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Abstract   We investigated the phase behavior of diblock copolymer AB/homopolymer C blends in concentrated aqueous solutions using a simu-

lated annealing method. Phase diagrams were constructed as a function of the concentration of all polymers (Φ) and the volume fraction of ho-

mopolymer  (fC).  Rich  phase  transition  sequences  were  observed,  especially  reentrant  phase  transitions,  such  as  lamellae → inverted

cylinders → gyroids → lamellae → disorder,  for  a  given Φ with  increasing fC.  By  analyzing the variations  in  the average contact  numbers  be-

tween different components and the effective volume fractions of B-domains, we elucidated the mechanisms of the reentrant phase transitions.

We found that the strong attraction between B and C leads to the swelling of B-domains upon addition of homopolymer. Concurrently, the sol-

vent preferentially swells the A-domains over the B+C-domains. The competing swelling effects of the solvent and homopolymer on the A-do-

mains and B-domains, respectively, triggered the reentrant phase behavior in the symmetric AB copolymer system upon addition of homopoly-

mer.
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INTRODUCTION

Block copolymers (BCPs) have great potential for applications in
nanotechnology,[1−3] including  drug  delivery,[4,5] nanolithogra-
phy,[6,7] and energy conversion.[8,9] This is due to their ability to
spontaneously  self-assemble  into  microphase  separated  do-
mains  with  uniform  size  ranging  from  several  to  tens  of
nanometers.  The  simplest  BCPs,  diblock  copolymers[10−13] form
lamellae,  hexagonally  packed  cylinders,  body-centered-cubic
spheres  and the gyroid  structure.  Their  phase  behavior  can be
controlled by the degree of segregation χN (where χ is the Flory-
Huggins interaction parameter and N is the degree of polymer-
ization)  and  the  volume  fractions  of  the  blocks.  Notably,  tradi-
tional phase behaviors mostly exhibit unidirectional phase tran-
sition sequences. In contrast, reentrant phase transitions (a spe-
cial phase transition where a phase reappears with the continu-
ous variation of an external parameter) offer new possibilities for
the  diversified  regulation  of  BCP  phase  structures.  Investiga-
tions  into  reentrant  phase  transitions  not  only  possess  signifi-

cant  fundamental  scientific  merit  by  revealing  the  complex
equilibrium of competitive interactions,[14−16] but also offer sub-
stantial practical potential in materials science, biomedicine, and
industrial  applications.  For  instance,  relevant  advances  have
been reported in the design and stability optimization of semi-
conductor  materials,[17] the  formation  of  intracellular  mem-
braneless organelles,[18] and the design of interactive and adap-
tive  soft  materials.[19]Adding  solvents  is  an  effective  and  eco-
nomical method to regulate BCP morphologies.[20−23] Currently,
the  solution  self-assembly  of  both  amphiphilic[24−27] and  dou-
ble-hydrophilic[28−33] diblock  copolymers  has  been  systemati-
cally investigated. Among these, studies on double-hydrophilic
diblock copolymers solutions are particularly noteworthy: for
a  single  copolymer,  rich  phase  transition  sequences—with
reentrant phase transitions as a typical example—can be ob-
served  by  reducing  the  polymer  concentration.[31−33] For  in-
stance,  Blanazs et  al.[31] observed  a  sequence  of  phase  transi-
tions  from  lamellae → cylinders → lamellae → disordered
phase  by  reducing  the  polymer  concentration.  Similarly,  Wu
et  al.[33] predicted via simulated  annealing  that  the  system  ex-
hibits  a  more  complex  reentrant  phase  sequence
(lamellae → gyroids → cylinders → gyroids → lamellae → dis-
order) with decreasing concentration.
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Besides  solvent  modulation,  blending  is  another  efficient
and  economical  approach  to  obtain  new  materials,  as  the
final  products  can  combine  and  enhance  the  properties  of
their components.[34−37] In polymer systems containing BCPs,
a  typical  example  is  the  blend  of  diblock  copolymer  AB/ho-
mopolymer C (hereafter referred to as AB/C blends).[38−49] For
high molecular weight polymers, mixing entropy is greatly di-
minished,  making miscibility  largely dependent on the inter-
actions  between  various  monomer  types.  This  fact  dictates
that  polymer  blends  often  tend  to  phase  separate  macro-
scopically.  To  inhibit  the  macrophase  separation,  the  sim-
plest  and  most  investigated  possibility  is  that  the  A  and  B
blocks are immiscible, whereas C is miscible (via ion-dipole, π-
π interactions,  or  hydrogen  bonding)  with  one  block  but  is
immiscible  with  the  other  block.  For  example,  Matsushita
et  al.[38−40] systematically  studied  the  blends  of  diblock
copolymer  polystyrene-b-poly(2-vinylpyridine)  (PS-b-P2VP)
and poly(4-vinylphenol) (PVPh) homopolymer, where PVPh is
miscible with the P2VP block through the hydrogen bonding
interaction,  but  is  immiscible  with PS.  The researchers  found
that all blends displayed well-ordered nano-phase separation,
independent of the molecular weight of the polymers and the
quantity of homopolymer. Therefore, in the AB/C blends, hy-
drogen  bonding  plays  a  crucial  and  decisive  role  in  the  self-
assembled  structure,  which  can  inhibit  macroscopic  phase
separation. Dehghan et al.[41] used self-consistent field theory
(SCFT) with an attractive-interaction model to investigate the
phase  behaviors  of  AB/C  blends.  In  the  strong  hydrogen-
bonding  region,  they  obtained  order-order  transitions  from
lamellae to cylinders  and,  finally,  to  spheres  upon increasing
the volume fraction of homopolymer.

In  contrast  to  amphiphilic  and  double-hydrophilic  diblock
copolymers,  the  phase  behaviors  of  AB/C  blends  in  solution
are  poorly  understood.  Previous  research  on  AB/C  blends  in
solution has primarily focused on vesicle or micelle formation
at low polymer concentrations.[50,51] To the best of our know-
ledge, there are currently only a few reports on the phase be-
haviors of AB/C blends in concentrated solutions.[52−55] For in-
stance,  Liu et  al.[52] reported  a  facile  route  to  prepare  asym-
metric  mesoporous  carbon  microparticles  by  neutral  inter-
face-guided  3D-confined  self-assembly  of  block  copolymer/
homopolymer  blends;  our  team  previously  studied  the  sol-
vent-induced compatibilization effects  in  AB/C blends by se-
lecting  specific  solvents  to  modulate  the  interfacial  interac-
tions between polymers;[53] Tan et al.[54] experimentally inves-
tigated  a  polystyrene-b-poly(2-vinyl  pyridine)  (PS-b-P2VP)/
molybdophosphate (H3PW12O40,  PW) blended system, identi-
fying not only lamellae, cylinders, and spheres but also invert-
ed cylindrical  phases;  Moreover,  a  halogen-bond driven con-
fined-assembly  pathway  to  enable  phase  transitions  was  re-
ported.[55] An  order-to-order  morphology  transition  se-
quence:  spheres → cylinders → lamellae → inverted  cylin-
ders  was  obtained  from  polystyrene-b-poly(4-vinyl  pyridine)
(PS-b-P4VP)/poly(3-(2,3,5,6-tetrafluoro-4-iodophenoxy) propyl
acrylate  (PTFIPA)  blends  by  tuning  the  PTFIPA  content  and
choice of surfactant. However, despite such progress, a com-
prehensive  understanding  of  AB/C  solution  systems’ phase
behavior in concentrated solutions remains limited: critically,
reentrant phase transitions have not yet been reported in this
system. Moreover, previous work has predominantly focused

on single-variable regulation (e.g.,  the volume fraction of ho-
mopolymer fC),  failing  to  reveal  the  synergistic  effects  be-
tween fC and multiple interaction parameters (such as Φ,  B-S,
B-C, and A-B interactions) on the nonlinear modulation mech-
anisms  of  phase  behavior—limitations  that  severely  con-
strain the application potential of these systems in the preci-
sion fabrication of functional materials.

In  this  study,  we  employed  a  simulated  annealing  tech-
nique  to  explore  the  phase  behavior  of  AB/C  triple-
hydrophilic block copolymers in concentrated solutions. A va-
riety of phase diagrams was constructed as a function of poly-
mer  concentration Φ and  the  volume  fraction  of  homopoly-
mer fC, as well as fC and B-C interaction, fC and B-solvent inter-
action, and fC and A-B interaction. Special attention is paid to
the  inverted  phases  and  reentrant  phase  transitions  emer-
ging during phase transformations. The mechanisms of phase
transitions upon dilution are elucidated by analyzing the vari-
ations of the effective volume fractions and the average con-
tact  numbers,  thereby  bridging  the  theoretical  gaps  in  this
field.

MODEL AND METHOD

Our simulations were performed using the simulated annealing
method and the ''single-site  bond fluctuation''  model.[56,57] The
simulated annealing method is a well-known procedure for ob-
taining  the  lowest  energy  ''ground  states''  of  disordered  sys-
tems.[58] The  combination  of  lattice  models  and  simulated  an-
nealing methods has been demonstrated to be an effective ap-
proach for studying the self-assembly of block copolymers in so-
lution  and  under  confinement.[59,60] In  this  section,  the  model
and simulation algorithm are reviewed briefly and a detailed de-
scription could be found elsewhere.[61−64]

√
2

The  simulations  were  performed  on  a  model  system  that
was embedded in a simple cubic lattice of volume V = L3 with
L being the number of lattice layer in each direction. Periodic
boundary conditions are applied in all 3 directions. In our sim-
ulations, the volume of the simulation box was fixed at V = 24 ×
24 × 24 for all systems; however, larger simulation boxes with
sizes  36 × 36 × 36 and 48 × 48 × 48,  were also employed to
verify the reproducibility of the structures in typical regions of
a  phase  diagram.  Furthermore,  when  a  gyroid,  perforated
lamellar,  or  disordered  structure  was  formed,  the  simulation
box size was varied continuously within the range of L=24−52
to  identify  the  morphology.  Each  segment  occupies  one  lat-
tice  site  and  two  consecutive  segments  are  connected  by
bonds  that  can  adopt  a  length  of  1  or  in  lattice  spacing,
and hence each lattice site has 18 nearest neighbor sites. The
polymers  are  modeled  to  be  self- and  mutual-avoiding  ran-
dom  walks,  and  thus,  no  two  or  more  segments  can  occupy
the  same  site  simultaneously.  The  system  is  composed  of
three  components:  diblock  copolymer,  homopolymer,  and
solvent.  Each  diblock  copolymer  chain  has NA A-monomers
and NB B-monomers. The homopolymer is composed of NC C-
monomers.  There  are nAB copolymer  chains  and nC ho-
mopolymer chains in the systems. The volume fraction of the
homopolymer is fC, fC = VC/(VA + VB + VC); VA = nAB × NA; VB =
nAB × NB; VC = nC × NC.  The  total  monomer  concentration  of
both  diblock  copolymer  and  homopolymer  is  defined  as Φ,
Φ = (VA + VB + VC)/V.  The initial state is generated by putting
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an  array  of  polymer  chains  onto  the  lattice.  The  remaining
empty sites are assigned to solvent molecules. The energy of
the system is calculated by taking account of the pair interac-
tions between different species on two nearest neighbor lat-
tice sites.  Interaction energy Eij = εijkBTref is  assigned for  each
pair of components i and j, where i, j = A, B, C and S (solvent);
εij is the reduced interaction energy; kB is the Boltzmann con-
stant; Tref is a reference temperature. It is assumed that εii =0,
with i = A, B, C, and S.

To elucidate the mechanism of phase transitions in the sys-
tem  with  varying  polymer  concentration  and  homopolymer
volume fraction, we calculated the average contact numbers
between  different  species  and  the  effective  volume  fraction
variations  of  B-domains  (feB),  whose  calculation  method  is
similar  to  previous  ones.[33,65] There  are  four  species  in  con-
tact  with  each  monomer:  A  monomer,  B  monomer,  C
monomer,  and  solvent  (S).  The  average  contact  number  for
each A monomer with B monomer is defined as nAB. Similarly,
the average contact number between the other monomers is
defined in the same way.  The effective volume fraction of  B-
domains (feB) is defined as the ratio of the number of the lat-
tice sites occupied by B-domains (NB-d) to the number of total
lattice  sites. NB-d equals  the  sum  of  the  number  of  B
monomers,  the  number  of  solvent  molecules  belonging  to
the B-domains, and the number of homopolymers belonging
to the B-domains. Classification rules for homopolymers: (1) If
a  homopolymer  only  contacts  B-monomers  and  does  not
contact  A-monomers,  it  is  determined  to  be  located  within
the  B-domains;  (2)  If  a  homopolymer  contacts  both  A-
monomers  and B-monomers,  half  of  the homopolymer is  at-
tributed  to  the  B-domains  in  a  lamellar  structure;  the  ho-
mopolymer  is  attributed  to  the  B-domains  in  a  non-lamellar
structure. Classification rules for solvent molecules: (1) if a sol-
vent molecule only contacts B-monomers and does not con-
tact A-monomers, it is determined to be located within the B-
domains; (2) If a solvent molecule contacts both A-monomers
and  B-monomers:  in  a  lamellar  structure,  half  of  the  solvent
molecule  is  attributed  to  the  B-domains;  if  the  B-domains  is
the  dispersed  phase  in  a  non-lamellar  structure,  count  the
number  of  A-monomers  and  B-monomers  around  the  sol-
vent  molecule,  and  compare  the  two  numbers,  if  there  are
more  B-monomers  around,  the  solvent  molecule  belongs  to
the B-domains. It should be mentioned that at a given feB val-
ue, the effective volume fraction of the A-domains is given by
feA = 1 − feB. It should be noted that the above allocation rule
is based on different morphological characteristics and the in-
teraction  parameters.  In  the  lamellar  phase,  when solvent  or
homopolymer is distributed at the interlayer interface, it is the
most reasonable treatment to allocate half of them to each of
the  two  adjacent  layers.  For  non-lamellar  phases:  due  to  its
strong affinity with B and repulsion against A,  homopolymer
C usually forms a mixed domain with B. Thus, when it is at the
interface, it is attributed to the B-domains. For solvents, since
their attraction to A and B is equivalent, when they are at the
interface,  it  is  more  reasonable  to  count  and  compare  the
number of adjacent A and B monomers, and attribute the sol-
vent  to  the  domain  with  the  larger  number  of  monomers.
This allocation rule is consistent with previous studies.[65]

RESULTS AND DISCUSSION

For  the  studied  system  of  diblock  copolymers  AB/homopoly-
mer  C  blends  in  concentrated  aqueous  solutions,  the  phase
space  is  huge,  with  5  independent  compositional  parameters
(NA, NB, NC, fC, Φ)  and  6  inter-segment  interaction  parameters
(εAB, εBC, εAC, εAS, εBS, εCS), totaling 11 parameters. To simplify the
investigation,  we  fixed NC=2  and  typically  set NA=NB=6.  Only
when investigating the effect of  A-B asymmetry on the system
were NA and NB adjusted specifically to 9 and 3, respectively. The
reason for choosing these chain lengths is that in simulations of
AB  diblock  copolymers,  the  simplified  chain  length  notation
such as AnB12–n is commonly used.[25,33] The chain length ratio of
block  copolymer  to  homopolymer  in  this  study is  6:1,  which is
consistent with the molecular weight ratio range in experimen-
tal systems. For example, when investigating the AB/C blending
system, the Matsushita group[38,40] covered a molecular  weight
ratio  range  of  (3–10):1  between  poly(styrene-b-2-vinylpyridine)
diblock  copolymer  and  poly(4-hydroxystyrene)s;  Additionally,
our  previous  research[53] has  also  examined  the  effects  of  vari-
ous ratios  such as  A6B6/C2,  A6B6/C4,  and A6B6/C6 on the system
behavior.  In this study, we focus on investigating the effects of
parameters such as the homopolymer volume fraction, solvent
selectivity,  and  total  polymer  concentration  on  the  self-assem-
bly  of  the  system.  Thus,  only  two  cases,  A6B6/C2 and  A9B3/C2,
were investigated. First, we studied the condition where A- and
B-blocks are completely symmetric in the absence of added ho-
mopolymer,  with  the  interactions  between  A  and  S,  and  be-
tween  B  and  S  set  as  the  same  attractive  interaction,  and
εAS=εBS=−2.0.  This  enables  us  to  isolate  the  effect  of fC on  the
phase structure of the system. To inhibit the macrophase sepa-
ration,  we  set  the  A-and  B-blocks  to  be  immiscible  (εAB=4.0),
whereas C is miscible with B-blocks (εBC=−4.0) but is immiscible
with A-blocks (εAC=2.0).  This parameter set models scenarios in
experiments  involving  non-covalent  interactions  such  as  ion-
dipole, π-π stacking,  or  hydrogen  bonding.  Furthermore,  we
separately  studied  the  effects  of  varying  the  degree  of  incom-
patibility between A- and B-blocks (εAB) and the strength of non-
covalent interactions (εBC) on the system. For the solvent, we ini-
tially examined the case where the solvent exhibits the same at-
tractive interaction with both A-and B-blocks, i.e., εAS = εBS − 2.0.
Subsequently, we studied the impact of changing the εBS on the
system. The solvent interaction for C was set to εCS=−0.2. Based
on the aforementioned parameters, we plotted phase diagrams
as  a  function  of  the  polymer  concentration Φ and  the  volume
fraction  of  homopolymer fC (Fig.  1a).  The  mechanism  of  phase
transitions was elucidated through analysis of the average con-
tact numbers between different species (Fig. 2 and Figs. S1 and
S2 in the electronic supplementary information,  ESI)  and effec-
tive volume fraction variations (Fig. 3). Subsequently, we investi-
gated  the  effects  of  interaction  parameters  on  the  system's
phase structure,  generating phase diagrams as  a  function of fC

and  B-C  interaction  (Fig.  4a), fC and  B-solvent  interaction  (Fig.
5a), and fC and A-B interaction (Fig. 6a). The underlying mecha-
nisms were further examined through corresponding variations
in effective volume fractions (Figs. 4b, 5b and 6b). We reported
the  simulation  results  for  asymmetric  diblock  copolymer/ho-
mopolymer  A9B3/C2 blends  (Fig.  7)  with  comparative  analysis
against symmetric A6B6/C2 blends. Finally, the distribution of ho-
mopolymer and solvent molecules in lamellae is presented as a
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function of fC (Figs. 8 and 9).

Effects of Homopolymer Fraction and Polymer
Concentration
Fig.  1(a)  presents  the  phase  diagram  in  the  parameter  space
specified by the polymer concentration Φ and the volume frac-
tion  of  homopolymer fC with εAB=4.0, εBC=−4.0, εAC=2.0,
εAS=−2.0, εBS=−2.0, εCS=−0.2. The typical snapshots for the phas-
es that occurred are shown in Fig. 1(b). In the lamellae (L) struc-
ture,  one  layer  is  composed  of  A-blocks  and  solvent,  whereas
adjacent  layers  are  formed  by  the  mixture  of  B-blocks,  ho-
mopolymer  C  and  solvent,  with  the  layers  alternating  in  a
stacked  arrangement.  The  symbols  G(A),  C(A)  and  S(A)  denote
respectively  the  gyroid  phase,  hexagonally  packed  cylinders,
and  spherical  phase  formed  by  the  A  blocks  and  solvent,  and
the mixture of B-blocks, homopolymer C and solvent forms the
matrix. The PL/G(B+C) and C(B+C) are the perforated lamellae or
gyroid structure and the hexagonally packed cylinders,  respec-
tively,  formed by the mixture of  B-blocks,  homopolymer C and
solvent, with the A-blocks and solvent forming the matrix. These
structures were called inverted phases.  In this work,  the invert-
ed  phase  is  defined  using  the  melt  state  of  symmetric  diblock
copolymer/homopolymer  blends  (i.e.,  zero  solvent  content)  as
the  initial  reference  system.  Previous  study[41] showed  that
when homopolymer C exhibits strong interactions with B-blocks
of the diblock copolymer while repelling A-blocks, the addition
of homopolymer C into the melt system leads to the incorpora-
tion of C into the B-domains. At this point, the total volume frac-
tion of B- and C-domains exceeds 0.5, thus forming the matrix,
whereas  A-blocks  self-assemble  into  ordered  phase  structures.
In  contrast,  upon  introducing  solvents  into  the  system  in  our
study,  an  opposite  phase  behavior  can  be  observed:  the  or-
dered  phase  is  formed  by  the  mixture  of  B-blocks,  homopoly-
mer C,  and solvent,  with the A-blocks  and solvent  forming the
matrix.  Such inverted phases have also been reported in  other
relevant  studies.[55,65,66] In  addition,  the  structure  Dis  (disorder
phase) refers to a state where the system fails to form regular or-
dered phases.

In Fig.  1(a),  the  lamellae  phase  can  always  be  observed
when fC=0.1  regardless  of  the  polymer  concentration.  It  is
noted  that  the  bulk  phase  of  the  A6B6 copolymer  is  lamellar

phase.[13] It  is  worth  noting  that  at  low  polymer  concentra-
tions  of Φ=0.4  and  0.5,  reentrant  phase  transitions  with  the
sequences  of  L → C(B+C) → PL/G(B+C) → L → Dis,  and  of
L → C(B+C) → L → Dis,  and  these  inverted  phases  are  ob-
tained,  respectively,  with increasing fC.  At  high polymer con-
centrations  of Φ≥0.6,  phase  transitions  with  the  sequence
L → G(A) → C(A) → S(A) are obtained,  and the G(A) phase is
not  necessarily  observed  due  to  its  narrow  phase  region.
These morphological sequences agree with the phase behav-
ior predicted by using the self-consistent field theory for AB/C
blends  with  equal-sized  A  and  B  blocks  and  B/C  strongly  at-
traction in bulk and experimental observations.[41−49]

The  reentrant  phase  transitions  and  the  occurrence  of  in-
verted phases at low concentrations are both unusual and in-
teresting.  In  order  to  understand  this  unusual  phenomenon
and  the  differences  in  the  self-assembly  behavior  of  the  sys-
tem  under  high  polymer  concentrations  and  low  polymer
concentrations,  we  calculated  the  average  contact  numbers
between  different  species  (Fig.  2 and  Figs.  S1  and  S2  in  ESI)
and  effective  volume  fraction  of  B  domains  (feB)  (Fig.  3).  At
high  polymer  concentrations Φ=0.9  (Fig.  2), nAS increases
from 2 to 9; nBS decreases from 2 to 1; nCS is very small (close
to 0) with increasing fC. This indicates that as the volume frac-
tion of  the homopolymer  increases,  the solvent  prefers  stay-
ing  in  the  A-domains  rather  than  the  B+C-domains.  This  ob-
servation is consistent with the parameter settings where the
solvent is strongly attractive to both blocks of the copolymer
(A  and  B),  but  less  attractive  to  the  homopolymer  (C).  It
should also be noted that nBC increases rapidly,  reaching the
value of about 16, while the value of nAC is quite small with in-
creasing fC. The results indicate that homopolymer incorpora-
tion  induces  preferential  swelling  in  the  B-domains  over  the
A-domains.  It  is  in  reasonable  agreement  with  the  parame-
ters in the system where the B/C interaction is the strongest,
while the interaction between A and C is repulsion. However,
the  attractions  between  B  and  C  are  dominant  at  high  poly-
mer concentrations, whereas the effect of the solvent is rela-
tively smaller, since the solvent content is minimal under this
condition.  The  phase  behavior  of  the  system  resembles  that
of  an  AB/C  melt  system,  leading  to  L → G(A) → C(A) → S(A)
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Fig. 1    (a) Phase diagram in the volume fraction of homopolymer (fC) and the concentration (Φ) space for A6B6/C2 blends in solutions
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transition.
At  low polymer  concentrations Φ=0.4, i.e.,  when there  is  a

large  amount  of  solvent,  the  phase  behavior  depends  not
only  on  the  homopolymer  addition  but  also  on  the  solvent
selectivity.  As  shown  in Fig.  2(b),  the nBC increases  rapidly,
reaches the value of about 14 with increasing fC. The value of
nAC is quite small, slightly greater than zero. Additionally, up-
on increasing the fC, nAS increases from 14 to its maximum 16
and  finally  keeps  the  maximum  value,  but nBS decreases
rapidly from 11 to 1 and nCS increases from 4 to 10. It is noted
that  when  homopolymer  is  added,  the  solvent  molecules
mainly  swell  the  A-domains  rather  than  B+C-domains, e.g.,
nAS=14.5, nBS=11.1, nCS=3.3  at fC=0.1; nAS=15.4, nBS=7.9,
nCS=2.2  at fC=0.2; nAS=16.0, nBS=4.6, nCS=2.7  at fC=0.3.  As  the
amount  of  homopolymer  increases, nAS peaks  at fC=0.3  and
remains  constant  thereafter.  The  total  contact  number  for
each  monomer  should  be  the  same  as  the  number  of  the
nearest neighbors, which is 18 in our model. Since there are 2
bonded  monomers  (the  chain  end  monomer  has  one  bond-
ed  monomer)  for  each  monomer,  about  16  is  the  maximum
value  that nAS can  reach  theoretically.  As  the  value  of fC in-
creases, nAS remains at its maximum for fC≥0.3, while nBS con-
tinuously  decreases  and nCS gradually  increases  (Fig.  S2  in
ESI).

To establish a link between the phase transition behaviors
observed in the phase diagrams (Fig.  1a)  and the underlying
structural  mechanisms,  we  analyzed  the  effective  volume
fraction  of  B-domains  (feB)  as  a  key  quantitative  indicator,
whose calculation methodology has been detailed in MODEL
AND METHOD section. Specifically, feB quantifies the relative
swollen  volume  of  B-rich  regions,  integrating  contributions
from  B-blocks,  associated  homopolymer  C,  and  solvent
molecules  within  these  domains—thus  serving  as  a  direct
bridge  between  component  interactions  and  phase  mor-
phologies.  It  should  be  noted  that  in  the  ordered  phases  (L,
C(B+C),  PL/G(B+C),  L,  G(A),  C(A),  S(A)),  B-blocks  and  ho-
mopolymer  are  homogeneously  distributed  even  when  the
value of fC is relatively large. Their phase structures have been
presented  in  the  description  of Fig.  1(b).  In  the  disordered
phase  (Dis),  in  addition  to  the  regions  where  the  homopoly-
mer  is  homogeneously  distributed  with  B-blocks,  another
portion of homopolymer forms separate regions, resulting in
macroscopic phase separation. These separate regions are al-
so counted as B-domains in the calculation.

Fig. 3 presents the variation of feB with the volume fraction
of homopolymer (fC) for A6B6/C2 blends, which corresponds to
the  parameters  in Fig.  1(a).  In  the  L  phase  regions, feB ap-
proaches 0.5, which is consistent with the volume fraction of
the  lamellar  phase  in  the  pure  diblock  copolymer.  This  con-
firms  that  our  calculation  for feB is  correct.  Interestingly,  we
found  that  nonmonotonic  variation  in  the  effective  volume
fraction which corresponds to the reentrant phase transitions.
Specifically,  for Φ=0.4−0.5, feB first  decreases,  then  reaches  a
minimum  value,  and  finally  increases  with  increasing fC.  This
trend was exemplified at Φ=0.4 (Fig. 3), where feB progressive-
ly  decreases  for fC<0.3,  attains  a  minimum  of  0.40  at fC=0.3,
and then increases for 0.3<fC<0.8 with increasing fC. This non-
monotonic  behavior  corresponds  to  the  phase  transition  se-
quence of L → C(B+C) → PL/G(B+C) → L. At the same fC<0.7,
the value of feB at Φ=0.5 is  slightly  larger  than that  at Φ=0.4.
On  the  other  hand,  when Φ≥0.6, feB increases  monotonically
with increasing fC, in stark contrast to the nonmonotonic vari-
ation  features  when Φ =  0.4  and  0.5.  This  is  consistent  with
the  phase  transition  sequence  of  L → G(A) → C(A) → S(A)
shown in the phase diagram in Fig. 1(a). As is well-known, the
phase transitions of BCPs follow the principle of total free en-
ergy minimization: in the low-curvature lamellar phase, chain
segments  of  both  components  can  fully  extend  within  the
continuous  domains,  resulting  in  minimal  loss  of  conforma-
tional  entropy.  Despite  the  interfacial  area  is  relatively  large,
the  advantage  of  chain  conformational  entropy  dominates
the reduction in total free energy, thus rendering the lamellar
phase  the  thermodynamically  stable  phase  at  symmetric
composition  (f=0.5).  With  the  increases  of  chain  asymmetry,
the low-curvature structure causes excessive chain stretching
due to the mismatch in volume fractions, leading to a drastic
increase in conformational entropy loss; at this stage, the sys-
tem  tends  to  form  high-curvature  structures  (e.g.,  cylinders,
spheres).  The  transition  of  phase  structures  is  essentially  the
thermodynamically  optimal  state  for  the  system  to  achieve
the  balance  between  "interfacial  free  energy  and  conforma-
tional  entropy"  under  different  curvature  conditions.  For  the
bulk  diblock  copolymers,  this  regularity  has  been  fully  veri-
fied by phase diagram results from self-consistent field theo-
ry  (SCFT)  calculations  and  Monte  Carlo  (MC)  simulations.  As
the  chain  asymmetry  of  the  copolymer  increases  (i.e.,
fA=0.5 → fA=0  or fA=0.5 → fA=1),  the  phase-separated  struc-
ture  gradually  evolves  into  morphologies  with  higher  curva-
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ture, following the specific transition sequence: L → G/PL → 
C → S.  By analogy,  our  research findings are thermodynami-
cally  rational:  when Φ=0.4  and  0.5,  the  effective  fraction feB

first  decreases  from  about  0.5  and  then  increases  back  to
around 0.5, leading to the formation of a reentrant phase se-
quence  with  curvature  first  increasing  and  then  decreasing;
when Φ≥0.6, feB increases monotonically from about 0.5, driv-
ing  the  phase  structure  to  transition  solely  toward  the  high-
curvature direction.

Effects of Interaction Parameter and Block Length
In order to assess their effect on phase behavior, we varied the
interaction  parameters  (εBC, εBS, εAB)  and  the  copolymer  chain
length  and  present  the  phase  diagrams  and  effective  volume
fractions in Figs. 4−6. We first investigated the phase behavior of
A6B6/C2 blends  in  solutions  with  fixed Φ=0.4  and  interactions
identical to those in Fig. 1(a) except for B-C interaction εBC,  and
plot the phase diagram in the fC-εBC space (Fig. 4a).  The B-C in-
teraction εBC is varied from −6 to 0. As shown in Fig. 4(a), phase
transitions  including  reentrant  ones  are  observed  when εBC≤
−4.0  and the fC-window for  inverted phases  gets  wider  as  |εBC|
increases.  For  example,  upon  increasing fC,  sequences  L → 
PL/G(B+C) → C(B+C) → PL/G(B+C) → Dis  and  L → C(B+C) → 
PL/G(B+C) → L → Dis, are formed at εBC=−6.0 and εBC=−4.0, re-

spectively. This is because a more negative εBC (stronger B-C at-
traction)  drives  solvent  to  preferentially  swell  A-domains  over
B+C-domains,  reducing  the  effective  volume  fraction  of  B-
domains and inducing inverted phases; with further increases in
fC,  reentrant behavior emerges. When −4.0<εBC<0, the inverted
phases  and  phase  reentry  phenomena  are  not  observed,  but
only  a  partial  sequence  (L → G(A) → C(A) → S(A))  appears.
When εBC=0, macrophase separation occurs even when a small
amount of homopolymer is added. We also calculated the effec-
tive volume fraction feB as a function of fC under the parameters
in Fig. 4(a). In Fig. 4(b), it is noted that each feB curve presents a
non-monotonic variation when εBC≤−4.0.  This means that,  with
increasing fC,  each feB curve first decreases, reaches a minimum
value,  and  then  increases  when εBC≤−4.0,  which  is  consistent
with the reentrant phase transitions shown in Fig.  4(a),  indicat-
ing that the occurrence of reentrant phase transitions is caused
by the non-monotonic variation of feB.

As  shown  in Fig.  5(a),  we  further  systematically  varied  the
B-solvent interaction εBS from −4 to 0 and fixed other parame-
ters to be the same as those in Fig. 1(a). However, phase reen-
try phenomena do not occur when εBS≤−3.0 as shown in Fig.
5(a).  In  addition,  the  resulting  phase  sequence  is  L → 
G(A) → C(A) → S(A)  when  the  attraction  between  B  and  sol-
vent  is  strong  (i.e., εBS=−4.0).  When εBS=−3.0,  lamella  is  the
major phase throughout the entire range of fC, except the dis-
order phase at high fC values. The inverted phases occur in a
relatively wide fC window when εBS≥−1.0, and reentrant phase
transitions  with  the  sequence  PL/G(B+C) → C(B+C) → PL/
G(B+C) → Dis occur when εBS=−1.0. However, no phase reen-
try  phenomenon  is  observed,  but  only  the  sequence
C(B+C)→Dis when εBS=−0.2. As shown in Fig. 5(b), the plot of
feB versus fC corresponds  to  the  phase  diagram  in Fig.  5(a).
When εBS≤−3.0,  the system does not undergo inverted phas-
es,  and the values of feB are all  greater  than 0.5.  When −1.0≤
εBS≤−2.0, the values of feB first decrease and then increase, in-
dicating  a  phase  reentrant  phenomenon  in  the  system.  At
εBS=−0.2,  the  system  undergoes  phase  sequence  of
C(B+C)→Dis, and feB increases monotonically.

Fig. 6(a) shows the phase diagram of the A6B6/C2 blends in
solutions  with εAB and fC as  parameters,  where the εAB varies
from 0 to 6 and Φ is fixed at 0.4. The other interaction param-
eters  are  the  same  as  those  in Fig.  1(a).  Overall,  the  value  of
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εAB has a relatively small  effect on the phase structure of  the
system. When fC=0.2−0.8, the phase sequence is the same for
different  values  of εAB,  which  is  C(B+C) → PL/G(B+C) → 
L → Dis, with slight differences in the fC window of the phase.
As shown in Fig. 6(b), system exhibits a phase reentrance phe-
nomenon  when εAB≥3,  while  no  phase  reentrance  phe-
nomenon  is  observed  when εAB≤2.  The  main  reason  is  that
the phase structure is different when fC=0.1. At fC=0.1, the sys-
tem forms a disordered structure when εAB≤2, while it forms a
lamellar phase when 3<εAB<5. In Fig. 6(b), the feB curves show
very little difference as the εAB varies; this corresponds to the
observation  that  the  self-assembly  morphology  does  not
change significantly with the change of εAB. Specifically, when
εAB≤2.0,  A- and B-blocks  cannot  be phase-separated,  but  the
value of feB is roughly the same as that of forming the lamel-
lar phase.

We  also  calculated  the  phase  behavior  of  the  asymmetric
A9B3/C2 blends in solution, comparing it with that of the sym-
metric A6B6/C2 blends, and the phase diagram is shown in Fig.
7. This diagram shares identical parameters with Fig. 1, differ-
ing only in the lengths of the A-blocks and B-blocks. Compar-
ing  the  asymmetric  system  with  the  symmetric  system,  a
common point is  that the value of feB increases with increas-
ing Φ except the disordered phase. The difference lies in that

the phase reentrance phenomenon observed in the symmet-
ric system does not occur in the asymmetric system, and the
feB curve increases monotonically with the increase of fC.  The
different phase behaviors of these two systems are caused by
the  different  volume  fractions  of  blocks  A  and  B.  For  asym-
metric  diblock  copolymers  A9B3,  when  no  homopolymer  is
added,  the volume fraction of  B-blocks  is  small  compared to
that of the A-blocks. As the amount of homopolymer increas-
es, the effective volume fraction of B increases. When there is
less  solvent,  the  phase  behavior  is  similar  to  that  of  a  melt,
with  a  transition  of  PL/G(B+C) → L → C(B+C) → S  occurring.
When there is more solvent, the swelling effect of the solvent
on  A-domains  is  greater  than  that  on  B+C-domains,  thus  re-
ducing the increase in the effective volume fraction of B. As a
result, the lamellae appear at a larger fC value in the system.

Solvent and Homopolymer Distribution
A  significant  window  of  lamellae  was  observed  in  our  simula-
tions  as  the  homopolymer  content  increased.  To  understand
the structural distribution of the homopolymer and solvent, we
selected the system forming lamellae and disordered phase as
examples,  with εAB=4.0, εAC=2.0, εBC=−4.0, εAS=−2.0, εBS=−3.0,
εCS=−0.2 (εBS=−3.0 in Fig. 5a). From the snapshots shown in Fig.
8, it is noted that homopolymer is distributed in the B-domains
when fC is small, and throughout the space when fC is larger. We
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have  observed  the  quantitative  distributions  of  solvent
molecules and homopolymer in phases obtained at fC=0.3, 0.5,
0.8  from  the  density  profile  (ρ)  curves  shown  in Fig.  9.  Since
there are only four species in our model systems, ρA + ρB + ρC +
ρS = 1.  In Figs.  9(a)  and 9(b),  the peaks of  the ρB and ρC curves
appear  simultaneously,  alternating  with ρA,  indicating  that  A-
rich layers and B+C-rich layers alternate in the lamellae.  The ρS

value inside A-rich layers is higher than that inside B+C-rich lay-
ers.  The  maximum  value  of ρC is  in  accordance  with  the  ho-
mopolymer volume fraction, fC. Specifically, at fC=0.3 (Fig. 9a), ρC

ranges from 0 to 0.3,  whereas at fC=0.5 (Fig.  9b),  this  range ex-
tends to 0 to 0.5. However, it is noteworthy that the peaks of the
ρA, ρB,  and ρC curves  in Fig.  9(b)  exhibit  less  sharpness  com-
pared to those in Fig.  9(a),  suggesting the presence of broader
interfaces  regions  when fC=0.5.  This  finding is  corroborated by
the  snapshots  presented  in Figs.  8(c)  and  8(e),  demonstrating
the consistency of  our  results.  Further  increases in  the amount
of homopolymer lead to the almost horizontal curves of ρA, ρB,
ρC,  and ρS in Fig.  9(c),  corresponding  to  the  disordered  phase
shown in Fig. 8(g). In this scenario, the density profile curves in
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Fig. 7    (a) Phase diagram in the volume fraction of homopolymer (fC), and the concentration (Φ) for A9B3/C2 blends in solutions with fC

with εAB=4.0, εBC=−4.0, εAC=2.0, εAS=−2.0, εBS=−2.0, εCS=−0.2;  (b)  Variation  of  the  effective  volume  fractions  of  B-domains  (feB)  with  for
A9B3/C2 blends in solutions, under the same fixed interaction parameters as in (a).
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Fig. 8    Snapshots obtained with for A6B6/C2 blends in solutions at Φ=0.4 with εAB=4.0, εAC=2.0, εBC=−4.0, εAS=−2.0, εBS=−3.0, εCS=−0.2, and with
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snapshots (a−f), disordered in (g and h). Color scheme: A (red), B (green), C (blue). In the top row, only A-domains are shown for clarity.
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any direction are identical, indicating that solvent molecules are
almost uniformly distributed throughout the phase.

CONCLUSIONS

We  systematically  investigated  the  self-assembly  of  triple-hy-
drophilic diblock copolymer AB/homopolymer C blends in con-
centrated  solutions  using  a  simulated  annealing  method.  We
constructed phase diagrams of the system by varying the poly-
mer concentration and volume fraction of homopolymer. For a
given polymer concentration Φ,  we observed rich phase transi-
tion  sequences  with  increasing  homopolymer  volume  fraction
fC, especially reentrant phase transitions, such as lamellae → in-
verted  cylinders → gyroids → lamellae → disorder.  By  analyz-
ing the variations in the average contact numbers, as well as the
effective volume fractions of domains, we elucidated the mech-
anism of reentrant phase transitions. We found that at low poly-
mer  concentrations,  the  phase  behavior  depends  on  both  ho-
mopolymer  addition  and  solvent  selectivity.  The  combined  ef-
fect  of  solvent  selectivity  and  interaction  with  homopolymer
can be used to tune the degree of swelling of the two blocks, re-
sulting  in  a  nonmonotonic  variation  of  the  effective  volume
fraction of the A (or B)- domains with the increase of fC, and fur-
ther induce the reentrant phase transitions. In contrast, at high
polymer  concentrations,  B-C  attractions  dominate,  while  the
solvent’s  influence  is  relatively  weak.  Consequently,  the  effec-
tive volume fraction of B-domains increases monotonically with
increasing fC,  and  no  reentrant  phase  transitions  occur.  To  as-
sess the effect of key parameters on phase behavior, we varied
the  interaction  parameters  (εBC, εBS, εAB)  and  the  copolymer
chain length, and presented the corresponding phase diagrams
and  effective  volume  fractions.  Our  findings  include:  (1)  reen-
trant  phase  transitions  are  only  observed  when εBC decreases
(i.e.,  becomes  more  negative),  and  the  inverted  phases fC-win-
dow gets wider as εBC decreases.  This  is  because a more nega-
tive εBC (stronger B-C attraction) drives solvent to preferentially
swell  A-domains over B+C-domains, reducing the effective vol-
ume fraction of  B-domains and inducing inverted phases;  with
further  increases  in fC,  reentrant  behavior  emerges;  (2)  increas-
ing εBS (weakening  B-solvent  attraction)  has  a  similar  effect  to
decreasing εBC.  However,  when εBS=−0.2,  reentrant  behavior
disappears—even  with  more  homopolymer  swelling  B-do-
mains, the volume fraction of B-domains cannot compete with
that  of  A-domains,  so  only  inverted  phases  form.  (3) εAB has  a
relatively  small  effect  on the phase structure  of  the system.  (4)
For asymmetric diblock copolymers A9B3, no reentrant behavior
is observed: at high concentrations, the phase behavior resem-
bles  that  of  a  melt,  with  a  transition  of  PL/G(B+C) → L → 
C(B+C) → S;  at  low  concentrations,  the  swelling  effect  of  the
solvent on A is greater than that on B+C, thus reducing the in-
crease in the effective volume fraction of B, the lamellae appear
at a larger fC value in the system. These results enhance under-
standing of the self-assembly mechanism of AB/C blends in con-
centrated solutions.  They also provide guidance for  the prepa-
ration of blended materials, facilitating the screening of suitable
components,  volume  fractions  of  each  component,  and  other
key parameters.
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