic terminal blocks (denoted by red spheres) are immersed in the bulk

liquid phase. These interfacial films do not seem to show any 2D phase segregation between H

and T blocks. This finding is compatible with the value of the Flory-Huggins parameter between

H and T monomers defined as χH-T = Z∆εH-T/kBT , where Z is their coordination number and

∆εH-T = (εH-H + εT-T − 2εH-T)/2. We roughly consider the coordination number to be Z ≈ 4
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Figure 2: Number density profiles of monomers (solid lines) and solvents (dash-dotted lines) for
(a) H9T32H9 and (b) H21T8H21 triblock copolymers at one of the two interfaces, the one located
at z ≈ 25σ (surrounded by the gas phase at smaller, and the liquid phase at larger z). Solid lines
correspond to different number Np of polymers initially spread at each interface. Solvent density
profiles are evaluated at Np = 50.

–that is the corresponding value for a simple 2D lattice– for our interfacial films. Using the in-

teraction potential parameters given in Table 1 we have ∆εH-T/kBT ≈ 0.14, and we arrive at an

estimate of χH-T ≈ 0.5 which within uncertainty of estimate is still in the weak segregation regime

(0 < χ ≤ 0.5). This value must be considered merely a rough estimate, see e.g. Ref.54 for a

more sophisticated calculation of the χ-parameter via simulation. The snapshots in Figs. 1a and

1b furthermore indicate that the interfacial film of H21T8H21 with larger hydrophilic H moieties is

somewhat thicker than that of H9T32H9 , while their degree of polymerization is the same. Despite

the fact that both triblock copolymer films are prepared by spreading the same amount of copoly-

mers at the interface, H21T8H21 with relatively larger hydrophilic terminal blocks has a stronger

tendency to dissolve into the bulk subphase at the higher surface concentrations (which is energet-

ically more favorable at high surface concentrations) as can be seen in Fig. 1b.

We support these observations by calculating solvent and monomer number density profiles

along the z-direction (normal to the interface plane), as shown in Figs. 2a and 2b for systems with

different numbers Np of initially spread H9T32H9 and H21T8H21 copolymers at each interface. The

solvent density profiles, evaluated for Np = 50, clearly indicate that there is a vapor-liquid phase
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coexistence in the system with uniform densities in the bulk phases and a rather abrupt change from

vapor to the liquid density in the interfacial region. The average bulk density of LJ fluid in the liq-

uid and gas phases are measured as ρl ≈ 0.8σ−3 and ρg ≈ 0.01σ−3, around the values reported in

the literature52 for LJ liquid in equilibrium with its vapor phase with a bare liquid–vapor interface.

It is noteworthy that the presence of the highly hydrophilic block copolymer H21T8H21 slightly

reduces the solvent density in the interfacial region, a phenomenon which we recently pointed out

elsewhere.15,38 The width of the monomer number density profiles reveals that interfacial films of

H9T32H9 are somewhat thinner than those of H21T8H21 triblock copolymers, as H21T8H21 chains

are less sharply distributed at the interface and extend toward the bulk liquid phase. Comparing

density profiles corresponding to different surface concentrations shows that H9T32H9 , being more

hydrophobic, resides at the interface even at relatively high surface coverage while H21T8H21 films

begin to dissolve into the subphase, as revealed by nonzero values of densities in the bulk liquid

phase. The monomer density profile evaluated at Np = 160 for the H21T8H21 triblock copolymer

shows a second peak at z ≈ 42σ in the liquid phase (a distance ≈ 15σ away from the interface),

signaling the formation of a (weak) polymer sublayer, in accordance with the results of Neutron

reflectivity measurements23 which suggested the formation of multilayers for adsorbed layers of

Pluronics from concentrated bulk solutions, see supplementary Fig. S7 for individual density pro-

files of H- and T blocks.

Block copolymers change dramatically the surface (interfacial) tension γ upon adsorption to

(or spreading at) the air-water interface. Here we calculate surface tension isotherms γ(Γ), where

Γ = Nint/LxLy is the surface concentration with Nint ∈ [0, Np] being the average number of

polymer chains present at the interface. For a periodic simulation box with two planar interfaces

oriented normal to the z-direction, surface tension takes the form of55

γ(Γ) =
Lz
2

〈
Pzz −

1

2
(Pxx + Pyy)

〉
, (3)

where Pzz, Pxx and Pyy are diagonal components of the pressure tensor and 〈...〉 denotes equi-
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Figure 3: Surface tension as a function of surface concentration (a), and surface pressure-area
isotherms (b) for H21T8H21 (diamonds) and H9T32H9 (circles) triblock copolymers. Dashed lines
are just a guide for the eyes.

librium ensemble averages. Surface tension isotherms for both systems are presented in Fig. 3a.

They indicate that increasing the surface concentration leads to a reduction in the surface ten-

sion, which is a typical behavior of surface active agents. However, at a given achievable surface

concentration, H21T8H21 forms interfaces with much lower surface tension than H9T32H9 triblock

copolymer, exhibiting a higher surface activity. We note here that increasing the surface concentra-

tion of H21T8H21 above Γ ≈ 0.04σ−2 is extremely difficult, as the interface saturates at this point,

and adding more polymers to the interface will make them dissolve into the bulk subphase. This

behavior is unlike that of H9T32H9 surfactants, as they are more hydrophobic and have a higher

tendency to stay at the interface, thus leading to a higher surface coverage. In experiments, using a

Langmuir trough equipped with a Wilhelmy plate, surface pressure-area isotherms are constructed

by plotting the surface pressure Π(Γ) = γ0− γ(Γ) against the average available area per molecule

1/Γ18,21, where γ0 is the surface tension of the bare liquid–vapor interface. Surface pressure-area

isotherms for both H9T32H9 and H21T8H21 triblock copolymers are depicted in Fig. 3b, and indicate

that the surface pressure for H21T8H21 is higher, while their overall behavior is the same. A similar

trend has been observed in simulations of interfaces stabilized by short amphiphilic surfactants.38

On the molecular level, the interfacial microstructure and its variations with surface concentra-
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tion can be characterized by the gyration tensor G of the copolymers, defined by

G =
1

2N2

〈
N∑
i,j

rijrij

〉
, (4)

where N is the number of beads with position vectors ri within each chain, rij = ri − rj , and the

average is taken over all chains and the equilibrium ensemble. The mean radius of gyration is then

calculated via Rg =
√

Tr(G) =
√
Gxx +Gyy +Gzz, where Tr is the trace operator and Gαα are

diagonal elements of the gyration tensor. Radii of gyration for both triblock copolymers evaluated

at different surface concentrations are depicted in Fig. 4a. This figure shows that the more hy-

drophilic H21T8H21 triblock copolymer takes on a more relaxed conformation with a larger radius

of gyration (≈ by 20%) than H21T8H21 over the entire concentration range we examined. Varia-

tions of Rg with surface concentration are minor, except at relatively low surface concentrations.

In order to gain a deeper understanding of the interfacial microstructural changes, we decompose

the gyration tensor into in-plane G‖ and normal G⊥ components with the help of the surface pro-

jection tensor P = 1̂− k̂k̂, defined as G‖ = P · G · P and G⊥ = G − G‖, and calculate the

corresponding parallel and perpendicular components of the radius of gyration again via the trace,

i.e.,

R‖g =
√
Gxx +Gyy, R⊥g =

√
Gzz. (5)

Obviously, R2
g = (R

‖
g)2 +(R⊥g )2. These components are shown in Fig. 4b for both triblock copoly-

mers. While Rg remained relatively insensitive to the change of surface concentration, its parallel

and normal components with respect to the interface plane change significantly, more specifically

R
‖
g decreases and R⊥g increases with the surface concentration. In other words, while chains shrink

laterally at the interface, they get stretched (normally) toward the bulk subphase. We are going to

calculate these microstructural changes in the oscillatory deformed state in a later section and then

try to link them with surface dilatational rheology data.

Choosing an appropriate frequency range to perform surface rheology simulations requires

knowledge about a characteristic relaxation time of the system. As might be hypothesized from
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Figure 4: (a) Radius of gyration evaluated at different surface concentrations for
H21T8H21 (diamonds) and H9T32H9 (circles). (b) Normal (filled symbols) and parallel (open sym-
bols) components of gyration tensor with respect to the interface plane for H21T8H21 (diamonds)
and H9T32H9 (circles).

previous studies of bulk polymeric fluids,56 the time series for the surface tension shows very fast

fluctuations and hence a very short relaxation time (less than one LJ time unit, cf. Supplementary

section S1). The more relevant and slower time scale is associated with the relaxation of the chain

conformation. To this end, we characterize the dynamics of polymer chains at the liquid-vapor

interface by means of the chain end-to-end vector ree = rN − r1 autocorrelation function Cee(t)

defined by

Cee(t) =
〈ree(0) · ree(t)〉

〈r2
ee〉

, (6)

again averaged over all chains. The Cee(t) results for both triblock copolymers at a surface con-

centration of Γ = 0.0278σ−2 are shown by symbols in Fig. 5a. The simulations show that the

relaxation process is slightly slower for H21T8H21 than H9T32H9 at liquid-vapor interface. Results

for Cee(t) are very well fitted by the Kohlrausch-William-Watts stretched exponential function (as

shown by lines in Fig. 5a), which is also suitable to describe the relaxation process in disordered

interfacial systems15, given by

Cee(t) = exp
[
−(t/τr)

β
]
, (7)

where β is the stretch exponent and τr is its associated relaxation time. It is then numerically
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Figure 5: (a) Normalized chain end-to-end vector autocorrelation functions, Eq. (7), for
H21T8H21 (blue symbols) and H9T32H9 (red symbols) and the corresponding fitting of the
Kohlrausch-William-Watts (Eq. 7) stretched exponential function (lines) to the simulation data.
The stretch exponent β and its associated relaxation time τr are calculated as β = 0.65 ± 0.01
(β = 0.56± 0.01) and τr = 1173± 4

√
mσ2/ε (τr = 1049± 6) for H21T8H21 (H9T32H9 ) respec-

tively. (b) Mean relaxation times τ of H21T8H21 (diamonds) and H9T32H9 (circles) evaluated from
Eq. 8 as a function of surface concentration. The statistical uncertainty of the mean relaxation
time, taking into account correlations between snapshots, is δτ ≈ 100σ

√
m/ε.

integrated to obtain the mean relaxation time τ as

τ =

∫ ∞
0

Cee(t)dt = τr(β
−1)! (8)

where we used factorial notation, i.e., x! is the Gamma function evaluated at x + 1. The corre-

sponding mean relaxation times associated with the end-to-end vector autocorrelation at different

surface concentrations are shown in Fig. 5b for H21T8H21 (diamonds) and H9T32H9 (circles) tri-

block copolymers. It shows that the more hydrophilic triblock copolymer H21T8H21 exhibits a

longer relaxation time than H9T32H9 at the interface, in accordance with the results of our re-

cent experiments.18 It further indicates that while the relaxation time of H9T32H9 increases with

the surface concentration rather monotonically, for H21T8H21 it remains relatively unchanged until

Γ = 0.03σ−2, followed by an increase until the interface saturates.

With the information gathered in this section on interfacial microstructure and its relaxation
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times at equilibrium, we are ready to perform NEMD simulations on surface dilatational rheology

of these films, as will be discussed in the next section.

Surface dilatational rheology

In this section, we introduce and validate a novel simulation setup for NEMD simulations of inter-

faces using SPB, and afterwards present dilatational rheology results of amplitude and frequency

sweeps obtained with the help of this method.

Simulation using semipermeable barriers

Most NEMD simulation algorithms are based on homogeneous deformation of the entire simula-

tion box,45 and hence not applicable to the field of surface rheology. In this context one needs

to apply an in-plane deformation only to the interfacial film and not to the bulk phases, and then

measure the corresponding interfacial stresses as a result of deformation. In the experiments,

Langmuir troughs with movable barriers have been widely used to apply in-plane oscillatory di-

latational deformations to films spread at the air-water interface.18–20,26 Inspired by these surface

rheology experiments, we use the simulation setup described in the previous section and introduce

two unstructured, repulsive semipermeable barriers (SPBs) at each of the sides of the interfacial

film, oriented normal to the x-direction. Figure 6 shows a simulation snapshot including these

SPBs. They resemble “movable barriers” in the Langmuir trough setup. To reduce secondary

effects due to unwanted deformation of the bulk liquid, these SPBs are “ideal” in the sense that

they only exert in-plane repulsive forces (in the x-direction) to the interfacial film, i.e., no shear

force, and are permeable to the solvent (w) particles, so that when they move they only deform

the interface laterally in the first place. Only H and T segments interact with the purely repulsive

SPBs as long as they are sufficiently close to it. More precisely, a segment at normal distance

∆x = |x− xSPB| from a SPB at xSPB experiences a purely repulsive LJ potential with a depth of ε,

i.e., VSPB(∆x) = 4ε[(σ/∆x)12 − (σ/∆x)6 + 1/4] for ∆x ≤ 21/6 σ, and VSPB(∆x) = 0 otherwise,
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while solvent particles remain subject to periodic boundary conditions in all directions.

The oscillatory dilatational strain is applied to the interface through oscillating the SPBs sym-

metrically in the x-direction back and forth with an amplitude l0 and angular frequency of ω = 2πf

about the initial distance between the barriers, L0 (6). The SPB positions are thus given by

xSPB(t) = ±[L0/2 − l0 sin(ωt)] such that the confined area between the two SPBs (interfacial

area) is subjected to the following variation

A(t) = A0 + ∆A sin(ωt), ∆A = 2l0Ly, (9)

whereA0 = L0Ly is the initially undeformed area of the polymer-vapor interface. The correspond-

ing dilatational strain εd(t) is

εd(t) =
A(t)− A0

A0

=
∆A

A0

sin(ωt). (10)

and the transient surface pressure is directly evaluated at each of the SPBs through

Π(t) = 〈FSPB(t)〉/Ly, (11)

where FSPB is the normal force exerted on the SPB, and Π(t) short notation for Π(Γ(t)). The

surface extra dilatational stress σd(t) is calculated from σd(t) = Π0−Π(t), where Π0 = 〈FSPB/Ly〉

is the mean value of the surface pressure signal. With εd(t) and σd(t) at hand, the surface complex

dilatational modulus E∗ is calculated via

E∗(iω) = E ′(ω) + iE ′′(ω) =
F{Π0 − Π(t)}

F{(A(t)− A0)/A0}
=
F{σd(t)}
F{εd(t)}

, (12)

where E ′, E ′′ are the dilatational storage and loss moduli respectively, and F is the Fourier trans-

form operator. In the linear regime, where the strain amplitude ∆A/A0 is small enough, E∗ is

independent of strain amplitude and the response consists of only a single harmonic with the same
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Figure 6: The SPB method. Simulation snapshot of H21T8H21 projected to the x-z plane at the
liquid-vapor interface subject to oscillatory dilatation in x-direction about initial distance L0 < Lx.
Red and yellow spheres stand for H and T segments respectively, while gray dots represent w
particles. Semipermeable two-dimensional barriers (black dashed lines) are oriented normal to the
x-direction and oscillate in the opposite directions with the same amplitude and frequency, thus
creating an oscillatory in-plane dilatational field.

frequency ω as the deformation, and can be written in the following form

σd(t) = ∆Π sin(ωt+ δ), (13)

where ∆Π denotes the amplitude of the signal and δ ∈ [0, π/2] is the phase shift of the response

with respect to the deformation. Inserting Eqs. 10 and 13 into Eq. 12, the surface dilatational

moduli are obtained as

E ′(ω) =
∆Π

∆A/A0

cos(δ), E ′′(ω) =
∆Π

∆A/A0

sin(δ). (14)

The simulation setup introduced here is very much similar to the Langmuir trough experiments

with symmetric barriers, and as a result the deformation field applied to the interface (Eq. 9) is uni-

axial and not purely dilatational. Hence, the moduli we present here are Young and not dilatational

moduli. We do not distinguish between the two quantities because the interfacial films do not show

surface elasticity in shear, and therefore surface Young and dilatational moduli are equal.1 For the
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corresponding study of sheared interfaces, of minor relevance for the present model system, but

fully discussed in the Supplementary Information section S5, we use semipermeable, structured

barriers (SPSB).

Validation of the semipermeable barrier approach

After preparing and relaxing the interfacial system including the SPBs with the procedure just de-

scribed, dynamic simulations are performed in the canonical NVT ensemble. We employ a stochas-

tic Langevin thermostat in the neutral y- direction with a damping time of 0.05
√
mσ2/ε to control

the temperature at T = 0.723 ε/kB while leaving the x- and z-components of all velocities un-

constrained. The damping time is chosen small enough to ensure that the overall profile-unbiased

temperature remains constant within thermal fluctuations. A total number of 70 oscillation cycles

per simulation were carried out, and the last 50 cycles were used to evaluate time averages.

To validate the approach we calculated the in-plane velocity profiles of the interfacial film im-

posed by these SPBs. To obtain a large signal/noise ratio, we measured the local in-plane velocity

profiles vx(x) at maximum deformation rate, corresponding to t = 2kπ/ω, where k is an integer

and ω = 2πf is the angular frequency of the SPB oscillation. The in-plane velocity profiles of the

interfacial film of H21T8H21 at a surface concentration of Γ = 0.0384σ−2 for selected dilatational

strain amplitudes of ∆A/A0 = 0.04, 0.06, 0.08 and 0.10 are indicated in Supplementary Fig. S2.

The results clearly show that a linear velocity profile slightly away from the wall is achievable

using these SPBs at relatively small strain amplitudes ∆A/A0 ≤ 0.08.

For larger amplitudes there exists a nonlinear velocity profile accompanied by an apparent

normal velocity slip at the SPBs whose strength is affected by the mechanical properties of the

interfacial film, deformation amplitude (rate), and the sample-SPB interaction potential VSPB. The

crossover amplitude is confirmed, while less directly, by macroscopic properties presented in the

following sections. For a perfectly elastic film the deformation propagates affinely through the

sample while for an ideal viscous interface the center of the film might not even feel the motion of

the barriers due to viscous dissipation, and the deformation becomes non-affine. It is interesting to
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see that for a viscoelastic interface – of the triblock copolymers studied here – a mixed behavior

in the deformation is observed over the range of parameters explored. Quantitative modeling of

real substances via an appropriate VSPB thus requires knowledge about the velocity profile as an

indicator for the microscopic interactions at the liquid-barrier interface. Such nonlinearities are

usually not considered in the interpretation of Langmuir trough data, while bulk properties far

from the interface may be mainly determined by the bulk flow gradients. The nonlinearities during

dilatation should occur in real samples depending on the system specifications and do not falsify the

method itself. For the sake of comparison with the experimental results, we report all the interfacial

properties as a function of imposed deformations, while the simulations would allow to present

results versus the actual deformation rates measured in the center of the interface. Relationships

between stress and conformation, as discussed later below, are not affected by this choice.

We have furthermore validated the approach for the case of in-plane shear flow. Here, struc-

tured, semipermeable, and partially attractive walls are considered to couple the barrier to the

polymers. The shear velocity profile is linear, and there is no sign of wall slip for the interaction

potential considered, cf. Supplementary Fig. S5.

Surface rheological results

To investigate interfacial dynamics via surface dilatational rheology simulations, frequency sweeps

in the linear regime have to be performed. To this end, one needs to find strain amplitudes that are

small enough so that the system response is still in the linear regime and large enough so that

the noise to signal ratio is sufficiently small. Therefore, strain amplitude sweeps should be per-

formed first. For amplitude sweeps, an oscillatory deformation time period τflow = 2π/ωflow =

200
√
mσ2/ε is chosen such that the Deborah number using an approximate relaxation time of

τ = 1500
√
mσ2/ε (obtained from Fig. 5b) is De = τ/τflow ≈ 7.5, and hence the interfacial re-

sponse is in the viscoelastic domain. It is noteworthy that a deformation with De � 1 captures

purely viscous and De � 1 purely elastic behavior of the interface57. Amplitude sweep results

for E∗ of H21T8H21 evaluated at two different surface concentrations are presented in Fig. 7a. In-
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Figure 7: Amplitude sweeps to pick up the right strain amplitudes in the linear regime. Dilatational
loss E ′′ (close symbols) and storage E ′ (open symbols) moduli for (a) H21T8H21 measured at two
different surface concentrations, and (b) H9T32H9 interfacial films evaluated at different oscillatory
strain amplitudes at a fixed frequency of f = 0.005

√
ε/mσ2 for both triblock copolymers.

creasing the surface concentration from Γ = 0.0278σ−2 to Γ = 0.0384σ−2 (close to the saturation

concentration) approximately doubles both moduli. Furthermore, a linear regime for both sur-

face concentrations up to ∆A/A0 ≈ 0.05 is observed, in agreement with our expectations from

the velocity profile measurements. For strain amplitudes beyond this, the macroscopic response

enters the nonlinear regime and the interface indicates strain softening for both surface concentra-

tions. Interfacial films of H9T32H9 also show a similar behavior, as depicted in Fig. 7b. However,

these films have lower moduli and a linear domain which extends to a larger strain amplitude of

∆A/A0 ≈ 0.09. Strain softening at large strain amplitudes has been observed experimentally

for numerous materials such as proteins and colloidal particles at fluid-fluid interfaces, see e.g.

Ref.49 and references therein. A quantitative description of intracycle nonlinearities at large strain

amplitudes is given in the next section.

Frequency sweeps are performed with a strain amplitude of ∆A/A0 = 0.04, resulting in a

response in the linear regime as revealed by amplitude sweep tests. The results for H21T8H21 ,

evaluated at two different surface concentrations, and H9T32H9 triblock copolymer interfacial films

are presented in Figs. 8a and 8b, respectively. We observe that H9T32H9 (being more hydrophobic
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than H21T8H21 ) has lower moduli compared to H21T8H21 , over the entire frequency range, even

though its surface concentration is higher, a behavior that has been observed also experimentally

in Ref.18 for interfacial films of Pluronics. Both E ′ and E ′′ indicate a power law behavior at small

frequency domain (up to 0.01
√
ε/mσ2) which is then followed by a plateau in the loss modulus

and a weak increase in the elastic modulus with frequency. This region (in the frequency range of

0.01–1.0
√
ε/mσ2) is similar to the rubbery (elastic) region of polymer melts where the response

is elastic dominant and the dynamic modulus is relatively insensitive to frequency.57 Therefore,

the overall behavior for both triblock copolymers confined to an interface resembles similarities to

that of entangled bulk polymeric liquids with different scaling exponents in the frequency domain

below the plateau region. A similar qualitative comparison has been made for shear viscoelastic-

ity of end-tethered polymer monolayers at the air-water interface in Ref.58. While E ′′ seems to

scale with a slightly larger exponent than E ′, both exponents are still identical within errors; both

approximately scale with frequency as E ′, E ′′ ∝ f 0.5 over the f range investigated, see Table 2

for the exact values including statistical errors. This scaling is unlike that of linear viscoelastic

liquids where E ′ ∝ f 2 and E ′′ ∝ f in the small frequency domain. It is in fact equal to that of

the Lucassen van den Tempel model,59 but on the timescales that the simulations are performed,

there is no exchange of polymers between bulk and interface and therefore this model cannot be

tested or applied here. It clearly shows that constitutive models based on direct generalization of

three-dimensional bulk rheology will fail to interpret surface rheology data here, and models which

take into account the coupling of the interface to their bulk phases15 and interfacial microstructure

in a thermodynamically consistent manner1 are needed to be developed for interfacial rheology.

Lissajous plots, LAOD

In this section we present and discuss the raw oscillatory signals by means of Lissajous plots and

quantify intracycle nonlinearities in the LAOD tests. When an interface is deformed with a rela-

tively large strain amplitude at a given frequency, higher harmonics may appear in the response as
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Figure 8: Frequency sweeps with a dilatational strain amplitude of ∆A/A0 = 0.04. The horizontal
axis shows the Deborah number De = fτ with a mean relaxation time of τ ≈ 1500

√
mσ2/ε.

Dilatational modules E ′ (open symbols) and E ′′ (close symbols)for H21T8H21 (a), measured at two
different surface concentrations, and H9T32H9 (b) triblock copolymer interfacial films. Included
are power law fits E ′ ∝ fa (dash-dotted lines) and E ′′ ∝ f b (solid lines) in the small frequency
region.

a result of structural changes induced by the large deformation. More specifically, higher odd har-

monics may emerge in the response to shear deformation, due to the insensitivity of materials with

respect to the direction of the shear, and both odd and even harmonics may appear in the response

to dilatational deformation, as materials tend to have asymmetric response in extension compared

to compression. The dynamic moduli as presented in Fig. 7b, are by definition (Eq. 12) related to

the first harmonic of the stress signal, and hence for the nonlinear regime, where higher harmonics

may appear in the response, are not a full descriptor of the material response. Therefore, one needs

to look at the raw signal to gain a better understanding of the material response as a result of large

Table 2: Power law exponents for the scaling of E ′ ∝ fa and E ′′ ∝ f b in the small frequency
domain calculated from a nonlinear least squares fitting of the simulation data presented in Fig. 8.

Block copolymer Γ(σ−2) a b

H21T8H21 0.0278 0.43± 0.04 0.47± 0.04
H21T8H21 0.0384 0.46± 0.05 0.52± 0.06
H9T32H9 0.0446 0.44± 0.04 0.53± 0.07
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deformations. To this end, we present the raw signal by means of an elastic Lissajous plot, where

the surface stress Π0−Π(t) is plotted against dilatational strain (A(t)−A0)/A0 in a cyclic loop. A

linear viscoelastic response is manifested as a tilted ellipse, and nonlinearities in the response lead

to a distortion in the shape of these curves. Lissajous plots for H21T8H21 at Γ = 0.0384σ−2 and

H9T32H9 at Γ = 0.0446σ−2 corresponding to the amplitude sweeps shown in Fig. 7 measured at a

constant frequency of 0.005
√
ε/mσ2 are depicted in Fig. 9a and 9b respectively. It clearly indicates

that while for relatively small strain amplitudes the overall signal remains in the linear viscoelastic

regime (as revealed by an elliptic shape), increasing the deformation amplitude results in a Lis-

sajous curve which becomes progressively more distorted, an indication for a stronger nonlinearity

in the response. While emergence of higher odd harmonics in LAOS tests preserves the symme-

try of the Lissajous curves, the signal in LAOD contains both even and odd harmonics, which is

manifested by asymmetry of the response in extension (the upper half of the curves) compared

with the compression (the lower half of the curves). Furthermore, for both triblock copolymers, a

widening of the Lissajous curves is observed with increasing strain amplitude, which indicates that

the viscous contribution to the stress signal becomes more dominant due to the possible in-plane

structural changes. A semi-plateau in the response at the end of the extension part of the cycle is

observed, implying that the interfacial structure has yielded, and the subsequent response is strain

softening in extension, consistent with the result of the amplitude sweeps shown in Fig. 7.

While Lissajous plots provide valuable qualitative information regarding nonlinearities in the

response to deformation, we further quantify these plots by employing the geometrical frame-

work developed by Ewoldt et al. 48 , and later was slightly modified to be applicable to dilatational

rheology data.18,49 In order to describe elastic nonlinearities, four geometrically motivated intra-

cycle dynamic dilatational moduli are defined: minimum- and large-strain dilatational moduli in

extension (E ′EM, E ′EL), and in compression (E ′CM, E ′CL), see Fig. 10a. Likewise, in a viscous Lis-

sajous plot where the surface stress is plotted against the strain rate, four intracycle dynamic di-

latational viscosities can be defined: minimum- and large-rate daynamic dilatational viscosities in

extension(η′d,EM, η′d,EL), and in compression (η′d,CM, η′d,CL) which are all depicted in Fig. 10b.
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Figure 9: Lissajous plots (dash-dotted curves) corresponding to the LOAD data shown in Fig. 7
for interfacial films of H21T8H21 at Γ = 0.0384σ−2 (a), and H9T32H9 at Γ = 0.0446σ−2 (b). Solid
curves indicate processed signals containing only the first four harmonics of the raw dilatational
stress.

With these intracycle moduli and viscosities at hand, the strain-stiffening and strain rate-

thickening indices in extension SE, TE and compression SC, TC are then calculated as49

SE =
E ′EL − E ′EM

E ′EL
, SC =

E ′CL − E ′CM

E ′CL
, (15)

and18

TE =
η′d,EL − η′d,EM

η′d,EL
, TC =

η′d,CL − η′d,CM

η′d,CL
, (16)

where S = 0 for a linear elastic response, T = 0 for a linear viscous response, S < 0 (S > 0)

indicates strain-softening (strain-hardening) and T < 0 (T > 0) shows strain-rate thinning (strain-

rate thickening) in extension E or compression C. The strain-stiffening indices as a function of

dilatational strain are presented in Fig. 11a for interfacial films of H21T8H21 and H9T32H9 triblock

copolymers. It shows that for relatively small strain amplitudes the elastic response is linear S ≈ 0,

and for increasing amplitude that the nonlinearity both in extension SE and compression SC be-

comes progressively more pronounced, due to the microstructure variations at these strain ampli-

tudes, and it shares the same features for both triblock copolymers. Furthermore, the asymmetry in
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Figure 10: (a) A geometrical description of minimum- and large-strain dynamic dilatational moduli
in extension (E ′EM, E ′EL), and compression (E ′CM, E ′CL) as presented in an elastic Lissajous plot. (b)
Geometrically motivated dynamic minimum- and large-rate dilatational viscosities in extension
(η′d,EM, η′d,EL), and compression (η′d,CM, η′d,CL) as presented in a viscous Lissajous plot. The signal
depicted here corresponds to an interfacial film of H21T8H21 at a surface concentration of Γ =
0.0278σ−2 deformed with a frequency of f = 0.005

√
ε/mσ2. Only the first four harmonics of the

raw signal (black lines) are used to evaluate the moduli and viscosities (the slope of the red lines).

the shape of SE compared to SC is indicative of the fact that the interfacial microstructure changes

also asymmetrically in extension with respect to compression. While the overal response shows

strain softening at large strain amplitudes, as revealed by amplitude sweeps (Fig. 7), this graphical

analysis results in a paradoxical conclusion implying that the response is strain hardening in exten-

sion, a paradox which was recently observed and discussed in 3D LAOS60 and later in LAOD,18

and is attributed to the use of tangent moduli in these graphical analyses. However, consistent with

recent experimental results,18 a nonparadoxical behavior is observed in the strain-rate thickening

factors (TE, TC) as indicated in Fig. 11b. More specifically, the viscous response is linear in small

strain rates T ≈ 0, strain rate-thinning in large extension rates (TE < 0), and strain rate-thickening

in large compression rates (TC > 0). While Lissajous plots and nonlinearity indices provide valu-

able physical insights into the possible structural changes as a result of large deformations (rates),

we complement these observations by looking at the interfacial microstructure in the deformed

state, and compare it with the surface rheology data, in the next section.
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Figure 11: Data obtained upon varying the imposed oscillatory strain amplitude. (a) Strain-
hardening indices in extension SE (open symbols) and compression SC (close symbols) for
H21T8H21 (squares) at Γ = 0.0384σ−2 and H9T32H9 (circles) at Γ = 0.0446σ−2. (b) Strain rate-
thickening indices in extension TE and compression TC for the same data. These intracycle nonlin-
earity measures correspond to the Lissajous plots presented in Fig. 9 and the amplitude sweeps in
Fig. 7. For H21T8H21 triblock copolymer films at Γ = 0.0278σ−2, the Lissajous plots and corre-
sponding S- and T -factors are calculated and presented in the Supplementary Information section
S3.

Structure-rheology relationship

In this section, we characterize the interfacial microstructure in the deformed state and try to es-

tablish its link with the surface rheology data.

As revealed by our equilibrium MD simulations, normal and parallel components of radius of

gyration, R⊥g and R‖g, describe the interface at the molecular level very well. Here we capture the

interfacial microstructure through calculation of R⊥g (t) and R‖g(t) as a function of applied defor-

mation as described in Eq. 9. The parametric plots of R⊥g and R‖g corresponding to the Lissajous

plots in Fig. 9 for interfacial films of H21T8H21 at Γ = 0.0384σ−2 and H9T32H9 at Γ = 0.0446σ−2

are presented in Fig. 12. These figures clearly show that these structural variables also vary in

an oscillatory manner, and have a certain phase shift with respect to the deformation field, as re-

vealed by the nonzero width of these parametric curves. Furthermore, at relatively small strain

amplitudes the shape is close to an ellipse, an indication of the absence of higher harmonics, as
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in the stress response in the linear regime. Similar to the Lissajous plots (Fig. 9), upon increas-

ing the strain amplitude, the graphs become asymmetric, which translates into different structural

changes in compression compared to extension. Moreover, the signals corresponding to R‖g and

R⊥g vary completely out of phase. More specifically, in the initial stage of compression (upper

half portions of the curves in Fig. 12a and 12c and lower half portions of the curves in Fig. 12b

and 12d) a flattening in both signals is observed, which means that only intermolecular distances

decrease upon compression and the internal structure of chains is not deformed. It is then followed

by an increase (decrease) in R⊥g (R‖g) until the end of compression stroke, indicating that while

chains shrink laterally, they get extended toward the bulk phase upon compression. In the exten-

sion stroke (lower half portions of the curves in Figs. 12a and 12c and upper half portions of the

curves in Figs. 12b and 12d) R⊥g (R‖g) decrease (increases) rather monotonically which means that

the chains retract toward the interface, and at the same time they expand laterally. A reason for

this asymmetric behavior is that in the compression stage the structural changes are imposed by

the barriers’ motion, while in the extension stroke the chains are free to follow the barriers through

their natural in-plane relaxation. A comparison between interfacial films of H21T8H21 (Figs. 12b

and 12a) and H9T32H9 (Figs. 12d and 12c) reveals that the microstructural changes of these poly-

meric films share the same features, despite of them having a different degree of hydrophobicity.

We note here that S- and T -factors, shown in Figs. 11a and 11b, also show the same trend for both

H21T8H21 and H9T32H9 triblock copolymers, further validating that these nonlinearity indices are

closely related to the interfacial microstructural changes.49

In order to quantify these structural changes as a result of applied deformation, similar to the

first harmonic analysis of the stress signal (Eq. 13), the amplitude of the parallel radius of gyration

∆R
‖
g is obtained through fitting the simulation data to

R‖g(t)− 〈R‖g〉 = ∆R‖g sin(ωt+ δ2), (17)

where δ2 is the phase shift of the structure signal with respect to the applied deformation (Eq. 9).
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Figure 12: Parametric plots of normal R⊥g and parallel R||g components of radius of gyration
corresponding to the LOAD data shown in Fig. 7 for H21T8H21 and H9T32H9 evaluated at dif-
ferent strain amplitudes shown by different colors in the graphs. The top row shows the data
for H21T8H21 interfacial films at Γ = 0.0384σ−2 and the bottom row for H9T32H9 at Γ =
0.0446σ−2. Corresponding plots for interfacial films of H21T8H21 at another surface concentra-
tion Γ = 0.0278σ−2 are shown in the Supplementary Information section S4.

The results of ∆R
‖
g are presented in Fig. 13a for different surface concentrations of H21T8H21 (circles

and diamonds) and H9T32H9 (squares) as a function of strain amplitude. The amplitude of corre-

sponding stress signals ∆Π used to calculate first harmonic moduli (obtained from Eq. 13) are also

shown in Fig. 13b. A comparison between these two figures indicates that ∆R
‖
g and ∆Π follow

a similar trend; they both grow linearly with ∆A/A0 at relatively small strain amplitudes (linear

regime) which is then followed by a sub-linear behavior (softening region).

That both quantities follow a similar trend can be observed more clearly in Fig. 14, where

a parametric plot of ∆Π(∆A/A0) as a function of ∆R
‖
g(∆A/A0) is depicted. It clearly shows
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Figure 13: First harmonic analysis of parallel radius of gyration (a) and surface stress (b) signals
as a function of the imposed oscillatory strain amplitude for H21T8H21 at surface concentrations of
Γ = 0.0278σ−2 (circles) and 0.0384σ−2 (diamonds), and H9T32H9 at Γ = 0.0446σ−2 (squares).
The data presented here correspond to the raw structure and stress signals presented in Fig. 12 and
9, respectively.

the link between interfacial rheology (∆Π) and microstructure (∆R‖g) of triblock copolymer films

studied in this research. It is noteworthy that while dilatational strain amplitude grows up to 25%,

the relative changes in ∆R
‖
g only increase at most by ∆R

‖
g/R

‖
g ≈ 0.1/3.1 ≈ 3% (R‖g obtained

from Fig. 4b). While at large deformations the first harmonics of the stress and structure signals

vary nonlinearly with strain amplitude, we find a linear relationship between them (dash-dotted

lines in Fig. 14 which holds over the relatively small range of ∆R
‖
g/R

‖
g values explored here.

The slope of the lines in Fig. 14 indicate the strength of the viscoelastic films against changes

in the microstructure. Interfacial films of H21T8H21 respond stronger to microstructural changes

than H9T32H9 even at relatively smaller surface concentrations, in accordance with the results of

amplitude sweeps shown in Fig. 7.

Conclusion

Surface layers of model amphiphilic triblock copolymers at a liquid–vapor interface were studied

by means of MD simulations and compared qualitatively with the results of recent experiments.
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Figure 14: Surface structure–rheology relationship in terms of the parametric plot of surface
stress ∆Π(∆A/A0) as a function of surface structure ∆R

‖
g(∆A/A0) amplitude for H21T8H21 at

surface concentrations of Γ = 0.0278σ−2 (circles) and 0.0384σ−2 (diamonds), and H9T32H9 at
Γ = 0.0446σ−2 (squares). Dash-dotted lines indicate the best linear fit passing through the origin.

The effect of hydrophilic/hydrophobic block length ratio and surface concentration on both equi-

librium and dynamic properties of these interfaces were studied in detail. The simulations revealed

that triblock copolymers with a larger hydrophilic/hydrophobic block length ratio take a confor-

mation with a larger radius of gyration, impart a higher surface pressure to the interface, and show

a slower chain relaxation at a given surface concentration.

Inspired by Langmuir trough experiments, a new method involving semipermeable barriers

(SPB) was proposed and successfully tested which captures dynamic properties of the oscillating,

dilated or sheared interface using NEMD simulations at constant number of particles. Surface

dilatational rheology simulations in the linear regime revealed that more hydrophilic chains form a

stronger viscoelastic film even at relatively smaller surface concentrations. Furthermore, a different

power law behavior than that of the Maxwell model at small frequency domain for both dilatational

moduli was observed, which suggests that generalization of bulk rheology models to interfacial

rheology does not work here possibly due to the coupling to the bulk.15

LAOD tests were performed and the corresponding Lissajous plots were analyzed geometri-

cally to quantify intracycle elastic and viscous nonlinearities by means of strain-stiffening and
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strain rate-thickening indices in extension and compression. In accordance with recent experi-

ments18,60 a strain hardening/strain softening paradox was also observed here. We found that these

nonlinearity indices are closely related to interfacial microstructural changes, namely changes in

the normal and parallel radii of gyration with respect to the interface plane. The interfacial mi-

crostructure in the deformed state at different strain amplitudes was captured and a first harmonic

analysis of the surface stress and structure signal suggested a linear relationship between these two

variables. Therefore, a surface structure-rheology relationship was obtained for interfacial films of

model triblock copolymers in this research.

Here we have chosen a CG model system consisting of relatively short semiflexible triblock

copolymers, whose relaxation time does not pose a major computational challenge. Simulations

for longer chains with more conformational freedom could be performed to investigate possible

entanglement effects on both equilibrium and dynamic interfacial properties. The schemes pre-

sented here for both surface dilatational and shear rheology simulations can be extended straight-

forwardly towards other surface active components at fluid-fluid interfaces and thus provide a

basis to develop and motivate constitutive models which link the surface rheology to the interfacial

microstructure.1,49 They help to interpret experimental data obtained from surface rheology and

microstructure characterization experiments and might ultimately be used to tune the properties of

multiphase systems containing complex interfaces.
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