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ARTICLE INFO ABSTRACT

Keywords: The self-assembly behaviors and morphological evolutions of the A-g-BC graft terpolymers in A-backbone-
Self-consistent field theory attractive solvents were examined by using the real-space implemented self-consistent field theory. The
Self-assembly

concentric structure-in-structure (B-enwrap-C) and surface-patched structure-on-structure (B-patch-C) multi-
compartment micelles were observed by tailoring the B block lengths. At longer length of B blocks, the A-g-BC
graft terpolymers prefer to form the common concentric B-enwrap-C multicompartment micelles, while the B-
patch-C multicompartment micelles with B patches on C surface favor the shorter length of B blocks. It was found
that the formation of B-patch-C is driven by the conformational entropy of the B blocks. In addition, when the
length of B block decreases into a much lower value, an unusual morphological evolution from raspberry-like to
concentric multicompartment micelles was discovered, which was revealed to be driven by the conformational
entropy of the inner blocks of A backbone between two adjacent graft points. The gained results could provide a
deep insight into the mechanism behind the morphological evolution between concentric structure-in-structure

Graft terpolymers
Multicompartment micelles
Entropy-driven morphological evolution

(B-enwrap-C) and surface-patched structure-on-structure (B-patch-C) multicompartment micelles.

1. Introduction

Amphiphilic multiblock copolymers are capable of self-assembling
into all sorts of complex multicompartment micelles in block-selective
solvents, [1,2] such as segmented-worm-like, [3,4] toroidal or ring-
shaped, [5,6] concentric or onion-like, [7,8] surface-patched struc-
ture-on-structure multicompartment micelles, [3,4,7] etc. Due to the
great potential applications in the fields of biomedicine and nanotech-
nology, the multicompartment micelles have drawn considerable
attention [8,9]. To date, the miktoarm star and linear multiblock co-
polymers have been found to be extensively studied for producing the
multicompartment micelles with a variety of tunable nanostructures by
tailoring the selectivity of solvents, [7,10,11] concentration, [6,12]
length ratio of each block, [7,13-15] interactions between different
components, [16] and so on. In addition to the nanoscale structures or
morphologies, the self-assembly mechanisms of the formation and the
morphological transformation of the obtained multicompartment mi-
celles have been well documented [17-22]. In these aspects, the com-
puter simulations and theoretical methods have been proven to be
powerful tools for exploring the complex morphologies, which could

* Corresponding author.
E-mail address: xsfan@dhu.edu.cn (X. Fan).

https://doi.org/10.1016/j.cplett.2021.139090

provide more microscopic level information than the experimental ob-
servations, especially for the exploration of the self-assembly mecha-
nism [5,7,10,11,13-16]. For example, Jiang et al. investigated the
morphological evolution of multicompartment micelles from the self-
assembly of linear “solvophilic-solvophobic-solvophobic™ ABC triblock
copolymers in A-selective solvents by using dissipative particle dy-
namics simulations, providing a deep insight into the mechanism behind
the formation of raspberry-like and concentric multicompartment mi-
celles as well as their morphological transformations [7].

In contrast with the well-concerned miktoarm star and linear mul-
tiblock copolymers, the graft copolymers are another kind of polymeric
systems having the capacity of creating multicompartment micelles in
selective solvents [23-28]. Recently, a novel kind of bottlebrush cellu-
lose-graft-diblock copolymer thermoplastic elastomer (Cell-g-PBA-b-
PMMA) was synthesized by Zhang et al. through grafting from cellulose
backbones via surface-initiated atom transfer radical polymerization
[29]. The cylindrical microphase-separated morphologies were
observed for the solvent-cast film samples and the mechanical properties
of the bottlebrush copolymer elastomers can be adjusted by controlling
the block lengths and composition of the side chains [29]. In addition, it
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is also confirmed that the as-prepared Cell-g-PBA-b-PMMA would be
able to perfectly mimic the mechanical properties of human and animal
skins which are essential to advance the future development of bio-
mimetic polymer materials [30]. Inspired by the previous reports, in
according to the formation principles of the multicompartment micelles,
it can be convinced that the graft copolymers with backbone-graft-
diblock architecture, i.e., A-graft-(B-block-C) or A-g-BC graft terpoly-
mers, are promising candidates for forming multicompartment micelles
in selective solvents. However, there is still few studies regarding the
self-assembly behaviors of A-g-BC graft terpolymers into multi-
compartment micelles in selective solvents and the mechanism behind
the formation of the multicompartment micelles are also unclear.

To evaluate the ability of A-g-BC graft terpolymers to self-assemble
into multicompartment micelles and reveal the formation mechanism,
in the present work, we performed the real-space implemented self-
consistent field theory (SCFT) [31-33] to examine the self-assembly
behaviors of A-g-BC graft terpolymers (shown in Fig. 1) in A-back-
bone-selective solvents, where the solvophobic BC diblock branches
could take shape into the microphase-separated solvophobic cores. Two
typical kinds of multicompartment micelles, including concentric
structure-in-structure (B-enwrap-C) and surface-patched structure-on-
structure (B-patch-C), were discovered at different lengths of B block.
The formation of B-patch-C is proven to be driven by the conformational
entropy of the B blocks. In addition, an unusual morphological evolution
from raspberry-like to concentric B-enwrap-C multicompartment mi-
celles was revealed to be an entropy-driven process corresponding to the
inner blocks of A backbone between two adjacent graft points. The re-
sults gained through the SCFT calculations would provide an insight into
the mechanism behind the morphological evolution between concentric
B-enwrap-C and B-patch-C multicompartment micelles.

2. Theoretical model and method

We consider an incompressible polymeric solution system with total
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volume of V, containing np monodisperse and symmetric A-g-BC graft
terpolymers in ng A-selective solvents. As shown in Fig. 1, each A-g-BC
graft terpolymer consists of one flexible A backbone along which are
spaced m flexible BC diblock branches (denoted by G). The designed A-g-
BC graft terpolymers are described as Gaussian chains with the same
statistical segment length and fixed segment volume, denoted by a and
po’l, respectively. The statistical segment number of each A-g-BC graft
terpolymer chain is N = Ny + mNg = N + m(Np + N¢), where the Ny, Ng
(=Np + N¢), N, and N represent the statistical segment number of A
backbone, BC diblock branch, B block in each BC diblock branch, and C
block in each BC diblock branch per A-g-BC graft terpolymer chain,
respectively. For convenience, the length ration of B block to BC diblock
branch is defined as @ = Np/(Ng + N¢). For each A-g-BC graft terpolymer,
the volume fraction of A, BC (G), B, and C blocks is fo = Na/N, fG = Ng/
N, fg = mNp/N, and fc = mN¢/N, respectively. Therefore, fG = fg + fc and
a = fp/(fs + fc) = fa/(1 - fo). In the studied polymeric solution system,
the concentration (i.e., volume fraction) of the A-g-BC graft terpolymers
(denoted by P) and the solvent molecules (denoted by S) iscpand cs =1 -
cp, respectively. The position where the ith junction point branched with
BC diblock branch along the A backbone is located at z; and given by
(i—1)(1-21)

=Tt

1<i<m (@]
m—1

where 77 is the first junction position spaced along the A backbone
and is set to be 1/(m + 1).

In SCFT, the configuration of a single polymer chain is determined by
a set of effective chemical potential fields, wi(r), to replace the actual
interactions, where I = A, B, C, or S. The potential fields, w(r), are
conjugated to the density fields, ¢;(r). To ensure the incompressibility
constraint (¢a(r) + ¢p(r) + ¢c(r) + ¢s(x) = 1), the Lagrange multiplier
&(r) is introduced. The free energy density (in units of kgT) of the solu-
tion system is expressed as

regfa X gs 00— [a S owno— [ason- 3 p0]-cmE-Nen) @
LJ=A.B.C.S =ABC, —ABC,
]

~—— C block —>
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Fig. 1. Schematic presentation of A-g-BC graft terpolymer with m = 3 BC
diblock branches (G) along the A backbone located at 7; = 1/(m + 1) = 0.25, 75
= 0.50, and 73 = 0.75, respectively.

where kg, T, and yj; is the Boltzmann constant, absolute temperature,
and Flory-Huggins interaction parameter between I and J species,
respectively. The Qp is the partition function of a single non-interacting
A-g-BC graft terpolymer chain subject to the fields, wa(r), wp(r), and
w¢(r), in terms of the backbone propagator ga(r,s),

0 = / drga(r, 1) @)

while the Qg is the partition function of a solvent in the field, wg(r)

o~ [ drexp( - —‘”jé”) @

The spatial coordinate r is rescaled by Rg, where Rg2 = a®N/6.

The propagator of flexible A backbone can be divided into m + 1
segments according to the branched junctions of the BC diblock
branches and is given by

qa(r,s) = qai(r,s) 5)

The qa(r,s) represents the backbone propagator of the ith segment
between s = 7; and s = 73,1, where s is the contour length subject to 7; <s
< 1j11 fori =0, 1, ..., m. In particular, the 79 = 0 and 7,,,,1 = 1 is the
position of the A backbone at the beginning and terminal free end,
respectively. Each segment of the backbone propagator meets the
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modified diffusion equation

N 0qgai(r,s)

2
N = R - oa0) anitrs) ®)
subject to the following two initial conditions

qA.,i(r7Ti):qA.i—l(rﬂT;)qC'(rvlL i= 132737"'7’" @)

qao(r,0) =1 8)

where qa ;.1(r,7;) is the limit of the function when the contour length
s approaches to 7; from below (just after the junction point). The gg(r,s)
is the propagator for the BC diblock branches satisfying the following
modified diffusion equation

l aqG (rﬁ S)
NG ds

_ [ p2yw2 _ _ JCif0<s<sl —a
~ [RV* — o) | aa(r.9), If{Bi“_anl ©

subject to the initial condition gg(r,0) = 1 at s = O for the free end of
the BC diblock branches. The backward propagator, qg;'(r,s), of each
BC-branch attached to the ith junction point is also defined and satisfies

N 0q¢;(r,s)
NG ds

B if 0 < s<a

Cif a <s<l 1o

= R;V2 —awn(r) g, (r,s), 1 = {

starting at the end of the BC diblock branch tethered to the A
backbone. The initial condition of gg ;' (r,s) is the product of the prop-
agator and backward propagator of the backbone approaching to the ith
junction point, satisfying

_ qni(r, 7)) qam-i(r,1 —1;)
q5(r,1)

qg.i(’a 0) = gai1 (r., Tf)QA,m—i—l (r,(1=7)")
an

In conformity to the propagators and partition functions, the
segment volume fractions or densities, ga(r), ¢p(r), ¢c(®), and ¢s(1),
follow the following equation set

oa(r) :ng;V ; / " it $)gama(r, 1 — $) 12
Y| dsaslr, a1 - 9) a3)
delr) =T5r% Z / " dsgor,9)a (r.1 - 5) a4)
i) = ew( -5 as)

Finally, the mean-field equations are achieved by minimizing the
free energy with respect to ¢a(r), ¢(r), ¢c(r), ¢s(r), and £(r), as given by

OA(r) = XapN@s(r) + X acNpe () + X asNes (r) + &(r) (16)
@8 (r) = XaNDA(r) + XacNe (r) + xpsNeps (r) +£(r) an
0c(r) = AacNoa(r) +xpcNep (r) + xesNds (r) +4(r) (18)
0s(r) = Y asNpA(r) + xpsNy (r) + xcsNe (r) +E(r) 19
Par) + du(r) + dc(r) + s (r) = 1 (20)

The free energy can be split into the enthalpy (AU) and entropy
(-TAS) contribution, i.e., AF = AU - TAS, which could be gained from Eq.
(2), as expressed by

1

AU =—
2V

dr Z JuNey ()¢ (r) 21

1J = AB.CS
14

Chemical Physics Letters 784 (2021) 139090

1="ABCS
2
—= [ dré(r) |1 - ¢ (r)
v 1=ABCS I :|
—cpln <%> — Ncsin (%) (22)

The present simulations were carried out in the three-dimensional
boxes with periodic boundary conditions, where the spatial resolu-
tions were taken as Ax < 0.1Rg and the contour step sizes were set to be
As = 0.01. The numerical solution of the mean-field equations was
started from a random initial state. The modified diffusion equations
were solved via the pseudo-spectral method and operator splitting for-
mula scheme. In the SCFT calculations, the numerical simulations pro-
ceeded until the relative accuracy in the fields (measured by

\/ > S [ (r) 7w;”d(r)}2dr/zl [dr) is smaller than 10° and the
incompressibility condition was achieved.

3. Results and discussion

The purpose of the present work is to get insight into the ability of A-
g-BC graft terpolymers to self-assemble into multicompartment micelles
in A-backbone-selective solvents. The examined A-g-BC graft terpoly-
mers (N = 40) are frustrated with yagN/m = ypcN/m = 40 and yacN/m
= 20 consisting of the solvophilic backbone (A) and the solvophobic BC
diblock branches by setting yasN/m = 0 and ygsN/m = ycsN/m = 40, in
which the A backbone prefers to form the outermost coronas of the self-
assembled multicompartment micelles. For simplicity and without loss
of generality, the volume fraction of solvophilic A backbone in each A-g-
BC graft terpolymer chain and the number of BC diblock branches along
the A backbone is fixed as fy = 0.50 (fg + fc = 0.50) and m = 3 with 7; =
1/(m + 1) = 0.25, respectively. The concentration of A-g-BC graft ter-
polymers in the solution is set to be cp = 0.10. Therefore, the fg is the
only one variable parameter to be studied in the present work.

3.1. Effect of fg on multicompartment micelles

Fig. 2 shows serval typical multicompartment micelles self-
assembled from A-g-BC graft terpolymers in A-backbone-selective sol-
vents (i.e., yasN/m = 0 and ygsN/m = ycsN/m = 40) varying in the B
block length. For clarity, the solvents are omitted in all of the figures. At
relative longer B blocks, the A-g-BC graft terpolymers prefer to form
concentric structures-in-structure (B-enwrap-C) micelles, i.e., the cor-
e-shell-corona micelles, where the end solvophobic C blocks self-
assemble into the innermost spherical C cores while the middle sol-
vophobic B blocks form the shell enwrapping the spherical C cores, as
illustrate in Fig. 2a (fg = 0.36). Here, we designated this concentric
structure-in-structure multicompartment micelles as SSS, where S
(sphere), S, and S represent the structures of the whole scale, B rich
domain, and C rich domain, respectively. The designation of the other
multicompartment micelles also follows this rule.

As the fg decreases, the middle B shells of the multicompartment
micelles become perforated shells (denoted by P) patched on the surface
of C cores due to the lower volume fraction of the B rich domains,
leading to the self-assembly of C blocks into a bumped sphere (like a
regular tetrahedron shape, denoted by B). This surface-patched struc-
ture-on-structure (B-patch-C) multicompartment micelles were designed
as SPB, as shown in Fig. 2b (fg = 0.32). With further shortening the
length of B blocks, the pore size of the perforated shells self-assembled
from the B blocks become larger or even separated into many small
pieces of patch attached on the surface of C cores, while the structure of
the C core would be changed accordingly. When the length of B and C
blocks is equal (i.e., fg = fc = 0.25 in Fig. 2¢), the middle solvophobic B
blocks favor the separated patches stick to the outer surface of C cores
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Domain (a) SSS (b) SPB (c) SRD (d) SMS (e) SLS
f,=0.36 f,=0.32 f,=0.25 f,=0.22 f;=0.18
- . ‘ . .
SS

SLS SMS SRD SPB S
® i
0.16 0.20 0.24 0.28 0.32 0.36 0.40
Concentric B-patch-C Concentric

Fig. 2. Multicompartment micelles self-assembled from A-g-BC graft terpolymers in A-backbone-selective solvents (yasN/m = 0, ygsN/m = ycsN/m = 40, and cp =
0.10) at (a) fz = 0.36, (b) fz = 0.32, (c) fz = 0.25, (d) fp = 0.22, and (e) f = 0.18 with m = 3, 71 = 0.25, fo = 0.50, yapN/m = ypcN/m = ypsN/m = ycsN/m = 40, and
xacN/m = 20. (f) One-dimensional diagram for the observed multicompartment micelles of (a-e). The solvent rich domains are omitted.

including two small semi-spherical structures and one ring structure
(denoted by R), while the end solvophobic C blocks self-assemble into
the innermost dumbbell-shaped cores (denoted by D) because of the
structural constraint of ring-like patch [34]. This surface-patched
structure-on-structure (B-patch-C) multicompartment micelles are
designated as SRD, which possesses a UFO-like solvophobic BC cores, as
shown in Fig. 2c.

Continuously decreasing the fg, the ring patch of B domains separates
into multiple small pieces of patch or semi-spheres (denoted by M) on
the surface of the spherical C cores, leading to the patches-on-sphere
multicompartment micelles, SMS, as illustrated in Fig. 2d (fg = 0.22),
which is also called raspberry-like multicompartment micelles in the
previous study on the self-assembly of linear ABC triblock copolymers in
A-selective solvents [7]. A more interesting phenomenon is that the
concentric B-enwrap-C multicompartment micelles with thinner B shell
could be observed at relative shorter length of B blocks, e.g., fg = 0.18 as
presented in Fig. 2e. The difference between the SSS multicompartment
micelles self-assembled from A-g-BC graft terpolymers with relative
longer (Fig. 2a) and shorter (Fig. 2e) B blocks is the thickness of the B
shell and the size (or diameter) of the spherical C core, in which the
longer B blocks correspond to the thicker B shells and smaller C cores,
and vice versa. To distinguish from the SSS multicompartment micelles
with thicker B shell (Fig. 2a, fs = 0.36), these concentric B-enwrap-C

multicompartment micelles with thinner B shell are designated as SLS,
where the L denotes the thin-layer-like B rich domains.

To get more deep insight into the morphological evolution from the
self-assembly of A-g-BC graft terpolymers in A-backbone-selective sol-
vents by changing the length of B blocks, the observed multicompart-
ment micelles were summarized into a one-dimensional diagram of
morphology-fg, which was shown in Fig. 2f. It is apparent from Fig. 2
that the morphologies of the multicompartment micelles undergo from
concentric B-enwrap-C (SSS in Fig. 2a) to B-patch-C multicompartment
micelles (SPB in Fig. 2b, SRD in Fig. 2¢, and SMS in Fig. 2d) and then
finally back to concentric B-enwrap-C multicompartment micelles (SLS
in Fig. 2e) as the length of B blocks decreases. The formation of B-patch-C
multicompartment micelles at shorter length of B blocks is due to the
fact that the B blocks could not enwrap the C cores sufficiently. If the
structures of the self-assembled multicompartment micelles still remain
the concentric B-enwrap-C structures at shorter length of B blocks, the B
shells should become thinner and be more stretched to make sure of
completely covering the surface of C cores, which would give rise to a
significant increase in free energy. To effectively moderate the thinner B
shells and the stretching of B blocks, the B blocks are restricted to the
patches on the surface of C cores. In addition, the structures of B-patch-C
multicompartment micelles at shorter length of B blocks (SPB in Fig. 2b,
SRD in Fig. 2¢, and SMS in Fig. 2d) simultaneously introduce the A/C
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interfaces and reduce the B/C interface areas, which is favorable to the
interaction energy because of the frustrated interaction parameters
()(AcN/m =20< )(ABN/m :,{’BcN/m = 40).

The similar morphological transformation from concentric (B-
enwrap-C) to raspberry-like (B-patch-C) aggregates for the linear
solvophilic-solvophobic-solvophobic ABC triblock terpolymers in A-se-
lective solvents was also observed by Jiang et al. and concluded to an
entropy-dominated process [7]. In the present work, a more interesting
phenomenon is the morphological evolution from raspberry-like (B-
patch-C) (SMS in Fig. 2d) to concentric (B-enwrap-C) multicompartment
micelles with thinner B shells and larger C spheres (SLS in Fig. 2e) by
decreasing the length of B blocks, which is totally different from or even
opposite to the linear ABC triblock terpolymers. The formation of the
concentric (B-enwrap-C) multicompartment micelles (SLS) at very short
length of B block as well as the mechanism behind the morphological
transformation is worth of being revealed and would be explained in
detail in the later subsection.

3.2. Mechanism behind morphological evolution

In order to further clarify the effect of B block length on the
morphological transformation between concentric B-enwrap-C and B-
patch-C multicompartment micelles, the variation of free energy as a
function of fg upon the formation of the observed multicompartment
micelles was further analyzed and presented in Fig. 3. As can be seen
from the combination of Fig. 2f and Fig. 3, the surface-patched structure-
on-structure multicompartment micelles (SMS, SRD, and SPB) are
shown to be more stable than the concentric structure-in-structure
multicompartment micelles (SSS and SLS) at the intermediate fz. In
addition, the SRD multicompartment micelles (as shown in Fig. 2c) have
a large stable region from fg = 0.225 to fg = 0.300, while the other two
surface-patched structure-on-structure multicompartment micelles
(SMS and SPB) can only be stable in a very narrow region: 0.205 < fg <
0.225 for SMS and 0.305 < fz < 0.325 for SPB. There is nothing
remarkable about the morphological evolution from concentric
structure-in-structure to surface-patched structure-on-structure multi-
compartment micelles (§SS — SPB — SRD — SMS) with decreasing the
f8, which have been explained to be driven by the conformation entropy
of B blocks similar to the self-assembly of linear ABC triblock terpoly-
mers in A-selective solvents [7]. The unusual morphological evolution is
the morphological transformation from raspberry-like (B-patch-C) to
concentric (B-enwrap-C) multicompartment micelles (SMS — SLS) by
shortening the fg when the value of fz is much lower, which is not yet
discovered in the self-assembly of linear ABC triblock terpolymers in A-
selective solvents.

SASF osis ;
—O—SMS 00
5'10'—A—SRD t
—O—SPB
3 505[ —sss  x \ . t
1 ~
@ 5.00f P ‘
JHES oc
o 4.95 \ ‘
<
L 4.90f ~
4.85} .‘ Transtion point
016 0.20 0.24 0.28 0.32 0.36 0.40
fB

Fig. 3. Plots of free energy as a function of f for the observed multicompart-
ment micelles. The transition points between two different adjacent structures
are indicated by red arrows started with cross. The dot line is the extrapolation
of the corresponding curve in order to obtain the intersection point (i.e.,
transition point).
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Fig. 4. (a) Free energy (AF), (b) interaction enthalpy (AU), and (c) confor-
mational entropy (-TAS) of the observed concentric (SLS) and raspberry-like
(SMS) multicompartment micelles as a function of fz. The morphological
structure of SLS and SMS is shown in the left and right inset, respectively. The
morphological transition point of SLS-SMS is indicated by a vertical short-dash
dot line at fz = 0.2075. The dot line is the extrapolation of the correspond-
ing curve.

We further analyze the changes of the free energy (AF), interaction
enthalpy (AU), and conformational entropy (-TAS) of the observed SMS
and SLS in more details upon decreasing the fg to reveal the mechanism
behind the morphological evolution of SMS — SLS, as presented in
Fig. 4. For the raspberry-like multicompartment micelles (SMS), the
interaction enthalpy (AU) decreases as the fp decreases, while the
conformational entropy (-TAS) shows a slight increase. Upon the
morphological transformation from raspberry-like (SMS) to concentric
(SLS) multicompartment micelles, the interaction enthalpy (AU) jumps
upwards to a much larger value, while the conformational entropy
(-TAS) drops down to a much lower value, indicating that the
morphological transition of SMS-to-SLS as the fp decreases is an entropy-
driven process by sacrificing the interaction enthalpy.

In according to the above free energy analyses, a scheme was further
provided to address the morphological transformation of SMS-to-SLS as
the fg decreases, as illustrated in Fig. 5. As indicated in Fig. 5a, the A
backbone of the A-g-BC graft terpolymers can be divided into the free
end and inner blocks according to the branched positions of the BC
diblock branches (71, 72, and 73). In the raspberry-like multicompart-
ment micelles (SMS), not only could the inner blocks be the looped
conformations, but also form the bridged conformations to bridge the
two adjacent separated B patches, as illustrated in Fig. 5b. As the fp
decreases, the patches formed by B blocks would reduce which narrows
the space for B blocks. Due to the fixed length of BC diblock branches (fg
+ fc = 0.50), the fc increases as the fg decreases, inducing the larger
spherical C cores. Consequently, the distance between two adjacent
separated B patches (denoted by dg, as indicated in Fig. 5b) increases. If
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== A block (solvophilic, corona)
= B block (solvophobic, shell/patch)

= C block (solvophobic, core)

Fig. 5. (a) Schematic sketch of the free end and inner blocks for the A backbone of A-g-BC graft terpolymer chain. (b) Possible conformation of A-g-BC graft
terpolymer chains (partly) in the raspberry-like (SMS) and concentric (SLS) multicompartment micelles. The light blue and yellow region represent the solvophobic

domain formed by B and C blocks, respectively.

the self-assembled structures keep raspberry-like at shorter B block
lengths, the bridged conformations of the inner blocks should be
severely stretched to bridge the two adjacent separated B patches with
larger distance (dp), leading to a significant loss of conformational en-
tropy of the bridged inner blocks. To relieve the elongation of the inner
blocks, the concentric structure-in-structure (B-enwrap-C) multi-
compartment micelles (SLS) are then favored by sacrificing the confor-
mational entropy of the shorter B blocks and the interaction enthalpy
(Fig. 4b). Therefore, the morphological evolution from raspberry-like
(SMS) to concentric (SLS) multicompartment micelles is driven by the
conformational entropy of the inner blocks.

Unfortunately, there are no directly experimental restuls of multi-
compartment micelles self-assembled from A-graft-(B-block-C) terpoly-
mers till now. Even so, the similar morphological evolutions based on A-
block-(B-graft-C) terpolymers have been experimentally observed, which
seem in agreement with the simulation results. Wu et al. have reported a
simple but effective method for preparing various multi-compartment
micelles: poly(styrene-b-4-vinylbenzyl triazolylmethyl methylthymine)
(PS-b-PVBT) diblock copolymers blended with the adenine-terminated
poly(ethylene oxide) (A-PEO) homopolymer to obtain pseudo A-block-
(B-graft-C)-type terpolymers stabilized through thymine-adenine (T-A)
multiple hydrogen bonding interactions between PVBT and A-PEO
segments in DMF (N,N-dimethylformamide) common solvent after the
addition of H,O or MeCN selective solvent [23]. The transmission
electron microscopy revealed several different multi-compartment
micelle structures, including raspberry-like spheres (SMS in Fig. 2d),
core-shell-corona spheres (SSS in Fig. 2a or SLS in Fig. 2e), core-shell-
corona cylinders, nanostructured vesicles, onion-like structures (SSS in
Fig. 2a or SLS in Fig. 2e), segmented worm-like cylinders, and
woodlouse-like structures (SPB in Fig. 2b or SRD in Fig. 2c¢), upon
varying the molecular weight of the PS-b-PVBT block segments and the
concentration of the selective solvent. The structural changes in the
multicompartment micelles could be induced, similar to those of ABC
miktoarm star terpolymers, through simple blending of PS-b-PVBT block
copolymers with an A-PEO homopolymer.

Overall, our results discovered the self-assembly behaviors and the
morphological evolutions of the A-g-BC graft terpolymers in A-back-
bone-selective solvents by the real-space implemented self-consistent
field theory, where the two different entropy-driven processes of the

morphology transformation from B-enwrap-C to B-patch-C and B-patch-C
to B-enwrap-C were revealed. However, it still remains plenty of rooms
for further discovery both in the molecular and interaction parameters,
including the effect of the molecular architecture parameters of the A-g-
BC graft terpolymers (the number of BC diblock branches, the distri-
bution of junction points, the length ratio of backbone to branch, etc.),
the interaction strength between backbone and branch, the selectivity of
solvents on the self-assembly behaviors as well the morphological evo-
lution of the A-g-BC graft terpolymers in dilute solution, which is worthy
of concerning in the future to provide more useful information for
preparation and control of the complex multicompartment micelles.

4. Conclusions

We employed the real-space implemented self-consistent field theory
to investigate the self-assembly behaviors and the morphological evo-
lutions of the A-g-BC graft terpolymers in A-backbone-attractive sol-
vents, where the two typical aggregates of concentric structure-in-
structure (B-enwrap-C) and surface-patched structure-on-structure (B-
patch-C) multicompartment micelles were observed by varying in the B
block lengths. The A-g-BC graft terpolymers favor the common
concentric B-enwrap-C multicompartment micelles at the longer B block
lengths, while the multicompartment micelles with B patches on C
surface (B-patch-C) at the shorter length of B blocks. The formation of B-
patch-C multicompartment micelles has been proven to be driven by the
conformational entropy of the B blocks. When the length of B blocks is
much shorter than the C blocks, an unusual morphological trans-
formation from raspberry-like (B-patch-C) to concentric (B-enwrap-C)
multicompartment micelles was discovered, which was further revealed
to being driven by the conformational entropy of the inner blocks of the
A-g-BC graft terpolymer backbone. The gained results could provide
useful information for regulating and controlling the fascinating self-
assembly behaviors as well as the complex multicompartment micelles.
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