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ABSTRACT: Self-assembly of sphere-forming solution-state am-
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phiphilic diblock copolymers under spherical nanopore confine- [ oPo 0§° 0‘%’0 vy %‘;09 @‘Zg’ }
ment is investigated using a simulated annealing technique. For two s
types of cases of different pore—surface/copolymer interactions, o
sequences of self-assembled patchy nanospheres are obtained, and ot *95%05 P %0 ::>

phase diagrams are constructed. Self-assembled patchy nanospheres

with 1-21 solvophobic domains are observed. The outermost
solvophobic domains (patches) are packed into various polyhe- w
drons when their number is larger than 3, where three Platonic

solids of a regular tetrahedron, an octahedron, and an icosahedron

and seven Johnson solids of J12, J13, J17, J50, J51, J86, and J87 are

identified. In addition, another Johnson solid of J84 is identified in a structure with two categories of B-domains. These polyhedrons
have all or most of their faces in a triangular shape, and hence, they are closer to spherical in shape, which may relieve the chain
stretching. Nanospheres with 1, 4, 6, 9, and 12 numbers of patches occur in relatively large windows in the phase diagrams of both
types of cases. In one of the two types of cases, all nanospheres with any number of 1—14 patches occur in the phase diagram,
whereas in the other type of cases, nanospheres with 2, 3, S, 11, and 13 numbers of patches are absent in the phase diagram.
Furthermore, at a given pore size, the number of patches changes nonmonotonically or is unchanged with an increase in the strength
of the pore—surface/copolymer interactions for one type or the other type of case, respectively. Quantitative calculations are
performed to elucidate mechanisms of the window size in the phase diagrams of nanospheres with different numbers of patches and
structure details. All the observed phase behaviors can be well-explained based on the structure frustration, the conclusion being that
the systems tend to avoid forming polyhedral structures with uneven distribution of solvophobic domains, and the differences
between the two types of cases. Our results may provide a fundamental understanding of the relationship among confinement
conditions, solvent conditions, and self-assembled structures.

1. INTRODUCTION spherical confinement could induce frustration and distortions
Block copolymers can self-assemble into phase-separated that cannot be observed in bulk or 1D confinement due to the
periodic nanostructures, such as lamellae, gyroid, cylinders, curvature of the confining pore. Moreover, a large number of
e $,9,20,24-27
spheres, and have attracted much scientific interest due to the novel and frustrated structures were found, such as
potential application of these structures in various areas,' ™" cylindrical (spherical)—concentric lamellar structures and
such as in nanolithography3 and material science." Confine- stacked lamellae, as well as nonlamellar structures*”*’
ment can be used to break the symmetry of structures formed including Janus-type, tennis-ball, mushroom-, wheel-, or

in the self-assembly of block copolymers and hence generate
novel structures that cannot be obtained in bulk.>>° In general,
confinement can be classified into one-dimensional (1D)
planar confinement,”’~"* two-dimensional (2D) cylindrical
confinement,”" ™' and three-dimensional (3D) spherical
confinement®'’ ™' based on the confining geometries. Received:  October 21, 2022
Previous extensive studies showed that frustration induced by Revised:  December 12, 2022
1D confinement of block copolymers in thin films can lead to Published: December 29, 2022
different orientations and adjustable periods of structures

depending on the surface—block interactions and film

thickness,”””’ while 2D cylindrical confinement and 3D

screw-like structures’® for the bulk lamella-forming diblock
copolymers, while for the bulk cylinder-forming diblock
copolymers, single helices, double helices, triple helices,
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stacked toroid structures, or curved cylinders
were observed in cylindrical or spherical pore confinement.

The self-assembly of sphere-forming diblock copolymers
confined in 3D spherical nanopores also attracts much
scientific attention. Thirty years ago, Reffner experimentally
observed irregularly packed spheres when sphere-forming
diblock copolymers were confined in droplets and heated to
remove solvent.”* Various patchy nanoparticles were observed
experimentally and predicted with simulations from self-
assembly of diblock copolymers under emulsion solvent
evaporation-induced 3D soft confinement,”' ~*° where the
packing of the patches presents some symmetry when the
number of patches is small.’' Recently, Zhao et al. studied the
phase behavior of both bulk cylinder-forming and sphere-
forming diblock copolymers confined m the spherical pores
using the self-consistent field theory.”” They constructed a
phase diagram as a function of the pore radius and the volume
fraction of the copolymer and found a variety of interesting
polyhedral shapes formed by the packing of spherical domains
with the numbers from 4 to 12. Furthermore, the number of
spherical domains changes discontinuously with an increase in
the pore size, and structures with higher symmetry have a
larger stable region in the phase diagram.”” The packmg of
spherical particles is an ancient and intriguing issue.”® Related
studies, including the packing of a small number of colloidal
microspheres fabricated from cross-linked PS in a cluster using
oil-in-water emulsion and solvent evaporation®” and the
packing of a small number of hydrophobic nanoparticles
confined in micelles formed by amphiphilic diblock copoly-
mers,*® were studied.

Compared to the melt system, sphere-forming block
copolymer solution should be easier to obtain by choosing
various selective solvents, just like that observed for the
unconfined system previously.”' The self-assembly behaviors of
the 3D-confined sphere-forming block copolymer in the
presence of a solvent, rather than when the solvent evaporated,
are much less understood. Previous experimental studies of 2D
confinement of block copolymer solutions showed that the
dimensions of the nanochannels not only control the packing
of spherical micelles but also affect the shape/morphology of
individual micelles,** although the arrangement of spherical
micelles in that solution system is similar to that of spherical
domains obtained in the block copolymer melt under the same
2D confinement."’

In the present work, we study the effect of 3D confinement
on the self-assembly of sphere-forming amphiphilic diblock
copolymer solutions using a simulated annealing technique.
The 3D confinement is realized by putting diblock copolymer
solutions into a spherical nanopore. Patchy nanospheres with
various numbers of solvophobic domains are obtained and
phase diagrams are constructed as a function of the pore radius
and the surface—block interaction. Quantitative calculations
are performed to elucidate the mechanisms of the window size
in the phase diagrams of nanospheres with different numbers
of patches and details of structures. The effects of the polymer
segment concentration on the self-assembled patchy nano-
spheres and structural details are further investigated. Our
simulation results are compared with previous related studies.

2. MODEL AND METHOD

The solution-state AB diblock copolymers are modeled by the
single-site bond fluctuation model™~** and the simulations are
performed using the simulated annealing method.***’ The
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details of the model and method can be found elsewhere.*®

Asymmetric AB diblock copolymer model molecules of the
form Aj;B; are used in the study, that is, the degree of
polymerization of each A- and B-block is N = 13 and N =
The volume fraction of B-block is fy = Ny/N = 0.1875, where
N = N, + N = 16 is the total degree of polymerization of each
AB diblock copolymer molecule. In our study, the AB diblock
copolymers are dissolved in solution and confined in a
spherical nanopore of radius R. The pore is embedded in a
simple cubic lattice of volume V = L* with L being larger than
2R. The segment concentration is defined as C,=nN, / Vi with
n being the number of the model molecules and V, the total
number of lattice sites inside the pore. The model molecules
are assumed to be self-avoiding and mutually avoiding in all the
simulation processes. The bond lengths between two
consecutive segments in a copolymer molecule are set to be
1 and \/ 2, and thus, each site has 18 nearest-neighbor sites.
The starting configuration is generated by putting the desired
number of model molecules on the lattice sites inside the pore
randomly to reach the desired C, value. Only the nearest-
neighboring interactions are considered and modeled by
assigning energy, E; = €kyT,5 to each nearest-neighboring
pair of unlike components i and j, where i, j is A, B, S, and W
with S being the solvent molecules and W the lattice sites on
the pore wall (surface); &; is the reduced interaction energy; kg
is the Boltzmann constant; and T, is the reference
temperature. A-blocks and B-blocks are incompatible, so the
A—B interactions are set to be €5 = 1.0. A-blocks are
solvophilic, while B-blocks are solvophobic; hence, the A—S
and B—S interactions are set to be €, = —0.5 and &35 = 0.5.
The solvent—pore surface interactions are set to be 0. For a
given C, two types of cases are studied with the only
difference in A-surface interactions: (@) €5y = —&pw and ()
€aw = 0.0, and &gy is varied from 0 to 4.0 with a step of 0.5 for
phase diagrams in both types of @ and f cases. The initial
temperature is set as Ty = 100T,; and the annealing schedule
and the samphng strategy are the same as those used
previously.”” Under a given set of parameters, 50 to 100
simulations are performed with the only difference being in the
random number generator seed. If multiple structures are
obtained in our simulations under the given set of parameters,
structures with the highest probability of occurrence are called
frequently occurring structures, while others are called less
frequently occurring structures.

Some quantities are calculated in the study to characterize
the details of the structures. The radial density profiles of I-
segments Pi(r) (I = A, B) in the confining pore are calculated
with Pi(r) = ny(r)/M(r), with n;(r) and M(r) being the number
of I-segments and the number of lattice sites in the spherical
shell of thickness 1 at a distance r from the pore center,
respectively. The index of polydispersity of the edge length of a
polyhedron is defined as pdicge = E(Ledgez)/Ez(Ledge), where

Legg is the length of each edge in the polyhedron formed by
packing of B-domains in the self-assembled structures and
E(Ledge) and E(Ledge ) are the average values of L 4, and Ledge )
respectively, in a polyhedron. Similarly, the index of
polydispersity of the size of each B-domain is defined as pdi,,
= E(ng*)/E*(ny), where ny is the number of B-segments inside
each B-domain and E(ng) and E(ng*) are the average values of
ng and ng’, respectively, in a system. pdig,. = 1 if all the B-
domains have the same ny value, while pdig,. gets larger if the
difference between the ny values of the B-domains gets larger.
The nonsphericity of an aggregate or a collection of particles is
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Figure 1. Typical snapshots of structures obtained at (a,a’) €4 = €z = 0 and (b,b’)
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—€aw = €gw = 1.0. In (a,a’,b,b"), isosurface contour plots of

only B-domains are shown. Structures S; to S;,/S,,,, are obtained at pore radius R=4, 6,7, 8,9, 10, 11, 11, 12, 13, 13, 14, 15, and 15, respectively,
in (a,2a’) and at R=8, 9,9, 10, 10, 11, 12, 13, 13, 14, 14, 15, 16, and 16, respectively, in (b,b’). In (a,a’,b,b’), the outermost B-domains are shown in
blue, while the B-domain at the pore center is in green color. Each dot in (c, d) and (c’, d’) corresponds to the center of a B-domain shown in (b)
and (b’), respectively, and lines are added to guide the eyes, where the dots and lines are assigned to different colors for clarity. Snapshots in (c)
and (d) and in (¢’) and (d’) are viewed in two perpendicular directions. Less frequently occurring structures are labeled by framing the snapshots

with dashed lines in (a,b,a’,b’).

defined as™*’ k = 3(1,* + AN 202+ A+ 42 - 1)2,
where 4,, 4,, and 4, are the three principal moments of the
gyration tensor of the aggregate. k € [0,1], k= O if the
aggregate is a perfect sphere and k =1 if all the particles in the
aggregate are on a line. The normalized mean-square end-to-
end distance of chains of length N is calculated as R} = R,/
R}, where R, and R}, are the mean-square end-to-end
distance of the chains and that of the corresponding ideal
chain, respectively, and R§,0 = b*(N — 1) , with b being the root
mean square of bond length (b = \/m in our model).

3. RESULTS AND DISCUSSION

In this section, we present our simulation results of structures
self-assembled from an amphiphilic diblock copolymer A;;B;
solution confined in a spherical nanopore, where the A-blocks
are solvophilic and the B-blocks are solvophobic, and the
reduced interactions used are €, = 1.0, €45 = —0.5, and €5g =
0.5. Without confinement, our simulation results show that the
model system forms a cylindrical structure, a spherical
structure, and a spherical micellar morphology at segment
concentrations of C, = 095, C, = 0.2-0.38s, and C, < 02,
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respectively, with the solvophobic B-blocks forming cylinders,
spheres, and micelle cores due to the smaller volume fraction
and the solvophobic nature of B-blocks. Under the confine-
ment of a spherical pore, nanospheres with various numbers of
B-domains are obtained when 0.1 < C, < 0.7. At a fixed
concentration of C, = 0.45, snapshots for typical structures are
presented (Figures 1—3). For two types of cases of different
polymer—surface interactions, phase diagrams (Figure 4) as a
function of the pore radius R and interactions between the
polymer and pore surface are constructed. Typical quantities
include the radial density profiles of copolymer segments, the
polydispersity index of the edge length in the polyhedrons
formed by packing of B-domains in the self-assembled
structures, the polydispersity index of the size and non-
sphericity of each B-domain, and the normalized mean-square
end-to-end distance of chains (Figures S and 6). The influence
of C, on self-assembled structures and typical quantities is
presented in Figure 7.

3.1. Nanospheres with Patches in Polyhedral
Structures. Figure 1 shows the variation in typical snapshots
of patchy nanospheres self-assembled from the model

https://doi.org/10.1021/acs.macromol.2c02166
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Figure 2. Typical snapshots of self-assembled structures as a function of &gy for the model system in the pore of radius R = 11, and the A-surface
interaction: (a) €5y = —€pw and (b) 4w = 0. The B-domains attached to the pore surface and away from the surface are shown in blue and green

colors, respectively.

amphiphilic diblock copolymers in solution confined in a
spherical nanopore of pore radius R for two cases of different
surface—copolymer interactions. In Figure 1, each structure is
named S; or S, with i (=1, .., 14) being the number of
solvophobic B-domains nearest to the pore surface (outermost
B-domains or patches) and the “i + 1” indicating that besides
the i patches, there is one B-domain located at the pore center.
As shown in Figure la,a’, for the case of energetically neutral
surfaces (€4 = €pw = 0), the i patches in a structure S;/S,,, are
all attached to the pore surface, which is due to the following
two reasons. One reason is the entropy-driven attraction of the
minority B-blocks to the neutral surfaces,””" and the other
one is the resulting favorable energy when the patches are
attached to the pore surface since the increased contact
between B-segments and the pore surface can reduce the
unfavorable contact between A- and B-segments and that
between B-segments and solvents. It is noted that each of the
patches is in a nearly convex lens shape (not a spherical shape),
whereas the B-domain located at the pore center is in a
spherical shape. For the sake of clarity, the B-domain located at
the pore center in Figure 1a’ is shown in green color. When the
nature of the pore surface changes to be attractive to the
majority A-blocks while repulsive to the minority B-blocks
(—€aw = €w = 1.0), all B-domains are of nearly spherical
shape and are away from the pore surface, as shown in Figure
Ibb’. A common feature for structures shown in Figure
laa’,b,b’ is that the packing of the patches is the same when
the number of patches is the same regardless of whether there
is a B-domain located at the pore center or not or whether the
patches are attached to the pore surface or not. Therefore, in
the following, we will describe structures S; and S, together.

As shown in Figure 1, the B-domain in structure S, is located
at the pore center, the two B-domains in structure S, are
located at the two poles (two sides) of the pore, and the three
B-centers (the center of each B-domain is abbreviated as B-
center hereafter) in structure S; constitute an approximate
regular triangle. For structures S;/S;,, with 4 < i < 14, the B-
domains are packed into polyhedrons having an apparent high
symmetry, as shown in Figure lc,d,c’,d’. Among these
polyhedrons, three of the five Platonic solids®> (or convex,
regular polyhedrons) are identified as shown in Figure 1
(labeled with “P”), that is, a regular tetrahedron (S,), a regular
octahedron (S¢), and a regular icosahedron (S;,); and seven
Johnson solids’>*® are identified in the other polyhedral
structures, that is, structure Sg is the triangular bipyramid
(J12), S, is the pentagonal bipyramid (J13), Sg is the
biaugmented triangular prism (J50), S, is the triaugmented
triangular prism (JS1), S; corresponds to two degenerate
structures of the gyroelongated square bipyramid (J17) and the
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sphenocorona (J86) (to distinguish these two structures, the
structure corresponding to J86 is called S,y’), and S, is the
augmented sphenocorona (J87). Structure S, is the
gyroelongated hexagonal bipyramid and together with the
gyroelongated square bipyramid (S;,) and the gyroelongated
pentagonal bipyramid (S;,) belongs to the gyroelongated
bipyramid constructed by elongating an n-gonal bipyramid by
inserting an n-gonal antiprism between its congruent halves.

It is interesting to find that the three Platonic solids
identified in our simulations have all their faces in a triangular
shape. Furthermore, the seven Johnson solids identified in our
simulations have all (J12, J13, J17, and JS1) or most of their
faces (except only one or two tetragonal faces in JSO and J87,
or J86, respectively) in a triangular shape; although there are
92 Johnson solids™” in total and each of them can be with faces
in a triangle, a tetragon, a pentagon, a hexagon, an octagon, or
a decagon, and the whole shape of a Johnson solid can be close
to or quite deviating from a sphere. Thus, we conclude that
polyhedrons prefer triangular faces. The reason is that for a
fixed B-domain number, triangular faces will make the
polyhedron have more faces than that with other shaped
faces (such as tetragonal or other polygonal shapes).
Therefore, under a fixed number of vertices, a polyhedron
with more triangular faces is closer to a sphere in shape than
that with more other-shaped faces, which may relieve the chain
stretching.

It is also interesting to find that the B-centers are usually
distributed into layers. The B-centers in structures S, S¢, or S,
are distributed into three layers with the number of B-domains
in each layer being [1, n, 1], with n = 3, 4, and S in S;, S, and
S,, respectively, as shown in Figure 1c. However, the B-centers
in structures S;o, S;;, Si5) Si3 or Sy4 are distributed into four
layers with the number of B-domains in each layer being [1, n,
m, 1], where [n, m] = [4,4], [5,4], [5,5], [6,5], and [6,6] in
structures So, S;;, S1p Si3 and Sy, respectively, as shown in
Figure 1c'. Structure S;,’ can be regarded as formed by
deleting the B-center located at the side of the layer having
four B-centers in S;;. Structure S, can be constructed by
attaching an equilateral square pyramid to each of the three
square faces of a triangular prism, whereas structure Sg can be
regarded as constructed by randomly deleting an equilateral
square pyramid in So. For structures with the outermost B-
domain number being larger than 14, we find that the B-
domains are still packed into polyhedrons with most of their
faces being in a triangular shape. These polyhedrons, however,
are without apparent symmetry.

Snapshots shown in Figure 1 include both frequently and
less frequently occurring structures, where each less frequently
occurring structure is framed by dashed lines. It is noted that
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Figure 3. Typical snapshots of self-assembled structures as a function of R for systems with block—surface interactions being £,y = 0 and &gy = 0.5.
(a) and (b) and (c) and (d) are viewed from two different directions. The B-domains attached to the pore surface and away from the surface are
shown in blue and green colors, respectively. For structures S, and S, ; formed at R = 13, lines are shown to illustrate the structures J84 and DJ84.

structures Sg and Sy are less frequently occurring in both cases,
and structures S,, S;, Sg, and S}, are less frequently occurring in
the case of —ezy = €pw = 1, whereas they are frequently
occurring in the case of €,y = &gy = 0. These results indicate
that the occurrence frequency of some structures depends on
the polymer—pore surface interactions, and the influence of the
interactions on the self-assembled structures is further
investigated.

Typical snapshots of self-assembled structures as a function
of &gy at a fixed pore radius of R = 11 are shown in Figure 2 to
illustrate the effect of the pore surface interactions on the self-
assembled structures. Here, results are presented for two types
of cases with the only difference being in €4y, that is, €4y =
—éepy in the type o case while €,y = 0 in the type j case. It is
noted that the B-domains in snapshots shown in Figure 2 can
be classified into two categories according to the domain shape
and position. For the sake of clarity, we name the B-domains
being in nearly lens shape and attached to the pore surface (in
blue color in Figure 2) as category 1 and those being in a
spherical shape and far away from the pore surface (in green
color) as category 2. As shown in Figure 2a, for the type a case,
the total number of B-domains and the number belonging to
category 1 or 2 change with increasing &gy in the following
way: seven or eight B-domains all belonging to category 1 at
ggw = 0 — six B-domains with five of them belonging to
category 1 while the other one to category 2 at epyy = 0.2—0.3
— six B-domains with four of them belonging to category 1
while the other two to category 2 at egyy = 0.4 — six and seven
B-domains all belonging to category 2 at &gy = 0.5—3.0 and
epw = 4.0, respectively. That is, the number of the B-domains
shows a nonmonotonic change with &gy In the type f case, as
shown in Figure 2b, the variations in the domain number and
shape with &gy are just like those in the type a case when &gy
= 0—0.4. However, the number of B-domains continues to
decrease to five and further to four when increasing &gy to €y
= 0.6 and further to &gy > 0.7.

It is noted that B-domains belonging to the two categories
may simultaneously occur in one system at &gy = 0.2—0.4 in
Figure 2a and &gy = 0.2—0.6 in Figure 2b. For these structures
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with two categories of B-domains, we name them S,,;, with i
and j being the number of the outermost and inner B-domains,
respectively. Our further results show that such structures may
also occur at other pore radii when &gy is at the above-
mentioned regions. Figure 3 shows typical snapshots of
structures obtained in the type B case at g4y = 0 and &gy =
0.5 as a function of pore radius R. As shown in Figure 3, with
increasing R, the structure changes from S; (R = 4—10) —
8342/8442 (R = 11) = S5, (R = 12) = S;,4/Ss3(R = 13) —
Ssi4/Sas (R=14) = S5.5/S4,6 (R=15) = Sg,6/S5.7 (R = 16)
— Sg,3 (R = 17). At a very small pore radius of R = 4—10, only
one B-domain is formed in the system. It is interesting to
notice that the B-domain is attached to the pore surface when
R = 4-S§, while it is located at the pore center when R = 6—10.
With increasing R, the total number of B-domains increases
and B-domains belonging to the two categories (in blue and
green colors) coexist in each system. With the increase in R
from 11 to 17, the number of B-domains away from the surface
(in green color) increases from 2 = 3 or4 = 4 or S — S or 6
— 6 or 7 — 8. It should be mentioned that the structures S,,;
(with j > 1) shown in Figure 3 are different from the structures
S or Sy, shown in Figure 1 even when k = i + j. For example,
structure S,,, is different from structure Ss. Furthermore, a
polyhedron formed by packing of the B-domains in structure
S is usually without apparent symmetry due to the different
distances from the B-centers belonging to two categories to the
pore center. However, we do observe a polyhedron with
apparent symmetry formed in structure S,,,; it is the triangular
dodecahedron belonging to the Johnson solid J84, as shown in
Figure 3 at R = 13. Structure ]84 has eight vertices, four of
which are farther from the pore center than the other four, and
the B-centers in structure S, just meet such a condition. On
the other hand, the eight B-centers in structure Sg, being of the
same category and the same distances to the pore center,
cannot meet the condition of forming J84, which is the reason
that J84 is not observed in structure Sg Structure Ss,;,
observed at R = 13 as a degenerate structure with S,,,, is
identified as a deformed J84, here called DJ84. Our simulation
results show that structures S;,; obtained in the type a case at

https://doi.org/10.1021/acs.macromol.2c02166
Macromolecules 2023, 56, 335—348


https://pubs.acs.org/doi/10.1021/acs.macromol.2c02166?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02166?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02166?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02166?fig=fig3&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c02166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

(b)

Figure 4. Phase diagrams showing the number of solvophobic B-domains in the frequently occurring structures as a function of the pore radius R
(or R/R,, where R, is the root of the mean-square end-to-end distance of the corresponding ideal chain) and the interaction parameter &gy in a
step of 0.5. The corresponding typical structures are shown in Figures 1—3. The A-surface interactions are €4,y = —€gy in (a) and &4y = 0 in (b).
To clarify, the background color varies from light blue to dark blue to light red and further to dark red, showing that the number of B-domains

varies from small to large.

—&pw = €gw = 0.4 are similar to those obtained in the type
case shown in Figure 3.

The occurrence of two categories of B-domains in one
system can be understood based on the following analysis.
When the pore surface is neutral to the two blocks (&, = €pw
= 0), the B-domains are attached to the pore surface due to the
two reasons mentioned earlier. Thus, these two reasons induce
a tendency (called “the first tendency”) to drive the B-domains
attached to the pore surface. With increasing &gy, the repulsive
interaction between the B-segments and the pore surface tends
to drive the B-domains away from the pore surface (called “the
second tendency”). Hence, all the B-domains can be away from
the pore surface only when &gy is large enough so that the
second tendency can offset or be stronger than the first
tendency. From Figure 2, it is noted that all the B-domains are
away from the pore surface at ez, = 0.5 and 0.7 for the type a
and f3 cases, respectively; while when 0 < egyy < 0.5 (or 0 < &gy
< 0.7) for the type a (or ) case, balancing between the two
tendencies results in various structures with some B-domains
attached to the pore surface while others away from the pore
surface. This is the reason why two categories of B-domains are
formed in a system with more than one B-domains, which is
consistent with those shown in Figure 3. On the other hand, at
a given ey value, the interactions of €,y = —é€py used in the
type a case are equivalent to a stronger surface selectivity than
that used in the type S case of €,y = 0, which is the reason that
a relatively smaller &gy value is needed in the type a case to
force all the B-domains away from the pore surface than that
needed in the type f case. In a small pore, the amount of block
copolymers in the system is small, and hence, only one B-
domain is formed and the position of this B-domain can be
deduced based on the following analysis. At R = 4-S, the
amount of block copolymers in the system is very small, and
hence, only one small B-domain is formed, while R is much
smaller than the length of the solvophilic A-block, and hence,
the small B-domain is attached to the pore surface so that the
A-blocks can have a relatively large space with less
compression. In this case, the punishment due to the repulsive
interaction between the pore surface and B-blocks can be offset
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by the reduced entropy loss due to the less compression of A-
blocks. When R = 6, the amount of block copolymers in the
system is about 2 times that when R = S. In this case, the
system may form one big B-domain or two smaller B-domains.
If the system forms two smaller B-domains, the locations of
them would be in one of the following three patterns: (1) both
of them are attached to the pore surface, that is, the structure
S, shown in Figure 1la; (2) both of them are away from the
pore surface, that is, the structure S, shown in Figure 1b; and
(3) one of them is attached to the pore surface, while the other
is away from the pore surface. Pattern (1) would result in high
energy due to the increased contact area between the B-
segment and the pore surface, while patterns (2) and (3) mean
that the distance between the two B-domains is less than the
pore diameter, and when the size of each B-domain is
considered, the space left for A-blocks from one B-center in the
direction of connecting the two B-centers is much less than R,
which would result in strongly compressed A-blocks. On the
other hand, the system may form one big B-domain. In this
case, if the B-domain is attached to the pore surface, the A-
blocks emitting from the surface of the B-domain would be too
crowded since the A-blocks are only distributed at the inner
side of the B-domain surface (the outer side is attached to the
pore surface). The crowded distribution of A-segments reduces
the contact between A-segments and solvent, and hence, it is
energetically unfavorable. On the other hand, if the big B-
domain is located at the pore center, it can remove the contact
between the B-segment and pore surface and can have
relatively large space for A-blocks from every direction;
therefore, it is the best choice in this case for a system with
R = 6. For systems with R = 7—10, the amount of block
copolymers in the system is about 2—8 times that when R = 5.
In this case, the system may form one big B-domain or several
smaller B-domains. On the basis of an analysis such as that for
the system with R = 6, it can also be deduced that forming one
big B-domain located at the pore center is the best choice for
these systems. As the pore is further larger to R = 11, if the
system remains forming one big B-domain located at the pore
center, the stretching of both B-blocks and A-blocks will be
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strong, which is entropically unfavorable. Moreover, simulta-
neously A-blocks would be much more crowded near the B-
domain surface, which will reduce the contact between A-
segments and solvent. Hence, forming one big B-domain is
energetically unfavorable at R = 11, as analyzed above. On the
other hand, if the system forms several smaller B-domains with
some of them being attached to the pore surface while others
being away from the pore surface, the space may be allocated
effectively so that the stretching of both B-blocks and A-blocks,
as well as the crowding of A-blocks, are all relieved; being
favorable for both entropic and energetic sides, which can
offset the punishment due to the increased unfavorable contact
between the B-segments and the pore surface. This is the case
as shown in Figure 3.

It is also noted that structures with two or three B-domains
are absent in the structure sequence shown in Figure 3. The
above analysis indicates that the distribution of the two or
three B-domains inside the spherical space would result in high
energy if all of them are attached to the pore surface, or result
in strongly compressed A-blocks if one or two of them are
away from the pore surface. These analyses also apply to the
systems with —¢&,y = €y = 1 for which structures are shown in
Figure 1b. In this case, the value of &gy is larger so that
patterns (1) and (3) mentioned above would result in high
energy, while pattern (2) would result in strongly compressed
A-blocks. That is, the structure frustration hinders the
occurrence of structures S, and S; as frequently occurring
structures in Figure 1b. On the other hand, for systems with
€aw = Epw = 0, pattern (1) would reduce the entropy loss and
not result in high energy, and hence, it is the best choice, which
is consistent with the result shown in Figure la.

3.2. Phase Diagrams. We further construct two-phase
diagrams as shown in Figure 4a,b for the type o and S cases,
respectively, for the window size of frequently occurring
structures S; and S,,; as a function of the pore radius R and the
interaction strength of the pore surface with B-blocks &gy
Note that the two types of cases are the same at €,y = €y = 0
(neutral surface), and similar structures including two
categories of B-domains are obtained when &gy is at epy =
02—0.4 and at ey = 02-0.6, as shown in Figure 2a)b,
respectively. Thus, we now focus on the different phase
behavior between the two types of cases when each system
forms only one category of B-domains, which are away from
the pore surface, that is, when &gy > 0.5 in the type o case and
egw > 1.0 in the type f case. As the polyhedrons formed from
structures S; with i > 15 do not have apparent symmetry, we
mainly focus on structures S;—S,, in the phase diagram, where
three main differences between the two types of cases are
found, as listed in the followings:

(1) As shown in Figure 4a for the type a case, with
increasing R and &gy, each of the structures S,—S,,
occurs in the phase diagram although the window of
some structures is very small. It should be noted that the
less frequently occurring structures, as shown in Figure
1, are frequently occurring at other interaction strengths,
as shown in the phase diagram in Figure 4a. The
structures with the window size ranked from the largest
to the smallest are approximately in the following order:
S1y S4y Se» So» S12 = S, S5, S5, Sgy S10 = S5, Siwy Sis = Sy
It is noted that structures S;, S4, S¢, So, and S}, occur in
the whole ey range, while other structures only occur at
some egyy values. As shown in Figure 4b for the type f
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case, structures S;, Sy, Sg S;, Sg So, Sin, and Sy, occur
when &gy > 1.0, and structure S, occurs only when 1.0
< egw < 1.5, while structures S,, S, S, Sy, and S5 do
not occur when &gy > 1.0. It is obvious that the
frequently occurring structures in the type a case are
much richer than those in the type f case. On the other
hand, it is noted that structures S, S,, S¢, So, and S,
occur in relatively larger windows in the diagram, which
is the same as that in the type a case. It is interesting to
notice that these structures of relatively larger windows
correspond to the three identified Platonic solids of a
regular tetrahedron (S,), an octahedron (S4), and an
icosahedron (S;,) and one Johnson solid of J51 (S,).
In the type a case, a nonmonotonic change in the
number of B-domains in the observed structures is found
when &g,y is increased from 0 to 4.0 at a fixed pore radius
R, for example, the sequences of S3 = S, = S, = S; —
Sy S6 = S4 = S5 = S and S5, = S = Sy9 > Syp are
found when fixing the value of R at 7, 10, and 14,
respectively. That is, at a given R, the number of the B-
domains has a minimum value at ey & 0.5, and after
that minimum value, it increases with &g, in the listed
epw range. However, in the type f case, at a fixed R, the
number of the B-domains also decreases from &gy = 0 to
0.7, whereas it remains almost unchanged with a further
increase in ey when éegy > 1.0. This could be
understood by the difference in the &,y value used in
the type a and f# cases. As mentioned earlier, all the B-
domains are away from the pore surface at egyy = 0.5 and
0.7 for the type a and f cases, respectively. On the other
hand, upon further increasing &gy, the attractions
between the pore surface and A-blocks are strengthened
in the type a case, and hence, A-blocks tend to be near
the pore surface. Forming more B-domains favors the
contact between the A-segment and pore surface, and it
is energetically favorable in the type a case. Hence, the
number of B-domains increases with &gy when ey >
0.5. On the other hand, when &gy = 0, B-domains tend
to be near the pore surface due to the entropy-driven
attraction of the shorter B-blocks to the neutral
surfaces, > thus forming more B-domains, which
favors the contact between the B-segment and pore
surface, and it is entropically favorable. Therefore, the
number of B-domains at egy = 0 is larger than that at
egw = 0.5. The above reasons result in the non-
monotonic change in the number of the B-domains with
€pyw in the observed structures at a fixing R in the type a
case. However, in the type f case, the value of &,y is
always fixed at 0. When &gy, is large enough, that is, ey
> 1.0, further increasing egy would not affect the
behavior of B-blocks since the pore surface and B-
domains are separated by A-blocks and solvent.
Therefore, the number of B-domains remains almost
unchanged with increasing gy when &gy > 1.0 at a fixed
R in the type f case.

In the type f case, to form a structure with the same
number of B-domains as that in the type a case, a larger
pore radius R is needed. For example, structure S,
appears at R = 7—10 depending on &gy in the type a
case, while it appears at a larger pore radius of R = 11 in
the type S case. This indicates that the effective pore
radius for the outermost B-domains should be different
in the studied two types of cases.
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Figure S. Radial density profiles of A-segments P,(r) and B-segments
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of edge length in polyhedrons formed from packing of patches in self-

assembled structures S,—S,, shown in Figure 1a,a’. For the self-assembled structures formed at R = 11, &g,y dependence of (b) polydispersity index
of the size of each B-domain (pdig,.), (c) nonsphericity of each B-domain, and (d) normalized mean-square end-to-end distance of AB diblock
chains, A-blocks, and B-blocks. Empty and filled symbols correspond to type & and f cases, respectively. Error bars are shown for each data point in

the figure.
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3.3. Quantitative Information. We calculate some
quantities to provide quantitative information on the structures
obtained and further explain the observed phase behavior. We
calculate the radial density profiles of copolymer segments and
estimate the effective pore radius for the B-domains. We
calculate the polydispersity index of edge length in the
polyhedrons formed by packing of B-domains in the self-
assembled structures to elucidate the distribution of B-domains
in these structures. Other quantities, including the polydisper-
sity index of the size of each B-domain, nonsphericity of each
B-domain, and the normalized mean-square end-to-end
distance of AB diblock chains, A-blocks, and B-blocks, are
calculated to further provide information on structures and
chains.

The above analysis suggests that the effective pore radius for
the B-domains should be different in the two types of cases for
a given R. We estimate the effective pore radius R, through
calculating the radial density profiles of I-segments Py(r) (I =
A, B) in the confining pore. Figure S shows the density profiles
of A- and B-segments for systems of R = 11, corresponding to
the structures shown in Figure 2. As shown in Figure Sa,c for
the two types of cases, a Py(r) curve has one peak or two peaks
corresponding to systems with one category or two categories
of B-domains, respectively. For the sake of generality, the
effective pore radius R for the B-domains is defined as the
distance between the peak position of the Py(r) curve to the
pore center. In Figure Sa,c, it is noted that when there is only
one category of B-domains and they are away from the pore
surface, R4 & 7 in the type a case when &gy > 0.5, while in the
type S case, R.g & S when ey > 0.7, that is, R4 in the type a
case is larger than that in the type f case. This difference is due
to the different &,y values used in the two types of cases. Most
of the A-segments are attached to the pore surface due to the
attractive interactions between the A-blocks and surface in the
type o case when gy, > 0.5, as indicated by the peak atr =R =
11 in P4(r) curves shown in Figure Sb. Considering the size of
a B-domain and the stretching of the solvophilic A-blocks
around the B-domain, R4 & 7 means that the location of the
B-domains is quite near the pore surface for a pore of radius
11. However, in the type f case, as shown in Figure 5d, the
P,(r) curve has a small peak at r = R — 1 and a much lower
value at r = R when &gy > 0.7, indicating that much more
solvent molecules than A-segments are located at the pore
surface. This is because in the type f case, the pore surface has
no energetic preference to the A-segment over solvent as &,y =
gsw = 0, while more solvent molecules located at the pore
surface can reduce the entropy loss of the polymer. In this case,
the peak of the Py(r) curve is located at r = Ryg & S, that is, at
about the middle point between the pore center and the
outermost layer mostly occupied by the solvent, which results
in the space being about the same for the A-blocks emitting
from a B-domain surface stretching to both the pore center and
the pore surface directions.

Figure 6a shows the patch number dependence of the
polydispersity index (pdi.qg.) of edge length in the polyhedrons
formed by packing of patches in structures self-assembled
inside neutral pores, corresponding to snapshots shown in
Figure la,a’. From Figure 6a, it is noted that the regular
tetrahedron, octahedron, and icosahedron, that is, structures
S4 Se and Sy, respectively, all have much smaller pdi 4o, values
(in the range 0—0.003). Considering the lattice model used in
our simulations, these pdi.,. values are quite close to their
ideal value of 0. On the other hand, each polyhedron of
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structures Sg, Sy, and Sy has a larger pdi g, value than that of
its neighbor structures. Hence, the relatively large pdi.qq. values
of polyhedrons from structures S5, S;;, and S;3 may be the
reason that these structures are absent in the phase diagram of
type f case and the reason that these structures have relatively
small windows in the phase diagram of the type a case. In
addition, the relatively large pdi g, value in the polyhedron
from structure S;, leads to a relatively smaller window of
structure S, in the phase diagrams of both type @ and f cases.
Furthermore, the windows, vacated due to the absence or the
relatively smaller windows of structures Ss, Sy, S;;, and S5, are
added to that of their respective neighboring structures (i.e.,
structures Sy, S So, and S;,) in the phase diagrams, which
further results in the relatively larger window of structures S,,
Se Sey and Sy, in the phase diagrams. The smaller the pdi,q,.
value, the more uniform the distribution of the B-domains
inside the spherical pore. The above results indicate that the
system tends to avoid forming polyhedral structures with
uneven distribution of B-domains. The reason for the
occurrence of structures Ss, S;;, and Sy in the phase diagram
of the type a case is that the number of B-domains should
increase continuously to reduce the overstretching of A-blocks
as &gy is increased continuously. Hence, structures with several
continuous numbers of B-domains should occur with
increasing ey at a given R-value in the phase diagram of the
type a case, which is the reason that all structures with 1—14
patches occur in the phase diagram of the type a case. This is
quite different from that in the type f case. On the other hand,
structures S, and S; are absent in the case of —&,y = gy = 1.0
due to the structure frustration, as deduced early. It can be
deduced that structures S, and S; are also absent in the phase
diagram of the type f case due to the structure frustration.
However, in the type a case, structures S, and S; occur as
frequently occurring structures in the phase diagram when
—&aw = €gw > 1.7 (as shown in Figure 4a) since in such cases,
the entropy loss due to the overcompression of A-blocks in the
pattern (2) mentioned above can be offset by the gaining of
favorable energy due to the increased contact between A-
segments and pore surface (when —é&,y, is large). Hence, the
window of structures S, and S; in the phase diagram of the
type a case is relatively small since they are absent due to the
structure frustration when éegy is smaller than 1.7. The
windows, vacated due to the absence or the relatively smaller
windows of structures S, and S;, are added to that of their
respective neighboring structures (S; and S,) in the phase
diagrams, which is the reason that structures S; and S, have a
relatively larger window in the phase diagrams of both types of
cases. It is interesting to find that the phase diagrams can be
well understood based on the variation of the pdi 4,

Figure 6b shows the variation in the polydispersity index of
the size of each B-domain (pdi,.) with egy. It is noted that the
pdig,. curve has a much larger value of ~1.3 at ey = 0.2—0.4
and of 1.3—1.5 at &gy = 0.2—0.6 for the type o and f cases,
respectively. These &gy regions just correspond to the
structures with two categories of B-domains in the system,
and the size of each B-domain attached to the pore surface is
smaller than that away from the pore surface. In the other egyy
regions, pdig,, remains at ~1.0 and is almost unchanged in the
type f case, while in the type a case, it also remains at ~1.0
almost unchanged at egyy = 1.0—3.0; however, it increases
slightly with epyy when &gy > 3.5, indicating that the strong A-
surface attractions in the type a case can induce a slight
difference in the sizes of B-domains.

curve.
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Figure 7. Segment concentration (Cp) dependence of (a) typical snapshots of self-assembled structures, (b) mean-square radius of gyration of the
centers of B-domains, and (c) normalized mean-square end-to-end distance of AB diblock chains, A-blocks, and B-blocks, in systems of R = 12 and
the block—surface interaction of —&,y = &gy = 1.0. The spherical B-domains in (a) are shown in blue color.

Figure 6¢ shows the variation of nonsphericity of each B-
domain (k) with &gy It is noted that in both types of cases, the
K curve has a maximum value at &g, = 0, indicating that the
shape of each B-domain is deviating from a sphere. This is
because the B-domains are attached to the pore surface and in
lens shape at egyy = 0. With increasing &gy, each k curve
decreases rapidly until e,y = 0.5 or 0.7 for the type o and
cases, respectively, where k reaches a minimum value of ~0.02.
This is because at these small &gy regions, each system
includes two categories of B-domains, lens shaped and nearly
spherical, and the proportion of nearly spherical increases with
epw and becomes 100% at &gy = 0.5 and 0.7 for the type @ and
P cases, respectively. With further increasing &gy, k remains at
the minimum value almost unchanged in the type f case,
indicating that the B-domains remain in a nearly spherical
shape. In the type a case, however, k increases slightly with egyy
in the range of egy = 1.5—4.0, indicating that the strong A-
surface attractions induce a slight deformation of the shape of
each B-domain.

Figure 6d shows the variation of the normalized mean-
square end-to-end distance of AB diblock chains (RZ), A-blocks
(RéA), and B-blocks (RﬁyB), for chains in the self-assembled
structures as a function of egy. As the length of the B-block is
much shorter than that of the A-block, the stretching of the AB
chains (characterized byR?) is dominated by the stretching of
the A-blocks (RéA). This can be clearly seen in Figure 6d
where the variations in R? and Rﬁy A are of the same trend. The
large value of R2,(~1.7) at gy = O as shown in Figure 6d
indicates that the A-blocks are strongly stretched. This is
because when &,y = €5y = 0, the shorter B-blocks form lens-
shaped domains attached to the neutral pore surface, where the
A-blocks are only distributed at the inner side of each B-
domain, which results in the stretching of A-blocks. With
increasing egy from 0 to ~0.5, the stretching of the A-blocks is
slightly relieved, as shown in Figure 6d. This is because with
increasing egy, more and more B-domains are away from the
pore surface, and hence, the A-blocks are distributed at all sides
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of each B-domain, which relieves the stretching of the A-
blocks. Upon further increasing &y, R., remains at ~1.55 and
almost unchanged in the type f case, while in the type a case,
R? ' remains at ~1.50 till egyy =~ 3 and decreases slightly upon
further increasing &gy This is because with the further increase
in ey in the type @ case, the attraction between A-segments
and the pore surface increases, and hence, more A-segments
are concentrated near the pore surface (density profile is
shown in Figure Sb), and the increased number of B-domains
with increasing &gy when gy > 3.5 (as shown in Figure 4a)
can all reduce the stretching of A-blocks.

3.4. Effect of Segment Concentration on the Self-
Assembled Structures. Figure 7a shows the variation in
typical snapshots of self-assembled structures with the
copolymer segment concentration C, at a fixed pore radius
of R = 12 and fixed polymer—surface interactions of —g,y =
epw = 1.0, and the variation in quantities calculated from these
structures with C, are presented in Figure 7b,c. As shown in
Figure 7a, the B-domains are always spherical in shape up to C,
= 0.7 (a value lower than that in the unconfined system where
up to C, = 0.85), and the number of the B-domains keeps six
independent of C,. Figure 7a also shows that the size of each
B-domain increases with increasing C,. The curve in Figure 7b
shows the variation in the mean-square radius of gyration of
the six B-centers R;C with C,. The rapid increase in Ré,c with
decreasing C, indicates that the six B-centers are further away
from each other with decreasing C,. This can be understood
based on the following analysis. With decreasing C, the
number of A-blocks in a system decreases, so the average size
of each B-domain decreases as the number of the B-domains is
not changed in the system. As the outermost layer of the pore
(at r = R) is occupied by the A-segment when —¢&,y = €gy =
1.0 and the B-domain is close to the A-segments, the distance
of each B-center to the pore surface is about the sum of the
radius of the B-domain and 1. Hence, the B-centers are
gradually close to the pore surface with a decrease in the B-
domain size. That is, with decreasing C,, the B-centers are on a
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spherical surface of a gradually large radius; therefore, the
mean-square radius of gyration of the six B-centers R;C
increases with decreasing C,. Figure 7c shows that the
stretching of AB diblock chains, also dominated by the
stretching of the majority of A-blocks as mentioned before,
increases rapidly with decreasing C,,. It can be deduced that
with decreasing C,,, the A-blocks are more and more swollen by
the increased amount of solvent molecules; thus, they tend to
be more and more stretched with decreasing C,,.

Our further simulation results show that the number of the
B-domains may change little with C, at other fixed pore radii.
Furthermore, varying the volume fraction of one block or the
selectivity of the solvent can affect the C, region for forming
spherlcal structures, just like that observed earlier by Lodge et
al.*" for the unconfined system. Nevertheless, the phase
behavior obtained in the present study should be universal as
long as the solution system forms spherical structures,
regardless of the values of fy, solvent selectivity, and C,,.

3.5. Comparisons with Related Studies. Our simulation
results can be compared with those of related studies. The
most related work is the self-assembly of sphere-forming
diblock copolymer melts confined in spherical nanopores by
Zhao et al.”” using the self-consistent field theory. The main
differences between our system/results and theirs are
summarized in the followings. (1) Our model system is in
solution state, while theirs is in the melt. (2) We focus on
neutral pore surface and surface selective for the majority
block, while they focus on pore surface selective to the
minority block. (3) Our phase diagrams are constructed by
varying the pore radius and the surface—polymer interaction at
a fixed volume fraction, while their phase diagram is
constructed as a function of the pore radius and the volume
fraction of one block at the fixed surface—block interactions.
(4) In our phase diagram, each of the structures S;—S,,, being
of apparent symmetry, has a window in the type a case, while
in the type f case, structures S,, S3, S5, S;;, and S;; are absent
in the phase diagram when &gy > 0. In their phase diagram,
structures S5 and S;; do not have a stable region among the 12
structures of S,—S;, they studied. (S) Structure Sg is the
biaugmented triangular prism belonging to J50 in the Johnson
solids in our results, while in their results, it is the triangular
dodecahedron belonging to J84 in the Johnson solids. J50 is
closer to a sphere compared to that of J84 (which has a larger
aspect ratio). JS0 was not listed as a candidate structure in their
study. On the other hand, J84 is obtained in our study in
structure S,,4, which is a structure with two categories of B-
domains. (6) We obtained two degenerate structures for
structure S, that is, J17 and J86, while J86 was not listed as a
candidate structure for S, in their study. The differences in
results between theirs and ours should be mainly due to the
differences in model/parameters in differences (1-3)
summarized above. Another important factor that may result
in differences between their results and ours is the fluctuation
of the system, which is considered automatically in our
simulations but has been neglected in the self-consistent field
theory calculation. Fluctuation is more important in a solution-
state system than in a melt system. On the other hand, some
similar results are found between theirs and ours, for example,
the five structures S;, S, S Sy, and S, have much larger
windows in the phase diagram than others. This supports our
conclusion that the system tends to avoid forming polyhedral
structures with uneven distribution of solvophobic domains. In
addition, their study showed that the stability order of the
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three candidate structures (triangular dodecahedron, anticube,
and cube) for S is triangular dodecahedron > anticube > cube,
which supports our conclusion that the system prefers
structures with all/more triangular faces so that the shape of
the structure is closer to a sphere.

Other related studies include the experimental/simulation
studies of self-assembly of diblock copolymers under emulsion
solvent—evaporation-induced 3D soft confinement.”' > The
packing of patches in ref 31 is similar to that obtained in our
simulations for small particles with the number of patches
being N, =2-6; however, low symmetry occurs when N, =S
even in 51mu1at10n results of that study.’’ Bigger partlcles
obtained in that study’' are of raspberry-like structures. This
difference should be mainly due to the difference in
confinement, which is hard in our study while soft in ref 31,
and solvent evaporation in that study results in the low
symmetry of patches. Another type of related studies are
studies of packing of microsphere®”/nanoparticle® clusters
under 3D soft confinement or unconfined Lennard—Jones (L])
clusters’*>® and metal (Sutton—Chen) clusters.”*® The
packing of spherical particles in these studies™*”**™>° is the
same as that of patches in our simulations when particle
number is N, = 3—7 and N, = 13, while discrepancies appear
when N, 8 12 and N, = 14-15. 3954756 Egpecially, the
structures from these L] or metal (Sutton—Chen) clusters are
mostly nonconvex when N, = 8-—1§, except for the
icosahedron. The structures with 7 < N, < 20 roughly follow
an essentially icosahedral growth scheme, with the structures
either assembling en route to or growing onto an icosahedral
cluster (N, = 13).”” The B-domains in our study are dispersed
in the matrix of solvophilic A-blocks and solvent, where the
entropy of the chains plays an important role in affecting the
packing of B-domains and leads to uniform B-domains
distribution in the confined space. This is the reason that
polyhedrons packed by the B-domains of up to 14 are in
apparent symmetry in our study.

4. CONCLUSIONS

Self-assembly of sphere-forming solution-state amphiphilic AB
diblock copolymers confined in a spherical nanopore is studied
using a simulated annealing technique. Two types of cases of
different pore—surface/copolymer interactions are studied: (a)
the surface being neutral to the two blocks (€5 = &g = 0) or
attractive to the solvophilic A-blocks and simultaneously
repulsive to the solvophobic B-blocks, that is, —gsw = epw >
0; and () the surface being neutral to the two blocks or
repulsive to B-blocks, that is, egyy > 0, while £,y = 0 remains
unchanged. Phase diagrams are constructed as a function of the
pore radius R and the interaction parameter egy. Nanospheres
with various numbers of B-domains are obtained and named §;
or S;,;, with i and j being the number of B-domains located at
the outermost layer and the inner layer of the confining pore,
respectively. Quantitative calculations are performed to
elucidate the mechanisms of window size of nanospheres
with different numbers of patches in the phase diagrams and
the structure details. It is found that each B-domain is nearly
spherical in shape in all cases, except in the case of neutral or
nearly neutral surfaces where each patch is in a lens shape.
Polyhedrons formed by the packing of the i patches in
structures S; and S, are usually with high symmetry when 4 <
i < 14, and especially, three Platonic solids and seven Johnson
solids are identified among them. Furthermore, these
polyhedral structures only depend on the number of patches,

https://doi.org/10.1021/acs.macromol.2c02166
Macromolecules 2023, 56, 335—348


pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c02166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

not on the domain shape or on whether the structure is S; or
Si+1- Each polyhedral structure has all or most of its faces in a
triangular shape, such as the three identified Platonic solids, a
regular tetrahedron (S,), an octahedron (S4), and an
icosahedron (S,,), are all composed of triangular faces, and
the seven Johnson solids identified in our simulations have all
(J12,J13,J17, and J51) or most of their faces (except only one
or two tetragonal faces in JSO and J87, or J86, respectively) in
triangular shape, which brings the shape of the polyhedron
being closer to a sphere. Depending on R, structures S, S,, S,
So and Sy, occur in the whole &gy range and have relatively
larger windows in the phase diagrams in both types of cases.
Each of structures S;—S,, has a window in the phase diagram
of type a case, while in the type f§ case, structures S,, S;, Sg, S},
and S,; are absent in the phase diagram when ey > 0. It can
be deduced that in the type f case, the structure frustration
should be the reason leading to the absence of structures S,
and S; in the phase diagram, while the relatively larger
polydispersity index of the edge length in the respective
polyhedrons should be the reason leading to the absence of
structures S, Sy}, and S;3, and the relatively smaller window of
structure Sy, in the phase diagram of type f case. The above-
mentioned reasons for the type f case lead to relatively smaller
windows of structures S,, S3, S5, S1o, S1y, and Sy in the phase
diagram of the type a case. The windows, vacated due to the
absence or the relatively smaller windows of structures S,, S;,
Ss; Sip Sipy and S;, are added to that of their respective
neighboring structures (i.e., structures S, Sy, S¢, So, and S,),
which further results in the relatively larger windows of these
neighboring structures in the phase diagrams. At a fixed pore
radius R, a nonmonotonic change in the number of B-domains
with &gy is observed in the type a case. However, in the type 8
case, this number remains almost unchanged with increasing
€gw in systems with only one category of B-domains (when
epw > 0.7). Structures S,; (with two categories of B-domains)
are observed when &gy is relatively small, and polyhedrons
formed by packing the i + j B-domains in structures S;,; (with j
> 1) usually have no apparent symmetry in both type of a and
P cases. An exception is that J84, the eighth Johnson solid
identified in our study, is observed by packing the eight B-
domains in structure S,,,. Our study also shows that at a given
R, the effective pore radius of the B-domains in the type /3 case
is smaller than that in the type a case when &gy > 0.7. The size
of each B-domain is uniform in systems with only one category
of B-domains. Furthermore, the solvophilic A-blocks have a
larger stretching when all the B-domains are attached to the
pore surface in the case of a neutral pore or when the segment
concentration of the system is low.

The phase sequence obtained in the present solution-state
system is consistent with that obtained previously in the melt
system while some differences exist. The differences should be
mainly due to the differences in model/parameters used
between the two studies. The phase sequence obtained in our
simulations is also compared with that obtained in other
related systems. The phase behavior obtained in the present
study should be universal as long as the solution-state system
forms spherical structures or spherical micelles, regardless of
the copolymer composition and concentration, as well as
solvent selectivity. Besides, patchy nanospheres obtained in our
system can be well controlled in several aspects, such as the
size and shape of a patch, and the distance between two
neighboring patches can be controlled by varying the chain
length of the block copolymer or that of A- or B-blocks, the
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concentration of the solution and the interaction between the
two blocks. Our simulation results may provide guidelines for
understanding nanospheres with polyhedral shaped structures
from self-assembly of amphiphilic block copolymer solutions.
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