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ABSTRACT: Chiral building blocks have the ability to self-
assemble and transfer chirality to larger hierarchical length scales,
which can be leveraged for the development of novel nanomateri-
als. Chiral block copolymers, where one block is made completely
chiral, are prime candidates for studying this phenomenon, but
fundamental questions regarding the self-assembly are still
unanswered. For one, experimental studies using different
chemistries have shown unexplained diverging shifts in the
order−disorder transition temperature. In this study, particle-
based molecular simulations of chiral block copolymers in the
disordered melt were performed to uncover the thermodynamic
behavior of these systems. A wide range of helical models were selected, and several free energy calculations were performed.
Specifically, we aimed to understand (1) the thermodynamic impact of changing the conformation of one block in chemically
identical block copolymers and (2) the effect of the conformation on the Flory−Huggins interaction parameter, χ, when chemical
disparity was introduced. We found that the effective block repulsion exhibits diverging behavior, depending on the specific
conformational details of the helical block. Commonly used conformational metrics for flexible or stiff block copolymers do not
capture the effective block repulsion because helical blocks are semiflexible and aspherical. Instead, pitch can quantitatively capture
the effective block repulsion. Quite remarkably, the shift in χ for chemically dissimilar block copolymers can switch sign with small
changes in the pitch of the helix.

■ INTRODUCTION
Chirality is a ubiquitous feature of nature that arises when an
object’s mirror image is not superimposable with itself. It plays
a pivotal role in a variety of fields such as biology, drug
discovery, structural color, and optics.1−5 For example,
porphyrin assemblies are surrounded by helical proteins in
chlorophyll that enhance their light capturing capabilities
required for photosynthesis.6 Interestingly, even achiral
porphyrins have spontaneously formed chiral supramolecular
assemblies showing the possibility of producing completely
chiral structures from achiral building blocks.7−9 From this
biological inspiration, chirality transfer has been leveraged in
engineering numerous synthetic functional materials such as
those capable of circularly polarized luminescence,10 immune
regulation,11 chiral induced spin selectivity,12 and asymmetric
catalysis.13 Yet, even with an abundance of known examples,
the transfer of chirality across multiple length scales is not
completely understood.
The relationship between chirality and self-assembly via

thermodynamics has been recently investigated through the
use of block copolymers (BCPs).14−21 In typical BCPs, two
chemically distinct polymers are connected end-to-end by a
covalent bond. The repulsion between these two blocks drives
phase separation, but the covalent linkage limits the length
scale of assembly to the micro- or mesoscale. A wide variety of

morphologies can be obtained and the thermodynamics that
drive their characteristic phase diagrams have been widely
studied for flexible and semiflexible BCPs.22−27 Interestingly,
when one block of a BCP is made completely chiral, the
conformations of that block also become helical. Such a
conformational change can significantly perturb the phase
diagram−so much so that a novel, albeit metastable, helical
phase emerged for chiral polystyrene-b-poly(L-lactic acid) (PS-
b-PLLA).28,29 This phenomenal discovery introduced the
concept that chirality can fundamentally alter the thermody-
namics of BCP self-assembly and could lead to novel
morphologies and applications. Following this, a theoretical
description of chiral self-assembly (orientational self consistent
field theory, oSCFT) expanded the phase diagram along a new
dimension to account for twist-like interactions, confirming the
presence of a thermodynamically stable helical phase.30−32

Subsequent experimental studies showed that poly(benzyl
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methacrylate)-b-poly(D-cyclohexylglycolide) (PBM−PDCG)
self-assembled into a stable, helical phase.33 The reason for
the stability in this chemistry was postulated to come from the
bulkier chiral side group of the PDCG when compared to
PLLA, which would have enhanced the strength of the chiral
interactions, an important parameter in oSCFT. This suggested
that the mere presence of chirality is not sufficiently descriptive
to describe the changing phase behavior; rather, one must
account for the strength of chirality.
The introduction of chirality-driven helical conformations

affects the thermodynamics and impacts nonchiral phases as
well, including the disordered phase. Ho et al. found that
relative to the achiral PS-b-PLA, the chiral PS-b-PLLA led to
an increase in the order−disorder transition temperature
(TODT).

28 This shift was hypothesized to occur due to chirality
enhancing the incompatibility between the PS and PLLA
blocks. For a different model chiral BCP (poly(n-butyl
acrylate)-b-polypeptoid, PnBA-b-polypeptoid), chirality was
found to affect the domain sizes of the cylindrical (also
achiral) morphology and TODT.

21 To investigate the TODT
more closely, Yu et al. examined the effect of chirality on both
the disordered and lamellar phases.34 Conformationally, they
observed an increase in the persistence length and a decrease
in the radius of gyration in the disordered phase when a chiral
block was compared to its racemic (random enantiomer of
each monomer) counterpart. But the lamellar phase showed
identical domain sizes regardless of the conformation,
suggesting that the chiral block stretched more during phase
separation. These effects resulted in a decrease in the
temperature of the order−disorder transition temperature
(TODT), further showcasing the ability for chirality to perturb
phase behavior. Yet, this shift in the ODT differs from the
lamellar phase formed with the PS−PLLA system, which saw
an increase in TODT. Consequently, the effects of chirality on
the thermodynamics governing self-assembly are not fully
understood and require further investigation.
For achiral BCPs, the order−disorder transition predicted by

SCFT occurs at (χN)ODT = 10.495, applicable to very long,
fully flexible Gaussian chains where the two blocks have
identical Kuhn lengths.22 Here, χ is the Flory−Huggins
parameter describing the net repulsion between the two
block chemistries (also inversely related to temperature) and N
is the degree of polymerization. In the literature, several
conformational metrics have been studied to rationalize the
impact of polymer chain shape on the ODT. For example, in
Yu et al., the decrease in radius of gyration in Rg was
hypothesized to lead to two effects. The first effect destabilizes
the lamellar phase due to the entropic loss arising from chain
stretching required to fill the domain. The second effect stems
from a decrease in Rg that lowers the invariant degree of
polymerization. When accounting for compositional fluctua-
tions near the ODT for smaller polymer chains,35,36 it shifts the
(χN)ODT toward higher values and conversely shifts the TODT
to lower values.
Another example of a conformational metric that impacts

the ODT is molecular rigidity, which tends to lower the
(χN)ODT. In simulations, molecular rigidity occurs when a
bending potential is introduced. When both blocks are treated
as rigid rods, the overall loss of conformational entropy
enhances the relative importance of enthalpic contributions
and shifts the (χN)ODT to a significantly lower value.37 In chiral
BCPs, these assumptions do not strictly apply, as the
persistence lengths are finite and differ only to a small extent.

Relatedly, Kozuch et al. showed that increasing the mismatch
in stiffness in a polymer blend (not block copolymer) increases
the free energy of the disordered phase.38

Likewise, conformational asymmetry, defined as the ratio of
Kuhn lengths of the two (achiral) blocks, has been shown to
play a significant role in BCP phase behavior. As the ratio
increases above unity, it impacts the packing of the different
blocks and causes sponatenous interfacial curvature toward the
block with the larger Kuhn length. This in turn is responsible
for the formation and stabilization of traditionally elusive
ordered morphologies, such as the σ or A15 phases.39,40 Yet,
while this phenomena shifts ordered−ordered transition
boundaries and stabilizes new morphologies, it is found to
have little bearing on the ODT because the enthalpic
interactions remain unperturbed.39

A conformational feature unique to helical polymers is the
pitch. In oSCFT, a dimensionless degree of chirality is
inversely proportional to the pitch (length scale of orienta-
tional twist) and results in the stabilization of the helical phase,
but the impact on the phases in the vicinity of the ODT is
unclear.31

In this work, we utilize a parametrizable, phenomenologi-
cally coarse-grained, particle-based model for chiral BCPs.41

Although chemically specific coarse-grained models for
polypeptoids have been recently developed, they are still
computationally challenging in simulating a melt of BCPs.42−44

In the phenomenological model, an entire range of
conformations can be studied from random coils to rod-like
to perfectly helical polymers, including everything in between.
From experimentally available data, it appears that chiral BCPs
tend to be comprised of semiflexible helical chains.21,34

Interrogation of the ODT directly is challenging because the
chiral block undergoes all of the aforementioned conforma-
tional changes: radius of gyration, persistence length, and pitch,
each impacting the disordered phase and ordered phases
uniquely. Instead, we thoroughly investigate the disordered
phase by selecting a wide range of semiflexible helical
conformations and address several questions regarding the
thermodynamics of a melt of chiral BCPs. In Methodology, we
describe the interactions describing the simulation model and
the details of the free energy calculation technique. In Results
and Discussion, we examine the integrands, free energy, and
entropy for the model chiral BCPs. We also examine the
effective block repulsion arising from the conformational
change. Upon increasing chemical disparity, we are able to
compare the role of conformational differences in the
thermodynamics of the disordered phase. Finally, the
conclusions are discussed.

■ METHODOLOGY

Modeling Chiral Diblock Copolymers. A melt of A-b-B
diblock copolymers in the disordered state was modeled using
a parametrizable, bead−spring model for helical molecules
developed by Buchanan et al.41 One monomer is roughly
mapped onto one bead. The nonbonded interactions between
beads are governed by the repulsive-only Weeks−Chandler−
Andersen potential which takes the form of
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where σ = 1 is the cutoff distance at which nonbonded
interactions go to zero energy and ϵij dictates the magnitude of
repulsion between the two monomers, depending on their
types.45 In this study, the self-interaction was set to unity, ϵAA =
kBT = ϵBB, whereas the cross-interaction varied, 1kBT ≤ ϵAB ≤
2kBT. A harmonic potential was used for the bonded
interactions following the equation

=U r K r R( ) ( )ij ij ijhar, har 0
2

(2)

with Khar = 400kBT and R0, the equilibrium bond length, set to
0.97σ. The bond angle and dihedral potentials necessary to
drive chiral conformations are present only in the B block. The
bond angle potential is harmonic, taking the form of

=U K( ) ( )ijk ijk ijkangle, 0
2

(3)

where Kθ is the energetic parameter, θijk is the bond angle
formed between three monomers with sequential indices i, j,
and k, and θ0 is the equilibrium angle that minimizes the
potential energy. The dihedral potential is a modified
CHARMM potential46 and is given by

= [ + ]U K( ) 1 cos( )ijkl ijkl ijkldihedral, 0 (4)

where Kϕ is the energetic parameter, ϕijkl is the dihedral angle
between sequential monomers i, j, k, and l. Minimization of the
dihedral potential occurs when the cosine function approaches
the value of a negative one, which occurs at an angle of 180°.
Therefore, the minimization occurs at the given set point, ϕijkl
= ϕ0 ± 180°, and not at the defined ϕ0.
To allow control of chirality with simply one variable, the

energetic parameter governing the dihedral angle and bond
angle potentials were set equal to one another: Kθ = Kϕ = K.
Therefore, as we increase or decrease K, we increase or
decrease the chirality of the polymer chain. Therefore, the
achiral block of BCP was modeled using the same Hamiltonian
as that for the chiral polymers but by setting K = 0kBT.
Buchanan et al. showed that by altering K*, θ0, and ϕ0,

access to a wide array of possible helical conformations is
possible.41 Figure 1 shows the pitch of a helical chain as a
function of equilibrium bond and dihedral angle set point for K
= 5kBT.
Five different sets of equilibrium set points, covering a wide

range of differing bond and dihedral angle set points, were
selected to ensure that a large range of chiral conformations
was represented. The selected equilibrium set points are shown
in Table 1 with the single chain conformations visualized with
visual molecular dynamics (VMD).47 Models 1 and 2 were
specifically chosen because the ratio of the persistence length
of the chiral helix to the achiral coil roughly matches some
experimentally studied polypeptoids.34 Other models offer no
correlation to experiment that we know of at the time of this
writing.

Simulation Details. Particle-based molecular dynamics
simulations with three-dimensional periodic boundary con-
ditions were conducted within the framework of large-scale
atomic/molecular massively parallel simulator (LAMMPS)

while using computational resources provided by Research
Computing at RIT.48,49 The melt of diBCPs contained 250
chains, each composed of 60 monomers. The volume fraction
of the chiral block (B) was f B = 0.5. Simulations were
performed in dimensionless units by setting m = 1 = σ = kBT.
Henceforth, variables will be reported in the dimensionless
units, denoted by an asterisk. Initial equilibration of a reference
disordered homopolymer melt at K* = K/kBT = 0 is outlined
in the Supporting Information (SI). This reference system was
used as the initial configuration to simulate each set at varying
degrees of chirality (K* > 0). All simulations were run in an
isothermal−isobaric ensemble (NPT) at constant temperatures
of T* = kBT/ϵAA = 1.0 and P* = Pσ3/ϵAA = 5.0. This was
implemented by two settings: a fixed isobaric−isoenthalpic
(NPH) setting utilized a Nose−Hoover barostat with a
damping parameter of 1000δt*, and a Langevin thermostat
with a damping parameter of 100δt*. Due to the increased
complexity arising from incorporation of angle and dihedral
potentials, the time step was set to δt* = 0.0001 to prevent
unstable dynamics. To account for this small time step and to
ensure equilibration, simulations were run for 100,000,000
time steps.
Equilibration and error analysis of each measured simulation

metric was done using block averaging and is reported in 95%
confidence intervals, following the prescription in Grossfield et
al.50 Block averaging was chosen as it is able to decorrelate
observed parameters from previous time steps in a simulation.

Thermodynamic Integration via Gauss−Legendre
Quadrature. To compute the free energy change between
several model systems, we used the thermodynamic integration
method. Broadly speaking, when a system can be described by

Figure 1. Pitch of a helical polymer chain in the parametrizable helical
chain model at fixed K = 5kBT for several values of θ0 and |ϕ0 − 180°|.
Each numbered circle corresponds to a specific helical model
investigated in this study.

Table 1. Conformational Bonds (θ0) and Dihedral (ϕ0) Set
Points, Equilibrium Dihedral Angles (|ϕ0 − 180|), Single
Chain Conformation Pitches (σ), and Their Corresponding
Particle-Based Conformations
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a parametrizable potential energy function U(λ), the free
energy change when λ is changed from λ0 to λ1 is given as51,52

= =G G U
( : ) d

( )
d0 1

0

1

0

1

(5)

where ⟨···⟩λ denotes an average taken during a simulation at
fixed parameter, λ. When the path λ0 → λ1 is reversible, this
equation is exact. This is expected to be particularly true in the
disordered phase, where no phase transitions are observed and
simple paths can be constructed. Thermodynamic integration
results in a direct computation of free energy, leading to lower
error bars compared to other techniques such as the evaluation
of chemical potential (by particle insertion). This technique
has been widely utilized in prior studies of phase diagrams of
self-assembled BCPs.38,53,54 In order to compute this integral
numerically, a quadrature scheme that converts the integral to
a summation can be applied. It turns out that the second
derivative of the free energy is always negative (also known as
the Gibbs−Bogoliubov inequality),52 and the trapezoid rule
that fit a zero-curvature interpolant systematically introduces
error by overestimating the integral. Instead, several quadrature

schemes of the form = =G w( : ) i
n

i
U

0 1 1
( )

i

max are

applicable, where nmax is the number of evaluation points or
nodes. Essentially, these introduce polynomial approximations
with prescribed weights wi. In this work, the Gauss−Legendre
quadrature is chosen for several reasons described in
Padmanabhan et al.,54 including ease of error estimation and
adaptability to irreversible, order−disordered transitions.
In this article, multiple thermodynamic integration paths are

chosen (i.e., λ is mapped onto multiple variables) and the free
energy changes along those paths are computed. A schematic is
shown in Figure 2. A pathway in the horizontal direction uses

K* as the parameter, which can be interpreted as the change
arising entirely from conformational changes with no chemical
disparity between the blocks. A pathway in the vertical
direction uses ϵAB* as the parameter, which can be interpreted
as the change arising by introducing chemical disparity but no
significant change in conformation (ΔG2 and ΔG3). More

details about the variable and limits (λ0 and λ1) are described
in the subsequent section.
To determine the optimal number of nodes to use for each

free energy calculation, we performed multiple evaluations of
the free energy change (specifically ΔG1) with an increasing
number of nodes (nmax) per quadrature. It was found that the
number of nodes required to produce accurate integration
results was nmax = 7 (see the SI for more detail). A lower nmax
does not converge, and a higher nmax results in greater overall
error due to increasing of the number of terms in the
summation. The typical Gauss−Legendre interval bounds are
in the interval [−1, 1] and are linearly shifted based on the
desired bounds (K* = [0, 5] and ϵAB* = [1, 2] in this study).
Table 2 depicts the final weights and evaluation points (nodes)
utilized in this study, for a typical seven-point quadrature.

Integration Path: Conformational Change. To compute
the free energy change due to a conformational change, the
total potential energy can be expressed as being parametrized
by K*:

= + + [ +

+ ]

U K U U K( ) ( ) 1

cos( )
nonbonded bonded 0

2

0 (6)

The thermodynamic path begins at the reference state, which
is the random coil at K* = 0 and ends at a semiflexible helical
chain, obtained at a value of K* = 5. Since K* describes the
parameter that drives the conformational change, the change in
free energy of a helical polymer with respect to a random coil is
given by

* = *

= [ + + ] **

G
nk T

K

K

( 1; : 0 5)

( ) 1 cos( ) dK

1

B
AB

0

5

0
2

0 (7)

where n is the number of monomers in the system.
Integration Path: Chemical Disparity. Chemical disparity

is introduced into the system through enhancing the repulsion
between dissimilar blocks by increasing ϵAB* from unity. To
compute the free energy due to increasing chemical disparity,
the total potential energy can now be expressed as being
parametrized by ϵAB:

= + + + +

+
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dihedrals (8)

Figure 2. Free energy paths. ΔG1 represents the change in free energy
of changing the conformations of one block of the BCP. ΔG2
measures the change in free energy of increasing chemical disparity
between the two coil blocks. ΔG3 captures the free energy change
upon the introduction of chemical disparity for the coil−helix
systems.

Table 2. Seven-Point Gauss−Legendre Quadrature. Weights
(wi), Traditional Evaluation Points (λi), and Rescaled
Evaluation (Ki* and ϵAB,i* ) Points after the Change of Bounds
Were Applied

wi λi Ki* ϵAB,i*
0.1295 −0.9491 0.1272 1.0254
0.2797 −0.7415 0.6462 1.1292
0.3818 −0.4058 1.4854 1.2971
0.4180 0 2.5000 1.5000
0.3818 0.4058 3.5146 1.7029
0.2792 0.7415 4.3548 1.8708
0.1294 0.9491 4.8728 1.9746
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The resulting free energy change from increasing ϵAB is directly
proportional to the Flory−Huggins interaction parameter, χ.55
The proportionality constant can be resolved but is not
necessary to predict the direction of the shift in ODT.
From Figure 2, two vertical paths are constructed. The one

on the left (ΔG2) concerns the coil−coil BCP system. By
setting K* = 0 and increasing ϵAB* from 1 → 2 the free energy
change of a traditional coil−coil BCP, χcoil−coil, can be
calculated. Since our simulations occur at modest chain
lengths, corrections for fluctuations must be applied. For N

= 60 in our study, we estimated N 140
n R

N V

216 2
g

6

2 2 . For ϵAB* =
2, correlations in Medapuram et al.55 were used to obtain a
value of χN ≈ 15.1, well below (χN)ODT ≈ 26 for this system.
Therefore, constraining the bounds of integration to [1,2]
ensures a reversible thermodynamic path that remains within
the disordered phase, and any possibility of a phase transition
is avoided. Structure factor calculations were also conducted to
verify that the integration path remained well within the
disordered phase, and the details regarding these calculations
can be found in the Supporting Information. Thus, χcoil−coil can
be calculated as

* * =

= + + *
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(9)

The vertical path on the right (denoted by ΔG3 in Figure 2) is
the free energy change of the coil−helix BCP when chemical
disparity is introduced, χcoil−helix. By taking each model
investigated at K* = 5 and increasing ϵAB from 1 → 2, this
free energy for the helical BCP can be calculated as

* * =

= + + *
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AB
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(10)

By ensuring that both integration paths follow the same
bounds of ϵAB* , the resulting difference in free energies will be
proportional to the differences in the Flory−Huggins
parameter. That is, G

nk T
G

nk T coil helix coil coil
3

B

2

B
. This

is useful because it will measure the role of conformational
changes as the spectral ODT is being approached. If this value
is positive, then the polarity of the ODT is anticipated to shift
to higher temperatures. If this value is negative, then the ODT
is anticipated to shift to lower temperatures.

■ RESULTS AND DISCUSSION
In this section, we first begin by conducting the thermody-
namic integration for chemically identical blocks while
changing the conformation of the B block from coil to helix.
We compute the free energy change for each model chiral BCP
defined in Table 1. From this, the breakdown of contributions
to the free energy (integrand and entropy change) is obtained,
and the behavior for each model is analyzed. Then, changes in

effective block repulsions rising from the conformational
changes are quantified, showing diverging thermodynamic
effects for the distinct models. Further, several conformational
metrics are evaluated, and we identify the primary metric that
correlates with the enthalpic changes. Finally, a second
thermodynamic integration is performed for the introduction
of chemical mismatch between the two blocks, which also
shows divergent thermodynamics that depends on the details
of the chiral polymers.

Free Energy Calculations. We evaluate the free energy
change between the coil homopolymer and the chiral BCP as
described in Methodology for each model chiral BCP. The
reference state is equivalent to a homopolymer since the blocks
are chemically and conformationally identical. In Figure 3, the

derivative of the free energy, or, equivalently, the integrand in
the right-hand side of eq 7, is plotted at the Gauss−Legendre
evaluation points in Table 2 for each model chiral BCP. As Ki*
is increased, the integrand decreases. Mathematically, since the
integrand is equivalent to the derivative of free energy (eq 7),
this also implies that the second derivative of the free energy
(obtained from the slope of this curve) is negative, agreeing
with the Gibbs−Bogoliubov inequality.52 Physically, this is
explained by considering that the molecules do not follow the
angular and dihedral set points at low K*, thereby resulting in
large values of the integrand (i.e., ⟨(θ − θ0)2 + 1 + cos(ϕ −
ϕ0)⟩). At higher K*, fewer residues deviate from the set point,
resulting in smaller values of the integrand. From the graph, it
is also apparent that the slope approaches zero near K* = 4.87,
suggesting that the block is sufficiently chiral and that a further
increase in K* is unnecessary.
Differences in the integrand across models are also evident

from Figure 3. These differences are a result of how the bond
and dihedral angle distributions at K* = 4.87 differ from the
reference state at K* = 0. The origin of these differences can be
discerned if we break down the contributions arising from the
dihedral angles and the bond angles. The black curve in Figure
4a shows a uniform distribution of the dihedral angles for the
homopolymer (K* = 0). As K* is increased, the distribution
shifts toward a peaked distribution centered around the
dihedral set point, ϕ0 − 180°. The shape of the distribution is
essentially the same for all models; therefore, the resulting
integrand is expected to be relatively the same, as confirmed by
Figure 4b. The minor differences in the dihedral contribution
can be attributed to the slightly broader distributions of models
3, 4, and 5 relative to models 1 and 2. On the other hand, the
bond angle distribution for the reference state is not uniform.

Figure 3. Integrand of the potential energy function at varying values
of K* for each model investigated in this study. Error bars are smaller
than the marker sizes.
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It is skewed and peaks at θ ≈ 75° (Figure 4c). We attribute the
skewness to the steric repulsion between atoms, which
excludes very small bond angles from the distribution. The
distribution of the final state (i.e., coil−helix BCP) is peaked at
the equilibrium angular set point. Thus, depending on the
model set points, the change in the angular distribution will be
different, which will result in different contributions to the
integrand. Angular set points that are farther away from the
peak value of the reference state will lead to a larger integrand,
while set points that are closer to the peak value of the
reference state will lead to smaller integrands, evident from
Figure 4d. Therefore, the integrands and the free energy
change depend strongly on the model chiral BCP (i.e., details
of the chiral conformation). Specifically, significant shifts in
bond angle distributions relative to the homopolymer result in
larger integrand values.
From the integrand, the predefined quadrature schemes are

applied to obtain the change in free energy for each model. In
simulation, the enthalpy can be computed in a straightforward
manner, which also yields the change in entropy for each
model chiral BCP, using the equation below:

=S
H G

T (11)

These thermodynamic quantities are plotted in Figure 5.
All model BCPs witnessed a model-dependent increase in

the free energy and enthalpy coupled with a decrease in
entropy. The magnitude of the enthalpic gain is smaller
compared to the entropic loss. The enthalpic gain itself arises
from introducing energy into the system as K* that imposes
the governing bond and dihedral angles, and by itself, it cannot
be unambiguously interpreted. However, the decrease in
entropy is substantial in magnitude and can be interpreted as

arising from the restriction of dihedral and bond angles to their
equilibrium values.
As can be expected, the change in entropy is distinct for each

model of BCP. The rationale behind this stems from the
difference in the predefined equilibrium bond angles for each
model. To maintain a desired bond angle the third monomer
in the defined bond angle must occupy locations in space that
are represented by the circumference of a circle imposed on a
sphere with a radius of rθ d0

= b sin(θ0), where rθ d0
is the radius, b

is the bond length, and θ0 is the equilibrium bond angle for
each system. Conformational entropy is maximized when the
radius is maximized, which occurs for θ0 = 90°. Figure 6a
illustrates this idea of how the bond angle impacts the number
of available conformations for the molecule. The reference
bond is shown in black, and the available conformations for a
given angular set point are given by the band, colored by the
model.

Figure 4. (a) Dihedral angle distributions in colored lines for different chiral models and in black for the achiral homopolymer. (b) Contribution to
the integrand from the dihedral angle for each model. (c) Bond angle distributions in colored lines for different chiral models and in black for the
achiral homopolymer. (d) Contribution to the integrand from the bond angle for each model. Legend in panel b common to all panels.

Figure 5. Resulting free energy calculations across all model chiral
BCPs. Black bars represent the change in free energy per monomer,
blue bars depict the change in enthalpy per monomer, and red bars
show the change in entropy per monomer.
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We hypothesized that the entropy change should be related
in a simple relationship to sin θ0 that is proportional to the
surface area of the band. In Figure 6b, the change in entropy is
plotted against sin θ0, and a strong correlation with a straight
l i n e i s f ound . The equa t i on fo r the l i n e i s

= 1.6 sin( ) 3.6S
nk 0

B
. Interestingly, if the degrees of free-

dom are maximized with a bond angle of 90°, the entropy loss
is −2.0. This constant value must arise from the model-
independent contribution from the restricted dihedral angles.
To summarize, the significant loss of entropy in the chiral

BCPs drives the increase in free energy for all model BCPs
studied. The contribution stemming from the dihedral angles
appears to be relatively constant across the distinct models,
even though the dihedral set points are distinct. Rather, the
imposed bond angles, θ0, significantly impact the entropy
change for each model, which was found to follow a simple
correlation with sin θ0. While the alterations to entropy are a
significant contributor to the free energy change, the resulting
conformational changes will lead to differences in the enthalpic
contributions, as well.

Enthalpic Interactions. Although each model had distinct
free energy change and entropy loss, no divergence was
observed; i.e., every chiral model had a higher free energy
driven by a loss of entropy. This fails to explain the disparity in
the ODT shifts observed in disparate experimental model
chiral BCPs. So, any divergent behavior will likely occur due to
enthalpic interactions. From Figure 5, it is apparent that the
magnitude of the enthalpic contributions is small and positive.
Subtracting the contribution arising from imposing angles and
dihedrals, i.e., from increasing K*, an even smaller magnitude

of enthalpic change is observed (see Supporting Information
Figure S2).
To probe subtle changes in enthalpic interactions arising

from conformational changes, intrablock interactions for the
chiral block are plotted in Figure 7a and the effective block
repulsion between all A-type and B-type monomers (i.e.,
⟨UAB⟩/nkBT) are plotted in Figure 7b. The reference values for
homopolymers are shown as a black dotted line. Interestingly,
the chiral−chiral intrablock interactions show model-depend-
ent divergent behavior, where the value decreases for models 1
and 2, stays nearly the same for model 3, and increases for
models 4 and 5. These differences are indicative of the effects
of the disparate conformations (see Table 1) adopted by the
different chiral models. Therefore, the specific characteristics of
the helix play a significant role. The effective block repulsion
also exhibits divergent behavior. Even though the magnitude of
the effective block repulsion is relatively small, it is particularly
important, as it captures the energy associated with the
dissimilar blocks coming into contact with one another, which
is a strong driving force for phase separation. One can
speculate that a lower effective block repulsion strengthens the
disordered phase, leading to a lower (χN)ODT and higher TODT.
A higher effective block repulsion would lead to the opposite
effect. When chemical disparity is also considered, these small
differences are expected to be further amplified, which will
impact the ODT in different directions and to different degrees
depending on the conformational details.
To develop a physical understanding and a quantitative

relationship between conformational changes and effective
block repulsion, we examine several conformational metrics. As
outlined in the Introduction, several conformational metrics

Figure 6. (a) Representation showing how decreasing the bond angle decreases the circumference of a circle around a sphere resulting in a lower
number of possible configurations for the monomers associated in that bond angle. (b) Change in entropy plotted against sin(θ0).

Figure 7. Divergent molecular interactions from coil−helix BCPs. This behavior is dependent on model set points leading to either an increase or
decrease in helix−helix intramolecular interactions when comparing to the reference coil−coil homopolymer intramolecular interactions (a). Same
divergent behavior observed between all helix−coil interactions (b).
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have been proposed to explain the shift in the ODT for flexible
or semiflexible BCP systems. Here, we summarize only the
relevant aspects that would impact the disordered phase. The
radius of gyration is capable of shifting the ODT in either
direction due to fluctuation effects. The correction depends on
the invariant degree of polymerization, N̅, which scales as
Rg6.

34−36 Stiffer chains with higher persistence length lower the
relative importance of entropy.37,38 Conformational asymme-
try, measured as the ratio of Kuhn lengths, does not tend to
affect the disordered phase.39,40 We examine all three
conformational metrics below. For helical polymers, pitch is
an additional unique factor that can influence the conformation
(see Figure 1 and Table 1) and will therefore be the fourth
factor to be considered. Details and procedures for calculating
the conformational metrics extracted from the simulations can
be found in the Supporting Information or in Buchanan et al.41

In Figure 8a we plot the effective block repulsion against the
radius of gyration of the B block, Rg,B. Relative to the random
coil indicated by the black dot, Rg,B exhibits two diverging
regimes (i.e., compressed and extended). One expects that as
the size of the block increases, the propensity to interact with
neighboring molecules will also increase. Therefore, helical
polymers that have a smaller radius of gyration than the
reference coil blocks are expected to have decreased
interactions with neighboring chains or, equivalently, a lower
value of ⟨UAB⟩. This decrease in ⟨UAB⟩ would stabilize the
disordered phase and lower the order−disorder transition
temperature, much like what was observed by Yu et al. due to
ordered phase destabilization. Specifically, parameters in
models 1 and 2 closely match the reported values in the
experimental literature (number of monomers per turn and
persistence length ratios),34,41 and our data qualitatively match
experimental findings of lower Rg,B in the disordered phase.

34

Our data also predict that chiral BCPs corresponding to other
models (4 and 5) would result in the opposite thermodynamic
behavior of increasing TODT. But, we also note that this
correlation between Rg,B and ⟨UAB⟩ is not universal across all

the models. For example, model 3 shows a decrease in Rg,B
accompanied by an increase in ⟨UAB⟩.
We believe that the radius of gyration is not the appropriate

metric for describing the conformations in the disordered state
because of the inherent assumption that the helical block
maintains a spherical shape. To test the departure from a
spherical conformation, we examined the full Rg tensor and
calculated the asphericity, anisotropy, and acylindricity of the
system (see the SI for the equations), shown in Table 3. Lower

values of asphericity and anisotropy indicate a spherical shape,
while low values of acylindricity indicate a cylindrical shape.
The coil block (reference state in the free energy calculation)
has an asphericity of 0.204 and an anisotropy of 0.001,
confirming that it is nearly isotropic and takes on a spherical
conformation. The helical blocks for all models have
asphericity values between 1.621 and 3.064 with anisotropy
measurements nearly 2 orders of magnitude greater than the
coil−coil reference state, indicating a nonspherical conforma-
tion. This large deviation in anisotropic evaluation renders
simply using the Rg as ineffective for capturing the effects of
changing conformation on ⟨UAB⟩, as the detail of the
conformation is not captured from this simple metric. Since
the radius of gyration is known to affect the extent of
fluctuation corrections in flexible BCPs, we also computed the

Figure 8. Effective block repulsion as a function of the radius of gyration of the helical block (a), persistence length (b), conformational asymmetry
(c), and pitch (d).

Table 3. Asphericity, Anisotropy, N̅, and Acylindricity for
the Reference BCP and Each Model

Model Asphericity Anisotropy N̅ Acylindricity

Coil 0.204 0.001 143.81 0.227

1 2.678 0.159 165.94 1.866
2 2.932 0.217 132.61 1.378
3 3.086 0.177 132.34 1.637
4 1.621 0.092 146.46 1.249
5 3.064 0.171 183.48 1.412
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invariant degree of polymerization and found that these values
changed across the models. But due to the anisotropy,
considering the effect of fluctuations is not straightforward.
Another useful anisotropic metric is the acylindricity, which

is the difference between the two smallest eigenvectors of the
gyration tensor. Physically speaking, a spherical projection
perpendicular to the primary axis would result in low
acylindricity, while an elliptical projection would result in
high acylindricity. The high values of acylindricity (Table 3)
indicate that the helical conformations are not cylindrical but
are semiflexible. Thus, the conformational changes do not
resemble the transition from a coil-like to a rigid and elongated
helix. Therefore, persistence length is also poorly correlated
with effective block repulsion, as observed in Figure 8b. Thus,
theoretical predictions from the literature which predicts a
higher incompatibility for greater stiffness mismatch are not
strictly applicable.37,38

Next, we investigated the role of conformational asymmetry
defined as the ratio of Kuhn lengths of the helical and coil
blocks. For coil blocks, the Kuhn length is proportional to the
persistence length, but due to the anisotropy inherent in the
helical blocks, the Kuhn length is computed independently
using chain statistics, as outlined in the Supporting
Information, and conformational asymmetry is plotted in
Figure 8c. At low conformational asymmetry, a decrease in
⟨UAB⟩ is observed, whereas, at higher values, it increases. This
non-monotonic behavior shows that conformational asymme-
try fails to capture the molecular interactions of helical
polymers.
From parts a−c of Figure 8, it is apparent that typical

conformational metrics used to describe coil-like or rod-like
families of BCPs, do not transfer well to helical models. Thus,
existing theoretical predictions relying on fluctuation correc-
tions or chain stiffness cannot be directly applied to chiral
BCPs. This is because each of the metrics fails to capture an
important detail novel to helical blocks: pitch. Yamakawa56

used the parameters in a continuous helical equation to
connect various polymer conformations by tuning the pitch
parameter. In the limit of infinite pitch, the rigid rod model is
observed, while in the limit of zero pitch it becomes a planar
spiral. By choosing our model set points, we capture realistic

helical conformations that are semiflexible and of varying pitch
(see Table 1). When pitch is compared to ⟨UAB⟩ a strong linear
correlation is found as observed in Figure 8d. A higher pitch
results in an increase in ⟨UAB⟩, whereas a lower pitch decreases
it. The coil block for which the pitch is not defined appears to
fall in the intermediate range of our chosen models.
To physically understand why the effective block repulsion

depends on the pitch, we examined the simulation snapshots.
Figure 9a highlights some representative conformations of the
isolated molecules for each model. The red beads in this panel
represent the achiral, “A” block, while the varying colors
(purple, blue, and green) represent the chiral, “B” blocks. The
reported variation in the conformation (radius of gyration,
flexibility, and pitch) can be qualitatively observed. In
particular, the B block appears to elongate from the left to
right. This elongation appears to be subtle as the pitch for each
system ranges from 2σ to 6σ. The smaller pitches tend to
exclude a significant number of monomers from interacting
with the surrounding molecules (models 1 and 2). This
inaccessible region decreases the number of net contacts
between the polymer and its surrounding matrix. This is
captured in Figure 9b, where the inside of the tightly coiled
helix is inaccessible to the red spheres (used to represent
matrix contacts). As the pitch increases, the helix becomes
more exposed, increasing the ability for surrounding molecules
to come into contact with it (Figure 9c). The random coil will
tend to have an intermediate value of contact, as seen by the
achiral reference line in Figure 8d. Therefore we see that rather
than traditional conformational metrics, the characteristics of
the helix play a significant role in rationalizing the divergent
effective block repulsions displayed for the different helical
models relative to the (achiral) coiled homopolymer.
We note that the critical role that pitch plays on chiral BCP

thermodynamics has been brought up in previous work.32

However, in oSCFT, the pitch refers to the length scale over
which the molecules twist and is normalized by the end-to-end
distance of the molecule. In this work, pitch denotes the length
scale over which the intramolecular conformation twists
relative to the bead diameter. Establishing the connection
between the two is beyond the scope of this work.

Figure 9. (a) Particle-based conformations of helical BCP chains for each model investigated in this study. (b) Physical representation of a helical
block containing a small pitch. Possible matrix contacts pictured in red are unable to access the inner portion of the helix. (c) Helical block with a
larger pitch, which is more accessible to its surrounding matrix.
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Nevertheless, it appears that pitch drives the thermodynamic
behavior of chiral BCPs on multiple length scales.
To summarize, for the chemically identical blocks, depend-

ing on the model system, effective block repulsion ⟨UAB⟩/nkBT
exhibits divergent behavior. All of the examined conforma-
tional metrics also examined divergent behavior in comparison
to the homopolymer. Yet, the semiflexible and helical nature of
the molecules led to poor quantitative correlation between the
radius of gyration, persistence length, and Kuhn length.
Instead, the characteristic conformational parameter for
helices, i.e., pitch, resulted in a strong correlation with effective
block repulsion. Next, we explore how the varying helical
conformations impact the change in free energy when chemical
disparity between blocks is increased.

Effects of Introducing Chemical Disparity. The free
energy change when increasing the chemical incompatibility
(disparity) between the two blocks is related to the Flory−
Huggins interaction parameter χ for coil−coil systems. A
similar pathway can be constructed for increasing the chemical
incompatibility by the same amount for the coil−helix systems
(Figure 2). The magnitude of chemical incompatibility (ϵAB* ) is
chosen to remain in the disordered state and maintains
reversibility. As described in Methodology, the difference
between the latter and the former is plotted in Figure 10 and is

proportional to χcoil−helix − χcoil−coil. Note that, in this plot, we
have not resolved the proportionality constant c and we
comment only on the sign rather than the magnitude, which
provides insight as to how the helical conformations impact the
free energy of the disordered state. The individual contribu-
tions of ΔG2/nkBT and ΔG3/nkBT computed from eqs 9 and
10 are shown in Figure S3. For models 1 and 2 with smaller
pitch, a negative shift in Δχ is observed, which indicates that
the chiral BCP is more stable in the disordered phase
compared to the coil−coil analogue. This result is in agreement
with the experimental result by Yu et al. where the Flory−
Huggins parameter for the coil−helix BCP was lower than the
coil−coil BCP.34 For models 3, 4, and 5 with a larger pitch, a
positive shift in χ is observed. This divergence further shows
that the pitch-based divergence in thermodynamics in the
effective block repulsion extends when chemical disparity is
increased.

■ CONCLUSIONS
Using particle-based simulations, a melt of coil−helix block
copolymers in the disordered phase was studied. Five different
models of coil−helix BCPs were chosen that varied in the pitch
of the helix. Among these, models 1 and 2 have conformational

metrics that are similar to recently reported experimental
conformations by chiral BCPs.34 To understand the details of
the thermodynamics, the free energy change was computed
along three different paths. In path 1 the blocks were
chemically identical, while the conformation of the B block
was changed from a coil to a helix. In path 2, the blocks were
conformationally identical (coil−coil), while the chemical
disparity between the blocks was increased. In path 3, the
blocks were conformationally distinct (coil−helix) and the
chemical disparity was increased.
The largest change in free energy is associated with path 1,

which is mainly driven by a substantial decrease in entropy.
This large decrease in entropy is attributed to the restriction of
the dihedral and bond angles to their equilibrium set points
during the formation of helical conformations. While the
dihedral angle contributions were relatively constant for each
model, the bond angle contributions are model-dependent.
This dependence was quantified and is found to be related to
sin(θ0), which is simply the surface area of accessible
conformations on a sphere when bond angles are restricted
to θ0.
Despite having chemically identical blocks along path 1, the

conformational changes exhibit divergent enthalpic contribu-
tions relative to the coil homopolymer. This suggests that the
introduction of chirality into a block does not fully capture the
thermodynamic effects, but the characteristics of the helix play
a significant role in the thermodynamics of these systems.
Particularly, the effective block repulsion, an important driving
force for phase separation, decreases in some models and
increases in others. Conformational metrics such as the radius
of gyration and conformational asymmetry also exhibit model-
dependent divergent behavior but do not quantitatively
describe the effective block repulsion. We argue that the
nature of the helices cannot be simply described as spherical,
coil-like, nor rod-like, and thus, characteristic metrics typically
used in flexible or stiff BCPs do not capture the behavior.
Instead, we found that the metric indicative of chirality, i.e., the
pitch, is best correlated with effective block repulsions. Shorter
pitch results in lower effective block repulsion, and longer pitch
results in higher effective block repulsion.
Subsequently, the free energy change was computed for

increasing the chemical disparity between the blocks. The
difference between free energies from paths 3 and 2 is also
proportional to the difference in Flory−Huggins parameter
χcoil−helix − χcoil−coil. We found that models with helical
polymers possessing smaller pitches exhibit a negative shift in
χ, whereas those with larger pitches undergo a positive shift in
χ.
Throughout this work, results for models 1 and 2 (radius of

gyration and Δχ) are consistent with experimentally reported
observations in the disordered phase, which resulted in a lower
TODT for PnBA-b-polypeptoid.34 However, experimental
observations on an alternate chemistry (PS-b-PLLA) exhibited
a higher TODT for the chiral BCP. Although the cause for the
shift in the level of ODT cannot be identified from the
disordered phase alone, our results suggest that chiral block
copolymers exhibit unique thermodynamics in the disordered
phase that strongly depend on the pitch of the molecule. In
fact, the changes in pitch across models 1, 2, and 3 differ by
less than one monomer diameter. These distinct conforma-
tions could be potentially accessed by changing the chemical
groups attached to the backbone.

Figure 10. Changes in χ between coil−helix models and the reference
coil−coil analogue.
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Coil-helix block copolymers can exhibit divergent thermodynamics in the disordered phase
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Initialization of Disordered Reference Melt

A simulation containing 250 block copolymer chains composed of 60 monomers and chiral

volume fraction of fB = 0.5 were initiated in a lamellar morphology by following the pro-

cedure from Seo et al .1 We note that this initial state quickly becomes disordered, and is

only implemented for the sake of convenience. All dihedral and bond angle potentials were

initially shut off (K∗ = 0) while the energetic parameter governing the bond angles was set

to 400kBT with an equilibrium bond length of 0.97σ. To eliminate the high energetic penalty

of overlapping atoms given from the initial input structure, the nonbonded interactions were

initially governed by a soft potential defined as:

Vsoft = A

[
1 + cos

(
πrij
rc

)]
, rij < rc (S1)

where rc is the cutoff distance for the potential, rij is the distance between two non-bonded

atoms of index i and j and A is an energetic term that is identical for all particle types

and incrementally increases as the the simulation time increases (A = 50× t∗

1000
kBT ). This
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initial minimization was conducted utilizing the canonical (NVT) ensemble with kBT = 1.0,

implemented by a Nose-Hoover thermostat with a damping parameter of 100δt∗. The initial

pushoff was then simulated with a timestep increment of δt∗ = 0.005 for 10,000 timesteps.

Once the overlapping atoms were separated, the non-bonded interactions were switched

from the soft potential to the WCA potential (Equation 2 in the main text). The energetic

parameter ϵ∗ was set to 1 for each non-bonded interaction (AA, BB, and AB). The simula-

tion box was then deformed to a cubic box to accomodate a monomer bead density of 0.85σ−3

under a microcnonical ensemble (NVE) for another 10,000 timesteps with a Langevin ther-

mostat maintaining a temperature of T∗ = 1.0 with damping parameter of 100δτ . Finally

an isoenthalpic enselmbe (NPH) was utilized with a Nose-Hoover barostat maintaining a

pressure of P ∗ = 5.0 with a damping parameter of 1000δt∗ and the simulation was allowed

to equilibrate for another 100,000 timesteps. A disordered melt was then visualized with the

VMD software package.2

This starting snapshot was used to initiate additional simulations at target K∗ or ϵ∗AB

for 100,000,000 timesteps from which the initial 40-50% were discarded.

Gauss-Legendre Quadrature Optimization

The accuracy of a Gauss-Legendre quadrature is sensitive to the number of nodes used in

the calculation. Too few nodes and the resulting integration will be erroneous while too

many nodes result in excess computational requirements. Every function has an optimal

number of nodes that both minimize error while being computationally cost efficient. Using

Python’s NumPy library weights (wi) and scaled nodes (Ki) for quadratures ranging from

5 − 15 points were calculated. These nodes, and their subsequent weights can be found in

Table S1. The resulting free energies can be observed in Figure S1.
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Table S1: Gauss-Legendre quadratures tested for finding optimal number of nodes. Weights
(wi) and rescaled evaluation (K∗

i ) points after the change of bounds were applied.

wi(5) K∗
i (5) wi(7) K∗

i (7) wi(9) K∗
i (9) wi(11) K∗

i (11) wi(13) K∗
i (13) wi(15) K∗

i (15)
0.2369 0.2346 0.1295 0.1272 0.0813 0.0796 0.0557 0.0544 0.0405 0.0395 0.0308 0.0300
0.4786 1.1538 0.2797 0.6462 0.1806 0.4099 0.1256 0.2823 0.0921 0.2060 0.0704 0.1568
0.5689 2.5000 0.3818 1.4854 0.2606 0.9666 0.1863 0.6746 0.1389 0.4961 0.1072 0.3795
0.4786 3.8462 0.4180 2.5000 0.3123 1.6894 0.2332 1.2023 0.1781 0.8941 0.1398 0.6890
0.2369 4.7654 0.3818 3.5146 0.3302 2.5000 0.2628 1.8261 0.2078 1.3788 0.1662 1.0723

0.2792 4.3548 0.3123 3.3106 0.2728 2.5000 0.2263 1.9239 0.1862 1.5146
0.1294 4.8728 0.2606 4.0334 0.2628 3.1738 0.2356 2.5000 0.1984 1.9970

0.1806 4.5901 0.2332 3.7877 0.2263 3.0761 0.2026 2.5000
0.0813 4.9204 0.1863 4.3253 0.2078 3.6212 0.1984 3.0030

0.1256 4.7177 0.1781 4.1059 0.1862 3.4854
0.0557 4.9456 0.1389 4.5039 0.1662 3.9274

0.0921 4.7940 0.1398 4.3110
0.0405 4.9605 0.1072 4.6202

0.0704 4.8432
0.0308 4.9699

Figure S1: Free energies of Model 1 with varying n-point Gauss-Legendre quadrature.
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Enthalpic Contributions in ∆G1

Figure S2: Contributions towards the change in enthalpy caused by the conformational
changes associated with increasing the helicity of one block in a BCP melt. Bond angle and
dihedral angle contriubtions are excluded.

Radius of Gyration Tensor

Calculations for the gyration tensor for a relevant group of connected beads provides more

detail than simply the radius of gyration. The relevant group could be the entire polymer

molecule, or the B-block, comprising Ng beads. The components of the tensor are related

to the displacement vector of each bead relative to the center of mass of the group is used to

compute the gyration tensor. The position vector of the kth bead is denoted as (r
(k)
x , r

(k)
y , r

(k)
z ),

while that of the center of mass is denoted as (r
(CM)
x , r

(CM)
y , r

(CM)
z ). The components of the

symmetric tensor are defined as:3

Smn =
1

Ng

Ng∑
k=1

(
r(k)m − r(CM)

m

) (
r(k)n − r(CM)

n

)
; (S2)
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where m,n cycle through the Cartesian coordinates x, y, and z. The full tensor is symmetric

and is given by:

S =


Sxx Sxy Sxz

Sxy Syy Syz

Sxz Syz Szz

 (S3)

The eigen values of this tensor are designate as L1, L2, L3 where L1 < L2 < L3 such

that L1 denotes the largest value. These values are used to calculate the radius of gyration,

acylindricity and asphericity. The metrics are related to L1, L2, and L3, given by the

following formulae.

R2
g = L1 + L2 + L3 (S4)

Asphericity b = L3 − 0.5× (L1 + L2) (S5)

Acylindricity c = L2 − L1 (S6)

Anistropy k =

√√√√√b2 +
3

4
c2

R4
g

(S7)

The values of Rg, asphericity b, and acylindricity c are not bounded and will increase as

the size of the group increases. The value of anisotropy k ∈ [0, 1] is bounded. An ensemble

average is then applied to the group (each block or entire polymer molecule) and reported

in the main text.

Calculation of Kuhn Lengths

The Kuhn lengths for each model at discrete values of K∗ required simulations probing

single chain polymer statistics. Simulations were initiated for degrees of polymerization (N)

ranging from 10 to 500 in a canonical ensemble with simulation box lengths large enough

to avoid any interaction through periodic boundaries. A Nose-Hoover thermostat was used

to maintain a temperature of T ∗ = 1 with a damping parameter of 100δτ . The simulations
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proceeded with a timestep increment of δτ = 10−3 for 3 × 107 timesteps. The countour

length of each polymer in these coarse-grained models is dependent on N and the bond

length between each bead. l. This is equivalent to the statistical degree of polymerization,

M and Kuhn length, b. Therefore by setting Nl = Mb and multiplying both sides by b we

get:

Mb2 = R2
ee = Nlb (S8)

Finally, we plot the root-mean-square end-to-end distance against Nl in a model. The slope

obtained by fitting a straight line gives the Kuhn length.

Free Energy Calculations For Increasing Chemical Dis-

parity

Figure S3: Change in free energy for thermodynamic integration paths 2 and 3.
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Structure Factors For Increasing Chemical Disparity

The structure factors S(q) were calculated by:

S(q) =
1

N
[

N∑
i=1

cos(q⃗ · r⃗i) +
N∑
i=1

sin(q⃗ · r⃗i)] (S9)

where r⃗i is the position vector for each atom of a system containing N particles and q is the

magnitude of the wave vector, q⃗ incident on the system and takes the form of:

q⃗ = (2πnx/Lx, 2πny/Ly, 2πnz/Lz) (S10)

where n takes on integer values ranging from [0,L]. In this study the particles subject to this

formulation were the chiral, “B” beads.
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Figure S4: Comparison of structure factors along thermodynamic integration paths 2 and 3.
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