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ABSTRACT: Dissipative particle dynamics (DPD) simulations were performed on bulk 5
melts of model amphiphilic polymer conetworks (APCN), a relatively new macromolecular

architecture comprising two types of mutually incompatible polymer segments, and provided -§ 4

their morphological behavior and mechanical properties under uniaxial elongation. The &

simulated APCN systems were based on four-armed star diblock copolymers covering the % 3

composition range from ¢, = 0.05 to 0.50, end-linked via tetra-functional cross-links. The §

corresponding (uncross-linked) bulk melts of linear diblock and four-armed star diblock 3 2

systems were also simulated using a recent DPD reparametrization (the same §
reparametrization was also the one employed for the conetworks) for comparison of the § 1 et ok

“potatoes”

morphology results with those for APCNs, and for validation of our DPD methodology by Py

comparison with the results of the original reparametrization study on linear diblocks. Our U o on a8 oA
simulations provided APCN morphologies similar to those exhibited by their linear and star minority component volume fraction
diblock counterparts, differing mainly at the polymer composition of @, = 0.35 where the

conetworks organized into perforated lamellae, while both the linears and stars self-assembled into gyroids. Expectedly, at that
composition, the shape parameters (asphericity, prolateness, and acylindricity) displayed the largest differences between the
conetworks, on the one hand, and the linears and stars, on the other. Interestingly, when the segregation strength was sufficiently
lowered from yN = 60 and 80 down to 40, the APCN with composition @, = 0.35 self-assembled into a gyroid morphology,
suggesting that this morphology is also accessible to the present materials. The prevalence of the gyroid or the perforated lamellar
morphology in APCNs with ¢, = 0.35 is the result of a delicate balance of forces, where the competition between the minimization
of the interfacial energy and the minimization of elastic energy, commonly known as “packing frustration”, also plays a major role.
Uniaxial tension eventually transformed all originally unstretched APCNs, both self-assembled (¢, = 0.15 to 0.50) and those in the
disordered state (¢, = 0.05 and 0.10), into lamellae normal to the direction of extension, with the APCNs possessing compositions
of ¢, = 0.15 and 0.20, acquiring four different morphologies during the elongation process. When the present model APCN systems
of equimolar composition (¢, = 0.50) are sufficiently randomized by cleaving a high enough percentage (50%) of cross-links and
either (again randomly, but in a different random way from the initial random cleavage) reconnected (partially or totally) or not,
uniaxial stretching led to the formation of tilted lamellae. This latter finding reconciles, to some extent, earlier, apparently
contradicting, results from previous studies, some of which yielded normal lamellae and some other paralle]. We expect that the
results of the present simulations would facilitate the design and development of next-generation APCNs.

B INTRODUCTION pancreas'”), APCNs have a single high-added value application

First synthesized 35 vears ago by two teams workin representing a global market of 10 billion US dollars annually:
in deperi,dently on eith);r s deg of Zhe Atlantic Ocean,l’% that of silicone hydrogel (“extended-wear”) soft contact

N . lenses.”® In addition to vision correction, these APCN-based
amphiphilic polymer conetworks (APCNs) comprise cross- .
. T . 3 soft contact lenses may also be used for the delivery of ocular
linked hydrophilic and hydrophobic polymer segments.” Thus, ) . q. . 14 .
. . ) drugs, mainly ophthalmic antibiotics. © Two further exciting
these relatively new soft materials represent an amalgamation . .
- i extensions of the use of the particular contact lenses currently
of hydrogels and surfactants, combining a swellable elastic
structure self-assembling both in water and in the bulk.* While
possessing several emerging applications both in technology
(matrices for solid/gel polymer electrolytes,””” porous
supports for phase-transfer enzymatic catalysis,® antifouling
L9 . . 10 . -
coatings,” and sequestering oil pollutants ), and biomedicine
(scaffolds for drug or nutrient delivery,'" and tissue engineer-
ing, immunoisolation membranes serving as bioartificial

Received: July 12, 2023
Revised:  October 26, 2023
Accepted: November 2, 2023
Published: November 21, 2023

© 2023 The Authors. Published b
Ameericl;n %ﬁemlilcaissscietz https://doi.org/10.1021/acs.macromol.3c01392

v ACS PUb| |Cat|on S 9299 Macromolecules 2023, 56, 92999311


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dimitrios+G.+Tsalikis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mihai+Ciobanu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Costas+S.+Patrickios"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuji+Higuchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.3c01392&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01392?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01392?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01392?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01392?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01392?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/mamobx/56/23?ref=pdf
https://pubs.acs.org/toc/mamobx/56/23?ref=pdf
https://pubs.acs.org/toc/mamobx/56/23?ref=pdf
https://pubs.acs.org/toc/mamobx/56/23?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.3c01392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Macromolecules

pubs.acs.org/Macromolecules

Linear copolymer

4-arm star

Figure 1. Schematic representations of the three polymer architectures whose self-organization in the bulk was modeled in this study using DPD:
(a) linear diblock, (b) four-armed star diblock, and (c) APCN, all with 20-mer constituting chains/arms, with the examples depicted in the figure

possessing an equimolar composition.

under development, both requiring the implantation of the
appropriate microelectronics, are their application for glucose
sensing for diabetics and serving as electronic television or
computer screens.

Being their most important physicochemical property,
APCN self-organization has attracted much attention.
However, the presence of the cross-links or/and the nonideal
structure of the APCN building blocks lead to the formation of
frustrated/distorted morphologies, with much less regularity
than the morphologies observed with (non-cross-linked) linear
block copolymers.'® Thus, the APCN electron micrographs or
atomic force micrographs usually exhibit morphologies with
spheroidal domains, and the corresponding small-angle X-ray
scattering (SAXS) or small-angle neutron scattering (SANS)
profiles present a single broad peak.s_7’10’17_3’8 However,
recent synthetic developments, involving sparser and more
regular cross-linking, e.g., end-linking, as well as the utilization
of near-ideal building blocks (well-defined linear or star
polymers), resulted in APCN nanophase-se?arated morphol-
ogies of high regularity, e.g.,, wavy lamellae,”® and SAXS and
SANS profiles with a number of higher order peaks.””** The
experimental recording of these more regular morphologies in
self-assembled APCNs renders their modeling/simulation
more worthwhile. In particular, current state-of-the-art
simulations and self-consistent field theories (SCFT) very
successfully reproduce the experimentally observed morphol-
ogies of linear diblock melts*' and are, consequently, expected
to accurately predict the morphologies formed by APCNs
comprising well-defined building blocks.”” Furthermore, any
new morphologies, special to well-defined APCNs, and due to
the presence of the cross-links, i.e., not exhibited by non-cross-
linked systems, e.g., linear and star blocks, may first be
identified by experiments and then confirmed by simulation/
theory, or vice versa.

Our team were the first to pursue the modeling of APCN
self-assembly in water or in the bulk.”*™*° Our approach
involved the utilization of simple analytical expressions for the
changes in the Gibbs free energy components (elastic, mixing,
ionic, and interfacial) between the disordered and ordered
states. While not state-of-the-art, our approach still provided
useful results, yielding phase diagrams with the anticipated
order of morphologies, i.e., disordered system, spheres,
cylinders, and lamellae, as the volume fraction of the
hydrophobic component increased and as the degree of
ionization of the hydrophilic component decreased. State-of-
the-art approaches on APCN modeling are scarce, and such
recent examples include simulations by Wang and Miiller"’
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and SCFT by Schmid and co-workers.** Both of these works
considered APCN melts in two dimensions® and observed
that the disorder—order transition occurred at a lower
incompatibility when APCN thin films were subjected to
elongation.

In the present work, we employ a state-of-the-art coarse-
grained molecular dynamics simulations method, dissipative
particle dynamics (DPD),*°™>* using the LAMMPS simu-
lations engine54’55 to simulate three-dimensional, rather than
two-dimensional, APCN bulk melts (no solvent and no charge
present in the system). Coarse-grained molecular dynamics
simulations are useful in revealing the mechanical properties of
polymers with complex structures, such as semicrystalline
polymers,”®™%” double-network gels,">™ and block copoly-
mers.**~%° On the other hand, DPD simulations are effective in
unveiling the self-assembly’°~"* and phase separation””
processes in amphiphilic polymers. Thus, our simulation
results will include both the morphological and mechanical
properties of APCNs. The present APCN system comprised
four-armed star diblock copolymers with 20-mer arms, end-
linked via tetrafunctional linkers. Alternatively, the system may
also be viewed as being composed of linear diblock copolymer
20-mers, cross-linked at each end via tetrafunctional linkers.
Rather than just focusing on an equimolar system, our
simulations covered the whole composition spectrum, with
the minority polymeric component (block) spanning the
whole range of volume fractions, from 0.05 to 0.50; because
the system is symmetrical, there was no need to cover the
other half of the polymer volume fraction range. The initial
configuration of the system was a disordered one on a diamond
lattice. In addition to the APCN melts, two other architectures
were also simulated, linear diblock and four-armed star diblock
bulk melts, with the same arm lengths and spanning the same
composition ranges as the APCNs. Schematic representations
of the equimolar linear diblock, equimolar four-armed star
diblock, and equimolar APCNs are illustrated in Figure 1. In
fact, we used the simulations of the linear diblock bulk melts to
validate our method, according to the recent reparametrization
by Huang and Alexander-Katz, which perfectly reproduced the
phase diagram of linear diblock bulk melts.”* This para-
metrization employed a density, p, of 5. Our simulation cells
contained about 168 thousand beads, while an incompatibility
N value of 80 was employed in (most of) the simulations.”*

B SIMULATIONS METHOD

In DPD, the simulated particles obey Newton’s equations of
motion.”' The total force acting on a certain particle arises

https://doi.org/10.1021/acs.macromol.3c01392
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from its interaction with all its neighboring particles, located at
a certain cutoff distance from it. This total force has four
components: a soft bond force, a conservative (repulsive)
force, a dissipative force, and a random force. It is common in
DPD simulations to work in reduced units; thus, the thermal
energy kT, the particle mass, and the cutoff distance are set
equal to unity.

Any two successive particles in a polymer segment are
connected via a soft harmonic bond with a spring constant K
set here equal to its reparametrized value of 350.”* The
conservative (repulsive) force between any two particles
decreases with their distance, ultimately vanishing at a certain
distance. The maximum repulsion between two like particles,
a;, is related to the density, p, and the thermal energy kzT via®!

ap = 75kyT 1)

with a reparametrized value of p of 5,”* and the value of the
thermal energy set equal to unity, eq 1 above gives

;=15 )

The repulsion parameter for unlike particles, a@; can be
calculated using the chosen value of the Flory—Huggins
interaction parameter for unlike particles, y; from the
following expression”

a; R aii+1'45)(ij (3)
The random force captures the thermal fluctuations in the
system. This force is directly proportional to the noise strength
and inversely proportional to the square root of the integration
time-step, Ot, assigned here their reparametrized values of 0.10
and 0.015,”* respectively.

The systems studied were described in the Introduction
section and illustrated schematically in Figure 1. The inner
segments of the stars comprise type A beads colored red. The
initial (and “maximally swollen”) network conformation would
be that of a diamond lattice, as shown in Figure lc. To explore
the effect of polymer composition on the self-assembly in all
three polymer architectures, the number of type A beads was
varied from 1 to 10, corresponding to A volume fractions @, =
0.05—0.50, varying at 0.0S increments. For example, a star with
@4 = 0.10 consists of 2 beads of type A and 18 beads of type B,
the former being connected with the star’s core. Systems with
@ values greater than 0.50 were not examined since, by
construction, APCNss are symmetri, i.e., the ¢, = 0.30 system
yields identical results to that with ¢, = 0.70.

Cubic simulation cells were constructed for all three polymer
architectures, setting the density, p, equal to S, and imposing
periodic boundary conditions in all three directions. The
APCN5s were generated by replicating a perfect diamond lattice
initial configuration to construct the cubic cell. Figure Ic
depicts a 4 X 2 X 4 network formed by replicating a diamond
lattice configuration four times in the x-direction, twice in the
y-direction, and four times in the z-direction. Simulations for
the APCNs were executed using 12 X 6 X 12 systems
comprising ~71,000 beads. To ensure that the outcomes of the
DPD simulations did not suffer from system-size effects, all
runs were repeated using 16 X 8 X 16 networks of ~168,000
beads. The accumulated simulation results of the larger cells
verified the microstructures obtained with the smaller cells,
thereby confirming the absence of system-size effects. Unless
otherwise stated, the APCN results presented in this paper
originated from the 16 X 8 X 16 networks. As already
mentioned, DPD simulations of linear and star copolymers
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were also conducted. More details regarding the composition
and size of all simulated systems are provided in Table 1. All

Table 1. Number of Molecules, Number of Particles per
Molecule, Length of Simulation Box, and Volume Fraction
Range in A Component, @,, Employed for the Present
Simulations on the Three Model Systems of Different
Architecture Studied in this Work

number of length of
system number of particles per simulations
architecture  molecules molecule box [N
linear 6750 20 30 0.05—0.50
star 1667 81 30 0.05—0.50
APCN 1 167,936 32.26 0.05—0.50

runs were carried out using the LAMMPS simulations
engine.”””> Huang and Alexander-Katz"* showed that for
Flory—Huggins incompatibility parameter values, yN, in the
range 80—95, linear diblocks exhibit a rich-phase behavior
assuming spherical, cylindrical, gyroid, and lamellar micro-
structures, as a diblock composition is varied. Thus,
throughout most of this work, the repulsion parameter
between beads of types A and B, a;, was set equal to 20.8,
corresponding to a Flory—Huggins incompatibility parameter
value, YN, equal to 80.

To prepare the randomly mixed state for the initial
condition, the simulation is performed by setting the
interaction potential a; equal to a; = a; = 15 (i.e., deactivating
the incompatibility between the two bead types) for time t =
15 X 10%z. The same protocol was also applied to the linear
and (free) star copolymers. Subsequently, the interaction
potential value was increased to a;; = 20.8, and the amorphous
APCN configurations were subjected to equilibration for at
least t = 4.5 X 10°z. On the other hand, due to the absence of
cross-links and, consequently, their enhanced ability to
rearrange compared to that of the APCNs, linear and star
bulk systems assumed their equilibrium microstructures much
faster, within less than 10’ DPD steps corresponding to t = 1.5
X 10°z.

Selected equilibrated APCN microstructures from all
volume fractions were subjected to tensile deformation
simulations, and the following procedure was employed to
investigate their mechanical response. The equilibrated cubic
simulations cells were stretched in the selected direction, e.g.,
the x-direction, at a constant engineering strain rate given as
é=[L(t) — L(t=0)]/L(t = 0) = 1.25x107°, where L,
denotes the length of the orthogonal cell in the x-direction.
At the same time, the box lengths in the other two directions,
i.e., y- and z-directions, were decreased to keep the box volume
constant. This implies that the Poisson’s ratio, y, is equal to u
= 0.5. Then, the stress ¢ in the x-direction is calculated as 6 =
—P,. + (Pyy + P,)/2, with P, P,, and P_ being the
components of the pressure tensor. Tensile deformation
simulations were carried out for at least 20 X 10° DPD steps
to obtain engineering strain & values greater than ¢ = 3.

B RESULTS AND DISCUSSION

Morphologies. Figure 2 depicts the morphologies
obtained from our simulations for all three architectures,
conetworks, four-armed stars, and linears, all comprising 20-
mer diblocks, with the conetworks composed of four-armed
star diblocks end-linked by tetra-functional linkers, as a

https://doi.org/10.1021/acs.macromol.3c01392
Macromolecules 2023, 56, 9299—9311


pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c01392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

Architecture Volume fraction in component A, ¢,
0.35 0.40
Linear
Star
APCN
Architecture Volume fraction in component A, @,
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
D D s c © c G L L L
D D s c G c G L L L
D D S+C S+C c (9 PFL L L L

Figure 2. Morphologies obtained for all three architectures, as a function of the minority component polymer volume fraction, ¢, illustrated as
three-dimensional representations (top) and cross-sections (bottom). In the top part of the figure, only the minority component is shown (in red)
for clarity (majority component is omitted), whereas, in the bottom part of the figure, the cross sections of the cylinders in the C (at ¢, = 0.25) and
PFL (at ¢, = 0.35) microphases were sampled not vertically to the cylinder axis but at an angle so as to clearly differentiate their projection from
that of spheres. Key: D: disordered, S: spheres, C: cylinders, PFL: perforated lamellae, G: gyroids, and L: lamellae.

function of the minority component polymer volume fraction,
@p, spanning the range from 0.05 to 0.50. In the figure, the
morphologies are displayed in two different ways: three-
dimensional representations (top) and cross-sections (bot-
tom).

By inspection of the above morphologies, the following
conclusions may be drawn. First, the linear diblock bulk melts
faithfully reproduced the morphology sequence (D — S — C
— G — L) determined by Huang and Alexander-Katz using
their reparametrized DPD simulation,”* thereby validating our
method. Moreover, our results on star diblock bulk melts
exhibited morphologies identical to those of the linear
diblocks. These star diblock bulk melt morphologies are in
agreement with those from the SCFT by Matsen and Schick on
similar star diblock bulk melts.”” Our results on the
morphologies of the star diblock bulk melts are also very
similar, but not identical, to the those from the DPD
simulations on star diblock bulk melts by Xu et al,,’® which
gave a G, rather than a C, morphology at ¢, = 0.30.
Furthermore, our simulated morphologies for the conetwork
bulk melts were similar, but not identical, to our simulated
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morphologies for the linear and star diblock bulk melts, slightly
differing in two minority component polymer volume fraction
ranges, @,; first, at @, = 0.3S where the conetworks missed G
and presented, instead, PFL, and, second, at ¢, = 0.15 and
0.20, where conetworks presented mixtures of S + C
(“potatoes”) rather than individual/clear S or C.

Thus, the presence of the end-linking in the APCNs leads to
the above-mentioned morphology differences compared to
their linear and star counterparts at the corresponding @,-
values and the same segregation strength. The appearance of
PFLs in conetworks at a @,-value of 0.35 deserves special
attention. The PFL morphology is not observed in star
diblocks (both in the present results and those from SCFT’?)
at the present segregation strength of yN = 80. However, it has
been observed at lower segregation strengths, yN = 20 and 30,
both with four-armed star diblocks and four-armed miktoarm
stars (comprising two different types of homopolymer arms,
two from each type).”® Interestingly, the PFL morphology has
been identified both in AB, three-armed miktoarm stars and
comb copolymers at the same segregation strength as in this
study, (¥N).gecive = 30, and at a nearby ¢4-value of 0.30, and

https://doi.org/10.1021/acs.macromol.3c01392
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Figure 3. Composition dependence of the (a) domain size, (b) diblock chain end-to-end distance, and (c—e) shape parameters for the
morphologies assumed by the three architectures studied, APCNs, stars, and linears.

it has also been predicted to appear in diblock-homopolymer
(majority component) blend melts.”” For this last case, the
stabilization and prevalence of the PFL morphology has been
explained by the reduction in packing frustration (competition
between minimization of interfacial energy and minimization
of elastic energy) that results from the extra thickness of the
majority-component layers, and a similar explanation may be
given for miktoarm stars, combs,”” and, presumably, conet-
works as well. Importantly, the PFL morphology has very
recently been identified, both experimentally and via DPD
simulations, as a stable (equilibrium) bulk morphology in a
particular type of highly branched and segmented comb
architecture, that of diblock Janus-type “A-branch-B” bottle-
brush copolymers (di-JBBCP) at ¢, = 0.34.”° Although not
with a network architecture, di-JBBCPs are highly branched,
similar to APCNs.

Regarding the speed of attainment of the final equilibrium
morphology, we stress that this was much slower for the
conetworks than for the linears and stars, especially for the ¢,-
value range from 0.35 to 0.50. Sometimes, the APCNs would
get stuck to a metastable doubly connected lamellar structure.
To facilitate equilibration, we would anneal the system to
dimensionless temperatures, T, of up to 1.2 and then quench
back down to T = 1.

Confirmation of Morphology Equilibration. To further
support our claim that the above-determined morphologies are
the equilibrium ones, we repeated some of the simulations at
(pa = 0.35) or near (@, = 025 and 0.40) the critical
composition range by changing two important parameters.
One was the system configuration at the start of the simulation
and the other was the system size. Regarding the former, we
started the simulation with the system not at the disordered
state, but at a nearby (with respect to the conetwork
composition) equilibrium morphology, and changed the
composition to the desired one just before the beginning of
the simulation. We did this for five cases, in all five of which
the simulations again yielded the same structures as those

9303

obtained when starting from the disordered state. These results
are given and discussed in the Supporting Information, where
relevant figures (Figures S1—S4) and videos (Videos S1, S2, S3
and S4) are also provided. Regarding the latter, we studied
again the APCN with ¢, = 0.35, also starting the simulation
from the disordered state, but employing system sizes twice as
large (328,000 beads) and half (70,848 beads) of our standard
(full) size system (167,936 beads). For both of these additional
simulations, the PFL morphology was again obtained, with the
results being presented and discussed in the Supporting
Information (Figure S5).

Domain Size, Chain End-To-End Distance, and Shape
Parameters. To more quantitatively analyze the equilibrium
morphology structures depicted in Figure 2, we calculated
from them the various size parameters, including the domain
sizes, the linear chain end-to-end distances, and the shape
parameters, all plotted against the minority component
polymer volume fraction in Figure 3. The end-to-end distances
were calculated for the linear constituting segments, i.e., the
diblock copolymer chain (“arm”), R, .y, to enable a fairer
comparison among the three polymer architectures. Thus,
these distances concerned the diblock chain for the linear
system, a diblock arm for the star block system (rather than the
whole star), and the linear diblock chain between two
consecutive cross-linking points for the conetwork system.
On the other hand, the domain sizes were calculated as the
distance of the second peak in the radial pair correlation
function of the minority component. Finally, the shape
parameters, i.e., asphericity, prolateness, and acylindricity,””*’
were calculated from the three invariants, I}, I,, and I, which
are correlated to the three eigenvalues of the gyration tensor,
A1y Ay and A, as shown in Appendix SI in the Supporting
Information.

Figure 3 shows that for all three architectures both the
domain size and the linear diblock chain end-to-end distance
expectedly increase as the minority component polymer
volume fraction increases. Moreover, for a given composition,
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the differences in domain size and linear diblock chain end-to-
end distance are small among the three architectures, even
when there is a morphology difference (note that the prevailing
morphology is also indicated in the five plots in the figure)
between the conetworks and the two other architectures, e.g,,
at @, = 0.35. Furthermore, there is a rather clear trend in the
diblock chain end-to-end distance, where this distance for the
stars and the APCNs is systematically greater than that for the
linears. This can be attributed to the fact that the arms in the
two branched architectures, stars and APCNs, are more
stretched as compared to the linears whose two chain ends are
both free.*'

Turning now our attention to the three shape parameters,
asphericity, prolateness, and acylindricity,w’80 it seems that, in
contrast to the domain size and diblock chain (arm) end-to-
end distance, at the minority component polymer volume
fraction where the conetwork architecture gives a different
morphology from the linear and star counterparts, the shape
parameters become greatly differentiated. This is the case at
@a-values of 0.20 and 0.35, where the conetwork architecture
forms S + C and PFL, respectively, while the two other
architectures, respectively, form C and G at the same @,-
values. This differentiation in the values of the shape
parameters when the morphologies become architecture
dependent is because the shape parameters are highly shape
sensitive. Thus, the morphologies in the three diblock
copolymer systems of different architectures, conetworks,
stars, and linears, could also be successfully identified from
their asphericity, acylindricity, and prolateness values,
quantitatively.

We now examine separately the trends in the three shape
parameters. First, concerning asphericity, as ¢, increases, with
the exception of linears and stars at ¢, = 0.35, asphericity
increases too, denoting the transition from the S morphology
at low @, values all the way to the L morphology at higher ¢,
values, via the S + C, C, PFL, and G morphologies. The APCN
asphericity at a @,-value of 0.2 is lower than that for linears
and stars as the latter two architectures have transitioned to C,
whereas conetworks still form S + C. At @, values of 0.25 and
0.30 all architectures exhibit the same asphericity values, as all
three also organize to the same morphology, C. Asphericities
also become approximately equal for the three architectures
within the @, value range from 0.40 to 0.50, where they all self-
assemble to L. The discrepancy observed in asphericity for a
@4 value equal to 0.35 is due to the morphology difference,
with the linears and stars acquiring the G structure where the
constituting chains have a more spherical conformation than in
the PFL structures formed by the conetworks.

Similar observations and explanations may be given
regarding the plot with the prolateness. First, at low ¢, values
where the S morphology prevails, prolateness is low. At higher
@, values, when the C morphology is attained by the three
architectures, the chains constituting the cylinders acquire an
oblate, rather than a prolate conformation, i.e., they exhibit
slightly negative prolateness values (note the sign reversal in
the plot, so as to preserve positive values for the logarithmic y-
axis). For the highest ¢, values, where L are formed,
prolateness values are the highest too, as the constituting
block copolymer chains adopt an elongated conformation to be
efficiently packed in this lowest curvature morphology. Finally,
regarding the acylindricity plot, the lowest acylindricity values
are expectedly exhibited for L due to the rather cylindrical (and
prolate) chain conformation of the constituting chains packed
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in this morphology, and for the S and S + C morphologies as
perfect spheres also exhibit vanishing acylindricity. The
acylindricity for the C morphology is the highest because the
constituting chains acquire the oblate conformation to pack
most efficiently, as already mentioned in the discussion of the
prolateness. Note that acylindricity (as well as prolateness and
asphericity) does not refer to the morphology as a whole, e.g.,
cylindrical, but to the individual diblock copolymer chains
making up the various morphologies. For the cylindrical
morphology, the constituent diblock copolymer chains are in a
disklike and, consequently, oblate, nonprolate, and, therefore,
acylindrical conformation. This can explain the apparent
paradox that the cylindrical morphology exhibits the highest
acylindricity.

Thus, our results on the morphologies and size parameters
of the conetwork melts presented above are similar, but not
identical, to those of the corresponding linear diblock
copolymer and star diblock copolymer systems also inves-
tigated in the present work. The three plots in the lower part of
Figure 3 clearly demonstrate the polymer compositions for
which APCNs self-organize into a different structure as
compared to their linear and star counterparts. It is also
noteworthy that the evolution of the conetworks to their
equilibrium morphology was slower than those for linears and
stars by a factor of 3—4.

Effects of Segregation Strength, Cross-Link Removal,
and Chain Length on Morphologies. Before proceeding to
the study of their tensile mechanical properties, we briefly
examined if the morphologies of the conetworks at (¢, = 0.35)
or near (¢, = 0.40) the critical composition range are affected
by the segregation strength (yN values) and the elastic chain
length, N. Thus, we first changed the yN incompatibility
parameter from the initial value of 80 to three other values, 40,
60, and 110. We observed that, while at the two higher yN
values of 60 and 110, the morphology reached at equilibrium
was still the PFL one, the same as that at a yN value of 80, the
morphology reached at the lowest yN value of 40 was very
interestingly the G one! Thus, APCNs can also access the G
morphology, provided that the segregation strength is
sufficiently lowered. Similar to APCNS, three-armed AB,-type
miktoarm stars (at ¢, = 0.30) also equilibrate into Gs and
PFLs at lower and higher segregation strengths, respectively.”’
The results of these simulations are given and discussed in the
Supporting Information (Figure S6). The fact that the G
morphology is attained by the APCNs at a segregation strength
lower than that of the linear diblock and four-armed star
diblock counterparts might have to do with the fact that the
degree of polymerization in APCNs is not N (=20, in the case
of linears and the arms of the present stars) but infinite, owing
to the interconnectivity of the APCN components into a
gigantic molecule, leading to a larger effective yN value.

To support the above hypothesis of APCN infinite size, we
performed simulations at the standard yN value of 80 but after
randomly removing tetrafunctional linkages among the four-
armed star diblocks constituting the APCNs at ¢, = 0.35.
Tetrafunctional linkages were randomly removed at four
different percentages, 25, 50, 75, and 95%. Whereas
equilibration of the APCNs with their linkages removed at
the three lower percentages gave again PFLs, the APCN with
its linkages removed at a percentage of 95% yielded G, thereby
(indirectly, at least) supporting the infinite molecular weight
hypothesis for pristine APCNs. These results are again
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provided and discussed in the Supporting Information (Figure
S7).

Regarding the effect of the elastic chain length, N, in the
conetworks, we examined APCNs with ¢, = 0.40 and yN = 80,
and at one N value lower and the other higher than the
standard value employed in the rest of this study of N = 20.
Thus, APCNs with N values of 10 and 30 were explored. Upon
equilibration, these two APCN systems also yielded Ls, the
same morphology as that exhibited by our standard APCN
system with N = 20 (and the same yN and @, values). These
results are illustrated and discussed in the Supporting
Information (Figure S8).

Stress-Strain Curves. We now turn our attention to the
response of conetwork bulk melts to uniaxial tension. Figure 4

6 T T T T T
16 double layers
= =
54 P 4 e
PFL = =
(=9 =
41 b~ 1 ==
2 = B = =
o 3 = := | ==
%) « R = ==
- = o=
P o2 = = =
5 2 B

A ! =22 = =
¥ « 4 i ‘ ==
s | 1 ==
N =
=
0 : . . . . ; — -

0 1 2 3 4 5 6 7

Strain

Figure 4. Tensile stress—strain curve for APCN with ¢, = 0.25 and
¥N = 80. Snapshots during the elongation are also shown, indicating
the transformation of the initial cylindrical morphology into
perforated lamellae and lamellae normal to the direction of tension.

plots the stress response of the conetwork bulk melt with a
polymer volume fraction of the minority component, ¢,, of
0.25, to uniaxial tension. At this composition, the system is
organized into the C morphology (see also Figure 2). The axes
in the figure are tensile stress and tensile strain. One can see
from Figure 4 that, at relatively small elongations, up to a
tensile strain of about 2.5, the system responds to the extension
as a soft material, but, at elongations higher than 2.5, the
system hardens, displaying a much greater slope in the stress—
strain curve. This strain-hardening behavior can be attributed
to the fact that the constituting polymer chains have unfolded
to a great extent, and also the cross-linking points have
segregated into layers which include only adjacent cross-linking
points.”°~® At this critical tensile strain, the system has almost
attained the morphology of “normal lamellae.” It must be
pointed out that the present system with a ¢, value of 0.25 has
already transformed gradually from the initial (absence of
deformation) C morphology into PFLs at a strain of 1.25,
before its final transformation into normal lamellae at a strain
of 2.75. Snapshots with the aforementioned morphologies are
also depicted in Figure 4.

In this paragraph, we compare the results presented in
Figure 4 above with those of a rare study by Mortensen and
Annaka,” involving an APCN with a minority polymer volume
fraction of about 0.30, but also containing a selective solvent,
and, in particular, 70% of water (and 30% of pure APCN).
When unstretched, this system is organized into cylinders (C).
However, upon subjecting the system to a strain of about 2, the
cylinders become oriented perpendicular to the direction of
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strain. At the same time, a lamellar structure, also
perpendicular to the applied strain, appeared too (although
possible water evaporation may have been important for the
appearance of the lamellae), coexisting with but being more
intense than the cylindrical structure. Thus, this experimental
study corroborates our simulation results, in suggesting that a
strain of at least 2 is necessary to achieve orientation of the
microphases, which may also include lamellae perpendicular to
the direction of strain.

The APCNs of all compositions were subjected to uniaxial
tension, and the results are presented in Figure S. All tensile
stress—strain curves in Figure S are qualitatively similar to that
in Figure 4, with a strain-hardening behavior appearing at a
strain also around 2.5. Importantly, the two conetworks with
very small polymer volume fractions of the minority
component, @, = 0.05 and 010, being in the disordered state
when unstretched, organize into PFLs and then to normal
lamellae when subjected to strains of 1.75 and 3.75,
respectively. Moreover, all APCNs give normal lamellae
when stretched at or beyond the point of strain hardening,
Finally, APCNs with ¢,-values of 0.15 and 0.20 seem to
exhibit four different morphologies during the course of their
elongation.

Direction, Repeatability, and Relaxation of Deforma-
tions. The deformations were applied in all three directions,
and it was determined that they had only a small effect on the
stress—strain curves (small differences observed only for
smaller strains lower than 4). Such an example is provided
and discussed in the Supporting Information (Figure S9). The
repeatability of the deformations was also examined by starting
the simulations from a number of different, independent
(equilibrated) configurations. Only small changes were
observed again, with those small differences taking place
within the strain range between 0.8 and 4. An example for this
is given and discussed in the Supporting Information (Figure
S10). Finally, it was examined if the configurations observed
during deformation are at equilibrium or if they would relax
into a different conformation when sufficient time is provided
to the system. For this, we chose several values of strain on a
stress—strain curve and allowed the stress at each point to relax
under constant strain. We found that all stresses, correspond-
ing to strains higher than 1, had already relaxed; only the stress
corresponding to a strain value equal to 1 had not fully relaxed.
The results for this investigation are given and discussed in the
Supporting Information (Figures S11—S15, and Videos S5 and
S6).

Strain-Composition Morphology Phase Diagram. The
points of morphological transitions in Figures 4 and S are
summarized in Figure 6 in the form of a morphology phase
diagram with axes strain, &, and minority component polymer
volume fraction, @,. First of all, the diagram clearly shows that
when sufficient elongation is applied, all APCNs organize into
normal lamellae. This is due to the high regularity of the
conetworks, including the absence of entanglements (diamond
lattice), allowing the segregation of the two types of segments
(and the cross-links) into their respective layers upon the
application of a sufficiently high tensile strain.”*”%" Attainment
of normal lamellae is most easily (at the lowest strain)
observed at a @,-value of 0.35, at which composition the
unstretched APCN already organizes into PFLs. It is
interesting to note that at @,-values of 0.30 or lower, the
conetworks acquire the PFL morphology before transforming
into normal lamellae. In contrast, at @,-values of 0.40 and
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Figure 6. APCN morphology phase diagram with respect to tensile
strain, &, and minority polymeric component volume fraction @,.

higher, the unstretched conetworks form tilted lamellae,
transforming into normal lamellae when subjected to strains
of 1.25—1.50. However, the richest phase behavior is observed
in the former @,-value regime, with the appearance of three
different morphologies (including the disordered one) when
@a = 0.05—0.10 and 0.25—0.30, and the appearance of a record
of four different morphologies when ¢, = 0.15—0.20.

The previously identified morphology reorientation from
tilted to vertical lamellae relative to the applied force is very
important. This reorientation is likely to greatly affect the
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macroscopic properties of the material. The transport proper-
ties (e.g, diffusion) can be such an example, arising from the
fact that one phase may be transporting”/conductive®* but the
other barrier/insulating. Thus, the material can be transformed
from an insulator into a conductor, or vice versa, simply by
applying a tensile force. This implies that the material can be
used as an on—off switch with applications in electronics. The
more complex APCN behavior, not previously observed, with
multiple transitions, e.g., for APCNs with ¢, = 0.15—0.20, may
further enrich the application possibilities of the present
materials, facilitating the development of adjustable switches.
Orientation of Lamellae upon Stretching. Our result,
on the lamellae acquiring an orientation normal to the
direction of the elongation, concerns our APCN system
which is model and is in agreement with the results of
Escobedo®™% and Schmid® on similar model APCN systems
in the bulk. When the APCN system is not model but
randomly cross-linked, there is both theoretical®® and
experimental®” evidence suggesting that stretching directs the
lamellae into an orientation parallel, rather than normal, to the
elongation axis. To investigate this latter result using our
present tools, we transformed our equimolar APCN system
(¢s = 0.50) into a less perfect one by introducing some
randomness in the cross-links. We did that using two different
approaches: in the first one, we randomly cut some of the
cross-linking points in the initially disordered system, allowed
the system to equilibrate, and then stretched it; and in the
second approach, we again randomly cut some cross-links, then
randomly reconnected (in a different random way) some or all
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orientation during elongation, are also depicted.

of the cross-links, and equilibrated the system and finally
stretched it.

Figure 7 illustrates the results from the first cross-link
randomization approach, where (a) 50, (b) 25, and (c) 10% of
the cross-links were deleted in a random fashion in the initially
disordered APCN system with @, = 0.50, which was then
allowed to equilibrate and was finally subjected to elongation.
After equilibration, all three systems were organized into tilted
lamellae, which were subsequently subjected to uniaxial
elongation. The resulting tensile stress—strain curves and
selected snapshots are depicted in Figure 7.

The figure shows that the tilted lamellae formed in the two
systems with the lowest percentage of randomly removed
cross-links, 10 and 25%, were reoriented to normal lamellae
upon elongation. This reorientation was completed at a lower
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strain for the system with a lower percentage of cross-links
removed, 10%. In contrast, for the system with the highest
percentage of cross-links removed, 50%, the lamellae remained
tilted, at least within the strain range investigated. Thus,
although we did not reproduce in the present study the
previous results from theory®® and experiments®” on the
parallel orientation of the lamellae, we, nonetheless, showed
that sufficient randomization of the system destroys the vertical
orientation of the lamellae relative to the direction of strain,
and the system ends up in a configuration of tilted lamellae.
Interestingly, lamellae formed by totally free (uncross-
linked) star diblock bulk melts with ¢, = 0.50 also remain
tilted upon uniaxial elongation, as shown in Figure 8a, as this
latter system is approximately equivalent to the APCN system
of the same ¢, value and half of its cross-links removed. In
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contrast, upon uniaxial tension, the lamellae formed by the
linear diblock bulk melts with ¢, = 0.50 also become highly
aligned in the direction of the elongation, as illustrated in
Figure 8b. Thus, almost complete orientation of the lamellae
parallel to the direction of elongation is obtained when all
cross-links and star cores (internal star cross-links) are
removed.

The results from the second approach for cross-link
randomization are depicted in Figure 9. As mentioned above,
in this case, 50% of the APCN cross-links were first randomly
removed, and then three different percentages of cross-links,
(a) 25% (leaving 37.5% deleted cross-links), (b) 50% (leaving
25% deleted cross-links), and (c) 100% (leaving 0% deleted
cross-links), were reinstalled also in a random way but not
identical to that of their removal. The three APCN systems
were afterward equilibrated and stretched. After equilibration,
all three systems yielded tilted lamellae, which, upon
elongation (stress—strain curves in dark yellow in Figure 9),
remained tilted lamellae but at various angles, as illustrated in
Figure 9. In parts (b and c) of the figure, the presently
recorded stress—strain curves (in dark yellow) are compared to
the previously presented stress—strain curves of similar systems
with the same percentage of cross-links.

Regarding part (c) of Figure 9, the stress—strain curve of the
APCN system having back 100% of its cross-links (but doubly
randomized, shown in dark yellow) is overlaid with the stress—
strain curve of the APCN system in Figure Si having also 100%
of the cross-links but in an orderly manner (shown in red).
The former curve displays higher stress values over the whole
range of strain values accessed. This can be attributed to the
fact that the randomization of the cross-links in the former
system also leads to chain entanglements, resulting in a higher
effective cross-linking density and, ultimately, to a stronger
stress response. One may recall from Figure Si that the model
APCN system acquired a normal lamellae morphology from a
strain of just above 1.5, at which strain the corresponding
randomized APCN system has a tilted lamellar morphology.

Finally, examining part (b) of Figure 9, the stress—strain
curve of the APCN system having 75% of its cross-links (but
doubly randomized, shown in dark yellow) is plotted together
with the stress—strain curve of the APCN system in Figure 7b
having also 75% of the cross-links but in a more orderly fashion
than in the former system (shown in green). The former
system exhibits (slightly) higher stresses for most of the strain
range investigated, above strain values of 1, something again
attributable to the presence of entanglements in the former
system. Note that the more model APCN system depicted in
Figure 7b started to revert to a normal lamellar morphology
already from a strain of 3, whereas the doubly randomized
APCN system keeps a totally tilted lamellar morphology up to
a strain of S.

B CONCLUSIONS

We presented a thorough DPD simulation study on model
APCN bulk melts comprising linear diblock copolymers end-
linked by tetrafunctional cross-links, covering the whole
composition range, to obtain their self-assembled morpholo-
gies and investigate their tensile behavior. For a large part of
the composition space, these APCN bulk melts yield
morphologies identical to those formed by (nonend-linked)
linear and star bulk melts (also simulated in this investigation),
with differences located at ¢, = 0.15 and 0.20 where the
APCNs formed mixtures of spheres and cylinders rather than

pure spheres or cylinders, and at ¢, = 0.35 where the APCNs
formed perforated lamellae rather than gyroids. These
differences manifest a limited but potentially decisive effect
of end-linking (with concomitant lack of free chain ends) on
the self-assembled structures formed by the APCNs. Sufficient
uniaxial elongation (strains > ~1—4, depending on the APCN
composition) of APCNs of all compositions ultimately resulted
in morphology transformation into lamellae oriented normally
to the elongation direction, with APCNs of intermediate
composition, @, = 0.15 and 0.20, exhibiting a rich
morphological behavior with respect to strain, and a record
of four different morphologies. Partially impairing the model
nature of APCNs at ¢, = 0.50, via the random cleavage of a
sufficient percentage of cross-links (with or without their
random, again, reformation), has an impact on the morphology
obtained at high elongation, which is now tilted lamellae rather
than normal. It is noteworthy that tilted lamellae are also
formed by stretched equimolar (@, = 0.50) star diblock bulk
melts but not by stretched equimolar linear diblock bulk melts
which form parallel lamellae. Future work will involve
extending our DPD simulations to APCN systems swollen in
a selective solvent, e.g, water, and introducing (smeared)
electrical charge into the hydrophilic segments.
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