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Abstract   Spatial confinement of block copolymers can induce frustrations, which can further be utilized to regulate self-assembled structures,

thus providing an efficient route for fabricating novel structures. We studied the self-assembly of AB di-block copolymers (di-BCPs) confined in

Janus spherical nanocavities using simulations, and explained the structure formation mechanisms. In the case of a strongly selective cavity wall,

all the lamella-forming, gyroid-forming, and cylinder-forming di-BCPs can form interfacial frustration-induced Janus concentric perforated lamel-

lar nanoparticles, whose outermost is a Janus spherical shell and the internal is a sphere with concentric perforated lamellar structure. In particu-

lar, Janus concentric perforated lamellar nanoparticles with holes distributed only near the equatorial plane were obtained in both lamella-form-

ing and gyroid-forming di-BCPs, directly reflecting the effect of interfacial frustration. The minority-block domain of the cylider-forming di-BCPs

may form hemispherical perforated lamellar structures with holes distributed in parallel layers with a specific orientation. For symmetric di-BCPs,

both the A and B domains in each nanoparticle are continuous, interchangeable, and have rotational symmetry. While for gyroid-forming and

cylinder-forming di-BCPs, only the majority-block domains are continuous in each nanoparticle, and holes in the minority-block domains usually

have rotational symmetry. In the case of a weakly selective cavity wall, the inhomogeneity of the cavity wall results in structures having a specific

orientation (such as flower-like and branched structures in gyroid-forming and cylinder-forming di-BCPs) and a perforated wetting layer with uni-

formly distributed holes. The novel nanoparticles obtained may have potential applications in nanotechnology as functional nanostructures or

nanoparticles.
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INTRODUCTION

Block copolymers  (BCPs)  can self-assemble into a  variety  of  or-
dered  nanostructures  which  have  attracted  tremendous  atten-
tion due to their potential applications in a wide range of fields,
such  as  in  lithographic  templates  for  nanowires,  high-density
magnetic storage media, and material science.[1−4] The simplest
BCPs, linear diblock copolymers (di-BCPs), are known to self-as-
semble  into  several  ordered  microstructures, i.e.,  lamellae,  net-
works  of  double  gyroid  and  orthorhombic  Fddd,  hexagonally
packed  cylinders,  and  spherical  phase.[5−12] In  the  bulk,  self-as-
sembly of BCPs is largely driven by the intrinsic frustration due
to  the  existence  of  two  opposite  tendencies  of  immiscible  be-
tween chemically distinct blocks (that drives different polymeric
species  to  separate  from  each  other)  and  the  covalent  bonds
connecting different blocks (that prevents macroscopic separa-
tion) in molecular architecture.[13]

The self-assembly of BCPs under various confinements has

been systematically investigated, such as in thin films (one-di-
mensional  (1D)  confinement),  cylindrical  channels  (2D  con-
finement), and spherical cavities (3D confinement). These spa-
tial  confinements  of  BCPs  can  induce  additional  frustrations,
providing  a  powerful  method  for  breaking  the  symmetry  of
an  unconfined  structure,  thus  offering  an  efficient  route  for
fabricating  novel  structures.[14] Recent  experiments,  simula-
tions,  and theory have shown that  confined self-assembly of
BCPs can lead to the formation of a large number of complex
ordered structures that are not present in the bulk.[14] For ex-
ample, helical structures, stacked toroid structures, cylindrical
or  spherical  concentric  lamellar  or  perforated  lamellar  struc-
tures,  Janus-type,  wheel-,  mushroom-,  tennis  ball-,  or  screw-
like  shaped  structures  have  been  observed  or  predicted  for
di-BCPs under 2D or 3D confinements.[15−42]

Compared  with  1D  and  2D  confinements,  the  3D  confine-
ment  of  BCPs  is  much  stronger[22] and  hence  more  fascinat-
ing. Experimentally, the 3D confinement of BCPs has been re-
alized  using  the  colloidal  crystal  template  method[38] or  by
solvent  evaporation  of  BCP  emulsion  droplets.[43,44] Confine-
ment usually means confining BCPs inside a finite space with
homogeneous  walls.  On  the  other  hand,  3D  confinement  of
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BCPs  with  Janus  spherical  cavity  walls  and  inhomogeneous
walls has recently been realized experimentally using solvent
evaporation  of  BCP  emulsion  droplets  and  interfacial  phase
separation  of  an  elaborately  designed  binary  surfactant  sys-
tem.[45] Compared  with  a  spherical  cavity  with  a  homoge-
neous wall, a Janus spherical cavity can be regarded as result-
ing from symmetry-breaking of the former, and hence can in-
duce additional  frustration at  the interface of  the Janus wall,
which may be quite different from the frustration induced by
the  conventional  1D,  2D,  or  3D  confinement.  This  additional
interfacial  frustration  can  be  further  utilized  to  regulate  the
self-assembled BCP structures. To the best of our knowledge,
there  have  been  two  studies  related  to  the  self-assembly  of
BCPs under Janus spherical cavities. In one of these two stud-
ies, Cui et al. proposed the strategy of Janus cavity fabrication
(as  mentioned  above)  and  obtained  onion  nanoparticles  ex-
perimentally  and  with  simulations  for  lamella-forming  di-
BCPs.[45] The  other  is  a  more  recent  study  where  Wu et  al.
studied  the  self-assembly  of  lamella-forming  and  cylinder-
forming  ABC  linear  triblock  copolymers  confined  in  spheri-
cal or Janus spherical cavities using self-consistent field theo-
ry.[46] They  found  that  structures  induced  by  the  Janus  wall
are different from those induced by the spherical cavity of the
homogeneous wall.  To better understand the effect of cavity
wall  symmetry  breaking  on  the  self-assembled  structures  of
BCPs, more studies on the self-assembly of BCPs under Janus
cavity confinement are required.

In this study, we investigated the confined self-assembly of
AB di-BCPs in Janus spherical cavities using simulated anneal-
ing.  For  all  lamella-forming,  gyroid-forming,  and  cylinder-
forming di-BCPs, we obtained several series of interfacial frus-
tration-induced  or  cavity-wall  inhomogeneity-induced  Janus
concentric perforated lamellar nanoparticles, including those
with  a  Janus  shell  or  a  perforated  Janus  shell  at  the  outer-
most  and  spherical  concentric  perforated  lamellae  inside.  In
particular,  we  obtained  Janus-perforated  lamellar  nanoparti-
cles  with  one  or  more  shells  having  holes  distributed  only
near  the  equator  plane.  For  symmetric  di-BCPs,  both  the  A-
and  B-domains  are  continuous,  interchangeable,  and  exhibit
rotational  symmetry.  We  investigated  the  effect  of  the  de-
gree of confinement and the strength of the interactions be-
tween the polymer and cavity walls. The obtained nanoparti-
cles can be used as functional nanostructures.

MODEL AND METHOD

In the current study, we investigated the self-assembly of di-BCP
melts confined in a Janus spherical cavity using a simulated an-
nealing method,[47,48] based on the single-site bond fluctuation
model.[49,50] Our  extensive  previous  studies  have  established
that  the  method  and  model  are  appropriate  for  investigating
the  self-assembly  of  BCPs  under  confinement.[21,51] Our  model
system includes symmetric (lamella-forming), gyroid-forming, or
cylinder-forming AB di-BCPs and vacancies.  In our model,  each
AB di-BCP molecule is a chain with NA A-segments and (N-NA) B-
segments,  where N=12, NA=6, 4,  and 3,  that is, fA=1/2,  1/3,  and
1/4,  for  lamella-forming,  gyroid-forming,  and  cylinder-forming
di-BCPs, respectively. A spherical cavity of diameter D was con-
structed from a cube of volume V = L × L × L on a simple cubic
lattice,  where L > D.  The cavity includes lattice sites whose dis-

tance to the cavity center is equal to or less than D/2. The lattice
sites outside the cavity constitute the cavity wall, which cannot
be  occupied  by  the  copolymers.  To  set  up  a  Janus  cavity,  the
properties  of  the  cavity  wall  sites  in  the  upper  (W1)  and  lower
(W2) hemispheres are different.

√
2

The model polymer molecules are assumed to be self- and
mutually-avoiding  in  all  simulation  processes,  that  is,  each
segment  occupies  one lattice  site  in  the cavity,  and multiple
occupations  of  any  lattice  site  are  not  allowed.  The  bond
length between two consecutive segments in each chain is ei-
ther 1 or , and thus, each site has 18 nearest-neighbor sites.
The polymer concentration was fixed at 85% and the remain-
ing 15% of the sites were set as vacancies. In our simulations,
only  the  nearest-neighbor  interactions  were  considered  and
modeled  by  assigning  energy Eij = εij kBTref to  each  nearest-
neighbor pair of unlike components i and j, where i and j = A,
B,  W1, and W2; εij is  the reduced interaction energy; kB is  the
Boltzmann  constant,  and Tref is  the  reference  temperature.
The  interaction  parameters εij used  in  our  study  are  listed  in
Table 1, where εw =1 and 0.1 for the two cases of strongly and
weakly  selective  walls,  respectively.  That  is,  the  upper  and
lower  cavity  walls  were  selective  to  the  B- and  A-blocks,  re-
spectively.
  
Table 1    The interaction parameters used in our study, where εw =1 and
0.1 for strongly and weakly selective walls, respectively. 

εij A B W1 W2

A 0 1.0 εw −εw

B 1.0 0 −εw εw

W1 εw −εw 0 0
W2 −εw εw 0 0

 

RESULTS AND DISCUSSION

In  this  section,  we  present  our  results  for  the  confined  self-as-
sembly  of  diblock  copolymers  (di-BCPs)  in  Janus  spherical
nanocavities using simulated annealing. Our studied systems in-
clude AB di-BCPs with volume fractions of the A-block of fA=1/2,
1/3,  and  1/4.  Our  previous  studies,  based  on  the  same  model
and the same method as those used in the present study, estab-
lished  that  the  studied  di-BCPs  with fA=1/2,  1/3,  and  1/4  form
lamellar  phase,  double  gyroid,  and  hexagonally  packed  cylin-
ders,  respectively,  in  the bulk and with a period of L0=9.33,  24,
and 10.67 lattice spacings.[18−22] In the present study, the Janus
cavity wall  sites in the upper and lower hemispheres are selec-
tive  to  B  and  A  blocks,  respectively.  Self-assembled  structures
from AB di-BCPs confined in strongly selective (εw=1) and weak-
ly  selective  (εw=0.1)  Janus  spherical  cavities  are  presented,
where εw is  the  strength  of  the  reduced  polymer-wall  interac-
tions.  The  effects  of  the  selectivity  strength  and  cavity  size  on
the interfacial frustrations and on the self-assembled structures
were analyzed.

Janus Spherical Cavity with Strongly Selective Wall

Symmetric diblock copolymers
Fig. 1 shows the reduced cavity diameter (D/L0) dependence of
the typical morphologies of nanoparticles obtained from lamel-
la-forming (symmetric)  di-BCPs confined within a Janus spheri-
cal nanocavity with a strongly selective wall, where L0 is the pe-
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riod of the studied block copolymer in the bulk phase. Owing to
the  strong  selectivity  of  the  cavity  wall,  a  Janus  wetting  layer
composed of B- and A-hemishells close to the upper and lower
hemispherical  cavity  walls,  respectively,  is  formed,  as  shown in
Fig. 1(a), where the B- and A-hemishells are directly joined at the
equator of the Janus cavity to reduce the interaction energy be-
tween the polymer and the cavity wall (surface energy). The size
of  the Janus wetting layer  increased with the cavity  size,  while
its  morphology  remained  unchanged.  In  this  case,  the  reduc-
tion in the surface energy compensated for the increase in the
interfacial energy caused by the A/B interface in the wetting lay-
er.  For  convenience,  we defined the distance from a  hemishell
to  the  cavity  center  as  its  radial  distance.  Evidently,  the  pair  of
wetting  hemishells  has  the  same  radial  distance.  In  this  case,
joining does not require extra chain stretching.

In the inner part of the Janus wetting layer, the sequences
of the A- and B-hemishells differ between the upper and low-
er  hemispheres  because  of  the  connectivity  of  the  A  and  B
blocks.  For  convenience,  we labeled the A- and B-hemishells
in  the  upper  and  lower  hemispheres  as  UB1,  UA1,  UB2,  UA2…,
and  LA1,  LB1,  LA2,  LB2…,  respectively,  as  shown  in Fig.  1(b).
Here,  U  and  L  indicate  that  the  hemishells  are  in  the  upper
and lower hemispheres, respectively, while the subscripts An
and  Bm denote  the n-th  A-hemishell  and  the m-th  B-hem-
ishell counted from the outermost to the innermost. This dif-
ference  in  A- and  B-hemishell  sequences  leads  to  frustration
at the joining interfaces between any pair of UJm and LKn hem-
ishells  that  can  meet,  where  J  and  K  can  be  A  or  B.  On  one
hand,  if  each  of  the  UA1,  UB2,  UA2…  hemishells  in  the  upper
hemisphere joined directly with the respective LB1,  LA2,  LB2…
hemishells in the lower hemisphere sequentially, to form mul-

tiple Janus spherical shells with interfaces at the equator, this
would result in a high interfacial energy due to the increase in
AB  interfacial  area  between  any  pair  of  would-be  joined  A-
and B-hemishells having the same radial distances, as well as
that  between any  two adjacent  shells  in  the  radial  direction.
However, if the UAn (UBm) hemishell was joined with the hem-
ishell  LAi (LBj)  of  the  same  component  at  the  equator,  the
chains would be stretched owing to the difference in their ra-
dial distances. That is, frustration exists in joining each pair of
hemishells (one in the upper and the other in the lower hemi-
spheres) at the interfaces, which we call interfacial frustration.
This  interfacial  frustration  drives  the  formation  of  novel  self-
assembled  structures  of  di-BCPs  under  Janus  confinement.
The  details  of  these  novel  structures  depend  on D/L0,  as
shown in Figs. 1(c)‒1(g).

When D/L0 ≤ 3.0, there is only one A- or B-hemi-shell in the
upper or lower hemisphere, UA1 or LB1, respectively, except for
the wetting layer. The UA1 and LB1 hemishells joined near the
equator plane of the Janus cavity, resulting in a wave-like in-
terface,  as  shown  in Fig.  1(c).  This  wave-like  interface  indi-
cates  a  larger  interfacial  energy  between  UA1 and  LB1 hem-
ishells than that of a flat interface; however, it can reduce the
interfacial  energy  between  UA1 (LB1)  and  the  wetting  hem-
ishell UB1 (LA1) owing to the partial connections of hemishells
UA1 and LA1, as well as of hemishells LB1 and UB1. These partial
connections further result in the spherical perforated lamella
structures of both A- and B-domains with holes only distribut-
ed near the equator-plane of Janus cavity, as shown in Fig. 1(d),
and  we  refer  this  type  of  structure  as  equator-perforated
lamella.  When D/L0 = 1.3,  1.7,  2.1−2.4,  and 2.6−3.0,  the num-
bers  of  holes  in  the  equator  perforated  lamella  were  1,  2,  3,
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Fig. 1    Typical morphologies obtained from symmetric di-BCPs with fA = 1/2 confined within a strongly selective Janus spherical nanocavity as a
function of D/L0. (a) The wetting layer close to the cavity wall; (b) The names for each A- and B-hemishells illustrated on a cross-sectional view of a
nanoparticle  snapshot  obtained  at D/L0 =  5.36;  (c)  Nanoparticles  without  the  wetting  layer;  The  isosurface  contour  plots  of  the  whole
nanoparticle (d) and only the inner parts (g); For clarity, the B-domain in transparency in (d), and snapshots in two perpendicular views are shown
in  (g);  (e,  f)  Cross-sectional  views  in  the  planes  perpendicular  to  the  equator  plane  and  passing  through  the  center  of  the  cavity  in  two
perpendicular directions. Color scheme: A-domain, blue; B-domain, rose.
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and 4, respectively.
When D/L0 ≥ 3.2, the number of A- and B-hemishells within

the  upper  and  lower  hemispherical  cavities  increases  with
D/L0,  leading  to  more  pairs  of  hemishells  joining,  and  hence
stronger interfacial frustration. For 3.2 ≤ D/L0 ≤ 3.6, there were
three  hemishells  within  each  of  the  upper  and  lower  hemi-
spheres,  with  sequences  UB1,  UA1,  and  UB2,  and  LA1,  LB1,  and
LA2, respectively. The joining of UA1 and LB1 hemishells is simi-
lar to that at D/L0 = 3.0, which also results in a wave-like inter-
face (see Fig. 1c) and the partial connections of hemishells UA1

and LA1,  and LB1 and UB1.  Hence,  both the A- and B-domains
for the outermost two shells are equator perforated lamellae
with four holes ( Fig. 1d). Additionally, the partial connections
of hemishells UA1 and LA2, as well as of hemishells LB1 and UB2

result in the formation of an inner equator perforated lamella
(see Fig.  1g).  Thus,  the  self-assembled  structure  for  the
nanopaticle with 3.2 ≤ D/L0 ≤ 3.6 has two layers of concentric
equator perforated lamellae.

From Fig. 1, we notice that two types of degenerate struc-
tures were obtained for nanoparticles with D/L0 ≥ 3.9. In these
structures, both the A- and B-domains are equator perforated
lamellae in the outermost two shells, as shown in Fig. 1. How-
ever, the structures of the inner shells differed significantly. In
one type of degenerate structure, both A- and B-domains ap-
pear as spirals in the cross-sectional view perpendicular to the
Janus equator plane (see Fig. 1e); hence, we refer to this type
of structure as spiral-like structures. In fact, all structures with
D/L0 ≤ 3.6 belong to spiral-like structures. In this type of struc-
ture,  a  pair  of  (or  two  or  three  pairs  of)  hemishells  with  the
same radial distance but different chemical species join with a
wave-like  interface  ( Fig.  1c),  resulting  in  equator  perforated
lamellae of different layers ( Figs. 1d and 1g). Interestingly, in
these  spiral-like  structures,  all  A- (or  B-)  hemi-shells  in  each
nanoparticle  are interconnected,  indicating that  both A- and
B-domains are continuous phases. The other type of degener-
ate  structure  is  referred  to  as  an  onion-like  structure,  where
the inner  shells  form concentric  spherical  lamellar  cores  (see
Figs. 1(e) and 1(f) at D/L0 = 3.9‒5.6). The core is similar to concen-
tric spherical lamellae self-assembled from symmetric di-BCPs
confined in spherical cavities with homogeneous-wall.[21]

As shown in Fig. 1, at 1.7 ≤ D/L0 ≤ 3.6, holes in the equator
perforated  lamellae  are  uniformly  distributed  and  have  rota-
tional symmetry about the axis perpendicular to the equatori-
al  plane.  However,  when D/L0 ≥ 3.9,  only  one  or  two  longer
slit-like  holes  were  observed.  To  understand  the  variation  of
the  self-assembled  structures  with D/L0,  we  calculated  the
surface energy (ES)  per volume and the interfacial  energy (EI)
per AB segment for the structures shown in Fig. 1 and plotted
them as a function of D/L0 in Fig. S1 (in the electronic supple-
mentary information, ESI). We notice that at a given D/L0, the
attractive energy from the wall, ES, is always stronger than the
corresponding  repulsive  energy  from  the  nearest  neighbor
AB pairs, EI, which is the reason why a layer of wetting shell al-
ways forms in self-assembled structures. At a relatively small-
er D/L0, ES (in  absolute  value)  is  much  larger  than EI,  so  that
the  surface  energy  dominates  the  structure.  With  increasing
D/L0, both ES and EI decreased, and ES decreased faster than EI.
When D/L0 ≥ 3.9, EI is comparable to ES; thus, the influence of
the wall is relatively weak in the innermost part of the particle.
However, the structure formed in the innermost part of a par-
ticle may also influence the structure near the cavity wall.  All

of these factors influence the resulting structures.
It  should be noted that in each of  the structures shown in

Fig.  1,  both  the  A- and  B-domains  are  equator-perforated
lamellar structures, while only holes in the A-domain are visi-
ble in Fig. 1(d), and holes in the B-domain are covered by the
LA1 wetting hemishell. Furthermore, the A- and B-domains are
interchangeable in each nanoparticle,  owing to the symmet-
ric  composition  of  the  copolymer  and  the  opposite  interac-
tions between the cavity wall and the two blocks. The “inter-
changeable” here  means  that  for  a  given  structure,  when  its
A-domain  and  B-domain  are  exchanged,  the  resulting  struc-
ture is  the same as the unchanged one.  Moreover,  as  shown
in Fig. 1(e), after rotating a spiral-like structure 180° about the
axis parallel to the equatorial plane, the A(B)domain overlaps
with the B(A) domain in the un-rotated structure. On the oth-
er  hand,  two  types  of  onion-like  structures  were  obtained
when D/L0 ≥ 3.9; in one of them, the inner concentric lamellar
core is located in the upper hemispherical cavity (as shown in
Figs.  1e and 1f at D/L0 =  3.9‒5.6),  whereas  in  the other  type,
the  core  is  located  in  the  lower  hemispherical  cavity  (not
shown). These two types of onion-like structures are degener-
ate.  When rotating an  onion-like  structure  in  one of  the  two
types by 180° about the axis parallel to the equatorial plane, it
changes into a structure in the other type.

To better understand the formation mechanisms of the de-
generate structures shown in Fig. 1, we investigated the evo-
lution of the structures, as well as the variations in the mean-
square  radius  of  gyration  <Rg

2>  (normalized  by  the  value  of
the corresponding ideal chain) and total energy <E> with the
annealing temperature T, as shown in Fig. 2 for nanoparticles
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Fig.  2    Typical  evolutions  with  temperature T of  (a)  the  self-
assembled  structures  (only  A-domains  are  shown  for  clarity),  (b)
mean-square  radius  of  gyration  and  total  energy  for  degenerate
structures shown in Fig. 1 at D/L0 = 5.36.
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at D/L0 =  5.36,  where  Stru-1  and  Stru-2  represent  the  spiral-
like and onion-like structures,  respectively. Fig. 2 reveals that
at higher T (≥ 6.039) regions, the morphologies of the two de-
generate  structures  are  similar,  and  their  corresponding
<Rg

2>  and  <E>  values  are  nearly  equal.  However,  at  lower T
values,  the  copolymer  chains  in  the  spiral-like  structure  are
more  stretched  than  those  in  the  onion-like  structure,  while
<E> of the spiral-like structure is lower than that of the onion-
like  structure.  Consequently,  the  spiral-like  structure  was  en-
thalpy  dominant,  whereas  the  onion-like  structure  was  en-
tropy-dominant.

Asymmetric diblock copolymers
We  also  studied  the  self-assembly  of  asymmetric  di-BCPs,  in-
cluding gyroid-forming and cylinder-forming ones,  confined in
a  Janus  spherical  nanocavity  to  investigate  the  effect  of  BCP
composition. Fig.  3 shows the cavity size (D/L0)  dependence of
typical  self-assembled  structures  formed  by  gyroid-forming  di-
BCPs with fA = 1/3 confined within a Janus spherical nanocavity
with  a  strongly  selective  wall.  Similar  to  the  case  of  symmetric
di-BCPs, a Janus wetting layer is formed near the cavity wall, as
shown in Fig. 3, and the morphology of this wetting layer is in-
dependent  of  the  Janus  cavity  size.  However,  unlike  the  sym-
metric di-BCPs, the larger volume fraction of the B-block result-
ed in a much thicker UB1 wetting hemishell than the LA1 wetting
hemishell.  This  means  that  the  radial  distance  of  the  UB1 wet-
ting hemishell is closer to that of the LB1 hemishell than that of
LA1, resulting in the joining of the UB1 and LB1 hemishells, which
prevents the joining of the LA1 wetting hemishell with any other

A-shells.  In  fact,  all  B-domains  inside  each  nanoparticle  were
continuous, while the A-domains were dispersed. When D/L0 ≤
1.5,  there  is  only  one  A-domain  in  the  upper  hemisphere,  and
with  increasing D/L0 its  shape  changes  from  spherical  to  disc-
like to spherical cap-like to hemi-shell. In the lower hemisphere,
in  addition  to  the  wetting  layer,  the  first  inner  A-domain  oc-
curred at D/L0 = 1.2, and its shape changed with increasing D/L0

similar  to  that  in  the  upper  hemisphere.  When D/L0 ≥ 1.6,  the
UA1 and LA2 hemishells joined, forming an A-equator perforated
lamella.  Simultaneously,  the UB2 and LB1 hemi-shells  join,  form-
ing a B-equator perforated lamella. Thus, despite the larger vol-
ume fraction of the B-block, both the A- and B-domains formed
equator perforated lamellar structures, and the number of holes
in the equator perforated lamellar structures increased with in-
creasing D/L0. When D/L0 ≥ 1.7, a new A-domain emerges inside
the  equator  perforated  lamellae  (as  shown  in Fig.  3f),  and  its
shape changes from spherical to disk as D/L0 increases.

Fig.  4 shows  the  cavity  size  (D/L0)  dependence  of  typical
self-assembled  structures  for  cylinder-forming  AB  di-BCPs
with fA = 1/4 confined in a Janus spherical nanocavity with a
strongly  selective  wall.  Similar  to  the  self-assembled  struc-
tures  formed  from  gyroid-forming  di-BCPs,  a  Janus  wetting
layer  was  formed  near  the  cavity  wall.  The  B-domains  inside
each  nanoparticle  are  also  continuous,  while  the  A-domains
are  dispersed.  However,  each  A-domain  in  one  hemisphere
never  meets  that  in  the other  hemisphere for  all  the studied
cavity  sizes,  as  shown  in Fig.  4,  which  is  different  from  the
structures  shown  in Fig.  3.  As D/L0 increases,  in  each  hemi-
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Fig.  3    The D/L0 dependence  of  typical  morphologies  obtained  from  the  gyroid-forming  di-BCPs  confined  within  a  strongly  selective  Janus
spherical  nanocavity.  (a)  Cross-sectional  view;  (b)  The  wetting  layer  is  removed;  (c−f)  Isosurface  contour  plots  of  A- and/or  B-domains:  (c)  B-
domains in transparent, (d) the inner A-domain and (e) B-domain, and (f) the innermost A-domain. Color scheme: A-domain, blue; B-domain, rose.
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sphere,  the morphology of  the A-domain within the wetting
layer changes from a sphere to a disk to a ring to a spherical
cap-like or a hemispherical perforated lamellar structure, and
further to that with a new inner A-domain, and its morpholo-
gy repeats the above-mentioned sequence. In each spherical-
cap-like  or  hemispherical  A-domain,  the  holes  are  packed  in
layers  parallel  to  the  equator  plane,  and  their  distribution  is
relatively  uniform  in  each  layer.  In  other  words,  the  equator
plane of the confining cavity wall determines the distribution
of the holes. In contrast, the holes in the structures shown in
Figs. 1 and 3 are distributed only near the equator plane. The
arrangement  of  holes  in Fig.  4 also  differs  from  that  of  the
same di-BCPs confined within a spherical nanocavity with ho-
mogeneous  and  strongly  selective  walls,  where  the  distribu-
tion of holes in the entire layer is relatively uniform.

Janus Spherical Cavity with Weakly Selective Wall
Fig.  5 shows  the D/L0 dependence  of  typical  self-assembled
structures of gyroid-forming di-BCPs confined in a Janus spheri-
cal cavity with a weakly selective wall. As shown in Fig. 5, the B
blocks form a continuous phase, and the LA1 wetting layer in the
lower hemisphere is not connected to any other A-shell.  These
characteristics are consistent with those obtained for the same
copolymer under the same confinement, but with a strongly se-
lective cavity wall, as shown in Fig. 3. However, the structural de-
tails of the A and B domains are different from those shown in
Fig. 3. In Fig. 5, the B-domains adopt a flower shape where the
petals  are single-,  double-,  and triple-layered at D/L0 =  0.5‒1.0,
1.1‒1.7,  and  1.75‒2.17,  respectively.  The  edge  of  each  layer  of
the  petal  joins  the  upper  wetting  hemishell,  thereby  reducing
the  A/B  interfacial  energy.  At D/L0 =  0.5‒1.3,  the  base  of  the
flower converges into a short cylindrical shape, similar to a flow-
er stem, reaching the lowest part of the cavity wall, resulting in a
B-hole  on  the  LA1 wetting  hemishell.  This  is  due  to  the  small

number  of  A-segments  inside  each  nanoparticle  at D/L0 ≤1.3
and  the  weak  interactions  between  the  cavity  wall  and  the
copolymer.  On  the  other  hand,  the  A-domains  (except  the  LA1

wetting hemishell) mainly constitute branched structures when
D/L0 ≥ 0.9, where the number of short-cylinder-shaped branch-
es  increases  with D/L0,  and  they  exhibit  triple  junctions,  which
are  characteristic  of  gyroid  structures.  This  is  similar  to  that  for
structures  obtained  when  the  same  copolymer  is  confined  in-
side  a  spherical  cavity  with  a  homogeneous  weakly  selective
wall.[38] Furthermore, each A-branch in the structure reaches the
upper cavity wall perpendicularly, resulting in an A-hole on the
UB1 wetting  hemishell.  The  number  of  A-holes  in  the  UB1 wet-
ting  hemishell  increases  with D/L0,  forming  a  perforated  UB1

hemishell,  which is  different from that for the same copolymer
under the same confinement but with a strongly selective wall,
as  shown  in Fig.  3.  It  is  interesting  to  note  that  triple  junction
features also exist in the UB1 wetting hemishell. The occurrence
of  holes  in  the  UB1 wetting  hemishell  is  energetically  unfavor-
able; however, it is entropically favorable because a wall always
entropically  attracts  to  the  minority-block.[14,38,51] When D/L0 is
small,  the  A-domain  is  only  a  sphere  (D/L0 =  0.5‒0.75)  or  a
curved  cylinder  (D/L0 =  0.8).  Similarly,  an  isolated  sphere  and
curved cylinder also appear at D/L0 = 1.1‒1.3 and D/L0 = 1.4, re-
spectively, which coexist with the branched structures. Further-
more,  we  noticed  that  the  interface  between  the  A/B  wetting
hemishells shifted to the lower side (lower than the Janus equa-
tor) and had a wave-like shape. The downward shift of the inter-
face increases the surface energy; however, it allows the UB1 and
LB1 hemishells to join, thereby reducing the A/B interfacial ener-
gy. The wave-like features of the interface were determined by
the connectivity of the copolymer chains. It is interesting that all
the  flower-like  B-domains  and  branched  A-domains  are  of  the
same orientation,  which is  determined by the polymer-wall  in-
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Fig. 4    The D/L0 dependence of typical snapshots of the self-assembled structures obtained from the cylinder-forming di-BCPs confined within a
strongly selective Janus spherical nanocavity. (a, b) In two perpendicular views with the B-domains in transparency; (c) Morphologies without the
wetting layer; (d) A-domains without the wetting layer; (e) Inner A-domains. Color scheme: A-domain, blue; B-domain, rose.
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teractions.
Fig.  6 shows  the D/L0 dependence  of  typical  self-assem-

bled  structures  formed  from  cylinder-forming  di-BCPs  con-
fined in  a  Janus spherical  nanocavity  with a  weakly  selective
wall. As D/L0 increases, the morphology of the minority A-seg-
ments  changes  from  a  sphere  to  a  curved  cylinder  and
branched structures (except for the LA1 wetting hemishell). All
A-structures with edges reach the upper cavity wall, resulting
in a perforated UB1 hemishell. All of these are similar to those
in  the  case  of  gyroid-forming  di-BCPs,  as  shown  in Fig.  5.
However,  the  diameters  of  the  sphere,  cylinder,  and  branch
for  the  structures  shown  in Fig.  6 are  smaller  than  those  for
the  corresponding  structure  shown  in Fig.  5,  owing  to  the
smaller volume fraction of the A-block in this system. Further-
more,  in  the  structures  shown  in Fig.  6,  both  the  upper  and
lower wetting hemishells were perforated lamellae.

CONCLUSIONS

We investigated the self-assembly of di-BCPs confined within a
Janus  spherical  nanocavity,  using  a  simulated  annealing  tech-
nique.  In  our  model,  wall  sites  in  the  upper  and  lower  hemi-
spherical  cavities  are  attractive  to  the  B- and  A-blocks,  respec-
tively,  while being repulsive to the other block.  We observed a
series of nanoparticles with novel structures induced by interfa-
cial frustration or by the inhomogeneity of the cavity wall for di-
BCPs  with  different  compositions,  and  explained  the  structure
formation  mechanisms.  The  novel  nanoparticles  obtained  may

have  potential  applications  in  nanotechnology  as  functional
nanostructures or nanoparticles.

In  the  case  of  the  strongly  selective  cavity  wall,  we  ob-
served a series of interfacial frustration-induced structures. In
each nanoparticle formed by symmetric di-BCPs, both the A-
and  B-domains  are  equator-perforated  lamellar  structures,
where  the  holes  are  distributed  only  near  the  equatorial
plane.  Furthermore,  both the A- and B-domains  are  continu-
ous, interchangeable, and with rotational symmetry, whereas
only the majority-block domain is  continuous in cases of  gy-
roid-forming  or  cylinder-forming  di-BCPs.  In  each  nanoparti-
cle formed by the gyroid-forming di-BCPs, both the minority-
block  and  majority-block  domains  were  equator  perforated
lamellar structures when the particle size was relatively large.
In each nanoparticle formed by the cylinder-forming di-BCPs,
depending  on  the  particle  size,  the  minority-block  domain
can be a sphere, a disk, a ring, a spherical cap-like or a hemi-
spherical perforated lamellar structure in both the upper and
the lower hemispheres, minority-block domains from the two
hemispheres  never  meets  in  all  the  studied  cases.  In  hemi-
spherical  perforated  lamellar  structures,  the  holes  are  dis-
tributed in parallel layers of a specific orientation.

In  the  case  of  a  weakly  selective  cavity  wall,  the  inhomo-
geneity  of  the  cavity  wall  results  in  structures  with  an
anisotropic  orientation  and  a  perforated  wetting  layer  with
uniformly  distributed  holes.  In  gyroid-forming  di-BCPs,  the
majority  blocks  form  flower-like  structures,  whereas  the  mi-
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Fig. 5    The D/L0 dependence of typical morphologies obtained from the gyroid-forming di-BCPs confined in a Janus spherical nanocavity with
weakly  selective  wall.  (a−c)  The  isosurface  contour  plots,  (a)  with  all  the  A- and  B-domains  and  (b,  c)  without  the  A-wetting  layer  in  two
perpendicular  views.  For  clarity,  the B-domains  in  transparency in  (b,  c).  (d,  e)  Cross-sectional  views.  Color  scheme:  A-domain,  blue;  B-domain,
rose.
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nority blocks form branched structures exhibiting the charac-
teristics of triple junctions. In this case, the wetting layer was a
spherical  perforated  lamella  with  holes  distributed  only  in
one  hemisphere.  In  cylinder-forming  di-BCPs,  the  minority
blocks also form branched structures. All the flower-like B-do-
mains and branched A-domains were of the same orientation
determined by the polymer-wall interactions.
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