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ABSTRACT: We explore the self-assembly of disk—coil macro-
molecules using Monte Carlo simulations in the NPT ensem-
ble. Our study focuses on the role that coil length compared to
the size of the disk has on the phase behavior of the system as
well as the effect of added stacking interactions between the
disks. As a function of temperature T, we find a disordered phase
at high T and lamellar, perforated lamellar, and cylinder phases
with liquidlike correlations at intermediate T. If we further lower
the temperature, the disk-rich regions spontaneously order, and
we find ordered lamellar, ordered perforated lamellar, and

ordered cylinder phases depending on the strength of the
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stacking interactions. The appearance of any of these phases is, however, strongly dependent on the length of the coil with respect
to the diameter of the disk. In addition to constructing a comprehensive phase diagram, we further analyze the correlations in the
system, as well as the director vector field of the disks, and use it to construct an order parameter. We show that the latter changes
drastically at the ordering transition points. We find that the ordered cylinder phase has a high degree of parallel packing. Our results
are important to understand the self-assembly of supramolecular structures of disk—coil amphiphiles that are ubiquitous in nature,

such as the chlorophyll molecule.

1. INTRODUCTION

Planar organic macromolecules have been an important area
of research during the past decades and have become extremely
relevant in recent years due to their afplications in diverse fields
such as organic electronics, " catalysis,”* and organic photovoltaics.’
These molecules are typically composed of highly conjugated
cores that have relatively strong attractive stacking interactions
which make them hard to process. In order to make them
processable, they need to be decorated with alkyl (coil-like)
chains on their periphery. The functionalization also helps during
the self-assembly process because the system is “funneled” into
ordered structures since all the metastable states appearing in the
pure disk phase are removed.®” Using multiple alkyl chains to
functionalize the disks has been the standard in the field due to
facile synthesis, but other functionalizations in which only one
coil is present are possible.*” Nature, for example, uses a disk—
coil molecule, chlorophyll, for all photosynthetic apparatuses.
Although in higher organisms this molecule is templated by
specialized proteins to form light harvesting complexes, some
bacteria rely on the self-assembly of this molecule by itself to create
highly efficient light harvesting antennas called chlorosomes.'™'*
In this article we investigate the phase behavior of such disk—coil
systems, and in particular we focus on (i) the role of the difference
between the diameter of disk and the length of the coil has on the
phase behavior and (ii) the effect of the stacking interactions
between the disks. We use a minimal model in order to extract
the important features of the system. Our results are important to
understand the ordered phases of disk—coil amphiphiles, a
common motif in synthetic and biological macromolecules.

Multiscale simulations of molecules with multiple alkyl tails
have shown that it is possible to create highly ordered columnar
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Figure 1. Model of a disk—coil molecule. Blue monomers (2—7) represent
the disk periphery and silver monomers (8 to 7+N,) represent the coil
portion, where N is the number of coil monomers in one disk—coil molecule.

The central monomer (1) of the disk portion is highlighted in green.

phases.'*~'* However, until recently the single coil problem had
not been treated, despite the wider range of structures that are
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possible.’ Interestingly, a related system, rod—coil molecules, has
received wide attention.”® Theory in this case has been developed
and solved numerically, and it has found good agreement with
experiments.”"”** Furthermore, it was realized in these works that
the relative volume fraction of one block to the overall polymer
was not the best descriptor, but rather the contour length
fractions gave a more intuitive understanding of the underlying
physics. This is to be contrasted with the case of coil—coil block

Table 1. y; and +J between Different Types of Monomers i
and j

monomer i monomer j Xij i
2—7 1-7 1 3.00
8—7+N. 8—7+N. 0.05(4) 3.00
1-7 8—7+N. 1 2Veq
1 1 u 3.00

copolymers where the volume fraction of one of the blocks is
sufficient to describe the system. In this article, we present an
exhaustive study of the phase behavior of disk—coil molecules
with different coil lengths and different values for the stacking
interactions. We construct the phase diagrams for all the different
conditions and show that, as in the case of rod—coils, the coil
length fraction to the diameter of the disk is a good descriptor.
For this system we find a variety of phases depending on the
temperature of the system. In particular, we find a disordered
phase at high T and a lamellar, perforated lamellar, and cylinder
phases with liquidlike correlations at intermediate T depending
on the relative strength of the stacking interaction and the length
of the coil portion of the molecules. At low temperatures, the
disk-rich regions spontaneously order, and we find ordered
lamellar, ordered perforated lamellar, and ordered cylinder
phases. The appearance of perforated phases is determined by
the entropic contribution of the coils that was previously

a)

b) Nce=8

Figure 2. (a) Phase diagram of disk—coil molecules in the T, i, and N, space. We also present the phase diagrams for fixed N, as a function of T* and u
for (b) N.=8, (c) N.=S,and (d) N.=3.D,L,PL, Cy,L_O,PL_O,and Cy_O correspond to disordered, lamellar, perforated lamellar, cylinder, ordered
lamellar, ordered perforated lamellar, and ordered cylinder, respectively (see text for explanations). Lines are guidelines for the eye only. The red arrow
indicates the direction in which N. increases, showing the transition path L — PL — Cy. The blue arrow indicates the direction in which x increases,

showing the transition from PL — Cy.
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measured by the parameter 1° and has been observed also in
rod—coil systems.” In this article we are interested in the
experimental regime in which 4 < 1, and for the rest of this
paper we set it to A = 0.05. This corresponds to the relative
strength of interaction between alkyl—alkyl groups compared to
m—a stacking interactions.

We study the disk—coil system using a NPT ensemble with
the variable cell-shape method.**** Apart from representing the
natural conditions of the self-assembly process, this method
allows the relaxation of any strain in the system due to the
imposed periodic boundary conditions. The simulation box in
this method is not fixed, and thus, it relaxes to the natural
symmetry of the phase to be assembled. For example, in the case
of cylinder phase, the box naturally takes a hexagonal unit cell.
Recent work using this method has shown that it is extremely
efficient at computing the phase diagram of crystals™ and block
copolymers,*® and we have found it very useful while studying
symmetric disk—coil macromolecules.®

The article is organized as follows: Section 2 describes the
molecular model and computational details. The complete
phase diagram is presented in section 3, where we further explain
and analyze each phase. Finally, in section 4 we present our
conclusions.

2. MOLECULAR MODEL AND COMPUTATIONAL
DETAILS

2.1. Molecular Model. We study the self-assembly of disk—
coil molecules having various coil lengths with additional attrac-
tive interactions between the central monomers of the disks.
These added stacking interactions mimic the extra bonding
potential that planar molecules may exhibit in reality. The disk
portion of the molecule consists of 7 monomers arranged as a
filled and rigid hexagon (numbered 1 to 7), and the coil portion
of the molecule consists of N. monomers (numbered 8 to 7+N..)
(see Figure 1 for a sketch of the molecule). Nearest-neighbor
monomers including both coil and disk portions are connected
by stiff harmonic springs

U(r) = Sk = reg)? (1)

where req = 2% is the equilibrium distance of a Lennard-Jones
potential used as the intermolecular potential as explained below
and k is a harmonic spring constant. Also, we include additional
springs between the following pairs of monomers: (2,5), (3,6),
(4,7) to prevent bending or folding of disk. For the springs
between the pairs of monomers (2,5), (3,6), (4,7), we use an
equilibrium distance of 274 and a spring constant of 2k.

The intermolecular potential energy between two monomer
types i and j on the macromolecules is described by a typical
Lennard-Jones potential with cutoff radius r{ for lower computa-
tional cost. The general expression for all interactions can be

written as
12 6
o o o\ " a\* . i
x|\ ) — ) — |5 + 5 if ry < rl
Tij Tij re re
0 otherwise
(2)

where, as before, i and j represent the monomer type. In this
particular study we have three different types: (i) a coil

Figure 3. Snapshot of the disordered phase (D) of disk—coil molecules
in the wire representation described by lines that connect nearest
neighbors. Blue regions represent the disk portion, and gray regions
represent the coil portion.

monomer, (ii) a periphery disk monomer, and (iii) a central
disk monomer. The interaction depth &);; and the cutoff radius
r] depend on the combination of i and j. Table 1 presents the
parameters used in this simulations. Notice that € is the same for
all the interactions, and we only vary y.

An overview of the interactions is described here. For mono-
mers in the disk periphery (2—7) interacting with other disk
beads (1—7) we put y; = 1. When considering the interactions
between central monomers of the disks (monomer type 1), we
set x;; equal to 4, which can be tuned to induce an additional
attractive interaction that prefers parallel stacking of disks. ¢ = 1
would render all the beads in the disk indistinguishable. The
interaction between two monomers in the coil portion, x;, is set
to 0.05.%” In this study, the relative attractive potential between
coil portions is 20 times weaker than that of disk portions to
mimic the real system where the weak attraction between the
alkyl chains is substantially lower compared to that from the
conjugated parts, as experimental studies have shown. Finally, to
allow steric repulsion between disk and coil portions of the
molecules, but retain the amphiphilic nature of molecules, we
employ an Weeks—Chandler—Andersen (WCA) potential®®
rather than typical Lennard-Jones potential. By using 280 as
the cutoff radius, the WCA potential only contains the repulsive
part of typical Lennard-Jones potential.

2.2. Computational Details. Self-assembly of 128 disk—coil
molecules was studied by means of a Metropolis Monte Carlo
algorithm. A constant pressure and constant temperature en-
semble (NPT) is used with the Parrinello and Rahman box shape
method**** to minimize the free energy and remove internal
stresses in the system. Periodic boundary conditions in the box
shape method are also applied.

For each set of conditions (i.e., temperature, &, and N_.), we
run 10’ Monte Carlo movement steps to allow the molecules to
self-assemble from random initial configurations. Each Monte
Carlo step corresponds to a full update of the positions of the
molecules; i.e., it corresponds to 128 x (7 + N) accepted moves
of monomers. At points near phase transitions, where the time to
reach equilibrium increases, we run 107 additional steps to
equilibrate the system. The acceptance ratio of Monte Carlo
simulation is adjusted to 0.25 by automatically changing max-
imum movement distance. The adjusted maximum movement
distance is also checked to ensure a high probability to escape
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Figure 4. (a) Snapshot of the lamellar (L) phase of disk—coil molecules by using the wire representation. Blue regions represent the disk portion, and
gray regions represent the coil portion. In (b) we show only the disks by making the coils transparent, from which one can clearly see the lamellar

ordering.

Figure S. (a) Snapshot of the perforated lamellar phase (PL) of disk—coil molecules by using the wire representation. Blue regions represent the disk
portion, and gray regions represent the coil portion. (b) Single disk-rich region picture with transparent coils exhibits a hexagonally close-packed hole

array, indicating a perforated lamellar phase.

Figure 6. (a) Snapshot of cylinder phase (Cy) of disk—coil molecules by using the wire representation. Blue regions represent the disk portion, and gray
regions represent the coil portion. (b) By making the coils transparent, the hexagonally packed cylinders are evident.

form metastable states. Averages are taken over the final 5 x 10°
MC steps to study thermodynamic properties.

In this simulation, the role of the coil portion is assumed to be
mostly entropic due to the low value of the potential well depth
between two monomers in the coil portion (0.05¢). Therefore,
by increasing the number of monomers in the coil N, we can
increase the entropic role of the tail. In contrast, the disk portion
contributes mostly in an enthalpic way compared to the coil

portion because the potential well between disks is 20 times
deeper than that of coils. Also, by adjusting the additional
attractive potential ¢ between central monomers of disks, we
control the relative enthalpic role of disks.

Reduced variables are used in this simulation: temperature
T*=T x (kg/¢), distance r*=r X (1/0), volume V*=V x (1/0°),
pressure P* = P x (0°/¢), enthalpy H* = H x (1/¢), volume
density p* = p, and spring constant k* = k x (07/¢). The
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Figure 7. Enthalpy H* and density p* of the system as a function of the
temperature T for different values of ¢ and N.. The red line represents
H* and the blue line represents p*. (a)  =2.0,N.=3; (b) 4 =2.0,N.=4;
(c) 4 = 2.0, N. = 8. The dashed vertical lines represent the transition
points.

simulations are performed for a set of reduced temperatures T*
that range from 1.2 to 1.6, and we explicitly study a different set of
N 3,4, 5, 6,and 8. We also change the u value from 1.0 to 6.0.
Also, to prevent the simulation cell from expanding infinitely in
the high T phases, we imposed a small but finite value of
hydrostatic pressure P* = 0.1. We set the spring constant of the
harmonic potentials k* to 2000 and the extra bond spring
constant 2k* to 4000.

3. SELF-ASSEMBLED STRUCTURES AND PHASE DIA-
GRAM OF DISK—COIL MOLECULES

The overall phase diagram of disk—coil macromolecules is
shown in Figure 2 as a function of the three relevant parameters,
namely the number of monomers in the coil structure N, the
reduced temperature T%, and the central monomer interaction
parameter 4. In what follows we discuss in detail the different
phases obtained.

3.1. Disordered Phase (D). At high temperature, when
entropy dominates, disk—coil molecules do not display any
particular preferred phase and simply do random Brownian
motion. We define this phase as a disordered phase (D) similar
to the disordered state in the block copolymer case when the YN
parameter is not high enough to allow the system to phase
separate. A snapshot of the disordered phase is shown in Figure 3.
From the phase diagram in Figure 2, it is also evident that the
phase separation temperature from the disordered phase into an
ordered state in the disk—coil system is largely controlled by u.
This feature is determined from the fact that the phase transition
temperature from D to L, PL, or Cy increases approximately
linearly with 4 (see Figure 2b—d). This is due to the enthalpic
contribution of the disks that grows with the central monomer
attractive parameter u. If the enthalpic part of the free energy of
the system from the aggregation of disks exceeds the entropic
part of the free energy from fluctuations of the coils and mixing of
molecules, the system will phase separate to a lamellar (L), a
perforated lamellar (PL), and a cylinder (Cy) phase depending
on the coil length N, as clearly shown in Figure 2a. Interestingly,
we point out that the coil length does not have a large role in
determining the order—disorder transition temperature. A large
change in N from 3 to 8 only yields a minor difference in Topr.

3.2. Lamellar (L), Perforated Lamellar (PL), and Cylinder
(Cy) Phases. Decreasing the temperature from the disordered
phase allows the system to phase separate to a lamellar (L),
perforated lamellar (PL), and cylinder (Cy) phases. In the
lamellar phase, the disk and coil portion order into alternating
layers of disk and coil regions, similar to the case of a lipid bilayer.
In the perforated lamellar phase, hexagonally close-packed holes
exist in the disk-rich region, and these holes are filled with the
coils. Finally, the cylinder phase shows hexagonally close-packed
disk-rich cylinders surrounded by coils. These features are shown
in Figures 4, 5, and 6 for L, PL, and Cy phases, respectively. A
discontinuity of the enthalpy H* and volume density p* as a
function of T* from Figure 7 implies that the phase transition
from the disordered state to L, PL, and Cy are all first-order
transitions.

The number of monomers in the coil structure of disk—coil
molecules plays an important role in determining the phase of the
system among the three cases, namely L, PL, and Cy. From
Figure 2a, the short coil length N, = 3 of disk—coil molecules
drives the system into a L phase which has a relatively lower
entropic contribution from the coil compared to the PL and Cy
phases. When we increase N, the entropy of the coils increases if
the volume per single coil is increased since this avoids stretching
the chains strongly. Thus, we expect to find other phases by
increasing the length of the coil. This is the case, and we find a PL
or Cy phase depending on the value of N.. It is important to note
that we observe direct entrance to all of these phases from the
disordered phase by changing the length of the coil depending on
the value of u. Furthermore, there are also transitions between
the aforementioned phases that depend on the value of u, and
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Figure 8. (a) Snapshot of the ordered lamellar phase (L_O) of disk—coil molecules in the wire representation. Blue regions represent the disk portion,
and gray regions represent the coil portion. In (b) we present a single layer of disks to examine ordering/stacking of them. The coils have been removed

in this figure for visual purposes.

a)

Figure 9. (a) Snapshot of the ordered perforated lamellar phase (PL_O) of disk—coil molecules in the wire representation. Blue regions represent the
disk portion, and gray regions represent the coil portion. In (b) we present a single layer of disks to examine ordering/stacking. Notice the appearance of
a hexagonally aray of faceted holes. The coil portion is removed in this figure for visual purposes.

a)

b) N

Figure 10. (a) Snapshot of the ordered cylinder phase (Cy_O) of disk—coil molecules in the wire representation. Blue regions represent the disk
portion, and gray regions represent the coil portion. In (b) a single disk-rich cylinder is presented to exhibit the high degree of order appearing in the

system. The coil portion is removed in this figure for visual purposes.

these can be understood in the same way by noting that
increasing the value of u effectively increases the enthalpic role
of the disks.

There are several ways we can navigate through the phase
diagram. First, we will consider what happens as we increase the
length of the coil N, as represented by the vertical transparent

red arrow in Figure 2a. At small sizes the L phase is preferred.
However, when we increase the length of the coils, the entropy of
the coils will drive them to occupy a larger volume by opening
holes in the disk-rich region, i.e., the PL phase. As the increase in
entropy by opening a hole exceeds the enthalpic loss from the
disk-rich region, the free energy of the PL phase becomes lower

7021 dx.doi.org/10.1021/ma201187p |Macromolecules 2011, 44, 70167025
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Figure 11. Enthalpy H* and density p* of the system as a function of the
temperature T for different values of 1 and N_. The red line represents
H*, and the blue line represents p*. (a) u = 6.0, N. = 3; (b) u = 6.0,
N, = 4; (c) u = 5.0, N. = 8. The dashed vertical lines represent the
transition points.

than the free energy of L phase, and this results in a stable PL
phase. If we further increase N, enlarged holes are connected,
and the disk region become cylinders surrounded by coils which is
the Cy phase. Also, these cylinders are hexagonally close-packed in
a coil-rich matrix to minimize the free energy of the system.
Even though the sequence L — PL — Cy transition can be
observed by increasing N, we can also control the relative
entropic role of the coils by changing u, as stated before. Using

this variable instead, we can move in the phase diagram by
following the transparent blue arrow in Figure 2c. Higher u
values increase the effective enthalpic role of the disks, while the
entropy contribution of the coils remains the same. Thus, in
relative fashion, at larger u the coils are more “entropic” in the
high-u region. This explains why one goes from a PL — Cy
phase. We can clearly see this feature in Figure 2c.

3.3. Ordered Lamellar (L_O), Ordered Perforated Lamellar
(PL_O), and Ordered Cylinder (Cy_O) Phases. From the L, PL,
and Cy phases, if we further decrease the temperature or increase
the p, the system crystallizes to an ordered lamellar (L_O),
ordered perforated lamellar (PL_O), and ordered cylinder
(Cy_O) phases. These phase transitions are also first order from
the discontinuity of H* and p* as a function of T%, as shown in
Figure 11. Snapshots of L O, PL_O, and Cy_O phases are
shown in Figures 8, 9, and 10, respectively. L O, PL_O, and
Cy_O phases have the same large scale structure as their fluid
couterparts L, PL, and Cy phases, respectively, but the disks are
ordered in specific ways in the ordered phases. In the L_O phase,
trains of disks composed of 3—S5 stacked disks in parallel are
close-packed to form a disk-rich region with lamellar symmetry.
Similarly, the PL_O phase contains similar trains of disks
forming the disk-rich region, except for the fact that there exist
also holes in the disk-rich region. In the Cy_O phase, most disks
are stacked in parallel, and three or four of these long trains
aggregate to form a columnar structure similar to that appearing
in discotic liquid crystals.

To study the parallel stacking of disks quantitatively, we define
an order parameter that integrates the short-range part of the
radial distribution function of the central monomers in the disks,
mathematically written as

1.5req*
Pravael :/ g(r¥)4mr<® dr* (3)
0

where g(r*) is the radial distribution function of the central bead
of disks, namely monomer 1. This order parameter is the average
number of stacked disks in parallel and can vary from 0 to 2. The
latter value is obtained when every disk is stacked in parallel in an
idealized fashion. Pp,.qe values for L O, PL_O, and Cy_O
phases under all sets of conditions (T*, u, N.) were calculated
and are listed in Table 2.

Table 2 shows that Py, values stay in the range from 1.35 to
1.5 for PL_O and L_O phases, but jump to values around 1.8 at
the Cy_O phase, clearly indicating the preferred alignment in
this microstructure. Another useful function to quantify the
ordering of disks is the average number of stacked disks in a
roW Npgrael that can be calculated roughly from Ppiape as
follows:

N . @
allel = 27
paee 2—P parallel

This equation is obtained by noting that the average number of
parallel stacked neighbors in a given ordered train of Npqqiel
molecules can be written as Pyaaiel = (2Nparatiel — 2)/Nparaliel-
This equation is intuitive, since the total number of parallel
stacked neighbors is 2Npqqe1 — 2, where the last subtraction
accounts for the ends. Finally, to obtain the average, we need to
divide by the total number of molecules in the train Nyqrapier-
Calculated Npqpqiier values for L_O and PL_O phases range
from 3.08 to 4.0 which are similar in range to what is observed
directly by visual inspection. From Figures 8b and 9b, we can
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Table 2. P,y Values for Different Simulation Conditions (T* u, N.) Corresponding to L_O, PL_O, or PL_O Phases

T* u, N, phase I il T u, N,
12,3.0,3 L O 1.463 12,4.0,3
12,6.0,3 LO 1.480 1.3,6.0,3
1.25,6.0,3 L O 1.486 1.275,6.0,3
12,40, 4 PL O 1.463 12,50, 4
13, 6.0, 4 PL O 1.479 1225, 6.0, 4
1275, 6.0, 4 PL O 1.476 12,30,5
12,50,5 Cy O 1.798 12,60,5
12,3.0,6 Cy O 1.815 12,4.0,6
12,60,6 Cy O 1.870 13,50,6
12,3.0,8 Cy_O 1.798 1.2, 4.0, 8
12, 60,8 Cy O 1.827 13,50, 8
1.325,5.0, 8 Cy O 1.855 14,60, 8
125,50, 8 Cy O 1.817 1.275, 5.0, 8

phase - T u, N. phase -
L O 1.451 12,50,3 L O 1.396
L O 1472 1.225,6.0,3 L O 1.455
L O 1.383 12,30, 4 PL O 1.406
PL O 1.465 12,60, 4 PL O 1473
PL O 1433 1.25,6.0, 4 PL O 1.425
PL_O 1.439 12,40,5 PL O 1.370
Cy O 1.779 13,60,5 Cy O 1.802
Cy O 1.782 12,50,6 Cy O 1.833
Cy O 1.801 1.3,6.0,6 Cy O 1.797
Cy O 1.833 12,50,8 Cy O 1.784
Cy O 1.816 1.3,60,8 Cy O 1.795
Cy O 1.826 1.225,5.0,8 Cy O 1.799
Cy O 1.832

a) b)

A

R

d)

-

:
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Figure 12. (a) Description of the director vector for a disk—coil macromolecule. (b) Two-dimensional structure induced due to the presence of coils in

L_OandPL_O phases that has two degrees of freedom for director vector, as shown in (c). (d) Hexagonal arrangement of the director is achieved when
disks are close-packed in the disk-rich layer.

sdeabe
ﬁ@@

clearly see that trains composed of 3—5 stacked disks in parallel
are close-packed to form disk-rich layers. However, for the Cy O
phase, the calculated Npqquer value reaches 10.0, which means
disks are highly ordered. After counting some defects, 12—15
disks stacked in parallel should be observable, and this is clearly
seen in Figure 10.

From our quantitative studies on the parallel stacking of disks,
we can conclude that the coil structure in the disk—coil molecule
plays a critical role in the ordering of disks. Increasing the number
of monomers N increases the entropy of the system and allows it
to transform from L O phase to PL_O phase. A further
increment of N, drives the system to reach a Cy_O phase from
a PL_O phase, which is accompanied by an enhanced parallel
order of the disks. We can explain this enhancement in the order
by analyzing the director field under confinement. The director
vector is defined as the unit vector normal to the plane of a disk as

7023

described in Figure 12a. For a two-dimensional periodic struc-
ture such as the L_O or the PL_ O phases, the director vector has
two degrees of freedom as shown in Figure 12b,c. In these
crystalline phases (low T*), the only way to stack disks in a close-
packed manner is a 6-fold degenerate hexagonal arrangement.®
However, when we include the stacking interactions, the degen-
eracy is lifted, and the L O and PL_O phases contain close-
packed short trains composed of 3—5 disks stacked in parallel
(see Figure 12d). We note, however, that the number of parallel
stacked molecules is not very high because a single stacked
“column” is unstable to the appearance of “excited” states that
correspond to defects in the stacking profile, where a defect is a
disk with a director vector misaligned with the train. Although
there is an energetic cost for introducing these defects, it is
sufficiently small that thermal fluctuations give rise to these
defects. The major energetic cost is not in the lateral interactions
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Figure 13. (a) Cylinder structure induced by long polymer tails compared to disk size. (b) In this case (Cy_O phase) only one degree of freedom exists
for director vector. (c) Parallel alignment of the director is achieved when disks are close-packed and stacked on top of each other in disk-rich cylinder.

because the periphery disk beads do not interact differently
between themselves and the central monomers and hence
emerges only from the misalignment of the director vector and
corresponding loss of favorable stacking interactions. Thus, what
we have in reality is an one-dimensional problem that corre-
sponds essentially to an 1D Ising model, where the two “spins”
correspond to director vectors that are either aligned with the
stack or misaligned with the stack. It is well-known that an 1D
Ising model of this type is unstable, giving rise to short stacks.
This remains true for the cylinder case, but the difference in the
defect energies is greatly enlarged in the Cy phase for the
following reason: in the Cy_O phase inserting a “defect” across
a cylinder implies that one has to bring into contact coil molecules
with disk monomers, and this is highly energetically unfavorable. As
a result, in the Cy_O phase, the director field is confined to one
dimension, and thus, the disks stack in parallel (see Figure 13a,b).
This enhances the long-range parallel ordering of disks in the Cy_O
phase as described in Figure 13c. In summary, confinement of the
disks due to microphase separation that can be controlled by the
length of the coils has a huge effect in the final arrangement of the
disks in assemblies of disk—coil macromolecules.

4. CONCLUSIONS

In this article we explored the phase behavior of disk—coil
molecule lengths using Monte Carlo simulations. We con-
structed a comprehensive phase diagram as a function of tem-
perature T* as well as two tunable properties that depend on the
chemistry, namely the stacking interaction parameter x# and the
number of monomers in the coil N.. At intermediate tempera-
tures ranging from T* = 1.3 to T* = 1.5, L, PL, and Cy phases
appear depending on T* and N_. Increasing ¢ helps the system to
phase separate at higher temperature due to the large enthalpic
contribution of the disks. Also, by increasing N, the system phase
transforms from L phase to PL phase, and further increasing N.
drives the system to transform to Cy phase. The PL — Cy
transformation can also be achieved by increasing u. Further
decreasing T* or increasing 4 yields crystalline disk phases
denoted as L O, PL_O, and Cy O. These ordered phases
contain disks stacked in parallel with a variable degree of
ordering. To study the parallel stacking in a quantitative fashion,

we used the average number of parallel stacked disks per
molecule Py, 1. From this quantity we could calculate Ny, apel,
the average number of stacked disks in a row. On the basis of
Nparallely 3—5 stacked disks are close-packed in the lamellar or
perforated lamellar phases. However, Nyyranel ~ 12—15 in the
Cy_O phase. We can explain this difference based on the
different degree of a confinement in each structure. In conclu-
sion, our results reveal the phase behavior of disk—coil macro-
molecules and provide new design strategies to control the order
of planar macromolecules. Compared to previous studies of
disk—coil molecules that just considered a single coil length,6
the present work shows two different routes to achieve a
particular morphology. This can be done by either modifying
the chemistry of the disk part to increase or decrease the stacking
interaction parameter or changing the length of the coil. In
previous studies the latter had been held fixed, but as shown here,
it is very important in determining the final morphology. This is
something that is well accepted in the self-assembly of block
copolymer phases but is not so widely appreciated in the field of
supramolecular chemistry. A particular example of this is the two
longest coils studied here (N, = 6, 8), where the system, even
without added stacking interactions (¢ = 1), self-assembles into a
cylinder phase. This had not been observed in previous studies.®
Finally, the thermodynamics of disk—coil macromolecules pro-
vide important insight into the self-assembly of chlorophyll
molecules which have a planar disk and single coil structure. In
particular, by controlling the coil length, one can induce two-
dimensional or one-dimensional confined disks, which in turns
strongly dictates the degree of stacking.
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