
Topology and Shape Control for Assemblies
of Block Copolymer Blends in Solution

Item Type Article

Authors Moreno Chaparro, Nicolas; Nunes, Suzana Pereira; Peinemann,
Klaus-Viktor; Calo, Victor M.

Citation Topology and Shape Control for Assemblies of Block Copolymer
Blends in Solution 2015, 48 (21):8036 Macromolecules

Eprint version Post-print

DOI 10.1021/acs.macromol.5b01891

Publisher American Chemical Society (ACS)

Journal Macromolecules

Rights This document is the Accepted Manuscript version of a Published
Work that appeared in final form in Macromolecules, copyright
© American Chemical Society after peer review and technical
editing by the publisher. To access the final edited and published
work see http://pubs.acs.org/doi/10.1021/acs.macromol.5b01891.

Download date 24/05/2023 08:35:02

Link to Item http://hdl.handle.net/10754/584008

http://dx.doi.org/10.1021/acs.macromol.5b01891
http://hdl.handle.net/10754/584008


Supporting information

Topology and Shape Control for Assemblies of

Block-Copolymer Blends in Solution

Nicolas Moreno,∗,†,‡ Suzana P. Nunes,† Klaus-Viktor Peinemann,¶ and

Victor M. Calo‡,§

Biological and Environmental Science and Engineering Division, Center for Numerical Porous

Media, Advanced Membranes and Porous Material Center, and Earth Science & Engineering and

Applied Mathematics & Computational Science

E-mail: nicolas.morenochaparro@kaust.edu.sa

Computational Method

Dissipative particle dynamics (DPD) is a particle-based method widely used to model soft

matter1–9 at meso-scales. In DPD each particle dynamics and the balance of linear momentum

are given by
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where ri, vi are the position and velocity of the particle i, respectively, mi is its mass, and fi is

the net force acting on the particle. In DPD the force is given by three contributions: a con-

servative force FC
i j, a dissipative force FD

i j and a stochastic force FR
i j. The conservative force is

associated with the particular equation of state of the system, however in the context of poly-

meric systems, FC
i j is typically mapped to the Flory-Huggins model.10 FD models the friction

between particles, damping their relative velocities, while FR, is an stochastic contribution that

models the Brownian motion of polymers and colloid. For polymers, the conservative force

can be written as FC
i j = FB

i j +FS
i j, where FB

i j and FS
i j account for bead-bead and bead-spring

(when particles are connected) interactions, respectively.11 In this work we adopt bead-bead

and harmonic spring potentials given by

uB
i j =

ai j

2rc
(ri j− rc)

2, (3)

uS
i j =

Ks

2
(ri j− ro)

2, (4)

where ai j is an interaction parameter, Ks is the spring constant, ro corresponds to the equilib-

rium average distance between particles, and FC
i j = ∂uC

i j/∂ ri j. Due to the softness of the spring

potential (supporting equation (4)) that we use, effects such as chain entanglements cannot be

represented.
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The dissipative and random forces are defined as

FD
i j =−γω

D(ri j)

(
ri j

|ri j|
·vi j

)
ri j

|ri j|
, (5)

FR
i j = σω

R(ri j)ζ ∆t−1/2 ri j

|ri j|
, (6)

where γ is a friction coefficient, σ is the noise amplitude. ωD and ωR are weighting functions,

ζ is a random number with zero mean and unit variance. The system satisfies a Gaussian

distribution if ωD(ri j) = [ωR(ri j)]
2.12 The noise amplitude and the dissipative coefficient are

also related by σ2 = 2γkBT , where kB is the Boltzmann constant and T is the equilibrium

temperature. For ωR(ri j) we adopt the traditional form

ω
D(ri j) = [ωR(ri j)]

2 =

 (1− ri j/rc)
2; (ri j < rc),

0; (ri j ≥ rc),
(7)

Model Construction

Interaction Parameter Definition

The interaction parameters ai j (supporting Equation (3)) between the different diblock copoly-

mers and the solvent are defined from the relative quality of the solvent mixture with each

block based on the Flory-Huggins interaction parameter χ .13 Despite the inherent limitations

of the traditional Flory-Huggins approach, we can use it as an experimentally-based accessible

parameter to define the interaction parameters ai j. A similar approach has been proposed and

used by different authors,1,9,14–16 however, in this work we use the Flory-Huggins parameter

to map qualitatively the solvent quality, such that the size of the polymer coil follows the char-

acteristic scaling law Rg ∝ Nν ,17 where the magnitude of ν is govern by the polymer-solvent

affinity. Values of χ ≈ 0.5 (ν ≈ 1/2) are expected to represent theta-solvent, χ > 0.5 (ν ≈ 1/3)

poor solvent, and χ < 0.5 (ν ≈ 3/5) good solvent.17 We must note that the computed χ helps

to define the solvent quality, however the final phase separation (e.g., micelle formation) of the
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diblock copolymer is governed by the magnitude χN.

We adopt the interval of ai j proposed by Moreno et al.,16 that delimit the transitions between

good, athermal, theta and poor solvents. This interval is valid under the length and spring

potentials used to construct the copolymers. The methodology allows us to construct DPD

models that mimic the coil size and conformation of the blocks, if the relative affinity between

the mixture of solvents and the constituent blocks of the system is known.

The affinity between each constituent of the DPD system is expressed as ∆ai j = ai j − ass,

where ass = 25.0 denotes solvent-solvent interactions, in this case we assume that the interac-

tion between particles of the same type aii are equal for any specie i (i.e., ∆aii = 0, athermal

condition). According to the methodology used to define our parameters, the theta-condition

occurs at ai j = 27.5. In supporting Table 1 we compile the values of ∆a used in the simulations.

The interaction parameters between blocks aAC and aAB are modeled assuming low affinity of

the A block with both C and B. Finally, the parameter aBC is chosen such that high affinity or

hydrogen-like interactions between B and C can be considered in the model.

Table 1: Interaction parameters

∆ai j = ai j−ass Ahigh B Alow C S
Ahigh 0.0 15.0 0.0 15.0 6.0
B 0.0 15.0 -5.0 2.5
Alow 0.0 15.0 6.0
C 0.0 2.5
S 0.0

Chain size characterization

We characterize locally (O ∝ Rg) the diblock copolymers chains in order to clarify the morpho-

logical changes induced by the addition of the second diblock copolymer. We characterize the

size and shape of the block copolymer chains in the system by computing the gyration tensor
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R of the coils, and each copolymer block.

The eigenvalues of R are denoted as λi with i = 1,2,3, where λ1 ≥ λ2 ≥ λ3. The invariants of

the gyration tensor given by I1 = λ1 +λ2 +λ3, I2 = λ1λ2 +λ2λ3 +λ3λ1, and I3 = λ1λ2λ3, can

be used to characterize the radius of gyration Rg, relative shape anisotropy δ ∗, prolateness S∗,

asphericity b and acylyndricity c18 of the chain or segment of chain. These quantities can be

expressed as

R2
g = 〈I1〉 (8)

δ
∗ = 1−3

〈
I2/I2

1
〉
, (9)

S∗ =
〈
(3λ1− I1)(3λ2− I1)(3λ3− I1)

I3
1

〉
, (10)

b =

〈
λ1−

1
2
(λ2 +λ3)

〉
, (11)

c = 〈λ2−λ3〉 , (12)

where 〈·〉 represents an ensemble average.

The asphericity of the molecule is described by the parameters b≥ 0 and 0≤ δ ∗≤ 1. These pa-

rameters go to zero for highly symmetric configurations. Different values for these parameters

have been reported in the literature.18 For example, for linear random walks δ ∗ = 0.394 and

δ ∗= 0.415 in theta and good solvents, respectively. The prolateness parameter−0.25≤ S∗≤ 2

takes negative values for oblate shapes and positive for prolate ones. The parameter c≥ 0 de-

scribes the cylindrical symmetry, with c = 0 for cylindrical configurations.

The effect of the changes in the shape parameters defined through the gyration tensor, can

be interpreted in terms of the packing factor, p = v̄/a0l,19 where a0 is the interfacial area be-
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tween connected blocks A-B, l is the length the solvent-phobic block normal to the interface,

and v̄ is the volume. The packing parameter describes geometrically the favorable assembled

morphologies of amphiphilic molecules.19 See Figure 1. In the packing parameter approach,

the magnitude of the interfacial area a0, depends on the balance of repulsive forces between

solvent-philic blocks, and the attractive forces of the solvent-phobic segments.

In order to estimate the packing parameter, we use the eigenvalues of the A block gyration

tensor, and assume that a0 = π(λ2 +λ3), l = R f , and v̄ = ρNAhigh , where ρ is the particle den-

sity. The apparent volume of each block v is also computed, and is approximated to the volume

of the 3D convex-hull given the spacial distribution of particles. The volume of the convex hull

is computed by dividing it in tetrahedra.

Figure 1: Schematic representation of the packing factor p. The magnitude of p characterizes
the shape of aggregates based on the polymer coil size.

Box size definition

We propose a box size given by Lbox = zRo
g,AB, where Ro

g,AB is the unperturbed radius of gyration

of the (AB)high chains, and the magnitude of z defines the maximum characteristic domain size

attainable. We define the unperturbed radius of gyration as Ro
g,AB = roNν

AB, where ro = 0.8rc is

the equilibrium bond length between connected particles, NAB = 192, and ν = 0.5.
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We find that for values of z ≤ 9 only spherical core-shell micelles are formed, while for

z > 9 a richer morphology space is found. Therefore, we choose z = 12 such that charac-

teristic wavelength of larger aggregates can be captured, and the aggregates do not interact

strongly with their images. Thus, the simulations are conducted in cubic simulation boxes of

size Lbox = 131rc.

Physical length and time scale

In order to clarify the relevant time and length scale that our simulations are tackling, we

adopt the widely used physical-to-DPD mapping20 to give an example of the relative length

of our simulations (1rc = 0.646nm and 1τ = 88.0± 0.8ps). According to this mapping, our

simulations can be associated to system of the order of 85 nanometers and 88 microseconds.

Nevertheless, we highlight that the proper measurement of the system we are modeling is

normalized with respect to the length scale of the unperturbed radius of gyration of the polymer

coil, thus, upto some extent our simulation results can be related to a different physical systems

with equivalent system size ratio.

Density fluctuations

The initial position of the polymer coils in the simulation box defines the initial density fluc-

tuation of the system. The spatial variation of the polymer local density may induce pre-

aggregated chains that act as starting seeds from which the phase grows, when phase separation

occurs. Due to the dependence of the equilibrium morphology with the variables such as initial

concentration and preparation process,21–23 we expect that the initial density fluctuations af-

fects the assembled structures. Simulations of concentrated polymer solutions and melts using

real-space SCFT, show that microstructures are not dependent on density fluctuations. Never-

theless, in dilute and semilidute regimes this effect cannot be neglected.24
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We explore two different schemes to define the initial density fluctuations, as illustrated in sup-

porting Figure 2. This methodology allows us to identify both stable and metastable-assembled

structures which are also found experimentally for diblock copolymers blends in solution. The

characterization of the initial density fluctuation and the evolution of the system is carried out

computing the radial distribution function of the polymer particles, g(r), and the structure fac-

tor S(k) of the density profile.

In DPD (and other particle-based methods), random distributions of the polymer chains are

the most common initialization for simulations of self-assembly in block copolymers. Accord-

ingly, it is the first scheme we use (homogeneous scheme H). In the scheme H we inherently

assume that all the molecules of the diblock copolymers are homogeneously solubilized before

the self-assembly process begins. Therefore, experimental stages such as polymer solubiliza-

tion and self-assembly are decoupled in simulations (the polymer first solubilizes and then

aggregates). Decoupling solubilization and assembly stages is a convenient assumption when

equilibrium structures are independent of the aggregation trajectory, however, when multiple

metastable structures can be produced, this methodology leads to a reduced morphology-space

to study.

Studies on the kinetics of segregation of block copolymers, involve changes in experimen-

tal variables that may operate over a wide range of time scales. Therefore, the computational

study of such effects is in general restricted to the time-scale capabilities (computational cost)

of the model. In highly diluted systems, the self-assembly process should be strongly domi-

nated by the transport of the coil in the solvent, and the aggregates assembly in macroscopically

observable time scales (O ∝ 103s).

When the scheme H is used, we identify that in diluted systems (≈ 1%) chain aggregation

does not occur in the time spans tested. In this case, the translational entropy of the copoly-
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mers prevents them from aggregating.25 In contrast, aggregates formation has been verified

experimentally.22,26 In order to overcome these transport artifacts during the aggregation of

the block copolymers at low concentration and to obtain experimentally relevant results, we

conduct simulations with initially localized diblock copolymers (schemes 2 presented in sup-

porting Figure 2).

The scheme with localized diblock copolymers simulates the assembly when the polymer

chains have already diffused in the system leading to localized concentrations (LC) higher

than the overall concentration in box. Other physical interpretations of this scheme can be

associated to samples of polymer that are not completely dissolved (at wavelengths commen-

surable in Lbox). Therefore, any existent microphase separation prior the polymer solubilization

would influence the final self-assembly. For convenience, we use a graphical convention to de-

note each of the schemes for initial density fluctuation proposed, as is presented in supporting

Figure 2. In the results discussed in paper the convention is used to indicate the initial concen-

tration and distribution of the polymer.

Figure 2: Proposed schemes for the initial polymer chain distributions. The labels for each
condition indicate: Homogeneous (H) and localized clusters (LC)).
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Supporting Figures

Figure 3: Radius of gyration evolution of the Ahi and Bhi blocks during a simulation. Snapshots
of the self-assembled micelles are included to illustrate the stabilization of the structures in the
system.
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Figure 4: Variation of the packing factor p with the amount of short BCP added in the system.
The magnitude of the packing factor is presented for both athermal and strong interactions
between the B and C blocks.

(a) (b)

Figure 5: Effect of short chains concentration ϕ over the relative change in (a) interfacial area
and (b) volume of core-forming domains
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