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Spirals are common in nature; however, they are rarely observed in
polymer self-assembly systems, and the formation mechanism is not well
understood. Herein, we report the formation of two-dimensional (2D) spiral
patterns via microdisk substrate-mediated solution self-assembly of polypeptide-
based rod—coil block copolymers. The spiral pattern consists of multiple strands
assembled from the block copolymers, and two central points are observed. The
spirals fit well with the Archimedean spiral model, and their chirality is dependent
on the chirality of the polypeptide blocks. As revealed by a combination of
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experiments and theoretical simulations, these spirals are induced by an interplay

of the parallel ordering tendency of the strands and circular confinement of the microdisks. This work presents the first example
regarding substrate-mediated self-assembly of block copolymers into spirals. The gained information could not only enhance our
understanding of natural spirals but also assist in both the controllable preparations and applications of spiral nanostructures.
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Spiral is a chiral line, which emanates from center points and
moves farther away, as it revolves around the point. The well-
known forms include arithmetic spirals (Archimedean spirals)
and logarithmic spirals.'~ Both two-dimensional (2D) and
three-dimensional (3D) forms of spirals are observed in nature,
such as fingerprints, hair whorls, cobwebs, typhoon tracks, and
star trajectories. Spirals have gained long-standing research
interests. Many efforts have been devoted to seeking the
structure characteristic, the formation mechanism, and their
roles playing in nature phenomena.””” Recently, spiral
structures have also attracted attentions for their broad range
of potential applications in diverse fields including bionics,
sensors, and microelectronics industry.'”"?

Polymers are capable of self-assembling into diverse
nanostructures,"*~"? however, spiral nanostructures are barely
observed and the knowledge for the formation of spirals is
limited.”"~** It is desirable to explore the inherent controlling
factors and find feasible self-assembly methods toward polymer
spiral nanostructures. Polymer film self-assembly restricted on
a circular confinement could lead to spiral nanostructures,
however, concentric toroids rather than spirals are formed in
most cases.””"° Recently, substrate-mediated solution self-
assembly of polymers has become a feasible way to prepare
diverse surface nanostructures.””~*> For example, Zhao et al.
found that block copolymers physically trapped on micro-
spheres can self-assemble into spherical and cylindrical surface
micelles.” Lin et al. have studied the self-assembly behavior of
polypeptide-based block copolymers in the presence of various
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substrates. For example, they found that poly(y-benzyl-L-
glutamate)-block-poly(ethylene glycol) rod—coil block copoly-
mers can self-assemble into nanostrands on nanocylin-
ders,*'~** nanotoroids,** rnicrospheres,22 and plain surface.*®
The substrate-mediated solution self-assembly of polymers is a
promising way to generate novel nanostructures.

Herein, we report that through microdisk substrate-
mediated solution self-assembly, PBLG-b-PEG rod—coil
block copolymers are capable of assembling into nanostrands
that form clockwise Archimedean spirals with two centers. The
analysis of the characteristic features of the spirals shows that
the distance between the two center points, the turning rate,
and the strand number depends on the size of the disk
substrates. The spiral pattern was found to be energy-favorable
as compared with other possible patterns such as concentric
toroids, as revealed by theoretical simulations. On the basis of
the experiments and theoretical simulations, the formation
mechanism is revealed. Both the confinement of the disk
substrate and parallelly ordering tendency of the polypeptide
strands are ascertained to the formation of the Archimedean

spirals.
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Scheme 1. (a) Schematic Illustration for the Preparation of PS Microdisks by Using a Solvent Evaporation-Driven Self-
Assembly Process. (b) Schematic Illustration for the Preparation of Spirals by Self-Assembling PBLG-b-PEG on PS Microdisks
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Figure 1. (a) AFM topographic images of the clockwise spirals self-assembled from PBLGg;-b-PEG,;, BCPs on microdisks with D = 3.80 ym. The
blue and red dotted lines represent different spiral strands. The inset is a scheme for the double-centered clockwise spiral pattern. (b) Enlarged T-
junction grain boundary area of the spirals in panel (a). The inset is the height profile over a scanning distance (white line) of the spirals. (c) 1D
profile of the GISAXS pattern. The inset is a 2D GISAXS pattern of the spirals. (d—g) Simulations results: (d) Simulation models of R,-b-C, rod—
coil block copolymer and disk. (e) Typical spirals reproduced by DPD simulations. (f) The cross-sectional image of the spirals along the yellow line
in panel (e). (g) The cross-sectional image of the spirals along the yellow line in panel (f).

A two-step preparation process for the spirals is illustrated in
Scheme 1. First (Step 1), polystyrene (PS) microdisks were
prepared by a solvent evaporation-driven self-assembly
method.***” Briefly, a drop of dilute PS toluene solution (1
wt %) was confined in a Cu cylinder-on-Si substrate to form a
capillary-held microfluid. With the evaporation of toluene, the
PS homopolymers assemble into dots with diameters ranging
from 1 to S ym on the Si substrate due to the “coffee ring”
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effect and Rayleigh instability. After thermal annealing and
rinsing with toluene, the ultrathin PS microdisks (thickness is
about 12 nm), which are stable in common organic solvents,
are obtained.”® ** The details for the preparation of PS
microdisks are available in Section 1.3 of the Supporting
Information.

In Step 2, the microdisks are used as templates mediating
self-assembly of the poly(y-benzyl-L-glutamate)-block-poly-
(ethylene glycol) (PBLG-b-PEG) block copolymers (BCPs)
in solution. Typically, to a solution of PBLG;¢-b-PEG;;, (the
subscripts denote the degree of polymerization, DP, for each
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block) in a tetrahydrofuran/N,N-dimethylformamide (THF/
DMF) mixture solvent (7/3 in volume), the PS disk-patterned
Si substrate was immersed, holding the disk-patterned side
upward. Then, water was added to induce the self-assembly of
the PBLG-b-PEG BCPs. Finally, the disk-patterned substrate
was taken out and rinsed with plenty of water to remove the
organic solvents. Atomic force microscopy (AFM) and grazing-
incidence small-angle X-ray scattering (GISAXS) were used to
characterize the assembly structures. Experimental details for
the self-assembly are provided in Section 1.4 of the Supporting
Information.

We first examined the morphology of the surface patterns by
AFM. As shown in Figure la, a fingerprint-like spiral pattern is
formed on the disk with a diameter of 3.80 ym. In the center
area of the spiral pattern, two centers are clearly observed, and
the distance between the two centers (d..y,) is 0.82 ym. As
indicated by the red and blue lines, the strands originate from
the center areas, and each strand revolves about two turns
away from the center to the edge of the disk. The number of
strands between two successive turns is defined as the strand
number (n), which is 27 on average for the present spiral
pattern. In addition, from the revolution direction of the
strands from the edge to the center, identical clockwise
handedness of the spirals is recognized. PBLG is a helical
polymers,*' and the origin of the homochirality of the spirals is
believed to be related to the chiral characteristic of the PBLG
blocks. A scheme for the double-centered clockwise spiral
pattern with multistrands is given in the inset of Figure la.

Figure 1b shows an enlarged image of the center areas (as
indicated by the yellow square in Figure la) and the height
profile of the strands. Two T-junction grains are clearly
observed in which some of the strands generated from different
grains connect with each other forming reverse S-shaped
curves. The height profile (inset in Figure 1b) reveals that
these tightly packed spiral strands have a nearly identical
diameter of about 48 nm. As can be seen from Figure 1a,b, the
spiral strands are tightly packed with each other; therefore, the
pitch defined as the distance between the adjacent strands is
equal to the diameter of the strands (pitch ~48 nm).

The periodical structure of the patterns was further
confirmed by GISAXS testing, which is a powerful tool to
gain the ordered information of nanostructures on surfa-
ces.”” ™ The results are presented in Figure lc. An apparent
scattering spot on the 2D GISAXS pattern is observed (inset of
Figure 1c), confirming the existence of periodicity nanostruc-
tures. From the one-dimensional (1D) profile along the y-
direction (Figure lc), a characteristic scattering peak at q =
0.129 nm™" is observed, which corresponds to the periodicity
of 48.8 nm along the in-plane plane of the disks. The GISAXS
results are well consistent with the AFM observations.

Since the self-assembly of PBLG-b-PEG BCPs occurs at an
interface between the hydrophobic substrate and solutions,
these strands can be termed surface cylindrical micelles.*****°
As characterized by AFM testing (Figures S2 and S3), the
height of these spirals is about 4 nm, which is much smaller
than the length of PBLG blocks (the length of PBLGs;s blocks
is about 8.2 nm*®). The BCPs should lie down on the substrate
rather than stand on the substrate. Due to the rigid nature of
PBLG blocks, these BCPs prefer to pack parallel with their
long axis perpendicular to the strands. From the radius of the
PBLGg;-b-PEG;, spiral strands (about 24 nm), an end-to-end
alignment manner of the BCPs in the strands is deduced. Such
a packing manner resembles the smectic form of PBLG LCs."
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In such a packing manner, the shell of the spirals occupied by
PEG,,, blocks is about 16 nm, which accounts for a reasonable
PEG stretching degree of 41% (the full stretched length of
PEG,, is about 39 nm).**** In addition, considering that the
diameter of the PBLG is about 1.4 nm,”> we can infer that
there could be about 4—S§ layers of PBLG chains in the spiral
strands.

In addition to the experimental observations, we performed
dissipative particle dynamics (DPD) simulations on model
systems to further explore the inherent structures of the spirals,
such as the chain packing manner. In the DPD simulations, a
group of atoms or a volume of fluids is represented by the
DPD beads, and the pairwise interactions between i and j
components of beads are described by the interaction
parameter aij.S()—SZ A higher a;; value corresponds to a stronger
pairwise repulsion interaction. Herein, coarse-grained models
of the block copolymer and disk template are shown in Figure
1d. To simulate PBLG;;-b-PEG, , block copolymers, a R,-b-C,
model chain connected by harmonic bonds was constructed in
which the R beads represent the rod PBLG blocks and the C
beads denote the coil PEG blocks. The PS disk template was
built up by arranging P beads in FCC packing fashion, in which
the P beads are packed densely to prevent the beads of
copolymers and solvents from permeating through the disk. In
addition, the solvent beads (S) are also explicitly included in
the simulation systems. According to the experimental
conditions, the interaction parameters are set as apg = 80,
acg = 30, agp = 30, apg = 120, and agc = 80. The simulation
details are presented in Section 2 of the Supporting
Information.

As shown in Figure le, a multistrand double-centered spiral
pattern is predicted by the DPD simulations. The inner
structures of the strands are shown from the cross-sectional
images (Figure 1f,g). In these strands, the hydrophobic rod
blocks (PBLG) form the core, and the hydrophilic coils (PEG)
wrap outside (Figure 1f). A perpendicular lamella structure
formed by the BCPs can be seen in Figure 1g. The rod blocks
adhering to the substrate tend to be perpendicular to the
strand axis, and they are packed in a head-to-head manner in
the core of the surface cylindrical micelles. These simulation
results are consistent with that deduced from the experimental
observations. Figure S4 represents a scheme for the cross
section of the BCP chain packing mode in the spiral strands.
The PBLG-b-PEG BCPs lay down on the substrates, they pack
parallelly with an end-to-end alignment manner in the strands,
and their long axis is perpendicular to the strands.

As illustrated by both the experiments and simulations, the
PBLG-b-PEG strands possess constant diameters, and they are
tightly packed with each other. Considering that a constant
distance between successive strands is one of the essential
characteristics of the Archimedean spirals, these spirals are
most likely to be Archimedean spirals. To test such an
assumption, we used the standard polar equation of the
Archimedean spiral to fit the spirals obtained in the
experiments. The polar equation of the Archimedean spiral is

(1)

where r is the polar radius, a is turning rate (angular velocity),
which is a constant value relative to the distance between two
successive turns (equals to 27a), and @ is the polar angle, r, is a
constant corresponding to the polar radius at the starting point
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Figure 3. (a—c) AFM images of the spirals formed by PBLG;s-b-PEG;, block copolymers on microdisks with various diameters: (a) 1.58 ym, (b)
2.66 pm, and (c) 4.55 pm. (d) Variation in the average strand number (1) and the average turning rate (a) of the spirals as a function of diameter
of the disk. (e) A dependence of diameter of the spirals on size of the disk and DP of the PBLG blocks.

of the spiral where 8 = 0. Details of the fitting method are
presented in Supporting Information, Section 1.6.

Figure 2a gives a superimposition of an Archimedean spiral
(black curve) on an experimental spiral (red dotted curve)
formed on a disk with D
relationship between the radii (r — r,) and the polar angle (),

3.80 um. To analyze the
10 spiral strands (expressed as S, i = 1—10) were traced. As
shown in Figure 2b, the traces of the strands obtained in the
experiments are well-fitted with eq 1, and all of the strand
profiles are on a linear regression curve, indicating a good
accuracy of the numerical fitting. These results corroborate
that the spirals observed in the experiments are Archimedean
spirals. The slope of the fitting line gives an average turning
rate (a) of the spirals, which is 0.18 yum/rad. The turning rate
is associated with the distance between two successive turns
(equal to 27a) of the spirals. From the pitch (ca. 48 nm) and
the distance between two successive turns (27a & 1.13 ym) of
the strands, a theoretical strand number (ng,,) of 24 is
calculated. Such an ngy,., value matches well with the
experimental observations (#1, = 27).
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Formation Mechanism of the Spirals

The disk confinement is essential for the formation of the
spirals. In the absence of disk substrates, the PBLG-b-PEG; ,
BCPs form spherical micelles, which is distinct to the surface
cylindrical micelles formed on the disk substrate. To gain deep
insight into the formation mechanism of the spirals, the effect
of disk size on the morphology of the spiral pattern was
examined. As shown in Figure 3a—c, on microdisks with
various sizes (D = 1.58, 2.66, and 4.55 um), PBLG-b-PEG,;,
BCPs always form double-centered spiral patterns. The
diameters of the strands are similar (Figure 3e). However,
these spiral patterns have different structure features. The
distance between the two centers (d..,) increases with the
size of the disk. For the spirals formed on the 1.58 ym disk, the
two centers almost merge together (deper = 0). The deeneer
values increase to 0.62 and 1.56 pm for the spirals formed on
2.66 and 4.55 pm disks, respectively. The n,, value of the
spirals continuously increases from 6 to 36 when the diameter
of the disks increases from 1.58 to 4.55 um. The dependence
of the a and ny,,, values on the size of the disks was also
analyzed. As shown in Figure 3d, with the diameter of the disks
increasing from 1.58 to 4.55 pim, the a value increases linearly

https://doi.org/10.1021/jacsau.4c00324
JACS Au 2024, 4, 2363—-2371


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00324/suppl_file/au4c00324_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00324?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00324?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00324?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00324?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00324?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00324?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00324?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00324?fig=fig3&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(@)

PBLG-b-PEG

WWWWH S

PBDG-b-PEG

150
0 AR
a -150

—PBLG-b-PEG
—PBDG-b-PEG

220

240 260 280
Wavelength/nm

300

Figure 4. (a) Structures of PBLG-b-PEG (PBLG: right-handed a-helix) and PBDG-b-PEG (PBDG: left-handed a-helix) block copolymers. (b) CD
and UV—vis spectra of PBLG;-b-PEG,, and PBDGg;-b-PEG,, block copolymers. (c) Anticlockwise spirals formed by PBDGgs-b-PEG,;, block
copolymers on a microdisk. The inset is a scheme for the anticlockwise spiral pattern. (d) Irregular pattern formed by PBLGgs-b-PEG,,,/PBDGgs-

b-PEG,;, mixtures on a microdisk.

from 0.048 to 0.27 um/rad, correspondingly, the ngy,,, value
increases from 6 to 34. The ny,,, values are close to the n,
values obtained from the AFM observations. It should be
noted that on a large plain PS substrate (D — o), the PBLG-
b-PEG strands are much straighter, and they prefer to pack
with each other in a parallel way forming a large-scale ordered
stripe nanopattern (Figure S5).”° Therefore, the results gained
in this work suggest that the presence of a microdisk is a
necessary condition for enabling the formation of a spiral
structure by PBLG-b-PEG BCPs.

The length of the PBLG block also significantly affects the
morphology of the surface pattern. It was found that PBLG-b-
PEG BCPs with various PBLG block lengths can form
nanostrands on microdisk substrates (in the absence of the
disk substrates, they all form spherical micelles). As shown in
Figure 3e, the diameter of the nanostrands increases linearly
with the DP of PBLG blocks, that is, from 25 nm for PBLG,-
b-PEG,, strands to 48 nm for PBLGy;-b-PEG,, strands then
to 85 nm for PBLG,(;-b-PEG,,, strands. These nanostrands
formed by different BCPs generated different surface patterns.
The BCPs with short PBLG blocks (PBLG,4-b-PEG;;,) form
spirals on microdisks (Figure S6a, disk size of D = 2.1 um).
The dieper and ny, values are 0.43 and 9, respectively.
Numerical fitting analysis reveals that the values of ny,, and a
are 10 and 0.041 pm/rad, respectively. The BCPs with long
PBLG blocks, for example, PBLG,y;,-b-PEG;,, form relatively
straight strands that are randomly dispersed on the disk (no
spiral pattern can be observed, Figure S6c). It should be noted
that these BCPs used in this study have relatively small
molecular weight distribution (P < 1.27); when BCPs with a
large D value (P = 1.38), ill-defined strands are formed.
Therefore, the formation of well-defined spiral patterns
requires a suitable length for the PBLG blocks. These results
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also indicate that the thinner spirals formed by the BCPs with
shorter PBLG blocks have a smaller turning rate and fewer
strand numbers (that is, the thinner strands are curved to a
higher degree). Additionally, the rigidity of the polypeptide
blocks is essential for the formation of spiral patterns. For
example, when replacing PBLG-b-PEG rod—coil BCPs with
PS-b-PEG coil—coil BCPs, no apparent pattern on the PS disks
was observed (Figure S7).

As mentioned above, the PBLG-b-PEG spirals possess
clockwise handedness (see Figures 1 and 3). It is well-known
that chirality can transfer between different levels, such as from
molecular to supramolecular structures. Under certain
conditions, it can also be inhibited. PBLG is a helical polymer,
and its backbone takes a right-handed a-helix conformation.
Upon the formation of spirals, chirality transfer occurs from
the polymers to the spirals, which results in clockwise
handedness. It is known that poly(y-benzyl-p-glutamate)
(PBDG) is an enantiomer to PBLG, which takes an opposite
chirality to PBLG.>**' Figure 4a shows the structures of
PBLG-b-PEG and PBDG-b-PEG BCPs. The opposite chirality
of PBLG and PBDG was confirmed by ultraviolet—visible
(UV—vis) and circular dichroism (CD) testing (Figure 4b). In
the UV—vis spectrum, an evident absorption around 220 nm
was observed, indicating that optically active groups are
present in polypeptides. PBLG-b-PEG (PBDG-b-PEG) BCPs
display negative (positive) Cotton effect as revealed by the CD
spectrum in the similar position. The negative Cotton effect
indicates right-handed PBLG blocks, while the positive Cotton
effect means left-handed chirality of the PBDG blocks.

When the PBLG-b-PEG BCPs are replaced by PBDG-b-
PEG BCPs in the preparation of spiral samples, as expected,
the PBDG-b-PEG BCPs form anticlockwise spirals under
similar conditions. Figure 4c shows the anticlockwise spirals
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Figure S. (a—d) AFM topographic images of PBLG-b-PEG self-assembled on microdisks with various added water contents: (a) 12.0 vol %, (b)
17.3 vol %, (c) 22.7 vol %, and (d) 28.0 vol %. (e—h) Stable aggregates on disks obtained from DPD simulations at various solvent conditions: (e)
small micelles (agg = 35), (f) short strands (ags = S0), (g) long strands (agg = 65), and (h) multistranded spirals (ags = 80). (i) Energy change of

different types of patterns as a function of simulation time.

assembled by the PBDG¢;-b-PEG;, BCPs on a 2.82 pm disk.
The diameter of these PBDG-b-PEG strands is uniform (about
48 nm), and n,y, is 21. These spiral strands can also be fitted
with the Archimedean spiral model, and the theoretical strand
number (#1y,,,) and turning rate (a) are 19 and 0.1S ym/rad,
respectively. Moreover, when PBLG;s-b-PEG,;, and PBDGg;-
b-PEG,, BCPs mixtures (1:1 in weight) were used, the spiral
patterns are disturbed. As can be seen from Figure 4d, no
spirals but randomly dispersed strands are observed. The
chirality transfer from polymers to strands is inhibited.

These updated experimental observations and numerical
analysis clearly reveal the importance of both confinement of
the disk and rigid nature of the block copolymers on the
formation of the spirals. Due to the rigid nature of the PBLG
blocks, the PBLG-b-PEG strands prefer to take a relatively
straight form (see Figure S5). Under circular confinement, the
PBLG-b-PEG strands have to curve into spirals. A decrease of
the disk size results in spirals with a smaller value of the turning
rate, and the strands are more curved and move slower away
from the center to the edge. For the strands formed by PBLG-
b-PEG BCPs with shorter PBLG blocks, they are thinner and
more flexible; therefore, they are easier to be curved under
circular confinement forming spirals with a smaller turning
rate. In addition, the chirality of the polypeptides transfers to
the spirals; therefore, chirality of the spirals can be controlled
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by the polypeptides. From these results, we can learn that the
formation of such spiral patterns depends on a competition
between parallelly ordering tendency of the strands and
circular confinement of the microdisks.

To get a deep understanding of the formation of the spirals, we
studied the variation of surface morphology of spirals formed
by PBLG-b-PEG BCPs under various water addition (Figure
Sa—d). At lower water contents, the BCPs dissolve in the
solution and no assembly behavior occurs. For example, under
12.0 vol % of water addition, a smooth surface similar to that of
the blank disks was observed (Figure Sa). As the water content
increases to 17.3 vol %, short strands appeared on the disks
(Figure Sb). When the water content reaches 22.7 vol %, as
shown in Figure Sc, long strands closely packed with each
other were observed. Increasing the water content up to 28.0
vol % produces spiral patterns on the disks (Figure Sd).
Further increasing the water content exerts no significant effect
on the morphology of the spirals. Finally, after the samples
were rinsed with water to remove the organic solvents, stable
spiral patterns were obtained.

The main driving force for the self-assembly of PBLG-b-PEG
BCPs on PS disks can be the hydrophobic—hydrophobic
attractions between PS and PBLG segments and the
hydrophobic—hydrophilic balance of PBLG and PEG blocks.
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With the addition of water, the solubility of the mixture solvent
(THF/DMF/H,0) for the PBLG blocks decreases and the PS
disks and PBLG blocks become solvophobic. To reduce the
exposure of both the PS disks and the PBLG blocks to the
solvents, the PBLG-b-PEG BCPs adsorb onto the PS disks.
When the water content increases, the PBLG-b-PEG BCPs
further self-assemble into surface cylindrical micelles with the
PBLG as the core and the PEG as the shell. Under higher
water contents, these strands tightly pack together to fully
cover the disks, resulting in the formation of spirals.

The formation process of the spirals was also studied by
DPD simulations (Figure Se—h). To simulate the effect of the
water addition process, the interaction parameter apg between
the rod blocks (R beads) and solvents (S beads) is gradually
changed from 35 to 80. A larger ayg stands for a stronger
repulsion between the rod blocks and solvents, corresponding
to the stronger hydrophobicity of the PBLG blocks under
higher water contents. As shown in Figure Se, when agg is low
(ags = 35), the model R,-b-C, block copolymers form small
aggregates randomly dispersed in the simulation box. Under
ags = 50, the small aggregates are adsorbed onto the disks and
transform into short strands (Figure Sf). With an increase in
ags to 65, the short strands connect to form long but
disordered strands (Figure Sg). Finally, these strands rearrange
their alignment, and multistranded spiral structures appear
with further increasing apg to 80 (Figure Sh).

The energy change of the system in the self-assembly
process was further analyzed. In the DPD simulations, the
energy can be evaluated by the conservative energy between
beads via Zi# ag(r; — r.)*/2, where a;
repulsive parameters, r; is the distance between beads i and
j, and r_ is the cutoff radius.”"~">* The conservative energy as
a function of the simulation time is plotted in Figure Si. As can
be seen, the system energy gradually decreases during the
absorption of copolymers onto the substrate to form the
strands. After the simulation time of 80007, the energy reaches
a stable state, which indicates that the formed multistranded
spiral pattern becomes stable. For comparison, we also
calculated the energies of other possible nanostructures formed
by the BCPs, such as circular toroids and single-strand spirals.
The results are shown in Figure Si. Among these
nanostructures, the multistranded spirals possess the lowest
energy, indicating that the multistranded spiral is a stable and
favorable pattern.

The spiral form, as a kind of helix, is a fundamental
geometrical structure in nature, which has drawn significant
attention. As an effort to seek the nature of spirals, we revealed
that under the confinement of microdisk substrates, polypep-
tide-based block copolymers are capable of self-assembling into
well-defined Archimedean spirals with controllable chirality
and structure features. We expect that the gained information
could not only pave our steps to in-depth elucidate the
formation mechanism of natural chiral structures like spirals
formed by natural molecules but also enhance our ability to
prepare spiral nanostructures appealing in applications with a
wide range.

represents the

In summary, we discovered that through disk substrate-
mediated solution self-assembly, PBLG-b-PEG BCPs are able
to self-assemble into 2D double-centered homochiral Archi-
medean spirals. The spiral strands are tightly packed with each
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other, and both the strand number and the turning rate of the
spirals depend on the size of the disks as well as the length of
the polypeptide blocks. A chirality transfer occurs from the
polypeptides to the spiral patterns, and the chirality sense of
the spirals can be tuned by the handedness of the polypeptide
blocks. As explicated by the combination of experiments and
theoretical simulations, the interplay of parallel ordering
tendency of the strands and confinement of the microdisk
takes responsibility for the formation of the Archimedean
spirals.
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