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Abstract: The self-assembly of an amphiphilic Y-shaped copolymer consisting of two hydrophilic
branches and one hydrophobic branch in a thin film is investigated under different conditions by
virtue of mesoscopic computer modelling, accompanied by doping with a single solvent, doping
with a binary solvent, and those solvent environments together with the introduction of confinement
defined by various acting distances and influencing regions. A cylindrical micellar structure
is maintained, as it is in the thin film with the doping of either 10% hydrophobic solvent or
10% hydrophilic solvent, whose structure consists of the hydrophobic core and hydrophilic shell.
Attributed to the hydrophobicity/hydrophilia nature of the solvents, different solvents play an
obvious role on the self-assembled structure, i.e., the hydrophobic solvent presents as a swelling
effect, conversely, the hydrophilic solvent presents as a shrinking effect. Further, the synergistic
effect of the binary solvents on the self-assembly produces the lowest values in both the average
volumetric size and free energy density when the quantity of hydrophobic solvent and hydrophilic
solvent is equivalent. Interestingly, the solvent effect becomes more pronounced under the existent of
a confinement. When a lateral-oriented confinement is introduced, a periodically fluctuating change
in the cylindrical size occurs in two near-wall regions, but the further addition of either hydrophobic
or hydrophilic solvent can effectively eliminate such resulting hierarchical-sized cylinders and
generate uniform small-sized cylinders. However, with the introduction of a horizontal-orientated
confinement, the copolymers self-assemble into the spherical micellar structure. Moreover, the further
addition of hydrophobic solvent leads to a decrease in the average size of micelles via coalescence
mechanism, in contrast, the further addition of hydrophilic solvent causes an increase in the average
size of micelles via splitting mechanism. These findings enrich our knowledge of the potential for the
solvent effect on the self-assembly of amphiphilic copolymer system, and then provide theoretical
supports on improving and regulating the mesoscopic structure of nanomaterials.
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1. Introduction

Due to their abundance in thermodynamics and kinetics [1,2], as well as their wide use as an
industrial commodity in coatings and lubricants [3–5], polymer thin films (thickness less than 100 nm)
have become an indispensable part of the developmental needs in modern high-tech applications
such as nanolithography, biotechnology, optoelectronics, novel sensors and actuators [6–11].
The investigation of thin polymer films has experienced rapid growth, involving research in physics,
chemistry, materials science, polymer science, engineering, and even clinical science. In contrast
to other construction materials for polymer thin films, block copolymers offer an efficient and
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impressive bottom-up route to generate a variety of well-defined nanoscopic structures, including
spheres, cylinders and lamellae, which are potentially applicable to nanofabrication applications
for photovoltaic cells [12], nanoparticle templates [13], low-k dielectrics [14], nanostructured
membranes [15], high-density data storage media [16], etc. Numerous studies have revealed that
the scale and spatial symmetry of self-assembled structures depend on many factors concerning
the block copolymers, including the grafting density or chain length, the relative content of the
constituting blocks or the segment length, and the grafting sequence or distribution of the grafting
points [17–24]. Among a large variety of copolymers, amphiphilic copolymers composed of hydrophilic
and hydrophobic components are promising and useful candidates in a rich variety of applications,
such as chiral separation membranes [25], drug release systems [26], antifouling coatings [27], gas and
biosensors [28], and activating carriers for biocatalysts [29]. To advance the properties or to meet
the requirements of device functionality, the aggregating structure or orientation at the mesoscopic
scale are controlled by methodologies including the introduction of thermal annealing [30], external
fields [31,32], solvent annealing [33], shear [34,35] and patterned substrates [36–48].

In our previous work [49], the self-assembly of a reformed symmetric H-shaped amphiphilic
copolymer consisting of four hydrophilic branches and one hydrophobic stem was systematically
investigated. From observations after mesoscopic simulation, it was proven that the existence of
vacancies is vital to regulate the sizes of self-assembled cylindrical micelle structures. Thus, in this
study, a further-reformed Y-shaped amphiphilic copolymer is the new research object, whose molecular
topology is obtained by tailoring the H-shaped amphiphilic copolymer from the middle of the
hydrophobic stem. Both are symmetric molecular structures. Compared with the H-shaped copolymer,
the Y-shaped copolymer possesses a reduction of hydrophilia by containing half of the number
of the hydrophilic branches of the H-shaped polymer, inspiring our interest in its self-assembled
structure in the thin film only and under confinement. To date, the presence of selective solvents was
observed to influence self-assembly through experimental and theoretical methods [50–52]. Therefore,
an intensive investigation of the solvent effect on self-assembly in response to different external
conditions (according to the conditions of being in the thin film only and being under confinement,
as mentioned above) is also exerted. Herein, the introduced solvent environment involves three
situations, i.e., a hydrophobic or hydrophilic single selective solvent and a binary solvent constituted
of both hydrophobic and hydrophilic solvents mixed in a certain proportion. In addition to the
comparison of self-assembly between the Y-shaped copolymer system and the H-shaped copolymer
system, which can exhibit the features of the Y-shaped copolymer system, different solvent effects
on the self-assembly are also discussed, which are expected to elucidate the according mechanism,
aiming to provide reliable theoretical evidence for preparing well-defined materials via regulation of
the external factors.

2. Models and Parameter Settings

Compared with atomistic calculations or simulation methods, the mesoscopic modeling method
is potent for examining the mesoscale properties of materials, providing a solid bridge between
fast molecular kinetics and slow thermodynamic relaxation and facilitating the understanding of
structure-property relationships. In particular, the input parameters of mesoscopic simulations
always originate from experimental data or the results of atomistic calculations, which guarantee
the validity and rationality of in-process results and achieve reasonable final results. Among the
available mesoscopic dynamic methods, MesoDyn has been validated as an effective approach to
explore the self-assembly behavior of polymer systems at the mesoscale [53,54]. The intrinsic theory
of the MesoDyn method is based on the dynamic mean-field theory developed by Fraaije [55,56].
Herein, the Langevin equations are used to describe the phase separation dynamics and ordering
processes of the polymeric systems, and the Gaussian chain density functionals are established by
one-to-one correspondence between the external potential fields and the density fields for each bead
type. Furthermore, the intrinsic chemical potentials are the functionals of external potentials and
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density fields. Hence, the coupled Langevin equations can describe the relationship between the
time derivatives and the intrinsic chemical potentials. Due to the association between the noise
source and the exchange kinetic coefficients, a closed set is formed by these equations, which is
efficiently integrated into a cubic mesh by a Crank–Nicholson scheme for iteration of the inner
loop [57]. If all beads are of the same size for simplicity, then the chain topology primarily depends on
the coarse-graining of the atomic model.

The coarse-grained mapping between the atomistic and mesoscopic model of the poly(ethylene
oxide)-b-poly(methyl methacrylate) (PEO-b-PMMA) copolymer involves reconstruction of the
molecular structure and conversion of the interaction parameters, as elaborated in our previous
study [58]. First, eight PEO homopolymers with incremental chain lengths of 10, 20, 30, 40, 50, 60, 70
and 80 were built on the basis of the rotation isomeric state (RIS) model of Flory. To reduce the possible
presence of thermodynamic hot spots in the models, a subsequent cycled treatment of molecular
mechanics and molecular dynamics was executed on the constructed PEO homopolymer atomic
models, and then, the corresponding solubility parameters were determined independently. After
analyzing the change trends of the eight solubility parameter values with their corresponding chain
lengths, we found that the calculated solubility parameters for chain lengths equal to 50 and greater
than 50 repeating units are all close to the experimental value [59]. For economic calculation, the
minimum representative polymer chain length of PEO was confirmed to be 50, whose solubility
parameter was the threshold for maintaining a relatively steady value for PEO homopolymers with
chain lengths equal to and longer than 50. For the other constituent of the PEO-b-PMMA copolymer,
PMMA, the treatment procedures for determining the minimum representative polymer chain length
of PMMA homopolymers followed the same routine as that used for the PEO homopolymers and
resulted in a length of 50, and the solubility parameter met a reasonable tolerance in the scope of
the experimental value [59]. The coarse-grained molecular structures of the original atomic PEO50

and PMMA50 homopolymers were verified via their minimum representative polymer chain lengths
divided by their individual characteristic ratios of C∞(PEO) = 9.89 and C∞(PMMA) = 8.65 obtained
from the Polymer Handbook [60], resulting in A5 (A bead denotes the EO component) and B6 (B bead
denotes the MMA component), respectively. Hence, a combined Y-shaped amphiphilic copolymer
mesoscopic model is constructed from two A5 segments as the hydrophilic branches and one B6

segment as the hydrophobic branch, with a common joint to the B bead, as shown in Scheme 1.
The connection in the pairwise interaction energy between the microscale and mesoscale is as follows:

Eij = χABRT (1)

where the Flory–Huggins interaction parameter, χAB, is calculated by atomistic simulations of various
compositions, R is the molar gas constant, 8.314 J·mol−1·K−1, and T is 400 K, with the calculated χ

values being positive at this temperature. Eij is the input parameter used in the MesoDyn simulation to
describe the pairwise interaction between A and B beads. Positive values of the interaction parameters
indicate repulsive interactions between pairwise components, which can enhance microseparation
in the copolymer system. According to the difference in the hydrophilicity of the EO and MMA
components, including two types of solvents, i.e., hydrophilic and hydrophobic solvents, all the
interaction parameters are listed in Table 1.

Table 1. Input parameters (Eij) information.

Eij (kJ·mol−1) A B Hydrophilic Solvent Hydrophobic Solvent

A 0 4.68 1.0 5.0
B 4.68 0 5.0 3.0

hydrophilic solvent 1.0 5.0 0 6.0
hydrophobic solvent 5.0 3.0 6.0 0
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Scheme 1. Schematic representation of the Y-shaped copolymer. The red particles representing the 
coarse-grained EO blocks are denoted A, and the green particles representing the coarse-grained 
MMA blocks are denoted B. Three molecular structures in three individual beads are amplified in 
dotted circles; herein, red, grey and white balls denote oxygen, carbon and hydrogen atoms, 
respectively. 

The same Lx × Ly × Lz spatial lattice with a 32 × 32 × 5 nm3 grid is adopted to model the thin film 
in all mesoscopic simulations. Here, 5 nm, which is only 15.6% of the 32-nm width, corresponds to 
the thickness of the thin film. To ensure the isotropy of all grid-restricted operators, the bond length 
is set to be 1.1543. Neglecting the size influence on self-assembly for simplicity, all bead sizes are 0.01 
nm3, and the bead diffusion coefficient, which provides the link between the real time scale of the 
simulation and the dimensionless units used by the MesoDyn simulation engine, is accepted with 
the default value of 1.0 × 10−7 cm2·s−1. Moreover, owing to the inverse relationship of the 
dimensionless noise parameter to the level of thermal noise applied, the maximum value of 100 for 
the noise-scaling parameter is used to realize the least noise. Owing to different situation for various 
systems, the non-confined systems are in periodic boundary conditions, but the confined systems 
are in non-periodic boundary condition with the introduction of the confinements. Additionally, the 
compressibility parameter is fixed at 10.0, and the dimensionless time step is set to be 0.5. The 
simulation of each system is conducted for 4.0 × 105 steps.  
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Such construction with two ends, both consisting of hydrophilic branches, and the third end 
being formed by a hydrophobic branch guarantees that the short-chained copolymer molecules will 
encounter less steric hindrance and entanglement during the self-assembly process. Additionally, 
compared with the broad space in the XY plane, the relatively narrow space along the Z axis makes 
the conformations of the copolymeric molecules very monotonous, possessing an extended 
conformation in the XY plane but being largely flattened along the Z axis. Moreover, the constituent 
content of hydrophilic branches for each copolymer is relatively high, so the possibility of “meeting 
with” the same component is higher for the EO component than for the MMA component, which 
results in the outer coalescence of the EO component facilitating acceleration of the formation of the 

Scheme 1. Schematic representation of the Y-shaped copolymer. The red particles representing the
coarse-grained EO blocks are denoted A, and the green particles representing the coarse-grained MMA
blocks are denoted B. Three molecular structures in three individual beads are amplified in dotted
circles; herein, red, grey and white balls denote oxygen, carbon and hydrogen atoms, respectively.

The same Lx × Ly × Lz spatial lattice with a 32 × 32 × 5 nm3 grid is adopted to model the thin
film in all mesoscopic simulations. Here, 5 nm, which is only 15.6% of the 32-nm width, corresponds
to the thickness of the thin film. To ensure the isotropy of all grid-restricted operators, the bond
length is set to be 1.1543. Neglecting the size influence on self-assembly for simplicity, all bead sizes
are 0.01 nm3, and the bead diffusion coefficient, which provides the link between the real time scale
of the simulation and the dimensionless units used by the MesoDyn simulation engine, is accepted
with the default value of 1.0 × 10−7 cm2·s−1. Moreover, owing to the inverse relationship of the
dimensionless noise parameter to the level of thermal noise applied, the maximum value of 100 for
the noise-scaling parameter is used to realize the least noise. Owing to different situation for various
systems, the non-confined systems are in periodic boundary conditions, but the confined systems
are in non-periodic boundary condition with the introduction of the confinements. Additionally,
the compressibility parameter is fixed at 10.0, and the dimensionless time step is set to be 0.5.
The simulation of each system is conducted for 4.0 × 105 steps.

3. Results and Discussion

3.1. Self-Assembled Structure in the Single Solvent

Such construction with two ends, both consisting of hydrophilic branches, and the third end being
formed by a hydrophobic branch guarantees that the short-chained copolymer molecules will encounter
less steric hindrance and entanglement during the self-assembly process. Additionally, compared with
the broad space in the XY plane, the relatively narrow space along the Z axis makes the conformations
of the copolymeric molecules very monotonous, possessing an extended conformation in the XY plane
but being largely flattened along the Z axis. Moreover, the constituent content of hydrophilic branches
for each copolymer is relatively high, so the possibility of “meeting with” the same component is
higher for the EO component than for the MMA component, which results in the outer coalescence
of the EO component facilitating acceleration of the formation of the inner hydrophobic core in the
self-assembled structure, and then, a core-shell-structured plane is formed. Driven by aggregation of
the same components, the core-shell-structured planes adopt a layer-by-layer stacking mode in the
direction of the film thickness and then self-assemble into a core-shell-structured cylinder, as shown
in Figure 1a, which is consistent with experimental observations of the hydrophobic components
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self-assembled into the core portion via stacking the ‘disks’ from both the W. Jiang group [61] and the
A. Hillmyer group [62]. Subsequently, the cylindrical self-assembled structure with the hydrophilic
shell surrounding the hydrophobic core comes into being. Similarly, the H-shaped copolymer also
self-assembles into the same kind of core-shell cylindrical micelle structure. Compared with the
H-shaped copolymer [49], the Y-shaped copolymer lacks two hydrophilic branches, facilitating the
monomers being relatively flexible in adjusting their conformations to generate a relatively shrunken
conformation in the XY plane during the self-assembly process, resulting in a 22.84% decrease in
the average cylinder size. Additionally, the condensed aggregating domains inhibit the formation
of vacancies, so the fluctuating span of the average size of cylinders over time evolution is much
narrower, resulting in a quite similar component distribution in the assembled cylinders, and the
final self-assembled structure is shown in Figure 1b, which is proven by quantitative analysis of the
density distribution of B beads shown in Figure 2a. For each assembled cylinder, whose left-branch of
density distribution can nearly overlap that of the right-branch, indicates a homogeneous allocation
of the copolymer molecules in each cylinder and can be regarded as evidence of the layer-by-layer
assembly mode. Furthermore, the almost identical density distribution of the five cylinders from the
same array manifests a uniform and ordered arrangement and declares the promising application of
such a Y-shaped amphiphilic copolymer to generate highly ordered self-assembled structures.
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Figure 1. (a) Illustration of a cylindrical self-assembly structure formed by Y-shaped copolymer. The red
particles are denoted A beads, and the green particles are denoted B beads. (b) One density slice along
the X–Y plane, and two density slices through the cylindrical axes in two cylindrical arrays, where the
latter two are vertical to the former one. The color mappings of A and B beads are in white-black and
reverse rainbow, respectively.

From the density distribution of B beads shown in Figure 2b,c, we see that the self-assembled
cylindrical structure of the copolymer remains unchanged, even when doped with solvents of different
hydrophilicities. However, in contrast to the high similarity between the density distribution for the
five cylinders in Figure 2a, such similarity obviously decreases with introduction of the solvent effect,
for which the quantitative data are listed in Table 2. This effect is particularly remarkable for the
copolymer system doped with the hydrophobic solvent, in which the solvent repulsive interaction
with A beads is stronger than that with B beads, which is beneficial to pushing the hydrophobic solvent
beads to pack into the core domain of the cylinder, as shown in Figure 2b. The small volume of the
solvent molecules facilitates rapid coalescence of the solvent beads into a broader density distribution,
with a larger coverage area in the core domain than that around the shell domain. Aside from the influx
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of hydrophobic solvent beads into the inner self-assembled structure, whose extra interaction increases
the freedom of motion of the hydrophobic branches, the resultant uneven distribution of the solvent
beads can also reduce the ordered arrangement of the hydrophobic branches, finally resulting in the
highest standard deviation of 0.080, which is 3.63-fold higher than the lowest value of 0.022, indicating
an evident inhomogeneous density distribution of B beads in the different self-assembled cylinders.Polymers 2019, 11, x FOR PEER REVIEW 6 of 21 
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Figure 2. Density distributions of B beads (denoted by black line) and solvent beads (denoted by blue
line) from the radial direction of a self-assembled cylinder array in (a) plain copolymer; (b) copolymer
doped with 10% hydrophobic solvent; and (c) copolymer doped with 10% hydrophilic solvent systems.
Three density-slice pictures are placed above each subfigure, respectively. In each density-slice picture,
one density slice lays along the X–Y plane, and the other density slice goes through the cylindrical axes
in the same cylindrical array, where the latter is vertical to the former. The color mappings of A, B and
solvent beads are in white-black, reverse rainbow and blue-white-red, respectively.

In contrast, the repulsive interaction of hydrophilic solvent beads is stronger with B beads than
with A beads, so most of the solvent beads cannot access the central zone of the core domain of the
self-assembled cylinders and can only aggregate around the shell domain of cylinders, as shown in
Figure 2c. This leads to less influence from the solvent beads on the conformation and arrangement
of copolymers in the core domain of the cylinders. A small decrease of 8.24% in the average peak
value of B beads indicates that the solvent beads limitedly affect the copolymer arrangement in the
internal region of the assembled cylinders, but delivery of the influence from the external region of
the assembled cylinders to change the conformation of the copolymer will overwhelmingly attenuate
when it reaches the central zone of the core domain of the assembled cylinders. Additionally, such
small and low-quantity solvent beads are unfavorable in forming the same type of “solvent shell”
outside each cylinder. Compared with the plain copolymer system, the small increase of 0.017 in
the standard deviation upon doping with 10% hydrophobic solvent reveals the slight influence of
the solvent beads on changing the copolymer arrangement in each cylinder, which agrees with the
experimental study of J. W. Jeong et al., which stated that in the hydrophilic component of selective
solvent vapors, cylinders are expected to be the more stable morphology [33].

Table 2. Statistics of five peak values in the density distribution of B beads originating from Figure 2.

System Average Value Standard Deviation

(a) plain copolymer 1.044 0.022
(b) copolymer doped with 10% hydrophobic solvent 0.864 0.080
(c) copolymer doped with 10% hydrophilic solvent 0.958 0.039

In addition to the above static analysis of the final structure formed under different circumstances,
a dynamic analysis of the average volumetric size of the self-assembled cylinders during the entire
simulation, shown in Figure 3, is also needed and is a helpful route by which to understand
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the evolution of the cylindrical structure and the involved solvent effect. In the plain copolymer
system, the initial homogeneous state lasts for less than 50 steps. A bulky aggregate is formed by
random gathering of the copolymers, which is rapidly broken into several pieces of aggregates. Over
26.2 × 103 steps, the copolymers refine their conformations and distributions in individual aggregate,
resulting in a quasi-cylindrical structure. Driven by the higher surface free energy density of the small
aggregates, proper coalescence of these aggregates reduces the free energy density of the system. Later,
2.2 × 103 steps are required for the system to reach a stable thermodynamic state. The remaining time
is the second period for the copolymer optimization of the coalesced aggregates into regular cylinders,
so that the self-assembly of copolymers into cylindrical structures is accomplished. However, the
introduction of hydrophobic solvent beads, which are present in a much smaller amount than is the
copolymer, presents a weaker repulsive interaction with the constituents in the core domain of the
cylinder than that with the constituents in the outer corona, which facilitates entry of the solvent beads
into the core domain of the cylinder. Under quick invasion of the solvent, both solvent occupation
of the space and its weak repulsion of the MMA component lead to the internal copolymers being
squeezed out to some extent, which causes an expansion of the cylinder to a larger size than that of the
plain system. However, the change tendencies of the average size of the cylinders are quite similar
between the system with the doped hydrophilic solvent and the plain copolymer system. They involve
the formation of a bulky aggregate, breakage into small aggregates, fusion of the small aggregates into
larger ones, and optimization of the cylindrical structure. Two distinct differences are found with the
introduction of the hydrophilic solvent, i.e., (1) instead of one, there are two successive stages of fusing
the small aggregates and (2) the average size of the final formed self-assembled cylinders is smaller
than that in the plain system. These distinctions are derived from the introduction of the hydrophilic
solvent, which possesses a weaker repulsive interaction with the EO component than with the MMA
component, causing most of the solvent beads to gather around the core domain as a “solvent shell”.
Thus, the blending of small solvent beads into the foremost bulky aggregate is beneficial to breaking it
into small aggregates, which present an average size 6.39% smaller than that of the aggregates in the
plain system at the same stage. The newly formed outside shell of solvent beads has a small size that
avails sequential opening and fusing of the shells. The subsequent stage of coalescence is expedited,
and another coalescence stage immediately follows, resulting in a 4.42 nm3 and 4.72 nm3 increase in the
average size, respectively. Such a sped-up function leads to the two coalescence stages being reduced
by 7.0 × 103 steps compared with that of the plain system. Furthermore, the “wrapped outside”
solvent shell compels the hydrophilic branches to adopt a contracted conformation. Accordingly, the
conserved conformational energy of the EO component is released via transfer from the contracted
conformation inside to the hydrophobic branches, resulting in a decrease of 2.44 nm3 in the average
size of the aggregates.

3.2. Self-Assembled Structure in the Binary Solvent

In different types of single-solvent environments, regardless of hydrophobic or hydrophilic nature,
based on static analysis of the self-assembly structure and dynamic analysis of the evolution of the
average volumetric size of the assembled cylinders, the solvent definitely plays a significant role in
influencing the self-assembled structure. As a matter of course, the investigation of self-assembly in
binary solvents is essential. To facilitate comparable analysis with the single-solvent doping system,
the total amount of introduced hydrophilic and hydrophobic solvent is still 10%. Nine copolymer
systems doped with a binary solvent in mixing ratios of hydrophobic solvent to the total solvent of 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80% and 90% are investigated. Moreover, two additional copolymer
systems doped with only hydrophilic solvent or hydrophobic solvent are added as references in this
investigation. To maintain consistency with the above nine systems in the description of the binary
solvents, these two reference systems are equivalent to the mixing ratios of hydrophobic solvent of 0%
and 100%, respectively. The related structure (i.e., average size) and thermodynamic data (i.e., free
energy density and enthalpy) of these eleven systems are shown in Figure 4. With the increase in the
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amount of hydrophobic solvent, the enthalpy increases almost in direct proportion, whereas the free
energy density first decreases and then increases, and the notable turning point is at the copolymer
system doped with 40% hydrophobic solvent. The lowest average size appears at this turning point,
which separates the change in free energy density into two different change tendencies. Before the
turning point, there are a smaller average size and a decreasing trend; however, after the turning point,
a larger average size occurs and an increasing trend is presented.
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Figure 3. Evolution of the average size of the cylindrical structure with simulation time in three different
systems, i.e., the plain system, the system doped with 10% hydrophobic solvent and the system doped
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the hydrophilic solvent beads are displayed above at representative time, whose color mapping is
in blue-white-red.

To deeply explore self-assembly in binary solvent, a structural analysis of three representative
systems is performed, for which the results are shown in Figure 5. The systems are doped with
10%, 40% and 90% hydrophobic solvent, representing the system with the most hydrophilic solvent,
the system at the turning point, and the system with the most hydrophobic solvent, respectively. In the
first system, shown in Figure 5a, the small amount of hydrophobic solvent beads distributes almost
equally and exerts a limited influence on the system. In contrast, with a large amount of hydrophilic
solvent beads gathering around the MMA-rich region of the cylinder, the repulsive force between
the hydrophilic solvent shell and the inside MMA component causes shrinkage of the hydrophobic
branches of the copolymers towards the inside, resulting in a comparatively small average size of
the assembled cylinders. When the hydrophobic solvent content is increased to 40%, theoretically
speaking, two solvent shells are formed, one is the hydrophobic solvent shell around the corona
domain of the cylinder, and the other is the hydrophilic solvent shell around the hydrophobic core
of the cylinder. In fact, the results for nearly equal contents of the two solvents show that there is no
obvious boundary between the two solvent shells. They form a mixed solvent environment, which
obscures the boundary of the cylindrical core and produces the smallest average size of the cylinder.
Such a quasi-homogeneous binary solvent atmosphere perturbs the degree of order of the entire system
and gives rise to the second highest value of the entropy and the lowest free energy density, as shown
in Figure 5b. With a continuous increase in hydrophobic solvent to a significant amount, taking the
system doped with 90% hydrophobic solvent of the total solvent shown in Figure 5c, as an example,
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the lowest content of hydrophilic solvent beads collected around the cylindrical core forms a negligible
hydrophilic solvent shell with very low density, which has a slight influence on the self-assembly of
the copolymer. In contrast, with the highest number of hydrophobic solvent beads, it is quite easy to
form a hydrophobic solvent shell through the interior of the cylindrical core, and the intrusion and
occupation of the hydrophobic solvent beads in the core domain push the hydrophobic branches of the
copolymer aside, causing an evident decrease in the density of the MMA component. Then, a series of
related responses from this pushing effect of the solvent beads causes an expanded arrangement of the
copolymers, and, accordingly, an increase in the average size of the cylinder emerges. Owing to the
highly ordered arrangement of the copolymer and the solvent, this system presents a lower entropy.
Moreover, the comparable difference in the repulsion of the hydrophobic solvent beads with the EO
and MMA components of the copolymer, in conjunction with the increased hydrophobic solvent
content, synergistically promote the formation of a thicker hydrophobic solvent shell with a higher
density, facilitating an increase in enthalpy. The second highest entropy in the system doped with
40% hydrophobic solvent and the resultant lowest free energy density both indicate that the system
doped with nearly equal contents of the binary solvent favors generating the most thermodynamically
stable system.
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3.3. Self-Assembled Structure Under the Confinement

The surface properties of the confinement are vital parameters that should be considered, which
can be realized via the adjustment of the interaction between the confinement and the components of
the copolymer and the properties of the polymers under confinement. According to the morphology,
the dimensionality is also a crucial parameter for characterizing the confinement, which is classified into
one-dimensional (1D) [49,63–66], two-dimensional (2D) [67,68], and three-dimensional (3D) [69–71]
confinement. In general, these types of confinement present in the forms of two confining walls,
concentric rings and spheres, respectively. Due to the progressive change from 1D to 2D to 3D in the
geometric construction of the confinement, there is a certain commonality in the relationship among
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the resultant self-assembled structures. Therefore, confinement is of great significance to our study of
1D-confined structures, and the results can be reasonably inferred as fundamental in the understanding
of further advanced 2D- and 3D-confined structures.
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Figure 5. Density distributions of B beads (denoted with a black line), hydrophobic solvent beads
(denoted with a red line) and hydrophilic solvent beads (denoted with a blue line) in the radial direction
of self-assembled cylinder arrays in three systems doped with binary solvent, corresponding to (a) the
system doped with 10% hydrophobic solvent; (b) the system doped with 40% hydrophobic solvent;
and (c) the system doped with 90% hydrophobic solvent. The density distributions of three types of
beads along the thickness direction of the thin film are omitted for concise display. Three density-slice
pictures are exhibited above each subfigure. They are pictures for the hydrophilic solvent beads
(whose color mapping is in blue-white-red), the B beads (whose color mapping is in reverse rainbow)
and the hydrophobic solvent beads (whose color mapping is in blue-white-red) from left to right,
respectively. Additionally, for clarity, the captions are colored the same as they are in the corresponding
density-distribution lines.

To simplify the adopted 1D confinement, the confinements we designed are neutral, and the walls
exert the same repulsive force on the A and B beads, i.e., Ewall-A = Ewall-B = 5.0 kJ·mol−1, indicating
nonpreferential wetting for both copolymeric components. In addition, according to the different
locations of the walls in the Lx × Ly × Lz spatial lattice, two types of confinement are established: one
is referred to as YW55 confinement, in which the walls are placed in the XZ plane, and the other is
called ZW55 confinement, in which the walls are in the XY plane. The other parameter settings are
identical to those in the previous sections.

The Y-shaped copolymer self-assembles into five rows of cylindrical structures under YW55
confinement, as shown in Figure 6. In contrast to the uniformly assembled cylinders in the plain
system, only the cylinders in the same row (i.e., parallel to the wall) are identical, whereas cylinders in
different rows (i.e., perpendicular to the wall) are diverse in both volumetric size and radial density,
which results from the repulsive force of the walls. The identical repulsive interaction force from
both walls on the polymeric components provides the possibility of both A and B beads near both
walls being equal, as well as the aggregation of the same component, so two featured semicylindrical
arrays are generated as row 1 and row 5, respectively, which are strikingly different from the two
completely cylindrical arrays in the plain system without confinement. The repulsion force from the
walls repelling both A and B beads away from both walls results in fewer A and B beads remaining
near the walls but makes them concentrated. Thus, the size of the aggregates near both walls (i.e. in
row 1 and row 5) is the smallest compared with the sizes of other aggregates far from both walls (i.e., in
row 2, row 3 and row 4). Here, the flat conformations of individual preferred blocks and nonpreferred
blocks on the substrate surface has been demonstrated by a suite of surface-sensitive experiments [72],
and their observation can support our simulation results of confined self-assembled structures.
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Figure 6. An equilibrium mesoscopic structure under YW55 confinement is extracted and specified by
three characteristic density slices, with one along the X–Y plane, another through all cylindrical axes in
row 2, and the third traversing individual cylindrical axes from every row. The color mappings of A
and B beads are in white-black and reverse rainbow, respectively.

In contrast, the numerous A and B beads in the middle region of the simulation box assemble into
larger-sized cylinders. In the direction perpendicular to the walls, dynamic tracking of the average
size in each row and the density distribution of the same string consisting of one selected cylinder
from each row exhibit their differences explicitly and quantifiably. The curves of volumetric size for
the cylinders from row 1, row 2, row 4 and row 5 present a periodically changing pattern until the
self-assembly structure reaches a thermodynamics state, and the final three periodical changes are
displayed in Figure 7. Additionally, the density distribution of the last period (i.e., a green colored
zone from 399.2 × 103 steps to 400 × 103 steps in Figure 7) is extracted as a representative of the
periodically changing pattern to be analyzed, as shown in Figure 8. Combining the results from
Figures 7 and 8, we see that the cylinders near the same side of a wall exhibit quite similar variation
trends. Hence, three featured regions are distinguishable. The region near one wall including row 1
and row 2 is referred to as Region 1, the region in the middle including row 3 is referred to as Region 2,
and the region near the other wall including row 4 and row 5 is referred to as Region 3. Among them,
the cylinders from Region 1 and Region 3 are located near the walls, so an instant response of the
copolymeric molecules to the repulsion from the walls is quite remarkable, resulting in the remarkably
large variation in both size and density with time. However, the cylinders from Region 2 located in the
middle region of the simulation box and are also far from both walls, so all the copolymeric molecules
in this region experience the least repulsion from both walls, which gives rise to no significant change
in either size or density. Corresponding to the qualitative analysis above, the statistical data for the
positions of the cylindrical cores of the five rows over time is listed in Table 3. The highest quantitative
standard deviation comes from row 3, which reveals that the range of motion of the cylinders in the
middle region is the largest. The standard deviations for rows 2 and 4 are similar and nearly half of
that for row 3, which indicates that the second-largest range of motion of the cylinders is from the
rows second-nearest the walls. The standard deviations for row 1 and row 5 are very close, and both
are lowest in value, being approximately 10% of the highest value from row 3, which indicates that the
smallest range of motion of the cylinders is located nearest the walls.

Copolymeric molecules under YW55 confinement suffer two repulsive forces from the opposite
direction from the two walls, which causes the density distribution to present periodic fluctuation.
Thus, the self-assembly mechanism under YW55 confinement can be elaborated entirely in one
periodic change. Here, we take the last periodic change, of which the time is from 399.2 × 103 steps to
400 × 103 steps, as the analyzed time range. The time of 399.2 × 103 steps is assumed as the starting
point, at which point the corresponding assembled structure results from the previous periodic change
after several cycles. From the density slice at 399.2 × 103 steps, we can see that the cylinders in row 1
and row 2 stay relatively farther from the top wall, favoring the copolymers adopting a relatively
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expanded conformation. Furthermore, the collected copolymers in this region aggregate into relatively
larger sizes with relatively denser cores. Conversely, cylinders in row 4 and row 5 stay near the
bottom wall, and the strong repulsion from this wall compels the EO and MMA segments to adopt a
contracted conformation, and the copolymers flow away from this region, producing relatively smaller
sizes of cylinders with relatively sparse cores. Therefore, from the quantitative analysis of the density
distribution of B beads, we can see that the density of the cylindrical core in row 1 is higher than that
in row 5, and in the same manner, the density of cylindrical core in row 2 is higher than that in row 4.

For the cylinders in row 3, if they are located in the middle region far from both walls, where the
two repulsive forces from opposite directions are offset, and the cylinders are left in an environment
without external effects, there will be no significant change in the size or density distribution for
Region 2. However, at 399.2 × 103 steps, the cylinders in row 3 remain relatively close to the bottom
wall, which makes the cylinders suffer a weak net repulsive force, so a slight change appears in their
size and density distribution. Similarly, such unbalanced force on the cylinders in different rows
triggers their movement towards the top wall to different extents. Under direct and strong repulsion
by the walls, the cylinders in rows 1 and 5 are confined within a narrow region with the smallest
range of motion. Cylinders in rows 2 and 4 are located farther from the corresponding wall than are
those in rows 1 and row 5, respectively, and the relatively weaker repulsion weakens the restriction
on their mobility, suggesting a relatively larger range of motion. Due to the long distance from both
walls, the cylinders in row 3 are free from the repulsion of both walls, facilitating the largest range
of motion. The resulting inverted force from opposite walls between the cylinders in rows 1 and 5
and between the cylinders in rows 2 and 4 produces an inverted change trend between the size and
density at 399.4 × 103 steps. This is also the reason why the change tendencies for the size and density
distribution of Region 1 and Region 3 are quite different. The former large change in the position of all
cylinders towards the wall near row 1 pushes the system to recover in the following 0.4 × 103 steps,
until the time of 399.8 × 103 steps, and then a new periodic change is activated. It can be inferred that
the introduction of confinement, especially confinement with strong interaction with the copolymeric
molecules, has the ability to bring the system into a kinetic equilibrium state.
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Table 3. The position statistics of the five cores originating from Figure 8.

Index Average Position of Cores on the Z-axis (nm) Standard Deviation

row 1 1.679 0.064
row 2 8.336 0.436
row 3 16.188 0.612
row 4 23.889 0.387
row 5 30.372 0.062

3.4. Self-Assembled Structure Under Confinement Doped with a Single Solvent

By comparison with the confined self-assembly, the same amount of 10% hydrophobic or
hydrophilic single solvent is doped into the copolymer system to study the solvent effect on confined
self-assembly, and the average size evolutions are shown in Figure 9. Under YW55 confinement,
129 × 103 steps are required to regulate the smaller-sized cylinders to coalesce into larger cylinders.
As we know from the former analysis of the confined self-assembly mechanism, due to the repulsion
from the walls, the self-assembled cylinders are formed in hierarchical sizes along the direction
perpendicular to the walls, presenting a broad amplitude change in the average size of all cylinders.
The most striking change after the introduction of the solvent is the presence of a narrow amplitude
change pattern instead of the broad pattern, indicating a uniformly sized self-assembled cylindrical
structure. Another remarkable change is the dramatic decrease in the size adjustment stage from
129 × 103 steps (YW55 confinement needs) to 10.2 × 103 steps (doped with hydrophobic solvent) and
42.6 × 103 steps (doped with hydrophilic solvent), respectively.
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Figure 9. Average volumetric size of the self-assembled cylinders in three systems with time. They are
the system under YW55 confinement denoted by the black line, the system under YW55 confinement
and doped with 10% hydrophobic solvent denoted by the red line, and the system under YW55
confinement and doped with 10% hydrophilic solvent denoted by the blue line.

Benefiting from their small size, solvent beads disperse quickly and easily into the system and
instantaneously take part in self-assembly. The presence of solvent beads dilutes the copolymer
system and then reduces the gathering probability of the same copolymeric components, so these
diluted copolymeric components assemble into small aggregates. When the copolymer system is
doped with 10% hydrophobic solvent, the small solvent beads occupy both innermost regions near the
two walls and form a thin solvent layer to weaken the repulsion between the walls and the internal
system. Additionally, the solvent beads also concentrate within the domain rich in hydrophobic
segments (i.e., the core domain of the cylinders), which share partial repulsion from the wall with
the inner copolymeric components of the cylinders, and the entered solvent beads mixing with the
hydrophobic segments does not hinder the following stage of size adjustment, resulting in the time of
this stage being only 7.9% of that of the situation without any solvent. Similarly, the doped hydrophilic
solvent beads engage in the aggregate domain rich in hydrophilic segments (i.e., the corona domain of
the cylinders) and can also play a role in undertaking partial repulsion from the walls to avoid the
formation of hierarchically sized cylinders. Compared with the formation of the dense core doped
with hydrophobic solvent, it requires more time to open such a dense packing of the outer parts of
the cylinders in the further coalescing of smaller aggregates or in the splitting of larger aggregates.
Consequently, at the size adjustment stage, the system experiences six “coalescence-split” cycles until
the system reaches a thermodynamically and kinetically stable state. Finally, the equilibrium average
size of the confined self-assembled cylinders doped with the hydrophilic solvent is slightly greater
than that of those doped with the hydrophobic solvent, so this difference in size can almost be ignored.
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In contrast to YW55 confinement, ZW55 confinement possesses a shorter acting distance of 5 nm,
which is only 15.625% of the former, and possesses a larger influencing area of 1024 nm3, which is
40.96-fold larger than that of the former. Both outstanding features of ZW55 confinement create a
strong repulsion interaction environment to influence the self-assembly of the copolymeric system,
which is beneficial for segregating the copolymers into small aggregates at the beginning. Assisted
by the narrow space between the two walls, whose strong repulsion of the copolymeric component
forces the hydrophobic segments and hydrophilic segments to tilt towards the wall, the conformations
of copolymers are further refined via self-assembly to form a micellar structure. Driven by the high
surface free energy, small micelles coalesce into larger micelles over the following 4.0 × 103 steps,
and then, the newly born larger micelles are quickly manipulated into a regular hexagonal arrangement
until reaching a stable thermodynamic state. Differently from the resultant self-assembly under YW55
confinement, the copolymers self-assemble into a spherical micellar structure instead of a cylindrical
structure, the size adjustment time sharply reduces to only 3.1%, and the equilibrium sizes of the
micelles are uniform rather than hierarchical, decreasing approximately 57% in average size.

With the addition of solvent into a ZW55 confined system, the self-assembly mechanism of
the copolymer system becomes remarkably different, as shown in Figure 10, and is closely related
to the hydrophilicity of the solvent. When the doped solvent is hydrophobic, the solvent beads
disperse into the system promptly and momentarily converge in the hydrophobic concentration
domain. The invasion of solvent beads dilutes the density of the hydrophobic domain, and thus, more
segregated hydrophobic aggregates are generated. Under the assistance of strong repulsion from the
walls, the fast coalescence from the small micelles into the larger-sized micelles is completed in only
1.0 × 103 steps, which presents the same “coalescence” mechanism as the situation with only ZW55
confinement, but the resultant number of micelles is twice as large, owing to the diluted hydrophobic
cores being unfavorable for further coalescence. In contrast to the hydrophobic solvent, the hydrophilic
solvent beads disperse into the hydrophilic concentrating domain, and the diluted continuous phase
contributes little to the initial segregation of copolymer system, leading to the production of bulky
aggregates. Subsequently, the bulky aggregates are split into small aggregates in only 1.4 × 103 steps,
presented as a “split” mechanism. Such a sparse density of the outer hydrophilic shells endows more
degrees of freedom through which the inside hydrophobic segments can relax their conformations,
facilitating the formation of a more stretched conformation and leading to loosely bound micelles
with a larger average size of approximately 82 nm3. The packing of the small hydrophilic solvent
beads in the outer shells of the micelles resists partial repulsion from the walls, which is unfavorable
for generating uniformly sized micelles. Therefore, during the long equilibrium stage, the resultant
average size of the micelles fluctuates with a large amplitude of change between 74 nm3 to 94 nm3 as
time evolves.
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4. Conclusions

The self-assembled structures of the Y-shaped copolymer system fall on the mesoscopic scale and
were studied via computer modeling. The MesoDyn simulation method was adequate to study such
topic, so it was adopted in this research. The plain copolymer system self-assembles into a cylindrical
structure with a uniform size and density distribution. The introduction of solvent breaks the uniform
distribution at 10%-doping levels of both hydrophobic and hydrophilic solvents, resulting from the
access of the overwhelming hydrophobic solvent beads to the core domain with a high and widespread
density, which remarkably disturbs and dilutes the density distribution of the self-assembled cylinders.
Meanwhile, the entrance of the hydrophobic solvent beads promotes an expansion in the size of the
cylinders. In contrast, the hydrophilic solvent beads disperse into the extensive hydrophilic gathering
domain (located in the outer part of the cylinders). Its occupation and the repulsion facilitate the
solvent beads forcing the hydrophobic domain of the copolymers to contract inward, resulting in a
reduction of the average size of the cylinders. The shrunken conformation increases the density of the
hydrophobic core but is weakened by doping with a small number of solvent beads, which decreases
the density of the hydrophobic core, and both factors synergistically bring about a disturbance in
the density distribution of the cylinders. Our theoretical results are consistent with the experimental
results, in which different choices of solvent vapors offer different controlling abilities to a width of
well-ordered features [33].

According to the diverse effects of different individual solvents on the self-assembly of the
amphiphilic copolymer, further study of the effect of a mixture of hydrophobic and hydrophilic solvents
on the same copolymeric system was performed. The self-assembled cylindrical structure is maintained
when doped with a binary solvent, but the average size of the cylinders and the thermodynamic data of
the system are distinguishable for different doping amounts of the hydrophobic solvent. The enthalpy
increases with the increase in the hydrophobic solvent ratio, and a similar change occurs regarding the
average size. However, the system doped with a nearly equal proportion of binary solvents (i.e., 40%
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hydrophobic solvent mixed with 60% hydrophilic solvent) possesses the lowest free energy density
due to the second-highest entropy generated by the combined effect from the inner and outer gathering
of the hydrophobic and hydrophilic solvent beads, respectively.

Under a weak repulsive environment such as that of YW55 confinement, with a long acting
distance and a small influencing area, three apparent regions can be recognized from the trends in
the change of the average size of cylinders in each row and the corresponding density distribution,
including two regions adjacent to the individual wall and the middle region among the two walls.
Notably, over time, the average size and density distributions of the cylinders in the middle region
remain unchanged, and these cylinders present the largest range of motion compared with the
movement of the cylinders in the former two regions. On the other hand, when the average size
and density distributions of the cylinders in one region adjacent to one wall decrease, the average
size and density distributions of the cylinders in the other region adjacent to the other wall increase
accordingly. Additionally, the cylinders closest to the walls, being restricted to the smallest range
of motion, show the greatest amplitude of variation. Consequently, apparently hierarchically sized
cylinders are generated during such a dynamic equilibrium process resulting from confinement. It is
amazing that with the doping of a hydrophobic solvent or hydrophilic solvent into the YW55-confined
copolymer system, the resulting uniformly sized cylinders replace the hierarchically sized cylinders
due to participation in the hydrophobic solvent gathered in the region composed of the cylindrical
core or the hydrophilic solvent collected in the region constituted by the cylindrical shell. Such a
distribution of hydrophobic or hydrophilic solvent beads in the self-assembled cylinders offsets the
repulsion from the walls and helps to construct a similar unperturbed external environment, so that
the final average sizes under these two solvent environments are quite close.

When YW55 confinement is replaced by ZW55 confinement, which is a strong repulsive
environment consisting of a short acting distance and a large influencing region, the copolymers
self-assemble into a spherical micellar structure instead of a cylindrical structure. The small
hydrophobic solvent beads are compatible with the hydrophobic segments of the copolymer and
are assisted by strong repulsion from the walls, and many small aggregates consisting of not only
the mixture with copolymeric hydrophobic segments and solvent beads inside but also those with
copolymeric hydrophilic segments outside are generated. The subsequent coalescence of small
aggregates is easily realized via the opening of the outer shells consisting of only copolymeric
hydrophilic segments. Due to the diluted density of the inner micellar core, it is relatively difficult to
collect hydrophobic segments, resulting in micelles that are smaller than average and uniform in size.
A “coalescence” mechanism for the hydrophobic solvent involved in the self-assembly is elaborated.
In contrast, hydrophilic solvent beads are mixed in the continuous phase of the copolymeric hydrophilic
gathering domain, which is unfavorable to the formation of segregation. The subsequent decrease in
entropy drives the dissociation of large aggregates. Assisted by the diluted outside hydrophilic shells,
hydrophobic segments in the individual micelles are favorable for expanding outwards to different
extents. A “splitting” mechanism for the hydrophilic solvent presents in this self-assembly, generating
a larger average size but an undulating change in the average size.

Our results provide solid and abundant theoretical evidence of a solvent effect on the self-assembly
of copolymer systems, which may point to a new perspective on the manufacture of nanomaterials
with the aid of solvents. The ability of hydrophilic/hydrophobic solvent entering and gathering in
the hydrophilic/hydrophobic domain of the self-assembly can be utilized to control the aggregation
structure of self-assembly, further, to realize the regulation of its function, which can be potentially
applied to manufacture chiral separation membranes, drug release systems, antifouling coatings,
gas and biosensors, activating carriers for biocatalysts and so on.
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