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We perform molecular dynamics simulations to study deposition patterns of linear diblock copolymer
solution nanodroplets on a solid surface (a wall). The current work mainly investigates the influence of
the polymer concentration, chain length, and solvent—wall interactions. Polymer block—wall interaction
strengths (epapoyw) are modified to simulate polymer blocks with different adsorption behaviors, such as
weak adsorbable (epapryw = 0.6), moderate adsorbable (epapryw = 1.0), and strong adsorbable (epapryw =
1.2) polymer blocks. The deposition patterns are summarized into diagrams, including penetrating and

Received 31st May 2024, nonpenetrating ridge-like structures, penetrating and nonpenetrating coffee-ring structures, and multi-

Accepted 30th November 2024 layer structures with and without defects. We determine factors that influence the deposition structure
of the droplet and unveil the mechanism of the formation process of the pattern. This work helps in

understanding the deposition pattern of linear diblock copolymer solution nanodroplets, which is benefi-
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1 Introduction

The evaporation of droplets containing polymer solutions on
solid substrates exhibits a variety of intricate deposition pat-
terns, including coffee-ring, mountain-like, and volcano-like
structures.’” This phenomenon, commonly observed in every-
day life, plays a crucial role in various practical applications.®’
It is also an efficient way to achieve surface patterning. By
carefully manipulating variables like polymer concentration,
solvent selection, and temperature, the desired deposition
patterns can be achieved without the need for sophisticated
equipment.*®*** Among various polymer solutes, diblock block
copolymers can be applied in the manufacturing of intelligent
and programmable materials responsive to various stimuli.'> ™
Tailoring these copolymer features allows for the adjustment
of the properties via incorporating different chemical
groups into their blocks.”>*®'” Thus, understanding the eva-
poration dynamics and deposition patterns of diblock copoly-
mer solution droplets is of considerable scientific and practical
interest.
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cial for potential applications involving nanodroplet evaporation.

Substantial progress has been achieved in understanding
the evaporation dynamics of droplets on solid surfaces, including
the analysis of static structures and evaporation processes.”'%2?
Internal flows, such as capillary and Marangoni flows, profoundly
influence the uniformity of these patterns.”’® The accumulation
near interfaces alters the distribution of the polymer inside the
droplet, which further induces mass transport. A typical example
of an inhomogeneous pattern is the coffee-ring structure, char-
acterized by solute accumulation at the periphery."®>* Among
various factors, the initial polymer concentration and the chain
length are crucial for the deposition pattern of the droplet.
At a particular polymer concentration, the height in the middle
of the deposition pattern can suddenly rise to form a central
buckling.**** In addition, a change in the chain length can alter
the evaporation process and result in a variety of patterns.>*>°
The initial polymer concentration and the chain length are thus
important factors controlling deposition patterns of the diblock
copolymer solution droplet.

Most of these studies, however, focus on macroscale droplets,
where established evaporation theories can be applicable. In con-
trast, nanoscale droplets exhibit unique evaporation dynamics,
which is critical for technologies such as nano-printing, nano-
coating, and microelectronics manufacturing.**>* For instance,
nanoscale droplets do not exhibit the flux singularity typically seen
in macroscale droplets and deviate from the @* law.>* This phe-
nomenon is evident in nanodroplets containing homopolymer
solutions, where the evaporation rate tends to slow down toward
the end of the process.® The significantly smaller temporal and
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spatial scales involved in nanoscale droplet evaporation pose
challenges for experimental observation.>® To overcome these
limitations, researchers have employed molecular dynamics
(MD) and Monte Carlo (MC) simulations to elucidate the evapora-
tion process on these smaller scales.***' MD simulations, in
particular, offer the ability to track particle positions, enabling a
comprehensive view of the evaporation process.®>**™*° For example,
Katiyar et al*® and Zhang et al®® have investigated deposition
patterns resulting from nanodroplet evaporation containing sol-
vents and nanoparticles. Kravchenko et al. focused on deposition
patterns induced by nanodroplets of homopolymer solutions.®
Cheng et al. employed a combination of implicit solvent MD
and the moving interface method to study the evaporation
dynamics of block copolymer solution nanodroplets.>® They also
highlighted the challenge of observing coffee-ring structures with-
out considering internal solvent flow. In our previous work, we
utilized the explicit solvent simulation to study the influence of the
solvent wettability and the interaction strength between polymer
blocks and the wall on the deposition pattern and the evaporation
dynamics of nanodroplets.”> However, the influence of the poly-
mer concentration and the chain length remains unclear. As
discussed above, they are important factors that alter the deposi-
tion pattern of the nanodroplet. It is thus necessary to study the
evaporation process of the nanodroplet with chain lengths and
concentrations from the nanoscale.

In the present work, deposition patterns of linear diblock
copolymer solution nanodroplets are studied by coarse-grained
molecular dynamics simulations. Factors such as the interaction
strength, chain length, and polymer concentration, are analyzed
systematically. The interactions in this study include polymer-
wall (gpaeryw) and the wettability of the solvent (esw). Influences
of the concentration and the chain length are studied for the
droplet with polymer blocks that have different adsorption
behaviors on both the lyophilic and lyophobic walls. Following
our previous definition,> the polymer blocks in the present work
include the “adsorbable” (epapnw = 1.0), the “nonadsorbable”
(epappyw = 0.6), and the “strong adsorbable” (epapnyw = 1.2) ones.
We focus on the nonadsorbable-adsorbable and the nonadsorb-
able-strong adsorbable copolymers. This work provides a refer-
ence for designing deposition patterns of linear diblock
copolymer solution nanodroplets with different concentrations
and chain lengths. Meanwhile, our work also helps to deepen the
understanding of the droplet evaporation mechanism under the
influence of the concentration and the chain length on the
nanoscale. The study on formation processes broadens the
understanding of polymer structures near solid substrates.

2 Models and simulation details

The simulation model consists of a droplet and a solid sub-
strate (the wall) (Fig. 1a). The droplet is comprised of the linear
diblock copolymer and the solvent. The polymer chain has two
blocks (Pa and Pb) with the same length, while the solvent is a
single bead. A wall is frozen under the droplet at the bottom of
the simulation box, in which the wall beads are arranged in a
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Fig. 1 An illustration of the simulation system: (a) a snapshot of the
droplet before evaporation; (b) a snapshot of the deposition pattern after
evaporation. The solvent bead, block Pa, and block Pb correspond to cyan,
blue, and orange, respectively.

face-centered-cubic lattice. On the top of the box, a virtual
Lennard-Jones (LJ) wall is placed to prevent the beads from
moving through the upper surface,

o =[()-(9] = <=

where z is the distance from the bead to the upper surface and
2. is the cutoff distance (3.00). For validation of the model, refer
to ref. 8. The number of droplet beads (Ngropie) cOnSsists
of 300000 droplet beads in a reference simulation system.
The concentration in the current work is defined by volume.
The dimensions of the simulation box are 250 x 250 x 1800°.

In the model, the LJ potential describes the nonbonded
interaction between beads

o= 4](@)") ] <

with r. = 3.00, and ¢ is the well depth of the potential, o
corresponds to the length unit, and r. is the cutoff radius. By
modifying the parameter of ¢, the interaction strength is tuned
between beads. The great value of ¢ corresponds to a strong
interaction. We use symbols of “W”, “Pa”, “Pb”, and “S” to
represent the wall, polymer block Pa and Pb, and the solvent.
The ¢ of the same type is set as 1.0, namely &p,pa, &ss, and épppp.
The interaction between the solvent and polymer blocks (epas
and éppg) is 1.0 to represent the same solvent environment for
two blocks. The adjustment of interaction between the solvent
and the wall (esw) can change the wettability of the solvent on the
wall. The contact angle of the solvent continuously changes with
esw->7>> In the current work, the low wettability (the lyophobic
wall) is represented by setting ¢sw = 0.4, where the contact angle
of the pure solvent is 99.8°. The lyophilic wall is simulated by
setting esw = 0.7, which corresponds to the contact angle of
52.8°.>> Polymer beads are connected via the harmonic potential

1
Ubond(l) = Ekhond(l - 10)2

using conventional parameters of kuong = 1111¢/c* and [, =
0.9670.°® Here we define three block types based on their
interaction with the wall.>> “Adsorbable” blocks denote the
block that can form an adsorption layer (epapbw = 1.0), while
“nonadsorbable” blocks do not form an adsorption layer
(epaebyw = 0.6). The “‘strong adsorbable” block denotes the block
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that is adsorbed by the wall due to the strong affinity (epapLyw =
1.2). In the following sections, “N”, “A”, and “S” denote non-
adsorbable, adsorbable, and strong adsorbable blocks. In addi-
tion, “I” and “O” denote the lyophilic and the lyophobic wall.
“N-A-O”, “N-S5-0”, “N-A-1”, and “N-S-I” represent the nonadsorb-
able-adsorbable copolymer solution droplet on the lyophobic
wall, the nonadsorbable-strong adsorbable copolymer solution
droplet on the lyophobic wall, the nonadsorbable-adsorbable
copolymer solution droplet on the lyophilic wall, and the non-
adsorbable-strong adsorbable copolymer solution droplet on the
lyophilic wall, respectively.

To generate the initial structure, the droplet beads are
randomly generated into a virtual spherical shell. The inter-
action between beads is then set as the soft potential to prevent
the beads from being too close. The shell is finally removed and
the simulation system is relaxed in the Nosé-Hoover thermo-
stat for 1 x 10° steps with the time step of d¢ = 0.001a+/m/e =
0.0017 at the temperature of T = 0.72¢/kg, where m is the mass
and kg is the Boltzmann constant. The simulation temperature
(0.72) is clarified in ref. 8. The glass transition temperature (Tj)
of the pure polymer liquid is lower than the simulation tem-
perature. The Ty is 0.42 with a chain length of 26 and epapp, = 0.6.
The current system is safe from the glass transition. Finally, the
evaporation is simulated by deleting beads from the simulation
box.%*84° We place a virtual wall at a position that is 10c below
the upper surface. A solvent bead that reaches the wall has a
probability of 10% of being deleted from the simulation box.
Following the procedure, the solvent evaporates from the droplet
(Fig. 1b). 5 independent simulations are performed for each
state point. The simulations in our work are all conducted by the
GALAMOST package.””

3 Results and discussion

A striking feature of diblock copolymers is that their structures
can be adjusted by building blocks. A systematic study is per-
formed to investigate deposition patterns of the nonadsorbable-
adsorbable and the nonadsorbable-strong adsorbable polymer
solution droplets on the lyophilic and lyophobic walls. The
influence of the concentration and the chain length is further
investigated and summarized into 4 diagrams. The chain length
varies from 10 to 52 with an interval of 6, while the concentration
varies from 0.05 to 0.30 with an interval of 0.05. The block layer
and the polymer layer are illustrated in Fig. S1 (ESI{). The number
of layers is counted in the part where the number of block layers is
greatest. If the boundary of the layer is unclear, the simulation is
continued until the boundary is clear.

3.1 Number of solvent beads in droplets with time

We trace the dynamics of the evaporation process based on the
change in the number of solvent beads. The number of solvent
beads decreases with time in Fig. 2. After the moment of
200007, most of the curves tend toward zero. The evaporation
rate can be estimated by the slope of the number of solvent
beads with time. We calculate the slope of the number of
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Fig. 2 The time evolution of the number of solvent beads in the droplet
with the evaporation process under various concentrations: (a) the non-
adsorbable—adsorbable copolymer solution droplet on the lyophobic wall
(N-A-O); (b) the nonadsorbable—adsorbable copolymer solution droplet
on the lyophilic wall (N-A-1); (c) the nonadsorbable—-strong adsorbable
copolymer solution droplet on the lyophobic wall (N-S-O); (d) the non-
adsorbable—strong adsorbable copolymer solution droplet on the lyophilic
wall (N-S-1). The chain length of the polymer is 28.

solvent beads in the evaporation process (the curve in Fig. 2),
and the evaporation rates at the beginning of evaporation are
shown in Fig. S2 (ESIt). It is clearly seen that when the initial
polymer concentration is no larger than ~0.2, the evaporation
rates only show a tiny decrease. However, when the concen-
tration is greater than ~0.2, the evaporation rates decrease
sharply, resulting from the more concentrated polymers tending
to reduce the diffusive ability of solvent beads towards the vapor
phase. Nevertheless, in the low concentration regime, the influ-
ence of the concentration is weak. Evaporation rates deviate as
the evaporation proceeds. All the evaporation rates decrease with
time, which results from the increasing polymer concentration
inside the droplet. Near the end of the evaporation, the evapora-
tion rate is dominated by the diffusion of the solvent beads
among polymer chains. In this period, polymer chains retard
solvent beads from entering the vapor phase. In addition, the
evaporation rate of the high initial concentration decreases with
time more slowly than that of the low initial concentration
(as shown in Fig. 2a). But it is greater than others at the end
of the evaporation. Moreover, curves of various concentrations
cannot overlap by translation. These results indicate the evapora-
tion process changes the distribution of the polymer and the
solvent flow inside the droplet.

The end times of the evaporation are different for solvent
wettabilities and copolymers. On the lyophobic wall, the num-
ber of solvent beads converges more slowly (Fig. 2a and c) than
that on the lyophilic wall (Fig. 2b and d). The difference
between evaporation end times on two types of walls is attrib-
uted to the size of the contact region between the droplet and
the wall. When the wettability of the solvent is high, the droplet
spreads over more area. The solvent is exposed to the vapor
phase with a larger area. It is thus easier for solvent beads to
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escape from the droplet, which leads to the early end time
(Fig. 3). Besides the solvent wettability, polymer adsorption is
another factor that determines the shape of the droplet. The
contact area of N-A-O is slightly less than that of N-S-O due to
the relatively weak adsorption of the adsorbable block com-
pared with the strong adsorbable block (Fig. 3). Although the
polymer adsorption affects the contact area of the droplet, the
influence of the solvent wettability is stronger than the polymer
adsorption and thus a dominant factor. As shown in Table S1
(ESIt), the contact angle and the droplet radius are also
different for these systems. The contact angle has an opposite
trend with the contact area, while the radius has the same
trend. On the same wall, the contact area of the nonadsorb-
able-strong adsorbable polymer is larger than that of the
nonadsorbable-adsorbable one due to the increased affinity
between the polymer and the wall.

Furthermore, we compare the change in the number of
solvent beads with the chain length. In Fig. S3 (ESIt), the
influence of the chain length on the number of solvent beads
and the evaporation rate is very weak for the nonadsorbable-
adsorbable copolymer regardless of the solvent wettability. An
exception is the slower evaporation rate on the lyophilic wall
with a chain length of 10. This is attributed to the structure of
the deposition pattern. There are three block layers in the
pattern (in Section 3.2.3), which is difficult for the solvent bead
to overcome before entering the vapor phase. However, the
number of solvent beads with the short chain length decreases
slightly faster than that with the long chain for the nonadsorb-
able-strong adsorbable copolymer (Fig. S3, ESIt). Compared
with the nonadsorbable-adsorbable copolymer, the shape of
the droplet can be greatly influenced by the strong adsorbable
block. The number of long chains is less than that of the short
chain due to the same number of total droplet beads. Mean-
while, the long chain is equivalent to bonding short chains and
increases the interaction between beads. Accordingly, the con-
tact area is smaller for the long chain since the adsorbed chains
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Fig. 3 Contact areas of the nonadsorbable—adsorbable and the nonad-
sorbable-strong adsorbable copolymer solution droplets on the lyophobic
and the lyophobic walls at Ot. The concentration is 0.15 and the chain
length is 28.
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form two block layers on the lyophobic wall (except for a chain
length of 10) and the lyophilic wall (Fig. S4, ESIt). The droplet is
thus less flattened with the long chain during the evaporation,
which decreases the area of the liquid-vapor interface.
Finally, we have estimated the Péclet number® in our simula-
tion. We select a system with a chain length of 28 and a polymer
concentration of 0.1. The diffusion coefficient D is estimated as
0.00431¢%/z. The droplet radius R at the beginning of the
evaporation is 32.1¢. The initial interface speed v is taken as
the average value from 0t to 8007, which is 0.00256¢/7. Thus, the
Péclet number is calculated as Pe = Rvy/D = 19.1. This shows that
the interface moves much faster than the polymer diffusion.

3.2 Deposition patterns with changes in initial polymer
concentration and chain length

In the following sections, deposition patterns varying with the
polymer concentration and the chain length are demonstrated for
two types of copolymers on the lyophobic and the lyophilic walls.
“Nonpenetrating coffee-ring structure” refers to the pattern whose
central region is covered by layers of blocks (e.g. Fig. 4d). “Pene-
trating coffee-ring structure” refers to the pattern whose central
region is not covered by any layers of blocks (e.g. Fig. 7a).

3.2.1 The nonadsorbable-strong adsorbable diblock
copolymer solution droplet on the lyophobic wall. In this
section, the lyophobic wall is simulated by fixing the interaction
strength between the wall and the solvent (egyw) as 0.4. Parameters
of the polymer blocks in a polymer chain are set as ep,w = 0.6 and
eppw = 1.2, respectively. In this way, we perform a study on a
droplet of the nonadsorbable-strong adsorbable diblock copoly-
mer (N and S blocks) solution on a lyophobic wall. Deposition
patterns varying with chain lengths and concentrations are
demonstrated in Fig. 4.

It is observed that the deposition patterns are mainly the
multilayer structure with defects when the chain length becomes
long (Fig. 4a). In this study, a defect specifically refers to structural
irregularities that interrupt the formation of uniform layers,
arising from the microphase separation of two polymer blocks
during evaporation. Typical defects are shown in the circled
regions in Fig. 5b, where they disrupt the formation of consistent
multilayers, as illustrated in Fig. 5c. During evaporation, the
strong affinity between block S and the wall facilitates the wetting
of block S on the wall. This leads to an adsorption layer of block S
on the wall as the evaporation proceeds. However, block N on the
other end of the chain cannot occupy the same area as block S on
the XY plane due to its weak interaction with the wall and the
repellency against block S. This results in the spacing between
aggregations of block N (e.g. structures in the red and black circles
in Fig. 5). Polymer chains entering the spacing would aggregate
with the neighboring same type blocks. These aggregations are
beneficial for the formation of defects (e.g. dots among the
multilayer structure). In Fig. 5a and b, a typical formation process
of defects is illustrated at two moments. In the middle of the
evaporation, aggregations of block S in the red and black circles
(Fig. 5a) are induced by the accumulation of block N at the TPCL.
In this process, the aggregation of block N at the TPCL interacts
with block S of other chains from the solution. Block S in these
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Fig. 4 Deposition patterns with various chain lengths and polymer concentrations on the lyophobic wall: (a) the snapshot and the side view (sliced) of
the deposition pattern with a chain length of 34 and a concentration of 0.1; (b) the snapshot and side view (sliced) of the deposition pattern with a chain
length of 16 and a concentration of 0.05; (c) the snapshot of the deposition pattern at 20 0007 (top) and 50 000z (down) with a chain length of 28 and a
concentration of 0.2; (d) the snapshot and side view (sliced) of the deposition pattern with a chain length of 10 and a concentration of 0.2. The blue,
orange, and green symbols represent two, three, and four layers of the block in the deposition pattern, respectively. The half-filled circle (e.g. the system
of (a)) denotes the multilayer structure with defects. The open circle is the nonpenetrating coffee-ring structure. The filled circle is the multilayer
structure. The circle with a vertical bar marks the deposition pattern that transforms from 3 layers of the block to 2 or from 4 to 3. The color in the
background is a guide to the eye. A sliced region is illustrated as the side view across the mass center of the deposition pattern along the X direction. The

droplet consists of the nonadsorbable—strong adsorbable copolymer solution.

700000t
Fig. 5 Regions are extracted from the droplet at the time of (a) 10 000r,
(b) 150001, and (c) 700 000z. The region is sliced from the center of the
droplet along the X direction. The geometrical center of the region in the Y
direction is equal to that of the droplet. The polymer concentration and
the chain length are 0.1 and 34.

chains further aggregate on the other end of the chains and finally
form aggregations in the spacing between block N aggregations, as
is shown in the red circle of Fig. 5a. This results in two defects in
the deposition pattern (Fig. 5b). But the defect is a metastable state.
All the defects disappear after a long-time relaxation (700 0007),
which leads to the formation of the multilayer structure (Fig. 5c).
The number of polymer layers generally increases with the
polymer concentration. At a higher concentration, more poly-
mer chains can fill the liquid-solid interface to form a structure

600 | Phys. Chem. Chem. Phys., 2025, 27, 596-605

with several layers. The system with a chain length of 10 and a
polymer concentration of 0.1 is an intermediate state between
3-block-layer and 2-block-layer structures. The deposition pat-
tern consists of two layers of polymer. But the size of the top
layer is small and it merges with the bottom layer within 5000z.
The pattern finally transforms into 2 layers of blocks.

For the polymer with a short length (e.g. a chain length of
10), the nonpenetrating coffee-ring forms when the polymer
concentration increases (a polymer concentration of 0.2), as is
shown in Fig. 4d. The diffusion of the short chain is faster than
the long chain (Fig. S5, ESIT). This is beneficial for the chain to
move with the internal flow, which facilitates the polymer
accumulation at the periphery of the droplet. The small radius
of gyration of the short chain length also prevents the periph-
eral polymer from interacting with other polymers on the other
side of the pattern through the central area (Fig. S6, ESIt).
Therefore, the polymer chains are less in the central region of
the deposition pattern for short chain lengths, which facilitates
the formation of the coffee-ring structure. The deposition
pattern consists of two layers of polymer (side view in
Fig. 4d). The bottom layer is a flat single layer structure with
block S in contact with the wall. Polymers on the top form the
ring structure. Block N in the top polymer layer is in contact
with block N in the bottom layer. Different from the bottom
layer in direct contact with the wall, the top layer does not have
a strong affinity to fully spread over the bottom layer. The
interaction between two layers of polymer is equal to the
interaction strength of the same type of the polymer block.
During the evaporation, the strong interaction strength of block
S stabilizes the bottom layer. The bottom layer can be treated as
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a wall for the solvent and the polymer above it. The evaporation
process above the bottom layer thus resembles that of the non-
adsorbable-adsorbable on the lyophilic wall. The formation of the
coffee-ring structure on the top layer is related to the concentration
difference between the center and the periphery, the receding
interfaces, and the polymer rearrangement near the end of the
evaporation.®® In addition, the coffee-ring structure hardly forms
on a lyophobic wall.>** But the strong affinity between the polymer
and the wall alters the droplet shape in the current simulation. It
indicates that the contact angle of the droplet is smaller than 90°,
which resembles a droplet on a lyophilic wall.

If the concentration further increases to 0.25, a multilayer
structure forms since polymer chains just fill the central region
of the deposition pattern in the top layer (the second layer).
However, the third layer of polymer forms on the top of the
deposition pattern when the concentration finally reaches 0.3.
The polymer chains cannot fill the central region so the coffee-
ring structure forms in the top layer. For the concentration of
0.3, the multilayer structure forms if the chain length increases
from 10 to 16. The increased chain length is beneficial for the
interaction between polymers and thus the central region is
filled with polymers.

If the concentration is fixed as 0.2, the deposition pattern
changes from the coffee-ring structure to the multilayer structure
with defects with the increase in the chain length. The structure
in Fig. 4c is an intermediate state since the number of layers
of blocks would finally transform from 3 to 2, where 3 layers of
block correspond to 2 layers of polymer. On the top layer of
polymer, there are polymer aggregations in the periphery of the
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pattern (Fig. 4c). The peripheral polymer aggregation merges
with the bottom layer within 50007 after the end of the evapora-
tion. It should be noted that all the structures would finally
evolve into the multilayer structure after a long-time relaxation.

3.2.2 The nonadsorbable-strong adsorbable diblock
copolymer solution droplet on the lyophilic wall. In this section,
the lyophilic wall is simulated by fixing esw as 0.7. Parameters of
the polymer blocks (N and S blocks) are set as épaw = 0.6 and
eppw = 1.2, respectively. Deposition patterns are shown in Fig. 6
with the changes in the concentration and the chain length. Due
to the stronger interaction strength between the wall and the
solvent, the contact area is larger than the lyophobic wall. For
instance, the contact area of the system with a concentration of
0.1 and a chain length of 34 is 17 914.7¢> for the droplet on the
lyophilic wall, while the contact area is 8986.98¢” for the
lyophobic wall. This results from the fact that the greatest
number of layers of block on the lyophilic wall (Fig. 6d) is less
than that on the lyophobic wall (eg a chain length of 10 and
concentration of 0.3). Interestingly, we find some ridge-like
structures, which are defined as the deposition pattern with an
incomplete single polymer layer for the N-S-I system. Two types of
ridge-like structures can be designated, ie., the “penetrating ridge-
like structure”, where the pattern is not fully covered by polymer
blocks (open circles in Fig. 6), and the “nonpenetrating ridge-like
structure”, where the pattern is fully covered (open rectangles in
Fig. 6). For structures with two polymer layers, they are categorized
into intermediate structures that transform from two polymer layers
into a single polymer layer (half-illed rectangles in Fig. 6) and a
coffee-ring structure (open triangles in Fig. 6).
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Fig. 6 Deposition patterns with various chain lengths and polymer concentrations on the lyophilic wall: (a) a snapshot of the deposition pattern with a
chain length of 34 and a concentration of 0.1; (b) a snapshot of the deposition pattern with a chain length of 28 and a concentration of 0.05; (c) a
snapshot of the deposition pattern with a chain length of 28 and a concentration of 0.25; (d) a snapshot and the side view (sliced) of the deposition
pattern with a chain length of 10 and a concentration of 0.3. Blue and orange symbols represent two and three layers of blocks in the deposition pattern,
respectively. The hollow rectangle is the nonpenetrating ridge-like structure. The half-filled rectangle is the structure that transforms from 3 layers of
block to 2. The open circle is the penetrating ridge-like structure. The triangle is the nonpenetrating coffee-ring structure. The color in the background is
a guide to the eye. A sliced region is illustrated as the side view across the mass center of the deposition pattern along the X direction. The droplet
consists of the nonadsorbable—-strong adsorbable copolymer solution.
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When the concentration is low (0.05 and 0.1), the deposition
pattern is mainly the penetrating ridge-like structure (Fig. 6b).
The strong adsorbable block S tends to fill all the contact area. But
the number of chains is so limited that the contact area cannot be
covered by polymers. The nonadsorbable block N prefers to aggre-
gate with the same type of blocks due to its weak affinity with the
wall. Thus, stripes and dots of block N are formed above S blocks.
With the increase in the concentration, there are enough polymer
blocks to cover the area. The nonpenetrating ridge-like structure
thus forms (Fig. 6a). The structure in Fig. 6c is an intermediate state
between the coffee-ring structure and the nonpenetrating ridge-like
structure. In Fig. 6c, the top layer of polymer would merge with the
bottom layer after a short period of simulation.

If we keep the chain length as 10, the coffee-ring structure
forms under a high concentration (Fig. 6d). The coffee-ring
structure consists of two layers of polymer, which resembles the
structure on the lyophobic wall. As the evaporation proceeds,
the polymer forms an adsorption layer (the bottom layer) on the
wall. The evaporation of the solvent and the polymer above the
bottom layer resembles that of the nonadsorbable-adsorbable
copolymer solution droplet. This is also attributed to the fact
that the interaction between N blocks is equal to the interaction
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between the adsorbable block and the wall. Due to the high
concentration, the polymer chain can form a dense adsorption
layer at the bottom. There are enough polymers above the
bottom layer to form the ring structure. But if the concentration
is not high enough (e.g. 0.25), an intermediate state forms since
the number of chains above the bottom layer is limited. In
addition, compared with the polymer on the lyophobic wall, the
deposition pattern on the lyophilic wall at a moderate concen-
tration (from 0.15 to 0.20) cannot form a coffee-ring structure
due to its larger contact area. The larger contact area facilitates
the formation of ridge-like structures.

3.2.3 The nonadsorbable-adsorbable diblock copolymer
solution droplet on the lyophilic and lyophobic walls. The
influence of the concentration and the chain length on the
deposition pattern is studied for the nonadsorbable-adsorb-
able diblock copolymer (N and A blocks) solution droplet on the
lyophilic wall. The lyophilic wall is simulated by setting the
interaction strength between the wall and the solvent (esw) as
0.7. Parameters of the polymer blocks are set as ¢paw = 0.6 and
eppbw = 1.0. The deposition patterns are illustrated in Fig. 7.
Starting from the left of the bottom row, the pattern generally
changes from the penetrating coffee-ring structure to the

50
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Fig. 7 Deposition patterns with various chain lengths and polymer concentrations on the lyophilic wall: (a) the top view and side view (sliced) of the
deposition pattern with a chain length of 28 and a concentration of 0.05; (b) the top view and side view of the deposition pattern with a chain length of 10
and a concentration of 0.15; (c) the top view and side view of the deposition pattern with a chain length of 52 and a concentration of 0.15; (d) a snapshot
of the deposition pattern with a chain length of 22 and a concentration of 0.15; (e) the top view and side view of the deposition pattern with a chain length
of 16 and a concentration of 0.25. Blue, orange, and green symbols represent two, three, and four layers of block in the deposition pattern, respectively.
The open circle is the penetrating coffee-ring structure. The blue circle with the orange center is the nonpenetrating coffee-ring structure. The circle
with a central bar is the structure that transforms from 3 layers of blocks into 2. The filled circle is the multilayer flat structure. The half-filled circle is the
multilayer structure with defects. The color in the background is a guide to the eye. A sliced region is illustrated as the side view across the mass center of
the deposition pattern along the X direction. The region of (c) is sliced across the largest defect. The droplet consists of the nonadsorbable—adsorbable
copolymer solution.
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multilayer flat structure with the increase in the concentration.
When the concentration is 0.05, the coffee-ring structure con-
sists of 1 layer of polymer (the side view in Fig. 7a). If the
concentration increases to 0.15, more polymers can accumulate
in the deposition pattern. The number of layers becomes two
(the side view in Fig. 7b), accordingly. If the concentration
further increases to 0.3, the multilayer structure forms since
polymer chains fill the central region of the deposition pattern.

When the concentration is moderate (0.15 and 0.2), the
multilayer structure with defects is observed if the chain length
is long (e.g. 52). But the structure disappears in about 10 000t
and evolves to the multilayer structure. The transformation
between two structures is illustrated in Fig. 7c. At ~15 0007,
small defects have disappeared, leaving only one central defect
in the pattern. The size of the central defect keeps shrinking
and finally disappears. In this process, the potential energy in
the pattern gradually becomes lower and tends to reach a
plateau, as is shown in Fig. S7 (ESIt). This demonstrates that
the multilayer flat structure is energetically favorable compared
with the intermediate state of the structure with defects. When
the concentration is 0.15, the coffee-ring structure would first
have an intermediate state with more than 1 hollow, such as the
structure in Fig. 7d. These hollows finally merge into a larger
central hollow. When the concentration further increases to
0.25, the nonpenetrating coffee-ring structure is observed for
the short chain length polymer due to the increased amount of
polymers in the central region (Fig. 7e). The multilayer flat
structure forms if the concentration is 0.25. The polymer can
fill in the central area to suppress the formation of the central
hollow. For the long chain, the multilayer structure is prefer-
ential. As shown in Fig. S5 (ESIt), the long chain diffuses more
slowly than the short one. The long chain is less influenced by
the flow inside the droplet. Besides, the long length shortens
the distance between the chain at the periphery and the chain
in the central region, which suppresses the formation of the
coffee-ring structure. With the increase of the chain length, the
number of layers of block decreases from 3 to 2.

As for systems on the lyophobic wall, all the deposition
patterns are multilayer flat structures with or without defects.
The difference between these structures is the number of layers
of blocks in the structure. Deposition patterns on the lyophobic
wall are shown in Fig. S8 (ESIf). With the increase in the
concentration, the number of layers of blocks increases since
there are more polymers in the deposition pattern. Similarly to
the above systems, the number of layers decreases with the
chain length.

Previous studies on symmetric diblock copolymers have
shown that they tend to form lamellar structures on substrates
when one block has preferential interactions with the sub-
strate, and the two blocks are repulsive.sg_61 However, block
copolymer nanodroplets exhibit a wider range of deposition
patterns, influenced not only by block-wall and block-block
interactions, but also by factors such as receding interfaces,
the heterogeneity inside the droplet, and the self-assembly
of polymer chains within the droplet.>® These influences lead
to diverse structures, including ridge-like, coffee-ring, and
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multilayer structures. The coffee-ring pattern, for instance,
comprises polymer layers that resemble the lamellar structure
seen in bulk simulations. However, unlike bulk lamellar for-
mations, nanodroplet evaporation creates a central hollow as a
result of mass transport during evaporation. Similarly, ridge-
like structures share certain features with lamellar patterns, as
both involve a layered arrangement. However, droplet evapora-
tion causes the aggregation of block Pa into ridge patterns
within the polymer layer, which is not observed in bulk lamellar
structures. Among the observed structures, the multilayer and
multilayer-with-defects patterns most closely resemble bulk
lamellar formations, as they consist of multiple polymer layers.
Nonetheless, defects often appear during the formation pro-
cess, similar to bulk systems in early simulation stages, where
incomplete layers with defects gradually develop into complete
multilayers over extended simulation time. These comparisons
provide further insight into the evaporation process of block
copolymer nanodroplets and show promise for advancing
potential technological applications.

4 Conclusions

In this work, coarse-grained molecular dynamics simulations
are performed to study deposition patterns of linear diblock
copolymer solution nanodroplets. Factors that influence the
structure of the deposition pattern are systematically studied
including the polymer chain length and the polymer concen-
tration. We mainly focus on the combination of ‘“adsorbable”
(¢pappyw = 1.0), “nonadsorbable” (epappyw = 0.6), and “‘strong
adsorbable” (epappyw = 1.2) polymer blocks. Two types of block
copolymers are investigated in the study, namely nonadsorb-
able-adsorbable and nonadsorbable-strong adsorbable copoly-
mers. The evaporation process of polymer solution nanodroplets
is studied on both the lyophilic and lyophobic walls: (1) for the
droplet with the nonadsorbable-strong adsorbable copolymer on
the lyophobic wall, the multilayer structure with defects is
observed for the polymer with the long chain. The nonpenetrating
coffee-ring structure is a common pattern for the short chain
polymer (e.g. <22). (2) For the droplet with the nonadsorbable-
strong adsorbable copolymer on the lyophilic wall, the ridge-like
structure is the most common. The coffee-ring structure forms
only when the concentration is high. (3) For the droplet with the
nonadsorbable-adsorbable copolymer on the lyophilic wall, the
penetrating coffee-ring structure appears for the low concentration
droplet. However, the nonpenetrating coffee-ring structure is
observed when the concentration becomes high since the polymer
fills the central region. Only for the droplet with the high concen-
tration and the long chain length, does the multilayer structure
with defects come into existence. (4) For the droplet with the
nonadsorbable-adsorbable copolymer on the lyophobic wall, only
the multilayer structure is observed. In addition, the evaporation
rate is reflected by the change in the number of beads in the
droplet with time. The evaporation of the droplet with the high
initial polymer concentration is slower than that of the low one.
The evaporation of the droplet on the lyophilic wall is faster than
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that on the lyophobic wall. The influence of the chain length is
very weak for the nonadsorbable-adsorbable copolymer, while it is
more obvious for the nonadsorbable-strong adsorbable

copolymer.
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