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ABSTRACT: The effects of polymer chain topology on the order—disorder transition of
symmetric AB diblock copolymer melts are studied using coarse-grained molecular
dynamics simulations. Specifically, we compared chain conformations near the lamellar-

disordered transition in melts of symmetric (i.e., 50—50) AB diblock copolymers of linear g;x

chains, rings, and trefoil knots at the same chain lengths. The order (lamellar)—disorder

transition temperature and the domain sizes both shifted to lower values with the =T .
introduction of topological constraints, leading to the following sequence: linear chains > Q Linear cr:?:»

rings > trefoil knots. Investigation of the polymer chain conformations in terms of their
radii of gyration, their writhe values (a measure for the degree of intertwining of a chain T

around itself), and their Jones polynomials (a method to measure entanglement of curves)

showed that linear chains and rings remained stretched, while knots were stretched and tightened in disordered melts close to the
lamellar-disorder transition. This work highlights chain topology as an important factor in affecting microphase separation in block

copolymers.

Bl INTRODUCTION topology was investigated by Satoh et al, through grazing
incidence X-ray scattering analysis of films, which exhibited

The effects of topology on macromolecular solutions and melts
70% reductions in domain spacing relative to their linear

of polymer rings and knots have been widely investigated by a

number of researchers.'”'' These studies highlight the analogues.” In contrast to the experimentally observed
importance of topological constraints and other effects reduced domain spacing of lamellae in the diblock copolymer
resulting from the absence of chain ends in affecting the rings, effects of topological constraints on the order—disorder
polymer structure and dynamics characterized by reduced transition and chain conformations near the transition remain
hydrodynamic sizes of chains, elevated glass transition poorly understood. To develop a better understanding, we use
temperatures, and lower melt viscosities of rings and knots in coarse-grained MD simulations to examine the effects of chain
comparison with linear chains. Furthermore, topological effects topology on the lamellar-disorder transition and chain
have been used to devise strategies for tailoring material conformations near the transition.
properties in polymer blends and block copolymers. These Due to inherent difficulties in considering topological
strategies are based on controlling morphology, modification of constraints related to knots, some of the simplest knotted
rtheology, and control of degradation rate, where knots can chain architectures such as trefoil knots are nontrivial to model
protect segments of the chain."*~"" using field theoretic methods such as the self-consistent field
To synthesize molecules with special topologies, Monte theory (SCFT).B’24 In this regard, particle-based simulations
Carlo (MC) sampling and molecular dynamics (MD) such as MD and MC are attractive computational tools but
simulations were used to survey accessible molecular knots," require extensive computations.'”'* In this paper, we present
which san, be ring-expanded to form knotted polymer the effects of chain topology on the microphase separation in
chains."*"”*" In general, polymer rings and knots are difficult symmetric diblock copolymer melts using MD. Specifically, we
to synthesize at high purities (and 10"‘1’ 6}‘}3)? l?erSiW) and large determined the effects of a knotted topology (trefoil knot) on

amounts or in polymer melt quantities. Despite these
challenges, block copolymers composed of chains with
different topologies have been synthesized and characterized.
For example, Hawker et al. found a 30% decrease in domain
spacing compared to their linear analogues for lamellae
forming diblock copolymers due to the smaller size of the
rings."” Similarly, Epps et al. found, through X-ray reflectivity
analyses of a cyclic polystyrene-block-poly[oligo(ethylene
glycol) methacrylate] thin film, 20% smaller domain spacings
than their linear counterparts.”” A more exotic bicyclic

the order—disorder transition temperature, Topr, and how the
transition was affected by topology of the diblock copolymer
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chains. To accomplish this, we compared several MD
simulations of copolymer melts consisting of linear chains,
rings, and trefoil knots (3; in Alexander—Briggs notation).”®
We considered rings and trefoil knots as these are the simplest
experimentally'” accessible chain topologies. Furthermore, to
simplify matters, we limited our study to the lamellar
morphology, which is expected for symmetric diblock
copolymers (i.e., f = 0.5 volume fraction of A and B blocks)
on the basis of symmetry.

B SIMULATION DETAILS

Coarse-grained MD simulations were set up by employing the
interaction parameters designed for polystyrene (PS) and
poly(methyl methacrylate) (PMMA) blends, as described in
the work by Chremos et al*® The polymer blocks were
represented by connected Lennard-Jones (LJ) beads with
characteristic size ¢ and interaction parameters, £,,, €gp, and
&xp- The bonds connecting the LJ beads were taken to be
anharmonic FENE bonds,”” which can maintain the topology
of the diblock copolymer molecules due to their noncrossable
nature. Each chain contained 50 LJ beads in both A and B
blocks with a total degree of polymerization of N = 100 in a
simulation box containing 1000 chains. Snapshots of the
simulation box and illustrations of the simulation protocol are
shown in Figure 1.

(a) Initial Random
Configuration

(b) Apply Sinusoidal
Force on Type A

(c) NPT relaxation

f=05 i
e N

Linear Chains Rings Trefoil Knots

Figure 1. Simulation protocol: (a) diblock copolymers were randomly
distributed, (b) distance-dependent force f,(z) was applied to induce
a lamellar morphology with n number of domains, and (c) NPT
relaxation. The systems simulated were, f = 0.5 mole fraction, of 50 A-
bead (red) and SO B-bead (green) blocks of linear chains, rings, or
trefoil knots (d).

The MD simulation protocol shown in Figure 1 involved
three steps. First, the interaction parameters were initially set
to purely repulsive between A—A, A—B, and B—B beads to
form a fully random and disordered melt (Figure 1a). Second,
the interaction parameters were set to that of PS and PMMA;
however, the A—B interaction parameter was kept as purely
repulsive, while a distance-dependent force, f,(z) = cos(2anz/
L,)ksT/o, was applied to A beads, thereby biasing the system
to form a lamellar morphology that has n number of domains
(Figure 1b). Here, L, is the z dimension of the simulation box
and kgT is the thermal energy so that T is the temperature.
The third step involves removing f, and then letting the
simulation box relax by running an isothermal—isobaric (NPT)
ensemble simulation run using a Langevin thermostat”® and a
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Berendsen barostat”” to maintain temperature and pressure,
respectively (Figure 1c). As the value of the number of lamellar
domains (n) is not known a priori, we scanned several values
to determine the particular value of n where the lamellar
morphology was maintained during relaxation while maintain-
ing a cubic shape at T = 1.00 for linear chains and T = 0.70 for
rings and trefoil knots. (See Figure S2 of Supporting
Information). Different sets of simulation runs for linear
chain, ring, and trefoil knot diblock copolymer melts at those
specified temperatures and zero pressure were performed. We
determined the values of n that correspond to our system size
as n = 2, 3, and 3 for linear chains, rings, and trefoil knots,
respectively. This initial set of simulations also allowed for an
estimation on the box dimensions; hence, we repeated the
simulations and considered different temperatures. These next
sets of simulations were NPT ensemble simulations, where the
x and y barostats were coupled and the z barostat was
independent, equilibrating these systems and allowing them to
change their shapes, thereby obtaining stress-free lamellar
phases. Furthermore, to improve the statistics and increase the
number of domains investigated, several simulations were
further performed where the initial box size in the z dimension
L, of each system was either doubled, tripled, or quadrupled
relative to the previous simulation set, while their correspond-
ing estimated numbers of domains were increased to 2n, 3n,
and 4n, and their initial L, and L, dimensions were reduced by

factors of 1/4/2,1/+/3, and 1/2, respectively. The equilibrium
box dimensions for the 1n, 2n, 3n, and 4n simulation sets
(designated as set 1, set 2, set 3, and set 4, respectively) are
presented in Tables S1—S3. All results presented here were
obtained from NPT runs where the parallel and normal
barostats were decoupled. All simulations were performed
using the LAMMPS™*" software package. See Supporting
Information for further details of the simulations.

B RESULTS AND DISCUSSION

To determine the order (lamellar)—disorder transition
temperature (Topr), we monitored the disappearance of the
lamellar morphology as a function of temperature. We utilized
both reciprocal and real-space approaches; scattering function,
S(g), and the density distribution, p(z), of A and B beads in
the z-direction (or normal to the lamellar planes), respectively.
The S(g) for A beads in the melts composed of trefoil knots
shown in Figure 2a was obtained using the procedure by
Carrillo and Dobrynin.”> The S(g) is the density—density
correlation function of A beads and was obtained by
performing 3D Fourier transform on the 3D density
distribution of A beads. S(q) can be expressed as

S(g) = nisz;';l I (e707)) and is defined as a sum over

all pairs of n scatterers in the scattering volume, where g is the
scattering wave vector and 7; is the position vector of the jth
scatterer.”” The peak at high g corresponds to the distance
between A-beads, while the sharp scattering peaks at low g
pertain to A domain length scales. Sharp scattering peaks at
low g broaden for melts of trefoil knots at T > 0.8, which
suggests the disappearance of domains. Further scrutinizing
p(z) at temperatures between T = 0.7 and T = 0.9 showed that
the amplitude of the oscillations in p(z) drastically decreased
as T crossed this range (Figure 2b—d). Both approaches
suggested Topr = 0.8 for the trefoil knot system. Similar
analysis was carried out for the rings and linear diblock
copolymers. Moreover, the p(z) of the systems could be
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Figure 2. Scattering functions, S(q), of A beads in diblock copolymer melts composed of trefoil knots at different temperatures. (a) Functions were
normalized such that $(0) = 1, and the S(q) values were shifted for clarity by XS0’ where i = {0...5} that pertains to the data set index number, for
example, T = 0.7 and 1.1 has i = 0 and S, respectively, where T = 0.7 is the unshifted curve. Density distribution, p(z), at T = 0.7 (b), T = 0.8 (c),
and T = 0.9 (d) of A beads (red dots) and B beads (green dots). The black lines in (b,c) are fits to p(z) of A beads. Snapshots of the melts are
shown in the right.
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Figure 3. Mean-squared radius of gyration, (Rg2), of linear chain (a), ring (b), and trefoil-knotted (c) diblock copolymers. The lines are spline fits.
Red symbols corresponded to values of (Rgz) of linear homopolymers composed of type A beads of the same lengths as the copolymers. The
correlation between (Rgz) and Topr is shown in (d). The dashed gray line is a guide to the eye.

phenomenologically fitted with the function p(z) ~ cos*(wz/
D) to obtain D (see fits in Figure 2b,c), which is the
characteristic domain spacing. The significance of D will be
discussed later in the manuscript.

To understand the effects of chain topology on the
underlying conformational changes near the transition, we
calculated the gyration tensor.”* In Figure 3a—c, we plotted the
dependence of the mean-square radius of gyration, (Rgz), of
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linear chains, rings, and trefoil knots as a function of T. (Rgz)
was obtained by calculating the eigenvalues (4, j = 1, 2, and 3)
of the gyration tensor and using (Rgz) = (A2 + 4% + A7) We
observed a continuous transition, characterized by a rapid
change in (Rgz) with respect to T, where we designated Topr
as the minimum of the plot d(R,*)/dT, as shown in Figure Séc.
Alternatively, similar values of Top were obtained by taking
the minimum of dy/dT where y is the inhomogeneity order
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parameter”>*° and defined as y = ([pa(2) — Pa)* + [ps(2) —
psl?), where [p(z) — p]* is the squared difference of the local
number density with the global number density of either A or
B beads and (...) is an ensemble average, as shown in Figure
S6a,b. We found the Topr's as 1.28, 0.92, and 0.80 for linear
chains, rings, and trefoil knots, respectively. Furthermore, all
three systems showed higher values of (Rgz) relative to the
homopolymers containing the same number of beads at lower
temperatures, suggesting that the diblock chains were stretched
at low temperatures, and approached the homopolymer size at
higher temperatures. The chain stretching direction was found
to be along the normal to the lamellar interfaces (ie., along the
z-axis), as shown in Figures S8 and S9 in Supporting
Information. Calculations of the average relative shape
anisotropy (k*) also support the stretching (see Figure S8 in
Supporting Information). For T > Tqpr (see Figure S9), the
chains became isotropic so that (Rg,xz) ~ (Rg’yz) ~ (Rg’12> and
approach the size of the homopolymer chains, as expected.
However, the chains remained stretched in the disordered
phase at T ~ Tqpr. Such a behavior has also been observed in
the melts of linear diblock copolymer chains.”” Furthermore, in
Figure 3d, we have shown that (Rg2> at ODT (which is
proportional to the domain spacing of the lamellar
morphology) is directly correlated with Topr, confirming
that the system free energy is a balance between enthalpic
interaction, typically denoted by the Flory—Huggins y,g
parameter and conformational entropy of the chains.””"”
The existence of such a correlation is expected on the basis of
the random phase approximation (RPA) applied to the
Gaussian diblock copolymer linear chains and rings. For
example, the ODT’s are estimated to be at y,zN = 10.49 and
17.79 along with the domain spacing of the ordered
morphology to be D/(N¥?l) = 1.32 and 0.63 for linear™
and ring”™*" diblock copolymers, respectively, containing Ny
Kuhn segments, each of length I.

We can compare the SCFT predictions and MD estimates of
Topr by invoking a temperature dependence of the y,p
parameters. For comparison purposes, we have used the
mapping scheme devised by Chremos et al.”® for Lennard-
Jones chains to estimate y,5, which invoked y,5 = @/T +
such that a(epp, €45) = 9.8¢55 — 18.4€,5 + 8.6 and B(egp, €4p)
= —4.6epp + 6.9, — 2.4. Such a temperature dependence of
1ap led to the relation Topr = aN/[(yN)°PT — pN]. For the
systems studied in this work, egg = 0.9354 and €,5 = 0.9312, so
that @ = 0.633 and f# = —0.278, which led to Topr = 1.654 and
Topr = 1.390 for linear chains ((yN)°°T = 10.49) and rings
((yN)°PT = 17.79), respectively, with each containing N = 100
Kuhn segments. Such a comparison revealed that the SCFT
and MD predictions were in qualitative agreement but differ
quantitatively. Another way to use the SCFT results was by
including the effects of chain stretching near the order—
disorder transition (see Figure 3d). For such purposes, we used
another procedure presented by Chremos et al.,”® which led to
the definition of an effective number of Kuhn segments
representing an L] chain, Ny = N/s + 2, where s ~ 2.6 is a

€
numerically estimated stretching ratio for linear symmetric

diblock chains. This led to Topr = a/[(yN)°PT/N4 — B1.
Using s =~ 2.6 for the rings also, we estimated Topp = 1.179
and Topr = 0.882 for linear chains and rings, respectively, each
containing N = 100 Kuhn segments. This is in a better
agreement with the MD results. This analysis shows that
differences in the extent of stretching for linear chains and
rings affect their order—disorder transition temperatures.
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An analogy between rings containing N Kuhn segments and
linear chains containing N/2 segments could be drawn for
Gaussian chains in the strong stretching limit. A similar
analogy could be drawn for Gaussian homopolymer chains.*
However, such an analogy is not valid for short chains in the
weak and the strong segregation limits (see Figure S7). For
example, the validity of such an analogy would lead to an
estimated [asN]pne = 2[¥asNlimesr = 20.99 instead of 17.79
as predicted by the RPA (cf. ref 24). Nevertheless, the chains
in the MD simulations are short, which do not follow Gaussian
chain statistics, and we have performed additional simulations
to verify the validity of the analogy. Specifically, we simulated
diblock linear chains with N = 50 and found that the linear
chains stretched more in comparison with the N = 100 diblock
copolymer rings, that is, (Rgz) is higher (see Figure S7). These
differences in chain stretching led to differences in domain
spacing D of the lamellar morphology in the case of rings (i.e.,
Dringsn=100 > Diinear,n=so» see Figure §10) and ToDT rings,N=100 >
TopT lincarn=so (see Figure $6). These results clearly show that
the analogy between rings and linear chains is not valid for the
weak segregation limit. Furthermore, these additional results
show that constraints due to the chain ends play a significant
role in stabilizing the homogeneous phase over an inhomoge-
neous phase such as lamellar.

In the strong segregation limit (low T), characterized by
narrow interfacial regions, the junction points in linear block
copolymers are expected to be situated at the interface.””*® In
Figure 4a, we calculated the density distributions of the first
and last beads of both A and B blocks of the melts of linear
chains and superimposed these densities onto the total number
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Figure 4. Density distributions of free ends of block A (magenta line),
free ends of block B (cyan line), and junction beads (blue line) of
linear chains (a), and the density distributions of junction beads for
rings (b) and trefoil knots (c) (blue line) of diblock copolymer melts
at T = 0.7. The filled red (A), brown (i), and green (B) regions refer
to the A domains, interfacial regions, and B domains in (a—c),
respectively. Typical configurations of the diblock copolymer
molecules are shown in the insets. These figures show that junctions
populate the interfacial regions [shown as magenta, cyan, blue, and
orange beads in the insets of (b,c) and only blue and orange beads in
the inset of (a)], independent of the chain topology.
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densities of A and B. The free ends of the chain are mostly
found in the middle of their respective domains, while the
junction points are found in the interfacial region (or i in
Figure 4), resulting in an out-of-phase sinusoidal pattern for
chain ends of A and B blocks. We repeated the same procedure
for the rings and trefoil knots systems (Figure 4b,c), and we
observed similar sinusoidal patterns for all monitored beads,
that is, all the junction points between A and B blocks were
situated in the interfacial region independent of the chain
topology.

The main difference between the rings and the trefoil knots
systems lies in the presence of the tangled loops, which can be
quantified by calculating the writhe, W,, of the curve.*’~* In
the context of melts of linear polymer chains, the mean
absolute writhe, (IW,l), which is a global measure of self-
entanglement of a chain, was used to estimate the number of
monomers in an entanglement strand*® and quantify the
relationship between polymer chain entanglement and
viscoelastic responses.”” As a reference, the (IW,) values for
the homopolymer melts composed of linear chains, rings, and
trefoil knots at T = 1.0 were calculated and were found to be
~1.26, 1.42, and 3.49, respectively. The magnitude of (IW}l) is
a measure of how intertwined a curve is with itself, with higher
magnitudes, on average, pointing to a curve with more
intertwining loops. Thus, the homopolymer trefoil knot is the
most intertwined among the three topologies, as expected.

In Figure S, the (IW,l) of the diblock copolymer is compared
with its homopolymer counterpart, and for linear chains and
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Figure S. Mean absolute writhe (IW,l) of linear chains (a), rings (b),
and trefoil knots (c). Open red symbols are for homopolymers, while
filled symbols are for diblock copolymers. Sketches depict
representative configurations of the diblock and homopolymer chains.

rings, the (IW,l) of the homopolymer is larger than that of the
diblock copolymer. This behavior is expected since the writhe
gives, on average, a smaller absolute value for more extended
or stretched configurations of unknotted curves.”™* The
sketch representation in Figure Sa illustrates that for a linear
chain, a stretched configuration of diblock chains is less
intertwined than that of the near random-walk conformation of
homopolymer melts. The situation is similar (Figure Sb) to
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those in diblock rings and homopolymer rings, although there
is more intertwining for stretched rings than stretched linear
copolymer chains. However, this is opposite to what is
observed in trefoil knots (Figure Sc), where the (/W) is larger
in diblock copolymers despite having a more extended
configuration at low T. This may be a result of the knot
tightening upon stretching. Also, we observed that (/W)
values of diblock copolymers and homopolymers approach a
similar value at high T.

Next, we obtained the (IW,) of the A and B blocks of the
diblock copolymer by calculating the writhe from the Ist to
50th bead (A-block) and S1st to 100th bead (B-block), and for
reference, we repeated the same calculation for the
homopolymers (see Figure S11). We observed that {IW,l), >
(IWl)g in the diblock copolymer system, which can be
attributed to a denser packing of A monomers since €4, > €p
for the LJ pairwise interactions. For a melt of homopolymer
chains composed of A beads, (IW,),' 7 ~ (IW,1),3' 7%, where
the superscripts represent the range of bead indices in the
homopolymers and are presented as the average value in
Figure S11. Despite the blocks being more extended relative to
the homopolymers, the (IW,l) of blocks A and B is greater than
those of their homopolymer counterparts, suggesting that self-
intertwining of these blocks is evident in the lamellar
morphology and is the most apparent in the trefoil knots.
This can be further visualized by investigating the normalized
writhe in Figure 6 which shows a noticeable difference for the
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Figure 6. Normalized absolute mean writhe, ({IW,I), + (IW,I)g)/2(
W)y, of individual blocks in linear chains, rings, and trefoil knots in
comparison with homopolymers (H) of the same chain topology as
the diblock copolymers. An increase in the absolute mean writhe for
the trefoil knotted copolymers on lowering the temperature signifies
tightening of intertwined parts.

trefoil knots at temperatures below Topr—an indication of the
tightening of intertwined parts of the permanent knot in a
trefoil knotted chain.

In order to examine more accurately how the configurations
of the knotted chains change as a function of temperature, we
use the recently discovered Jones polynomial of open chains
(see ref SO and references therein). The Jones polynomial is a
stronger measure of entanglement than the writhe of a chain,
since it can detect different knot types.SI’52 However, its
complex definition and the fact that, until recently, it was
rigorously defined only for ring polymers (and not for linear
chains) did not allow for its extensive application to polymer
melts and solutions. Nevertheless, it has been applied to ring
polymers to successfully provide an estimator of the
entanglement length in ref 53. Studies of proteins and other
biopolymers have shown that knot polynomials (upon artificial
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closure of macromolecules) are useful in characterizing their
conformation.”* "> Here, we used the Jones polynomial of
open chains, which can detect knots in open segments without
requiring any artificial closures.”” For more details, see Section
1.8 in Supporting Information. By scanning along each chain at
different length scales and calculating the Jones polynomial at
each segment, we can detect the shortest segment of a chain
that ties the trefoil knot. Figure 7 shows the analysis of the
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Figure 7. Analysis of the location and length of the trefoil knot within
a knotted copolymer chain as a function of T. Images in the bottom-
left, -middle, and -right are typical knot configurations made up of A
beads, B beads, and both A and B beads, respectively.

location and length of the trefoil knot within a chain as a
function of T. We see that the percentage of chains for which
the trefoil has a length larger than half of the length of a chain
is increasing with temperature. The distribution of knot lengths
(see Figure S12) shows that there are more tighter knots
(shorter length) at lower temperatures. Similarly, we see that
the percentage of chains with the knot consisting of both A and
B blocks is increasing with temperature. For T < Tgpr, most of
the trefoils lie entirely in blocks A and B with the majority of
those in block A. At T & Topy, we see a transition to trefoil
knots containing both A and B block segments. This suggests
that the location of the knot within an AB diblock polymer is
important for the order—disorder transition. At T = 0.8, we
also see an increase in the percentage of the trefoil knots of
more than 50 monomers, suggesting that the knots loosen up
with an increase in temperature. Our results also show that the
percentage of trefoils lying entirely within block A is greater
than the percentage of trefoils lying entirely within block B at
all temperatures. This shows that the attractive interaction
influences knottedness significantly.

We propose that the presence of permanent knots, as a
result of the chain topology, reduces entropy of the melt since
knots prevent a chain from acquiring various possible
conformations available for an unknotted chain. Such a
reduction in configurational entropy due to topological
constraints causes a shift of the Topyr to lower temperatures.
Further evidence of this reduction due to topological
constraints is seen in the trend of domain spacing D as a
function of T (see Figure 8), where D/(R;)”2 values are
generally higher for trefoil knots despite having lower values of
D (see Figure S10). Furthermore, the results shown in Figure 8
qualitatively agree with experiments'”'*'> and show the
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Figure 8. Ratio of the domain spacing and radius of gyration, D/
(Rgz)l/ 2 for linear chain, ring, and trefoil knot diblock copolymer
melts as a function of T. Lines are linear fits.

expected proportionality of the radius of gyration (Rgz)l/ 2 of
the blocks with the lamellar domain spacing, D.

B CONCLUSIONS

In summary, we have found that topological effects resulting
from the absence of chain ends and knotted topology are
significant in shifting the lamellar-disordered transition to
lower temperatures along with a decrease in the length scale
appearing at the transition. The chains are found to be
stretched normal to the lamellar interfaces and in the
disordered phase near the transition independent of the
chain topology. Furthermore, the junctions enrich the
interfaces and the writhe values of trefoil knots increase in
magnitude along with chains being stretched in the lamellar
morphology. The transition to lamellar morphology occurs
when the knot tightens and lies in one of the two blocks, which
is determined by the interaction parameters within the blocks.
Overall, this work shows that macromolecular chain topology
is an important factor affecting microphase separation in block
copolymer melts.
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