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ABSTRACT: Solution self-assembly of coil-crystalline diblock
copolypeptoids has attracted increasing attention due to its capability
to form hierarchical nanostructures with tailorable morphologies and
functionalities. While the N-substituent (or side chain) structures are
known to affect the crystallization of polypeptoids, their roles in
dictating the hierarchical solution self-assembly of diblock copoly-
peptoids are not fully understood. Herein, we designed and
synthesized two types of diblock copolypeptoids, i.e., poly(N-
methylglycine)-b-poly(N-octylglycine) (PNMG-b-PNOG) and poly-
(N-methylglycine)-b-poly(N-2-ethyl-1-hexylglycine) (PNMG-b-
PNEHG), to investigate the influence of N-substituent structure on
the crystalline packing and hierarchical self-assembly of diblock
copolypeptoids in methanol. With a linear aliphatic N-substituent, the PNOG blocks pack into a highly ordered crystalline structure
with a board-like molecular geometry, resulting in the self-assembly of PNMG-b-PNOG molecules into a hierarchical microflower
morphology composed of radially arranged nanoribbon subunits. By contrast, the PNEHG blocks bearing bulky branched aliphatic
N-substituents are rod-like and prefer to stack into a columnar hexagonal liquid crystalline mesophase, which drives PNMG-b-
PNEHG molecules to self-assemble into symmetrical hexagonal nanosheets in solution. A combination of time-dependent small/
wide-angle X-ray scattering and microscopic imaging analysis further revealed the self-assembly mechanisms for the formation of
these microflowers and hexagonal nanosheets. These results highlight the significant impact of the N-substituent architecture (i.e.,
linear versus branched) on the supramolecular self-assembly of diblock copolypeptoids in solution, which can serve as an effective
strategy to tune the geometry and hierarchical structure of polypeptoid-based nanomaterials.

■ INTRODUCTION

Solution self-assembly of amphiphilic block copolymers that
comprise at least one crystallizable blocks is an effective
method for the generation of nonspherical polymeric micelles
or nanoparticles with structural anisotropy and hierarchy. This
is also known as the so-called crystallization-driven self-
assembly (CDSA) process, where the self-assembly pathway
and final morphology are mainly determined by the epitaxial
crystalline growth of macromolecular building blocks in
solution.1,2 Similar to CDSA, one can also utilize the molecular
packing of liquid-crystalline-like molecules in solution to
generate nonspherical nanoparticles, known as a liquid-
crystallization-driven self-assembly (LCDSA) process.3−5 The
access to well-defined one-dimensional (1D) nanofibers6 or
nanorods,7,8 two-dimensional (2D) disks or nanosheets,9,10 or
various multidimensional hierarchical self-assemblies11 via
CDSA or LCDSA is of significant interest in the materials
science community for their many emerging applications. In
particular, nonspherical nanomaterials formed by the solution
self-assembly of biocompatible macromolecules exhibit unique

properties in many biomedical and biotechnological applica-
tions, such as drug/gene delivery12,13 and biomineralization.14

For example, relative to spherical nanoparticles, elongated
filomicelles or nanodisks can either lead to longer blood
circulation time13 or promote cell exterior binding with
reduced cell uptake.15 From a fundamental standpoint,
understanding how macromolecules self-assemble into well-
defined anisotropic structures with hierarchy at micro/
nanoscale also sheds new light on molecular biomimicry, as
these structural features are ubiquitous in nature and can
provide a wide variety of biological functions. For instance, cell
membranes, a class of naturally occurring 2D structures, are
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selectively permeable to small molecules and can self-repair
after damage.16

Many crystalline or liquid-crystalline polymers have been
utilized as the primary core-forming building blocks to
facilitate the CDSA or LCDSA of block copolymers in
solution, including flexible linear polymers (e.g., polyethy-
lene,17,18 poly(ε-caprolactone),19 poly(L-lactide))20 and poly-
mers that have either relatively rigid backbones or bulky side
groups (e.g., poly(2-(perfluorooctyl)ethyl methacrylate,3,4

poly(γ-benzyl-L-glutamate),5 polyferrocenylsilanes,7,8,11,21 and
polythiophenes).22,23 In these case, the self-assembly pathway
and final solution morphology are strongly dependent on
chemical composition, block ratios, polymer solvent inter-
actions, and inter/intramolecular interactions of the crystalliz-
able or liquid crystalline blocks.2,10,20,24,25 In some cases, the
solution self-assembly of crystallizable and liquid crystalline
block copolymers can proceed in a living fashion, enabling
access to low-dispersity anisotropic nanostructures or hier-
archical assemblies with varying levels of structural complex-
ity.21,26,27 It should be noted that for crystallizable and liquid
crystalline polymers (e.g., polyfluorenes or polythio-
phenes),28,29 side chain engineering often serves as an effective
strategy to modulate their inter- and intramolecular inter-
actions and packing, thus allowing their morphology, solubility,
and functionality to be systematically tailored. Yet, how the
side chain geometry influences CDSA or LCDSA of block
copolymers in solution remains largely unexplored.
Polypeptoids featuring N-substituted polyglycine backbones

are structural mimics of polypeptides30−32 that possess
excellent cytocompatibility and biodegradability.33−35 Owing
to the absence of hydrogen-bonding and stereogenic centers
along the N-substituted backbone, polypeptoids exhibit
enhanced protease stability, good solubility, and thermal
processability, in sharp contrast to polypeptides.36,37 Recent
development of controlled polymerization methods also
enabled the access to well-defined polypeptoids with diverse
N-substituent structure and tunable molecular sequen-
ces,34,38−45 setting the stage for the systematic investigation
of their crystallization and self-assembly behaviors. It is known
that poly(N-methylglycine) (PNMG) (a.k.a. polysarcosine),
i.e., the simplest member of the polypeptoid family, is
amorphous in the solid state and can be readily dissolved in
water or alcohol.30,38,46,47 By contrast, polypeptoids bearing
relatively long linear n-alkyl side chains (4 ≤ S ≤ 14, where S is
the number of carbon atoms in the linear n-alkyl group) are
crystallizable and exhibit two phase transitions, i.e., a crystalline
phase and a “sanidic” liquid crystalline (LC) mesophase, prior
to isotropic melting.40,43 It should be noted that crystallization
of these comb-shaped polypeptoids can occur at a relatively
low number-average degree of polymerization (e.g., DPn =
9).42,43 In the crystalline phase, the polypeptoid chains adopt a
board-like structure where the backbone is fully extended in an
all-cis-amide conformation and is approximately coplanar with
the linear n-alkyl side chains (Figure S1).43,48,49 As a result,
comb-shaped crystallizable polypeptoids often serve as useful
candidates for the design and fabrication of polypeptoid-based
anisotropic nanostructures or hierarchical assemblies in
solution via CDSA. Sun and co-workers revealed the nanosheet
formation of diblock copolymers composed of a hydrophilic
coil-like poly(ethylene glycol) block and a hydrophobic
crystalline poly(N-octylglycine) or poly(N-(2-phenylethyl)-
glycine) block in selective solvents.45 They also found that
the formation of 2D nanosheets or planar brush-like

nanostructures can occur by a hierarchical self-assembly
process involving the initial formation of 1D nanofibrils.44,50

Our recent study has revealed the disparate self-assembly
pathways of poly(N-methylglycine)-b-poly(N-decylglycine)
diblock copolypeptoids with varying volume fractions of the
solvophobic and crystallizable poly(N-decylglycine) block to
form nanofibrils, nanorods, or nanosheets in methanol
solution.47

When n-alkyl side chains are asymmetrically branched, e.g.,
in the case of racemic 2-ethyl-l-hexyl side chains, it was found
that poly(N-2-ethyl-1-hexylglycine) (PNEHG) homopolymer
(DPn > 100) exhibits a single first-order thermal transition with
a small enthalpic change.40 Below the thermal transition
temperature, PNEHG polymers form a liquid crystalline
mesophase with short-range ordering, evidenced by the
presence of a single diffraction peak in the wide-angle X-ray
scattering (WAXS) diffractogram.40 By contrast, for short
PNEHG chains (DPn ≤ 20), no first-order transition was
observed within a broad temperature range by differential
scanning calorimetry (DSC), indicating PNEHG homopol-
ymers or block copolymers with relatively low DPn are
amorphous.51,52 While these previous findings clearly indicate
that the molecular packing of polypeptoids can be significantly
altered by the presence of branched aliphatic side chains
relative to those bearing linear side chains, how the branching
pattern of the N-substituent influences the molecular packing
and the supramolecular self-assembly of their block copolymers
in solution remains unclear.
In this contribution, we designed and synthesized two types

of diblock copolypeptoids that are composed of a core-forming
block with either linear or branched n-alkyl side chains,
namely, poly(N-methylglycine)-b-poly(N-octylglycine)
(PNMG-b-PNOG) and poly(N-methylglycine)-b-poly(N-2-
ethyl-1-hexylglycine) (PNMG-b-PNEHG), with nearly identi-
cal molecular weight (Mn) and block composition by a
controlled ring-opening polymerization (ROP) method. The
solution self-assembly of these two types of diblock
copolypeptoids in methanol was further investigated by
small-/wide-angle X-ray scattering (SAXS/WAXS) in con-
junction with cryogenic transmission electron microscopy
(cryo-TEM) and atomic force microscopy (AFM) techniques
to probe the effect of side chain architecture on supramolecular
self-assembly. We show that PNMG-b-PNOG bearing linear n-
octyl side chains slowly self-assembled into hierarchical flower-
like aggregates composed of radially distributed nanoribbons,
driven by the crystalline packing of board-like PNOG blocks.
By contrast, PNMG-b-PNEHG bearing branched racemic 2-
ethyl-1-hexyl side chains self-assembles into well-defined
hexagonal nanosheets, resulting from the LC packing of rod-
shaped PNEHG in a hexagonal lattice in 2D, i.e., a columnar
hexagonal LC mesophase. These results highlight the
significant role of side chain architecture on the molecular
packing and hierarchical self-assembly of diblock copolypep-
toids, which can be used to tune the shape, anisotropy, and
hierarchical complexity of polypeptoid-based self-assemblies in
solution.

■ RESULTS AND DISCUSSION
Polymer Synthesis and Solution Preparation. Poly(N-

methylglycine)-b-poly(N-octylglycine) (PNMG-b-PNOG) and
poly(N-methylglycine)-b-poly(N-2-ethyl-1-hexylglycine)
(PNMG-b-PNEHG) diblock copolypeptoids with comparable
molecular weight and block composition were synthesized by
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benzylamine-initiated ring-opening polymerization of the
corresponding N-substituted N-carboxyanhydrides (R-NCAs)
in a sequential manner (Scheme 1-2). The detailed synthesis
protocol is summarized in the Experimental Section (see the
Supporting Information (SI)). In brief, sequential polymer-
izations of N-methyl N-carboxyanhydride (Me-NCA) (M1)
and N-octyl N-carboxyanhydride (Oct-NCA) (M2) were
performed in DCM (a good solvent for both monomers and
the final polymer) using a benzylamine initiator to generate
PNMG-b-PNOG in a one-pot fashion. Due to solubility issues,
the synthesis of PNMG-b-PNEHG was performed in two steps
involving a change of solvent. N-2-Ethyl-1-hexyl N-carbox-
yanhydride (EtHex-NCA) was first polymerized in THF using
benzylamine initiator to produce a PNEHG segment. The
polymer was then dried and redissolved in DCM, to which Me-
NCA monomers were subsequently introduced and poly-
merized to produce the PNMG-b-PNEHG block copolymer.
The experimental compositions of PNMG-b-PNOG and
PNMG-b-PNEHG were determined by the end-group analysis
using 1H NMR spectra (Figures S2−S5) and are summarized
in Table 1. The polydispersity index (PDI) of the polymers
(Figure S6) was determined by size-exclusion chromatography
(SEC) coupled with a differential refractive index (dRI)
detector using poly(methyl methacrylate) (PMMA) standards
in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) with CF3CO2K
(0.05 M). The initial monomer to initiator ratios, i.e., [M1]0:
[M2]0:[I]0, were kept constant at 100:100:1 to ensure that two
different polymers have similar block composition, i.e., the
chain length of the solvophobic PNOG or PNEHG block and
that of the solvophilic PNMG block. As the PNMG block is
solvophilic and the PNOG or PNEHG block is relatively

solvophobic,38,40,47 both PNMG-b-PNOG and PNMG-b-
PNEHG block copolymers are expected to form core−shell-
type aggregates in methanol. We have found that both diblock
copolypeptoids can be readily dissolved at a 5 mg/mL
concentration in methanol with heating at ∼80 °C (for
PNMG-b-PNOG) or ∼100 °C (for PNMG-b-PNEHG) for 10
min in sealed glass vials, producing visually clear solutions.
These temperatures are sufficient to induce the melting of
PNOG and PNEHG blocks in methanol, evidenced by high-
temperature SAXS/WAXS (vide inf ra). CDSA or LCDSA of
PNMG-b-PNOG and PNMG-b-PNEHG was then triggered by
cooling of the respective methanol solution from high
temperature to room temperature within 10 min. The average
cooling rate is approximately 6−8 °C/min. The solutions were
kept at room temperature in sealed glass vials for at least 1 day
prior to further structural characterization by microscopy and
X-ray scattering methods. Note that such time is sufficient for
the completion of the self-assembly process for both polymers
in a 5 mg/mL methanol solution (vide inf ra). Aside from
solution scattering and cryo-TEM, we also confirmed that the
structural characterizations using other ex situ techniques, such
as AFM and regular TEM, which involve either drop-coating
or spin-coating during sample preparation, are experimentally
valid in revealing the solution morphology of PNMG-b-PNOG
and PNMG-b-PNEHG assemblies (Figure S7).

Solution Self-Assembly of PNMG-b-PNOG Diblock
Copolypeptoids Bearing Linear Aliphatic Side Chains.
Cryo-TEM imaging of the vitrified PNMG-b-PNOG methanol
solution (0.5 mg/mL obtained by dilution from a 5 mg/mL
solution after self-assembly) has revealed the formation of
hierarchical flower-like assemblies (i.e., microflowers) with an

Scheme 1

Table 1. Molecular Characteristics of PNMG-b-PNOG and PNMG-b-PNEHG Polymers

sample
[M1]0:[M2]0:

[I]0
a

actual polymer
compositionb

Mn (theor)
(kg/mol)c

Mn (NMR)
(kg/mol)d

Mn (SEC)
(kg/mol)e PDIe

f PNOG or
f PNEHG

f

PNMG-b-PNOG 100:100:1 PNMG116-b-PNOG94 24.1 24.2 23.0 1.15 0.73
PNMG-b-PNEHG 100:100:1 PNMG121-b-PNEHG101 24.1 25.8 21.5 1.18 0.74
aInitial monomer-to-initiator ratio, where M1 corresponds to Me-NCA, and M2 corresponds to Oct-NCA or EtHex-NCA. bThe numbers in
subscripts correspond to the actual DPn of an individual block determined by end-group analysis using 1H NMR spectroscopy in CD2Cl2.
cTheoretical molecular weights were calculated from the initial monomer-to-initiator ratio. dDetermined by 1H NMR analysis. eDetermined by the
SEC-dRI method using PMMA standards (HFIP/CF3CO2K (0.05 M), 30 °C). fThe volume fraction of PNOG ( f PNOG) or PNEHG block
( f PNEHG) was calculated from the block copolymer composition and the density for each block.
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average diameter of ∼1.1 μm (Figure 1a). Similar structures
were also found by AFM (Figure 1b) and regular TEM analysis

(Figure S7a) after depositing the same solution onto silicon
substrates or carbon grids. A closer inspection reveals that
these microflowers are composed of multiple elongated 2D
nanoribbons that stacked radially into three dimensions
(Figure 1b) (Figure S7a). While the length and width of the
nanoribbons are somewhat variable (ca. 500 ± 50 nm and 120
± 30 nm, respectively), the thickness of the nanoribbon is
consistently measured to be 11 ± 1 nm by AFM analysis. Note
that different initial concentrations of the PNMG-b-PNOG
solutions in the dilute regime (0.05−5 mg/mL) all afforded a
microflower morphology at the final stage of self-assembly
(Figure S8).
To obtain detailed structural information regarding the

molecular arrangement inside these microflowers, we con-
ducted small/wide-angle X-ray scattering experiments on the 5
mg/mL self-assembled PNMG-b-PNOG methanol solution
using a capillary flow cell at 20 °C. As shown in Figure 1c, the
scattering intensity exhibits a power law dependence on q with
a −2 exponent at the intermediate q range, before giving way
to a broad shoulder at q ≈ 0.02 Å−1, suggesting the formation
of 2D nanostructures (i.e., the nanoribbons) with a lateral size
of a few tens to hundreds of nanometers. A scattering peak
near q ≈ 0.07 Å−1 is also discernible, which is likely to be
associated with the geometric cross-section of the nanoribbons
based on AFM results (Figure 1b). From the intensity
minimum at q ≈ 0.045 Å−1, the thickness of the nanoribbons
is estimated to be ∼14 nm by the d = 2π/q relationship. In
addition, a I(q) ∼ q−4 behavior is observed at the lowest q
region (i.e., q < 0.003 Å−1), indicating the presence of sharp
interfaces, which are attributed to the interfaces between

polymeric aggregates and solvent. These scattering features are
consistent with the hierarchical microflowers revealed by cryo-
TEM and AFM imaging analysis. In the WAXS region (Figure
1d), a sharp scattering peak was observed at q = 0.30 Å−1,
which corresponds to the distance between adjacent backbones
of PNOG segments that are separated by the linear n-octyl side
chains in the crystalline lattice,40,44,47,48 i.e., the (001) packing
along the crystallographic c-axis, as illustrated in Figure S1 and

Figure 6. The presence of higher order (002) and (003) peaks
together with the (100), (101), and (102) peaks provides
strong evidence for the crystalline packing of the core-forming
PNOG blocks adopting a board-like molecular geometry where
the backbones are fully extended in an all-cis-amide
conformation and nearly coplanar with the N-alkyl side chains
splaying on either side of the backbone.40,47,48

In situ SAXS analysis of the methanol solution of PNMG-b-
PNOG polymers (5 mg/mL) at 70 °C revealed significantly
reduced scattering intensity in the entire q range relative to
that at 20 °C (Figure S9a). The model-independent Guinier
plot analysis of the SAXS data yielded a radius of gyration (Rg)
of 3.2 nm, which is consistent with that expected of PNMG-b-
PNOG unimers. The slight low-q upturn in the SAXS profile
suggests a low level of intermolecular aggregation in the
solution. In addition, no diffraction peaks were observed in the
WAXS profile of the methanol solution of PNMG-b-PNOG
polymers (5 mg/mL) at 70 °C, in contrast to that at 20 °C
(Figure S9b). These combined results indicate that most
PNMG-b-PNOG molecules at 5 mg/mL concentration in
methanol are dissociated by high temperature (70 °C) along
with residual intermolecular aggregates in the solution.
Crystallization and hierarchical self-assembly of the PNMG-
b-PNOG molecules were triggered after cooling the solution to
room temperature.

Figure 1. (a) Cryo-TEM and (b) AFM images for PNMG-b-PNOG
in diluted methanol solution. The inset of (b) shows the height profile
(from the Si surface) along the white line obtained from the AFM
cross-sectional analysis. (c) SAXS and (d) WAXS intensity profiles for
the 5 mg/mL PNMG-b-PNOG in methanol.

Figure 2. (a) Representative SAXS profiles of the 5 mg/mL PNMG-
b-PNOG methanol solution at different waiting times (t) after being
cooled to room temperature. (b) Plot of the exponent (a) values of
I(q) ∼ q−a near q = 0.006 Å−1 as a function of t. (c) Corresponding
WAXS profiles at different t, where the data have been shifted
vertically for clarity. (d) ζ(t) values (black circles) obtained from the
normalized integrated intensity of the (001) peak at different t. Inset
of (d) shows the corresponding Sharp−Hancock plot. The red solid
lines in (d) correspond to the best fits to the data using eq 1 with n =
2.
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Immediately after the 5 mg/mL solution was supercooled to
room temperature, the structural evolution of PNMG-b-
PNOG as a function of time was monitored by SAXS/
WAXS. As shown in Figure 2a,b, we observed a drastic change
of the SAXS profile as a function of the waiting time (t). At the
intermediate q region (i.e., near q = 0.006 Å−1), the
dependence of I(q) over q changes from I(q) ∼ q−0.8 to q−2.4

during the early stage of self-assembly (t < 50 min), then
gradually stabilizes at I(q) ∼ q−2 after ∼60 min. This indicates
the occurrence of complex structural evolution toward a final
solution morphology. The I(q) ∼ q−2 relationship at the

intermediate q range at the final stage of self-assembly indicates
the formation of 2D nanostructures with a few tens to
hundreds of nanometers in average size, consistent with the
nanoribbon subunits observed by cryo-TEM and AFM. The
broad peak near 0.07 Å−1 becomes prominent after ∼66 min
(Figure 2a and Figure S10), suggesting the formation of a well-
defined cross-section of the nanosheets. Meanwhile, multiple
peaks attributed to the crystalline packing of PNOG segments
along the crystallographic c- and a-axes, i.e., the (001), (100),
and higher order reflections, begin to appear after ∼12 min and
intensify over time in the WAXS region (Figure 2c). The
simultaneous evolution in both SAXS and WAXS profiles
suggests a strong correlation between the hierarchical self-
assembly of PNMG-b-PNOG and the crystallization of the
core-forming PNOG blocks. To better understand the
crystalline growth of PNOG, the time-dependent WAXS data
were further analyzed by the Avrami−Erofeev expression:53,54

Figure 3. AFM height images for the PNMG-b-PNOG self-assemblies at different waiting times (t) after the initial 0.5 mg/mL solution had been
cooled to room temperature: (a) 0 min, (b) 80 min, (c) 240 min, (d) 360 min, (e) 720 min, and (f) 24 h. Note that the 0.5 mg/mL solution was
immediately deposited onto Si substrates at each given time interval. The height scales for the top row (a−c) and bottom row (d−f) are ±15 and
±100 nm, respectively.

Figure 4. Cryo-TEM (a) and AFM (b) images for PNMG-b-PNEHG
in a diluted methanol solution (1 mg/mL). The inset of (b) shows the
height profiles (from the Si surface) along the white line obtained
from the AFM cross-sectional analysis. (c) SAXS and (d) WAXS
intensity profile for the 5 mg/mL PNMG-b-PNEHG in methanol.
The best-fit line to the SAXS data of the PNMG-b-PNEHG solution
is based on the scattering model described in the text.

Figure 5. (a) AFM image and (b) 2D GIWAXD image for the
PNMG-b-PNEHG hexagonal nanosheets deposited onto a Si
substrate. The two off-axis streaks are indicated by red arrows in
(b). The corresponding one-dimensional GIWAXD profiles along the
qxy direction and qz direction are shown in (c) and (d), respectively.
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ζ = − [− ]t kt( ) 1 exp ( )n
(1)

where ζ(t) is the extent of crystallization (or relative
crystallinity) at isothermal crystallization time t, k is the
crystallization rate constant, and n is the Avrami exponent that
depends on the growth geometry of the crystals (e.g., a value of
3 corresponds to unrestricted three-dimensional crystal growth
and a value of 2 to two-dimensional crystal growth) as well as
the time dependence of nucleation (e.g., 0 corresponds to
instantaneous, athermal nucleation and 1 to purely sporadic,
thermal nucleation).55 Figure 2d shows the evolution of ζ(t)
for the crystallization of PNOG blocks at room temperature,
where ζ(t) was deduced from the integrated intensity of the
(001) peak at a given time (t) normalized by its maximum
value (i.e., the integrated intensity of the (001) peak at 24 h).
The best fit to the ζ(t) profile using the Avrami−Erofeev
equation (eq 1) gives n = 2 and k = 0.014 min−1, which can
also be presented in the Sharp−Hancock form via ln{−ln[1 −
ζ(t)]} = n ln t + n ln k (the inset of Figure 2d).56 The
measured Avrami exponent of n = 2 is consistent with a two-
dimensional crystallization of the PNOG blocks by an
instantaneous, athermal nucleation process, resulting in the
formation of the 2D nanoribbon subunits that constitute the
PNMG-b-PNOG microflowers.55,57

The morphological evolution of PNMG-b-PNOG was
further characterized using AFM by depositing the self-
assembled nanostructures on Si substrates at a given time
(Figure 3). Note that the initial solution concentration used for
time-dependent AFM study is 0.5 mg/mL, which is 10 times
diluted relative to the samples used for the time-dependent
SAXS/WAXS study. At this concentration, the self-assembly of
PNMG-b-PNOG is significantly retarded, which allows for the
morphological change in a wide time window to be captured.
At t = 0 min, where the solution was immediately deposited
onto a Si substrate after cooling to room temperature, we
observed well-dispersed spherical nanoparticles with an
average diameter of ∼30 nm throughout the sample. The
diameter is in good agreement with that determined (∼29.6
nm) by the analysis of the SAXS scattering profile at t = 0 min
(Figure S11). Considering that the in situ high-temperature
SAXS/WAXS measurements show the predominant presence
of unimers at 70 °C (Figure S9a), these results clearly indicate
the early association of PNMG-b-PNOG has occurred as the
solution was cooled to room temperature, prior to the onset of

crystallization. As shown in Figure 3, the coexistence of small
spherical micelles and nanoribbons/large microflowers is
observed during the intermediate stage of self-assembly (240
≤ t ≤ 720 min). Driven by the crystallization of PNOG blocks,
these early micelles serve as the primary building blocks for the
subsequent self-assembly, promoting the growth of micro-
flowers, until all available polymeric materials are consumed.
We postulate that the 2D growth of nanoribbons and the
formation of microflowers mainly involve crystalline-driven
fusion and reorganization of the initially formed amorphous
spherical micelles, similar to previous reports of nanorod and
nanosheeting forming coil-comb-shaped polypeptoid diblock
copolymers.45,47

Solution Self-Assembly of PNMG-b-PNEHG Diblock
Copolypeptoids Bearing Branched Side Chains. In
contrast to the PNMG-b-PNOG block copolymer, which
forms microflowers in methanol, PNMG-b-PNEHG molecules
were found to self-assemble into symmetric 2D hexagonal
nanosheets after the methanol solution was cooled to room
temperature (Figure 4a,b and Figure S7b). While the lateral
diameter of these hexagons varies significantly from hundreds
of nanometers to a few micrometers, the thickness of hexagons
is highly uniform at 16 ± 1 nm in the dry state, as determined
by AFM analysis (Figure 4b). The SAXS analysis of the
polymer aggregate solution exhibits a I(q) ∼ q−2 dependence
in the 0.001−0.01 Å−1 low-q range (Figure 4c), consistent with
the formation of 2D nanostructure. Apart from the broad
shoulder at q ∼ 0.015 Å−1, the peak attributed to the thickness
of hexagonal nanosheets is also discernible near q = 0.03 Å−1.
Meanwhile, the WAXS profile (Figure 4d) of PNMG-b-
PNEHG solution shows a single diffraction peak at q = 0.50
Å−1, which gives a d-spacing of 1.26 nm, corresponding to the
distance between adjacent PNEHG segments that are
separated by the interdigitated N-2-ethyl-1-hexyl side chains.40

Aside from the primary peak, we did not observe any higher
order diffraction peaks, indicating the PNEHG segments form
a liquid crystalline mesophase that lacks long-range molecular
ordering. The liquid crystalline nature of PNEHG domains was
also evidenced by the small enthalpic change associated with
the corresponding thermal transition observed in the DSC
thermogram of PNMG-b-PNEHG polymers (Figure S16).
Since the PNMG block is solvophilic and the PNEHG block

is relatively solvophobic in methanol,38,40,47 the PNMG-b-

Figure 6. One-dimensional WAXD profiles of the bulk (a) PNOG and (b) PNEHG homopolymers after recrystallizing from the melt. The primary
and secondary peaks associated with the Kapton windows on the sample cell are indicated by the red arrows. (c) Proposed molecular geometries of
PNOG and PNEHG at the crystalline/liquid crystalline state.
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PNEHG molecules are expected to form core−shell-type
aggregates. Given the observed aggregates have a hexagonal
sheet-like geometry, it is reasonable that the liquid-crystalline
PNEHG blocks form a 2D hexagonal core, whereas the soluble
PNMG blocks form a diffused corona surrounding the LC core
to stabilize the hexagonal nanosheets in solution. The
scattering form factor for core−corona disk-shaped micelles
(a.k.a. block copolymer micelles with a disk-shaped core)
developed by Pedersen and co-workers was applied to fit the
SAXS profile of the 5 mg/mL PNMG-b-PNEHG methanol
solution.58,59 The detailed description of the scattering model
is summarized in the SI. From the best fit to the data, the core
thickness (Hc) was estimated to be 11.3 ± 0.2 nm with a
polydispersity (σHc) of 0.2 (Figure S12). The radius of gyration
of the corona chains (Rg,chain) was estimated to be 2.7 ± 0.2
nm, which gives the value of the corona thickness (hcorona) of
5.9 ± 0.4 nm by the geometrical relationship of hcorona = (dint +
1.291)Rg,chain, where dint is close to unity to indicate
nonpenetration of the corona chains into the core region
(see the SI for details). Thus, the total thickness of the PNMG-
b-PNEHG hexagonal nanosheets in methanol solution was
estimated to be 23.1 ± 1.0 nm. The thickness determined by
SAXS analysis is greater than that obtained by AFM analysis
(16 ± 1 nm), which is attributed to the collapse of corona-
forming PNMG chains in the AFM samples after solvent
evaporation.
To further probe the molecular packing and orientation

inside of the nanosheets, the self-assembled 5 mg/mL PNMG-
b-PNEHG solution was deposited onto a Si substrate by spin-
coating and subjected to grazing-incidence wide-angle X-ray
diffraction (GIWAXD) measurements. As shown in Figure 5a,
the large 2D hexagonal nanosheets were laid flat on the Si
substrate due to geometric confinement. This preferential
orientation allows the molecular orientation within the dried
hexagonal nanosheets to be resolved using GIWAXD.
Interestingly, aside from the primary diffraction peak at q* =
0.50 Å−1, multiple higher order peaks located at √3q*, √4q*,
and √7q* along the in-plane (qxy) direction were also
observed by GIWAXD (Figure 5b,c), indicating the liquid-
crystalline PNEHG molecules are rod-like and packed into a
hexagonal lattice with the long axis of the rods aligned normal
to the substrate (and the surface of hexagonal nanosheets).

The existence of such a columnar hexagonal phase of a
mesogenic rod-like PNEHG homopolymer in the solid state is
also confirmed by WAXD (vide inf ra). Hence, we conclude
that the lateral dimension of the PNMG-b-PNEHG nanosheet
is governed by the LC packing of rod-like PNEHG molecules
in a 2D hexagonal lattice, whereas the thickness of the
nanosheet core is determined by the height of hexagonal
columns, as illustrated in Figure 7b. It should be noted that
from the solution-state X-ray scattering results (Figure 4d)
only the primary peak at q* = 0.50 Å−1 is observed.
Nevertheless, the formation of symmetrical hexagonal nano-
sheets suggests that a columnar hexagonal phase of rod-like
PNEHG molecules was formed within the core region of the
sheet in the solution. As the higher order peaks associated with
the columnar hexagonal lattice are relatively weak even in dry
states (Figure 5) and bulk samples (see below, Figure 6), we
postulate that these higher order peaks are possibly over-
whelmed by the incoherent scattering from solution WAXS
measurements using a capillary cell.
Aside from the strong reflections along qxy, we also observed

two discrete off-axis streaks with low intensity that are aligned
parallel to qxy, as indicated by the red arrows in Figure 5b. This
scattering feature is reminiscent of a typical diffraction pattern
for helical structures that exhibit off-meridional layer lines
perpendicular to the helical axis (a.k.a. the characteristic X-
pattern).60 Given the PNEHG segments are composed of a
random distribution of racemic N-2-ethyl-1-hexyl side chains
and no higher order off-meridional streaks were observed in
the GIWAXD spectrum, the weak off-axis streaks in Figure 5b
may suggest the presence of short and noncontinuous helix-
like segments along the backbone in low abundance. A broad
ring-like scattering with low intensity near q = 1.2 Å−1 (d = 5.2
Å) is also discernible, which is tentatively attributed to the
amorphous regions of the polymer backbone.40 Based on the
above scattering results, it is concluded that the PNEHG
molecules adopted an extended backbone conformation with
the bulky N-2-ethyl-1-hexyl side chains radially and outwardly
displayed along the backbone, as illustrated in Figure 7b. This
is presumably a consequence of minimizing the steric
hindrance of the bulky side chains. We postulate that the
formation of the PNMG-b-PNEHG hexagonal nanosheets is
driven by the molecular packing of rod-like PNEHG segments

Figure 7. Schematic illustration of the molecular arrangement inside the PNMG-b-PNOG microflower and PNMG-b-PNEHG hexagonal
nanosheet. The corona-forming PNMG blocks and possible chain folding of PNOG were omitted for clarity.
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with an extended chain conformation into a columnar
hexagonal mesophase in the micellar core.
When the PNMG-b-PNEHG solution was heated to 100 °C,

in situ high-temperature SAXS shows a relatively weak
scattering (Figure S13a), which gives an Rg of 3.7 nm based
on the Guinier plot analysis. Note that a certain degree of
intermolecular aggregation was also evidenced by the sharp
low-q upturn at q < 0.03 Å−1 in the SAXS profile (Figure
S13a). Meanwhile, the diffraction peak at q = 0.50 Å−1 has
largely disappeared in the WAXS region at 100 °C, indicating
the formation of an isotropic disordered phase. By visual
inspection, it was found that the 5 mg/mL PNMG-b-PNEHG
solution became cloudy immediately after cooling below ∼90
°C. Drastic changes in the SAXS/WAXS profiles were also
observed upon cooling the solution to room temperature
(Figure S13b). In contrast to PNMG-b-PNOG molecules
whose solution assembly occurs over the course of several
hours, the LCDSA process of PNMG-b-PNEHG molecules to
form hexagonal nanosheets occurred rapidly and reached
completion immediately upon cooling below the clearing
temperature (at which a transition from isotropic liquid phase
to LC mesophase occurs). As shown in Figure S14, no change
in the SAXS/WAXS profiles as a function of waiting time was
observed after the solution was cooled to room temperature.
This indicates that the solution self-assembly of PNMG-b-
PNEHG molecules is much faster than that of PNMG-b-
PNOG molecules at room temperature, which is likely due to
the reduced structural ordering of the liquid crystalline phase
relative to the crystalline phase formed in the aggregate core
upon self-assembly for the former than the latter.
Effect of Side Chain Branching on the Molecular

Packing and Hierarchical Assembly of Diblock Copoly-
peptoids in Solution. From the above results, it is evident
that the side chain branching has a profound impact on the
molecular packing of the core-forming polypeptoid block,
giving rise to different solution morphologies of the diblock
copolypeptoids by disparate hierarchical assembly pathways.
With linear aliphatic side chains, the PNOG blocks adopted
the typical board-like conformation with a fully extended cis-
amide backbone being coplanar with the n-octyl side chains in
the crystalline lattice when cooled below Tc. By contrast, the
PNEHG blocks bearing racemic 2-ethyl-1-hexyl side chains are
rod-like and self-assemble into a columnar hexagonal LC
mesophase after being cooled from high temperature in
solution, where the molecular ordering in the resulting
aggregate was more short-ranged relative to that of the
PNOGs. Consequently, the PNMG-b-PNOG molecules slowly
self-assemble into microflowers composed of stacked nanorib-
bons in methanol, while the PNMG-b-PNEHG counterparts
form hexagonal nanosheets at a much faster rate of self-
assembly.
To better understand the nature of molecular packing of

these core-forming blocks, we synthesized PNOG and
PNEHG homopolymers with similar DPn and performed
wide-angle X-ray diffraction (WAXD) measurements on the
bulk samples that recrystallized from the melt. Figure 6a,b
show the WAXD results for the PNOG (DPn = 103) and
PNEHG (DPn = 100) homopolymers. The samples were first
thermally annealed at T = 200 °C (far above their isotropic
melting transition temperature)40 for 30 min under vacuum,
subsequently cooled, and isothermally recrystallized at 45 °C.
Note that such temperature is far below the transition
temperature from isotropic melt to LC mesophase (i.e., TLC

≈ 152 °C) for PNOG and PNEHG.40,43 PNOG homopolymer
was found to exhibit typical reflection peaks in the WAXD
profile due to the side-by-side and face-to-face stackings of the
board-like molecules, consistent with those observed for the
PNMG-b-PNOG microflowers in methanol. By contrast, the
PNEHG homopolymer exhibits the primary diffraction peak at
q* = 0.50 Å−1 and multiple higher order peaks located at
√3q*, √4q*, and √7q*, respectively, along with a broad
amorphous peak near q = 1.2 Å−1, which is likely to arise from
the interchain distance among the 2-ethyl-1-hexyl side chains.
This result agrees well with the GIWAXD analysis for the
PNMG-b-PNEHG nanosheets formed in solution. The
molecular packing of PNEHG bearing long and branched N-
alkyl substituents differs significantly from that of PNOG with
long and linear N-alkyl substituent both in the bulk and in
solution aggregates. Unlike PNOG chains that preferentially
adopt a board-like geometry with all the linear n-octyl side
chains aligned in the same plane, the greater steric hindrance of
the bulky racemic 2-ethyl-1-hexyl side chains makes it
energetically unfavorable for the PNEHG to adopt a planar
geometry. Instead, the PNEHG molecules adopt a rod-like
geometry with an extended backbone conformation, which
allow the side chains to orient outwardly along the backbone,
thereby minimizing steric repulsion among the bulky branched
n-alkyl substituents.
After clarifying the differences in molecular geometry and

packing between PNOG and PNEHG, we now discuss how
they affect the final solution morphology of PNMG-b-PNOG
and PNMG-b-PNEHG self-assemblies. As shown in Figure 6c,
a single PNOG board-like molecule in the crystalline lattice
contains three different facets: the main face of PNOG that
comprised both a backbone and N-aliphatic side chain, the
surface comprised PNOG backbone chain ends, and the
surface comprised only N-aliphatic side chain ends, which are
perpendicular to the crystallographic a-, b-, and c- axes of the
PNOG molecule, respectively. Since PNOG blocks are
covalently linked with the corona-forming PNMG blocks in
the diblock copolypeptoids, it is reasonable that the PNOG
crystals tend not to grow along the crystallographic b-axis. This
is consistent with the time-dependent SAXS/WAXS results
(Figure 2), which show that the crystalline growth of the core-
forming PNOGs is two-dimensional. We therefore postulate
that the core thickness of the PNMG-b-PNOG nanoribbons is
determined by the crystalline dimension along the b-axis, while
the other two axes determine the lateral dimension of the
nanoribbon core (Figure 7a). As shown in Figure 1b, the total
thickness of the PNMG-b-PNOG nanoribbons in the dry state
is 11 ± 1 nm (which also contains the collapsed PNMG block)
and is only ∼39% of the fully extended backbone length of
PNOG adopting an all-cis-amide conformation, indicating the
intramolecular folding of long polypeptoid backbones within
the nanoribbons is inevitable.
Based on AFM results (Figure 1b and Figure S7a), the

average length of the nanoribbons (ca. 500 ± 50 nm) is
approximately 4−5 times larger than their width (ca. 120 ± 30
nm). Although it remains unclear whether the length of the
nanoribbon is due to face-to-face packing (along the a-axis) or
side-by-side packing (along the c-axis) of PNOG, the above
results suggest that the tendency for the PNOG core to grow
along one axis is 4−5 times higher than the other axis. As
demonstrated by this work and other previous studies,44,45,47,61

2D nanostructures assembled from the diblock copolypeptoids
bearing board-like crystallizable blocks from solution usually
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appear nonsymmetrical, such as ribbon-like or rectangular
shapes, rather than forming a symmetrical 2D geometry. This
is mainly due to the preferential growth along one of the
crystallographic axes during the 2D crystallization, which is
dictated by the disparate inter- or intramolecular interactions
and polymer−solvent interactions along different crystallo-
graphic axes.
By contrast, when the PNEHG backbone adopts a helical

conformation, which allows the bulky racemic 2-ethyl-1-hexyl
side chains to be evenly distributed around the backbone
(Figure 6c), the rod-like PNEHG blocks would afford identical
inter- or intramolecular interactions and polymer−solvent
interfacial interactions in the radial direction of the rods. This
would favor the columnar hexagonal packing of PNEHG
segments, leading to the formation of large hexagonal
nanosheets that possess a symmetrical 2D geometry (Figure
7). The symmetrical hexagonal nanosheets formed by PNMG-
b-PNEHG mesogens are highly unusual and rarely observed by
crystallization or CDSA of typical crystalline polymers (e.g.,
polyethylene and polycaprolactone),62−64 which tend to favor
anisotropic crystallization, thus yielding asymmetric (or
elongated) hexagonal nanosheets. Based on the bulk density
of PNEHG (0.97 g/cm3),51 the theoretical molecular volume
of a single PNEHG block (DPn = 101) is estimated to be 29.2
nm3. Thus, when a rod-like PNEHG block is fitted in a
columnar hexagonal lattice with a d-spacing of 1.26 nm (which
corresponds to the closest distance between two laterally
stacked rods obtained by WAXS), the total length of the
unfolded PNEHG rod is then estimated to be 21.2 nm.
However, according to the model fitting of the SAXS curve
(Figure 4c), the averaged core thickness of the PNMG-b-
PNEHG hexagonal nanosheets is found to be 11.3 ± 0.2 nm,
which is only ∼50% of the estimated total length of an
unfolded PNEHG rod in a hexagonal columnar phase. This
result indicates that the rod of PNEHG must be either (i) self-
folded within the core region or (ii) tilted with an angle of
∼60° with respect to the normal direction of the nanosheet

basal plane, similar to the packing arrangement of LC
molecules in a smectic C phase.65,66 According to previous
theoretical and experimental studies on rod−coil block
copolymers (e.g., helical poly(hexyl isocyanate)-based rod−
coil block copolymers), it is expected that the tilting of the
core-forming rod-like molecules would increase the interfacial
area between core and corona domains, thereby reducing the
entropic penalty associated with the stretching of coil-like
blocks in the corona.65−68 However, the GIWAXD results for
the dried PNMG-b-PNEHG nanosheets on a Si substrate
(Figure 5) show no significant tilting of the rod-like PNEHG,
as evidenced by the shape of the primary peak located at qxy =
0.5 Å−1. This may be due to a change of the PNEHGs’
molecular orientation upon solvent removal. The detailed
chain conformation and molecular orientation of PNEHG-
based self-assemblies will be investigated in our future efforts.
We will also discuss the effect of side chain branching on the

self-assembly kinetics and pathways in solution. As evidenced
by the time-dependent SAXS/WAXS and AFM results, the
self-assembly of PNMG-b-PNOG in dilute solution is relatively
sluggish, which involves multiple stages including the early
micellization of PNMG-b-PNOG unimers and the later growth
of 2D nanoribbons via crystallization-induced fusion and
reorganization of initial amorphous micelles. With an initial
polymer concentration of c = 5 mg/mL, the entire solution
self-assembly process of PNMG-b-PNOG takes a few hundreds
of minutes to complete (Figure 2). When the initial
concentration is lower at c = 0.5 mg/mL, the completion of
the self-assembly process requires at least half a day or even
longer time (Figure 3). Note that the growth of nanoribbons
and the formation of microflowers seem to occur simulta-
neously (Figure 3). By contrast, the self-assembly of PNMG-b-
PNEHG hexagonal nanosheets in a 5 mg/mL solution via a
liquid-crystalline driving force was completed almost immedi-
ately upon cooling below the clearing temperature, evidenced
by little change of S/WAXS scattering profiles with time
(Figure S14). Even in the case of dilute concentration (i.e., c =

Figure 8. Representative AFM height images for PNMG-b-PNEHG hexagonal sheets self-assembled with an initial concentration of (a) 0.5, (b) 1,
and (c) 10 mg/mL, respectively. The height profiles along the white lines obtained from AFM cross-sectional analysis are shown below each image.
(d) Average sizes of PNMG-b-PNOG microflowers and PNMG-b-PNEHG nanosheets versus initial solution concentration (c).
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0.5 mg/mL), the solution turned cloudy within seconds upon
cooling below the clearing point, suggesting the occurrence of
rapid solution aggregation. We postulate that the differences in
molecular geometry and intermolecular packing between
PNOG and PNEHG are key factors that dictate the kinetics
of their respective self-assembly in solution. For the PNMG-b-
PNOG microflowers composed of stacked nanoribbons, the
formation of a long-range-ordered crystal lattice in the
nanoribbons is likely governed by the epitaxial 2D crystalline
growth of board-like PNOG segments during a micellar
fusion/reorganization process. By contrast, the PNEHG blocks
bearing branched N-aliphatic side chains adopt a rod-like
molecular geometry that favors the intermolecular packing into
a columnar hexagonal LC mesophase with short-range
ordering. The formation of the mesophase within the micellar
core occurs much more rapidly relative to that of the crystalline
micellar core presumably due to the less defined molecular
packing structure in the former relative to the latter.5,69 Further
studies on the solution self-assembly of PNMG-b-PNOG and
PNMG-b-PNEHG under different isothermal conditions are
currently in progress.
Based on the time-dependent X-ray scattering and AFM

results (Figures 2 and 3), it is evident that the formation of
microflower nanostructures involves a hierarchical self-
assembly of PNMG-b-PNOG molecules by a nucleation-and-
growth mechanism. The PNMG-b-PNOG molecules first
associate to form amorphous spherical micelles in methanol
owing to the high solvophobic content of the block copolymers
(i.e., 73% volume fraction of the PNOG segment). Further
aggregation of the amorphous micelles followed by the onset of
crystallization (i.e., crystal nucleation) resulted in the
formation of flower petal junction. Note that the precise
structure of the flower petal junction remains elusive due to the
challenge to cleanly isolate this intermediate species for
characterization. Following the formation of crystal nuclei,
the growth of the flower petals (i.e., nanoribbons subunits)
occurs by the addition of the PNMG-b-PNOG molecules from
the amorphous micelles to the crystallization front following a
2D crystallization kinetics.
Finally, we show the effect of initial polymer concentration

on the final solution morphology. As aforementioned, the
microflower morphology of the PNMG-b-PNOG was un-
affected by the initial solution concentration within the dilute
regime (c ≤ 5 mg/mL) (Figure S8). On the basis of AFM and
TEM images, we found that the average size of the
microflowers decreases with increasing of the initial polymer
concentration at c ≤ 10 mg/mL (Figure 8d). For c = 10 mg/
mL, the final PNMG-b-PNOG self-assembled structures are no
longer flower-like with distinct petals but appear as large fuzzy
spheres with an average diameter of a few hundreds of
nanometers (Figure S15), which is smaller relative to the
microflowers formed at lower concentrations. As the formation
of PNMG-b-PNOG microflowers occurs by a nucleation-and-
growth process, a higher initial polymer concentration can give
rise to a significant increase in the number of nucleation sites,
thereby resulting in a reduced average size of the final
assemblies.
By contrast, the concentration dependence of the final size

of the PNMG-b-PNEHG nanosheets by LCDSA showed a
bell-shaped curve: the average diameter of the nanosheets
increases with increasing of the initial solution concentration
until reaching a maximum value, then decreases as the
concentration was further increased. For c = 0.5 and 10 mg/

mL, the average dimensions of the resulting PNMG-b-PNEHG
nanosheets are decreased by nearly 4 times relative to those
observed for c = 1 and 5 mg/mL. Nevertheless, the thickness
and symmetrical hexagonal shape of the nanosheets remain
nearly unaffected by the initial polymer concentration (Figure
8). The origin of the bell shape dependence of the nanosheet
diameter on the initial polymer concentration remains unclear
presently. Efforts focused on understanding the formation
mechanisms for the hexagonal nanosheets will be pursued in
the future, which will shine a light on the origin of the bell-
shaped relationship between the nanosheet diameter and the
initial polymer concentration.

■ CONCLUSIONS
The role of side chain branching on the solution self-assembly
of amphiphilic diblock copolypeptoids (i.e., PNMG-b-PNOG
and PNMG-b-PNEHG) has been investigated by a combina-
tion of X-ray scattering and microscopic imaging analysis. With
linear n-octyl side chains, PNOG segments adopt a board-like
molecular geometry and can stack face-to-face (along the
crystallographic c-axis) and side-by-side (along the crystallo-
graphic a-axis) simultaneously. This enables the two-dimen-
sional and anisotropic crystallization of the core-forming
PNOG blocks, resulting in the formation of PNMG-b-
PNOG nanoribbons that radially stacked within the
hierarchical microflowers. By contrast, PNEHGs bearing
branched N-aliphatic side chains, i.e., racemic 2-ethyl-l-hexyl
side chains, adopt a rod-like molecular geometry with an
extended backbone conformation with the bulky N-2-ethyl-1-
hexyl side chains radially and outwardly displayed along the
backbone. Even though the molecular arrangement of PNEHG
lacks long-range ordering, the rod-like PNEHG block can pack
into a columnar hexagonal mesophase, which drives the
formation of PNMG-b-PNEHG symmetric hexagonal nano-
sheets in methanol.
It was also found that the hierarchical self-assembly of

PNMG-b-PNOG is relatively sluggish and involves the
assembly of multilevel building blocks in a stepwise fashion,
including early micellization and fusion/reorganization of the
initial micelles into elongated nanoribbons via CDSA. While
the hierarchical self-assembly mechanism of these microflowers
with radially arranged nanoribbons remains somewhat
ambiguous, the formation of elongated nanoribbons (i.e.,
flower petals) is induced by the 2D crystallization of PNOG
due to more favored molecular packing along one of the
crystallographic axes. By contrast, the formation of PNMG-b-
PNEHG hexagonal nanosheets via the LCDSA process is rapid
relative to that of the PNMG-b-PNOG microflowers, which is
attributed to the less defined molecular packing of PNEHG
segments within the mesophasic micellar core relative to that
of the PNOG segments in the corresponding crystalline
micellar core. Furthermore, we demonstrated that the lateral
dimensions of PNMG-b-PNEHG hexagonal nanosheets can be
manipulated from nanosize to microsize by tuning the initial
polymer concentration within the dilute regime, while the
thickness of hexagonal nanosheets remains unaffected by the
concentration. This study highlights the impact of N-
substitution architecture on the molecular packing and
solution self-assembly of coil-crystalline diblock copolypep-
toids, which may serve as a crucial parameter in the rational
design of polypeptoid-based nanostructures. The formation of
2D hexagonal nanosheets of diblock copolypeptoids with
tunable lateral dimensions induced by LCDSA also shed new
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light on the creation of highly symmetric 2D nano/microscale
materials for a wide range of applications.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.1c01088.

Materials and Methods, schematics of crystalline packing
of comb-shaped polypeptoids, 1H and 13C{1H} NMR
spectra and SEC-dRI chromatograms of the PNMG-b-
PNOG and PNMG-b-PNEHG block copolymers,
TEM/AFM images for the PNMG-b-PNOG and
PNMG-b-PNEHG block copolymers, additional SAXS/
WAXS results for the PNMG-b-PNOG and PNMG-b-
PNEHG at different waiting times, high-temperature
SAXS/WAXS results for PNMG-b-PNOG and PNMG-
b-PNEHG, SAXS analysis for the PNMG-b-PNOG
sample at time = 0, core thickness distributions of
PNMG-b-PNEHG nanosheets, DSC thermograms of
PNMG-b-PNOG and PNMG-b-PNEHG (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Naisheng Jiang − School of Materials Science and Engineering,
University of Science and Technology Beijing, Beijing 100083,
China; Department of Chemistry and Macromolecular
Studies Group, Louisiana State University, Baton Rouge,
Louisiana 70803, United States; orcid.org/0000-0002-
3507-5219; Email: naishengjiang@ustb.edu.cn

Donghui Zhang − Department of Chemistry and
Macromolecular Studies Group, Louisiana State University,
Baton Rouge, Louisiana 70803, United States; orcid.org/
0000-0003-0779-6438; Email: dhzhang@lsu.edu

Authors
Liying Kang − School of Materials Science and Engineering,
University of Science and Technology Beijing, Beijing 100083,
China

Albert Chao − Department of Chemistry and Macromolecular
Studies Group, Louisiana State University, Baton Rouge,
Louisiana 70803, United States

Meng Zhang − Department of Chemistry and Macromolecular
Studies Group, Louisiana State University, Baton Rouge,
Louisiana 70803, United States; orcid.org/0000-0001-
6422-2102

Tianyi Yu − Department of Chemistry and Macromolecular
Studies Group, Louisiana State University, Baton Rouge,
Louisiana 70803, United States

Jun Wang − School of Materials Science and Engineering,
University of Science and Technology Beijing, Beijing 100083,
China

Qi Wang − School of Materials Science and Engineering,
University of Science and Technology Beijing, Beijing 100083,
China

Huihui Yu − School of Materials Science and Engineering,
University of Science and Technology Beijing, Beijing 100083,
China

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.1c01088

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank Steven J. Weigand, Shirish Chodankar, Lin
Yang, Ruipeng Li, and Masafumi Fukuto for assisting with the
synchrotron X-ray scattering measurements, Ying Xiao at LSU
Shared Instrumentation Facility (SIF) and Jibao He at Tulane
University Coordinated Instrumentation Facility (CIF) for the
cryo-TEM measurements, and Yue Zhang and Beijing Key
Laboratory for Advanced Energy Materials and Technologies
at USTB for the access to AFM. The polymer synthesis and X-
ray scattering and TEM characterization of polymer solutions
were supported by the National Science Foundation (CHE
1609447 and 2003458). N.J. also acknowledges the partial
financial support from the National Natural Science
Foundation of China (52073025). The X-ray scattering work
was performed at the DuPont-Northwestern-Dow Collabo-
rative Access Team (DND-CAT) of the Advanced Photon
Source (APS). DND-CAT is supported by Northwestern
University, E.I. DuPont de Nemours & Co., and The Dow
Chemical Company. This research used resources of the
Advanced Photon Source, a U.S. DOE Office of Science User
Facility operated for the DOE Office of Science by Argonne
National Laboratory under Contract No. DE-AC02-
06CH11357. This research also used resources of the Life
Science X-ray Scattering (LiX/16-ID) beamline and the
Complex Materials Scattering (CMS/11-BM) beamline
operated by the National Synchrotron Light Source II at
Brookhaven National Laboratory, which are supported by the
U.S. DOE, Office of Science, Office of Basic Energy Sciences,
under Contract No. DE-SC0012704. The LiX beamline is also
part of the Life Science Biomedical Technology Research
resource, primarily supported by the National Institutes of
Health, National Institute of General Medical Sciences, under
Grant P41 GM111244, and by the DOE Office of Biological
and Environmental Research under Grant KP1605010, with
additional support from NIH Grant S10 OD012331.

■ REFERENCES
(1) Tritschler, U.; Pearce, S.; Gwyther, J.; Whittell, G. R.; Manners,
I. 50th Anniversary Perspective: Functional Nanoparticles from the
Solution Self-Assembly of Block Copolymers. Macromolecules 2017,
50, 3439−3463.
(2) Foster, J. C.; Varlas, S.; Couturaud, B.; Coe, Z.; O’Reilly, R. K.
Getting into Shape: Reflections on a New Generation of Cylindrical
Nanostructures’ Self-Assembly Using Polymer Building Blocks. J. Am.
Chem. Soc. 2019, 141, 2742−2753.
(3) Li, X.; Jin, B.; Gao, Y.; Hayward, D. W.; Winnik, M. A.; Luo, Y.;
Manners, I. Monodisperse Cylindrical Micelles of Controlled Length
with a Liquid-Crystalline Perfluorinated Core by 1D “Self-Seeding.
Angew. Chem., Int. Ed. 2016, 55, 11392−11396.
(4) Jin, B.; Sano, K.; Aya, S.; Ishida, Y.; Gianneschi, N.; Luo, Y.; Li,
X. One-pot universal initiation-growth methods from a liquid
crystalline block copolymer. Nat. Commun. 2019, 10, 2397.
(5) Gao, L.; Gao, H.; Lin, J.; Wang, L.; Wang, X.-S.; Yang, C.; Lin, S.
Growth and Termination of Cylindrical Micelles via Liquid-
Crystallization-Driven Self-Assembly. Macromolecules 2020, 53,
8992−8999.
(6) Massey, J. A.; Temple, K.; Cao, L.; Rharbi, Y.; Raez, J.; Winnik,
M. A.; Manners, I. Self-Assembly of Organometallic Block
Copolymers: The Role of Crystallinity of the Core-Forming
Polyferrocene Block in the Micellar Morphologies Formed by
Poly(ferrocenylsilane-b-dimethylsiloxane) in n-Alkane Solvents. J.
Am. Chem. Soc. 2000, 122, 11577−11584.
(7) Wang, X.; Guerin, G.; Wang, H.; Wang, Y.; Manners, I.; Winnik,
M. A. Cylindrical Block Copolymer Micelles and Co-Micelles of
Controlled Length and Architecture. Science 2007, 317, 644−647.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c01088
J. Am. Chem. Soc. 2021, 143, 5890−5902

5900

https://pubs.acs.org/doi/10.1021/jacs.1c01088?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c01088/suppl_file/ja1c01088_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naisheng+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3507-5219
http://orcid.org/0000-0002-3507-5219
mailto:naishengjiang@ustb.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Donghui+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0779-6438
http://orcid.org/0000-0003-0779-6438
mailto:dhzhang@lsu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liying+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Albert+Chao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meng+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6422-2102
http://orcid.org/0000-0001-6422-2102
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianyi+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huihui+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01088?ref=pdf
https://doi.org/10.1021/acs.macromol.6b02767
https://doi.org/10.1021/acs.macromol.6b02767
https://doi.org/10.1021/jacs.8b08648
https://doi.org/10.1021/jacs.8b08648
https://doi.org/10.1002/anie.201604551
https://doi.org/10.1002/anie.201604551
https://doi.org/10.1038/s41467-019-10341-7
https://doi.org/10.1038/s41467-019-10341-7
https://doi.org/10.1021/acs.macromol.0c01820
https://doi.org/10.1021/acs.macromol.0c01820
https://doi.org/10.1021/ja002205d
https://doi.org/10.1021/ja002205d
https://doi.org/10.1021/ja002205d
https://doi.org/10.1021/ja002205d
https://doi.org/10.1126/science.1141382
https://doi.org/10.1126/science.1141382
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c01088?rel=cite-as&ref=PDF&jav=VoR


(8) Gilroy, J. B.; Gädt, T.; Whittell, G. R.; Chabanne, L.; Mitchels, J.
M.; Richardson, R. M.; Winnik, M. A.; Manners, I. Monodisperse
cylindrical micelles by crystallization-driven living self-assembly. Nat.
Chem. 2010, 2, 566−570.
(9) He, X.; Hsiao, M.-S.; Boott, C. E.; Harniman, R. L.; Nazemi, A.;
Li, X.; Winnik, M. A.; Manners, I. Two-dimensional assemblies from
crystallizable homopolymers with charged termini. Nat. Mater. 2017,
16, 481−488.
(10) Inam, M.; Cambridge, G.; Pitto-Barry, A.; Laker, Z. P. L.;
Wilson, N. R.; Mathers, R. T.; Dove, A. P.; O’Reilly, R. K. 1D vs. 2D
shape selectivity in the crystallization-driven self-assembly of
polylactide block copolymers. Chem. Sci. 2017, 8, 4223−4230.
(11) Qiu, H.; Hudson, Z. M.; Winnik, M. A.; Manners, I.
Multidimensional hierarchical self-assembly of amphiphilic cylindrical
block comicelles. Science 2015, 347, 1329−1332.
(12) Putnam, D. Polymers for gene delivery across length scales.
Nat. Mater. 2006, 5, 439−451.
(13) Geng, Y.; Dalhaimer, P.; Cai, S.; Tsai, R.; Tewari, M.; Minko,
T.; Discher, D. E. Shape effects of filaments versus spherical particles
in flow and drug delivery. Nat. Nanotechnol. 2007, 2, 249−255.
(14) Jin, R.; Wang, Y.; Liu, Y.; Ding, C.; Xie, J.; Li, J.
Biomineralization and osteogenic differentiation modulated by
substrate stiffness. Eur. Polym. J. 2020, 122, 109395.
(15) Zhang, Y.; Tekobo, S.; Tu, Y.; Zhou, Q.; Jin, X.; Dergunov, S.
A.; Pinkhassik, E.; Yan, B. Permission to enter cell by shape: nanodisk
vs nanosphere. ACS Appl. Mater. Interfaces 2012, 4, 4099−4105.
(16) Lingwood, D.; Simons, K. Lipid Rafts As a Membrane-
Organizing Principle. Science 2010, 327, 46−50.
(17) Yin, L.; Lodge, T. P.; Hillmyer, M. A. A Stepwise
“Micellization−Crystallization” Route to Oblate Ellipsoidal, Cylin-
drical, and Bilayer Micelles with Polyethylene Cores in Water.
Macromolecules 2012, 45, 9460−9467.
(18) Schmelz, J.; Karg, M.; Hellweg, T.; Schmalz, H. General
Pathway toward Crystalline-Core Micelles with Tunable Morphology
and Corona Segregation. ACS Nano 2011, 5, 9523−9534.
(19) Arno, M. C.; Inam, M.; Coe, Z.; Cambridge, G.; Macdougall, L.
J.; Keogh, R.; Dove, A. P.; O’Reilly, R. K. Precision Epitaxy for
Aqueous 1D and 2D Poly(ε-caprolactone) Assemblies. J. Am. Chem.
Soc. 2017, 139, 16980−16985.
(20) Sun, L.; Petzetakis, N.; Pitto-Barry, A.; Schiller, T. L.; Kirby, N.;
Keddie, D. J.; Boyd, B. J.; O’Reilly, R. K.; Dove, A. P. Tuning the Size
of Cylindrical Micelles from Poly(l-lactide)-b-poly(acrylic acid)
Diblock Copolymers Based on Crystallization-Driven Self-Assembly.
Macromolecules 2013, 46, 9074−9082.
(21) Hudson, Z. M.; Boott, C. E.; Robinson, M. E.; Rupar, P. A.;
Winnik, M. A.; Manners, I. Tailored hierarchical micelle architectures
using living crystallization-driven self-assembly in two dimensions.
Nat. Chem. 2014, 6, 893−898.
(22) Patra, S. K.; Ahmed, R.; Whittell, G. R.; Lunn, D. J.; Dunphy, E.
L.; Winnik, M. A.; Manners, I. Cylindrical Micelles of Controlled
Length with a π-Conjugated Polythiophene Core via Crystallization-
Driven Self-Assembly. J. Am. Chem. Soc. 2011, 133, 8842−8845.
(23) Qian, J.; Li, X.; Lunn, D. J.; Gwyther, J.; Hudson, Z. M.;
Kynaston, E.; Rupar, P. A.; Winnik, M. A.; Manners, I. Uniform, High
Aspect Ratio Fiber-like Micelles and Block Co-micelles with a
Crystalline π-Conjugated Polythiophene Core by Self-Seeding. J. Am.
Chem. Soc. 2014, 136, 4121−4124.
(24) Yu, W.; Inam, M.; Jones, J. R.; Dove, A. P.; O’Reilly, R. K.
Understanding the CDSA of poly(lactide) containing triblock
copolymers. Polym. Chem. 2017, 8, 5504−5512.
(25) Hsiao, M.-S.; Yusoff, S. F. M.; Winnik, M. A.; Manners, I.
Crystallization-Driven Self-Assembly of Block Copolymers with a
Short Crystallizable Core-Forming Segment: Controlling Micelle
Morphology through the Influence of Molar Mass and Solvent
Selectivity. Macromolecules 2014, 47, 2361−2372.
(26) He, Y.; Eloi, J.-C.; Harniman, R. L.; Richardson, R. M.;
Whittell, G. R.; Mathers, R. T.; Dove, A. P.; O’Reilly, R. K.; Manners,
I. Uniform Biodegradable Fiber-Like Micelles and Block Comicelles
via “Living” Crystallization-Driven Self-Assembly of Poly(l-lactide)

Block Copolymers: The Importance of Reducing Unimer Self-
Nucleation via Hydrogen Bond Disruption. J. Am. Chem. Soc. 2019,
141, 19088−19098.
(27) Tritschler, U.; Gwyther, J.; Harniman, R. L.; Whittell, G. R.;
Winnik, M. A.; Manners, I. Toward Uniform Nanofibers with a π-
Conjugated Core: Optimizing the ″Living″ Crystallization-Driven
Self-Assembly of Diblock Copolymers with a Poly(3-octylthiophene)
Core-Forming Block. Macromolecules 2018, 51, 5101−5113.
(28) Knaapila, M.; Garamus, V. M.; Dias, F. B.; Almásy, L.;
Galbrecht, F.; Charas, A.; Morgado, J.; Burrows, H. D.; Scherf, U.;
Monkman, A. P. Influence of Solvent Quality on the Self-Organization
of Archetypical Hairy Rods−Branched and Linear Side Chain
Polyfluorenes: Rodlike Chains versus “Beta-Sheets” in Solution.
Macromolecules 2006, 39, 6505−6512.
(29) Hou, J.; Chen, H.-Y.; Zhang, S.; Li, G.; Yang, Y. Synthesis,
Characterization, and Photovoltaic Properties of a Low Band Gap
Polymer Based on Silole-Containing Polythiophenes and 2,1,3-
Benzothiadiazole. J. Am. Chem. Soc. 2008, 130, 16144−16145.
(30) Zhang, D.; Lahasky, S. H.; Guo, L.; Lee, C.-U.; Lavan, M.
Polypeptoid Materials: Current Status and Future Perspectives.
Macromolecules 2012, 45, 5833−5841.
(31) Luxenhofer, R.; Fetsch, C.; Grossmann, A. Polypeptoids: A
perfect match for molecular definition and macromolecular engineer-
ing? J. Polym. Sci., Part A: Polym. Chem. 2013, 51, 2731−2752.
(32) Gangloff, N.; Ulbricht, J.; Lorson, T.; Schlaad, H.; Luxenhofer,
R. Peptoids and Polypeptoids at the Frontier of Supra- and
Macromolecular Engineering. Chem. Rev. 2016, 116, 1753−1802.
(33) Xuan, S.; Gupta, S.; Li, X.; Bleuel, M.; Schneider, G. J.; Zhang,
D. Synthesis and Characterization of Well-Defined PEGylated
Polypeptoids as Protein-Resistant Polymers. Biomacromolecules
2017, 18, 951−964.
(34) Xuan, S.; Lee, C. U.; Chen, C.; Doyle, A. B.; Zhang, Y.; Guo, L.;
John, V. T.; Hayes, D.; Zhang, D. Thermoreversible and Injectable
ABC Polypeptoid Hydrogels: Controlling the Hydrogel Properties
through Molecular Design. Chem. Mater. 2016, 28, 727−737.
(35) Xiao, Y.; Wang, J.; Zhang, J.; Heise, A.; Lang, M. Synthesis and
gelation of copolypept(o)ides with random and block structure.
Biopolymers 2017, 107, 23038.
(36) Guo, L.; Zhang, D. Cyclic Poly(α-peptoid)s and Their Block
Copolymers from N-Heterocyclic Carbene-Mediated Ring-Opening
Polymerizations of N-Substituted N-Carboxylanhydrides. J. Am.
Chem. Soc. 2009, 131, 18072−18074.
(37) Chan, B. A.; Xuan, S.; Li, A.; Simpson, J. M.; Sternhagen, G. L.;
Yu, T.; Darvish, O. A.; Jiang, N.; Zhang, D. Polypeptoid polymers:
Synthesis, characterization, and properties. Biopolymers 2018, 109,
23070.
(38) Lee, C. U.; Smart, T. P.; Guo, L.; Epps, T. H., 3rd; Zhang, D.
Synthesis and Characterization of Amphiphilic Cyclic Diblock
Copolypeptoids from N-Heterocyclic Carbene-Mediated Zwitterionic
Polymerization of N-Substituted N-carboxyanhydride. Macromolecules
2011, 44, 9574−9585.
(39) Lee, C.-U.; Lu, L.; Chen, J.; Garno, J. C.; Zhang, D.
Crystallization-Driven Thermoreversible Gelation of Coil-Crystalline
Cyclic and Linear Diblock Copolypeptoids. ACS Macro Lett. 2013, 2,
436−440.
(40) Lee, C.-U.; Li, A.; Ghale, K.; Zhang, D. Crystallization and
Melting Behaviors of Cyclic and Linear Polypeptoids with Alkyl Side
Chains. Macromolecules 2013, 46, 8213−8223.
(41) Sun, J.; Teran, A. A.; Liao, X.; Balsara, N. P.; Zuckermann, R.
N. Crystallization in Sequence-Defined Peptoid Diblock Copolymers
Induced by Microphase Separation. J. Am. Chem. Soc. 2014, 136,
2070−2077.
(42) Sun, J.; Jiang, X.; Lund, R.; Downing, K. H.; Balsara, N. P.;
Zuckermann, R. N. Self-assembly of crystalline nanotubes from
monodisperse amphiphilic diblock copolypeptoid tiles. Proc. Natl.
Acad. Sci. U. S. A. 2016, 113, 3954−3959.
(43) Greer, D. R.; Stolberg, M. A.; Xuan, S.; Jiang, X.; Balsara, N. P.;
Zuckermann, R. N. Liquid-Crystalline Phase Behavior in Polypeptoid
Diblock Copolymers. Macromolecules 2018, 51, 9519−9525.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c01088
J. Am. Chem. Soc. 2021, 143, 5890−5902

5901

https://doi.org/10.1038/nchem.664
https://doi.org/10.1038/nchem.664
https://doi.org/10.1038/nmat4837
https://doi.org/10.1038/nmat4837
https://doi.org/10.1039/C7SC00641A
https://doi.org/10.1039/C7SC00641A
https://doi.org/10.1039/C7SC00641A
https://doi.org/10.1126/science.1261816
https://doi.org/10.1126/science.1261816
https://doi.org/10.1038/nmat1645
https://doi.org/10.1038/nnano.2007.70
https://doi.org/10.1038/nnano.2007.70
https://doi.org/10.1016/j.eurpolymj.2019.109395
https://doi.org/10.1016/j.eurpolymj.2019.109395
https://doi.org/10.1021/am300840p
https://doi.org/10.1021/am300840p
https://doi.org/10.1126/science.1174621
https://doi.org/10.1126/science.1174621
https://doi.org/10.1021/ma302069s
https://doi.org/10.1021/ma302069s
https://doi.org/10.1021/ma302069s
https://doi.org/10.1021/nn202638t
https://doi.org/10.1021/nn202638t
https://doi.org/10.1021/nn202638t
https://doi.org/10.1021/jacs.7b10199
https://doi.org/10.1021/jacs.7b10199
https://doi.org/10.1021/ma401634s
https://doi.org/10.1021/ma401634s
https://doi.org/10.1021/ma401634s
https://doi.org/10.1038/nchem.2038
https://doi.org/10.1038/nchem.2038
https://doi.org/10.1021/ja202408w
https://doi.org/10.1021/ja202408w
https://doi.org/10.1021/ja202408w
https://doi.org/10.1021/ja500661k
https://doi.org/10.1021/ja500661k
https://doi.org/10.1021/ja500661k
https://doi.org/10.1039/C7PY01056G
https://doi.org/10.1039/C7PY01056G
https://doi.org/10.1021/ma402429d
https://doi.org/10.1021/ma402429d
https://doi.org/10.1021/ma402429d
https://doi.org/10.1021/ma402429d
https://doi.org/10.1021/jacs.9b09885
https://doi.org/10.1021/jacs.9b09885
https://doi.org/10.1021/jacs.9b09885
https://doi.org/10.1021/jacs.9b09885
https://doi.org/10.1021/acs.macromol.8b00488
https://doi.org/10.1021/acs.macromol.8b00488
https://doi.org/10.1021/acs.macromol.8b00488
https://doi.org/10.1021/acs.macromol.8b00488
https://doi.org/10.1021/ma060886c
https://doi.org/10.1021/ma060886c
https://doi.org/10.1021/ma060886c
https://doi.org/10.1021/ja806687u
https://doi.org/10.1021/ja806687u
https://doi.org/10.1021/ja806687u
https://doi.org/10.1021/ja806687u
https://doi.org/10.1021/ma202319g
https://doi.org/10.1002/pola.26687
https://doi.org/10.1002/pola.26687
https://doi.org/10.1002/pola.26687
https://doi.org/10.1021/acs.chemrev.5b00201
https://doi.org/10.1021/acs.chemrev.5b00201
https://doi.org/10.1021/acs.biomac.6b01824
https://doi.org/10.1021/acs.biomac.6b01824
https://doi.org/10.1021/acs.chemmater.5b03528
https://doi.org/10.1021/acs.chemmater.5b03528
https://doi.org/10.1021/acs.chemmater.5b03528
https://doi.org/10.1002/bip.23038
https://doi.org/10.1002/bip.23038
https://doi.org/10.1021/ja907380d
https://doi.org/10.1021/ja907380d
https://doi.org/10.1021/ja907380d
https://doi.org/10.1002/bip.23070
https://doi.org/10.1002/bip.23070
https://doi.org/10.1021/ma2020936
https://doi.org/10.1021/ma2020936
https://doi.org/10.1021/ma2020936
https://doi.org/10.1021/mz300667n
https://doi.org/10.1021/mz300667n
https://doi.org/10.1021/ma401067f
https://doi.org/10.1021/ma401067f
https://doi.org/10.1021/ma401067f
https://doi.org/10.1021/ja412123y
https://doi.org/10.1021/ja412123y
https://doi.org/10.1073/pnas.1517169113
https://doi.org/10.1073/pnas.1517169113
https://doi.org/10.1021/acs.macromol.8b01952
https://doi.org/10.1021/acs.macromol.8b01952
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c01088?rel=cite-as&ref=PDF&jav=VoR


(44) Shi, Z.; Wei, Y.; Zhu, C.; Sun, J.; Li, Z. Crystallization-Driven
Two-Dimensional Nanosheet from Hierarchical Self-Assembly of
Polypeptoid-Based Diblock Copolymers. Macromolecules 2018, 51,
6344−6351.
(45) Wei, Y.; Tian, J.; Zhang, Z.; Zhu, C.; Sun, J.; Li, Z.
Supramolecular Nanosheets Assembled from Poly(ethylene glycol)-
b-poly(N-(2-phenylethyl)glycine) Diblock Copolymer Containing
Crystallizable Hydrophobic Polypeptoid: Crystallization Driven
Assembly Transition from Filaments to Nanosheets. Macromolecules
2019, 52, 1546−1556.
(46) Birke, A.; Ling, J.; Barz, M. Polysarcosine-containing
copolymers: Synthesis, characterization, self-assembly, and applica-
tions. Prog. Polym. Sci. 2018, 81, 163−208.
(47) Jiang, N.; Yu, T.; Darvish, O. A.; Qian, S.; Mkam Tsengam, I.
K.; John, V.; Zhang, D. Crystallization-Driven Self-Assembly of Coil-
Comb-Shaped Polypeptoid Block Copolymers: Solution Morphology
and Self-Assembly Pathways. Macromolecules 2019, 52, 8867−8877.
(48) Greer, D. R.; Stolberg, M. A.; Kundu, J.; Spencer, R. K.; Pascal,
T.; Prendergast, D.; Balsara, N. P.; Zuckermann, R. N. Universal
Relationship between Molecular Structure and Crystal Structure in
Peptoid Polymers and Prevalence of the cis Backbone Conformation.
J. Am. Chem. Soc. 2018, 140, 827−833.
(49) Jiang, N.; Chen, J.; Yu, T.; Chao, A.; Kang, L.; Wu, Y.; Niu, K.;
Li, R.; Fukuto, M.; Zhang, D. Cyclic Topology Enhancing Structural
Ordering and Stability of Comb-Shaped Polypeptoid Thin Films
against Melt-Induced Dewetting. Macromolecules 2020, 53, 7601−
7612.
(50) Sun, J.; Wang, Z.; Zhu, C.; Wang, M.; Shi, Z.; Wei, Y.; Fu, X.;
Chen, X.; Zuckermann, R. N. Hierarchical supramolecular assembly of
a single peptoid polymer into a planar nanobrush with two distinct
molecular packing motifs. Proc. Natl. Acad. Sci. U. S. A. 2020, 117,
31639−31647.
(51) Sun, J.; Teran, A. A.; Liao, X.; Balsara, N. P.; Zuckermann, R.
N. Nanoscale phase separation in sequence-defined peptoid diblock
copolymers. J. Am. Chem. Soc. 2013, 135, 14119−14124.
(52) Sun, J.; Jiang, X.; Siegmund, A.; Connolly, M. D.; Downing, K.
H.; Balsara, N. P.; Zuckermann, R. N. Morphology and Proton
Transport in Humidified Phosphonated Peptoid Block Copolymers.
Macromolecules 2016, 49, 3083−3090.
(53) Avrami, M. Kinetics of Phase Change. II Transformation-Time
Relations for Random Distribution of Nuclei. J. Chem. Phys. 1940, 8,
212−224.
(54) Erofe’ev, B. V. Generalized equation of chemical kinetics and its
application in reactions involving solids. Compt. Rend. Acad. Sci. URSS
1946, 52, 511−514.
(55) Duran, H.; Steinhart, M.; Butt, H.-J.; Floudas, G. From
Heterogeneous to Homogeneous Nucleation of Isotactic Poly-
(propylene) Confined to Nanoporous Alumina. Nano Lett. 2011,
11, 1671−1675.
(56) Hancock, J. D.; Sharp, J. H. Method of Comparing Solid-State
Kinetic Data and Its Application to the Decomposition of Kaolinite,
Brucite, and BaCO3. J. Am. Ceram. Soc. 1972, 55, 74−77.
(57) Chen, Y.-H.; Zhong, G.-J.; Lei, J.; Li, Z.-M.; Hsiao, B. S. In Situ
Synchrotron X-ray Scattering Study on Isotactic Polypropylene
Crystallization under the Coexistence of Shear Flow and Carbon
Nanotubes. Macromolecules 2011, 44, 8080−8092.
(58) Pedersen, J. S.; Gerstenberg, M. C. Scattering Form Factor of
Block Copolymer Micelles. Macromolecules 1996, 29, 1363−1365.
(59) Pedersen, J. Form factors of block copolymer micelles with
spherical, ellipsoidal and cylindrical cores. J. Appl. Crystallogr. 2000,
33, 637−640.
(60) Lucas, A. A.; Lambin, P. Diffraction by DNA, carbon nanotubes
and other helical nanostructures. Rep. Prog. Phys. 2005, 68, 1181−
1249.
(61) Jiang, X.; Greer, D. R.; Kundu, J.; Ophus, C.; Minor, A. M.;
Prendergast, D.; Zuckermann, R. N.; Balsara, N. P.; Downing, K. H.
Imaging Unstained Synthetic Polymer Crystals and Defects on
Atomic Length Scales Using Cryogenic Electron Microscopy.
Macromolecules 2018, 51, 7794−7799.

(62) Organ, S. J.; Keller, A. Solution crystallization of polyethylene
at high temperatures. I: Lateral crystal habits. J. Mater. Sci. 1985, 20,
1571−1585.
(63) Ganda, S.; Dulle, M.; Drechsler, M.; Förster, B.; Förster, S.;
Stenzel, M. H. Two-Dimensional Self-Assembled Structures of Highly
Ordered Bioactive Crystalline-Based Block Copolymers. Macro-
molecules 2017, 50, 8544−8553.
(64) Cha, Y.; Jarrett-Wilkins, C.; Rahman, M. A.; Zhu, T.; Sha, Y.;
Manners, I.; Tang, C. Crystallization-Driven Self-Assembly of
Metallo-Polyelectrolyte Block Copolymers with a Polycaprolactone
Core-Forming Segment. ACS Macro Lett. 2019, 8, 835−840.
(65) Semenov, A. N. Smectic Ordering in Block-Copolymer Melts.
Mol. Cryst. Liq. Cryst. 1991, 209, 191−199.
(66) Chen, J. T.; Thomas, E. L.; Ober, C. K.; Mao, G. p. Self-
Assembled Smectic Phases in Rod-Coil Block Copolymers. Science
1996, 273, 343−346.
(67) Halperin, A. Rod-Coil Copolymers: Their Aggregation
Behavior. Macromolecules 1990, 23, 2724−2731.
(68) Lee, M.; Cho, B.-K.; Kim, H.; Yoon, J.-Y.; Zin, W.-C. Self-
Organization of Rod−Coil Molecules with Layered Crystalline States
into Thermotropic Liquid Crystalline Assemblies. J. Am. Chem. Soc.
1998, 120, 9168−9179.
(69) Tschierske, C. Development of Structural Complexity by
Liquid-Crystal Self-assembly. Angew. Chem., Int. Ed. 2013, 52, 8828−
8878.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c01088
J. Am. Chem. Soc. 2021, 143, 5890−5902

5902

https://doi.org/10.1021/acs.macromol.8b00986
https://doi.org/10.1021/acs.macromol.8b00986
https://doi.org/10.1021/acs.macromol.8b00986
https://doi.org/10.1021/acs.macromol.8b02230
https://doi.org/10.1021/acs.macromol.8b02230
https://doi.org/10.1021/acs.macromol.8b02230
https://doi.org/10.1021/acs.macromol.8b02230
https://doi.org/10.1016/j.progpolymsci.2018.01.002
https://doi.org/10.1016/j.progpolymsci.2018.01.002
https://doi.org/10.1016/j.progpolymsci.2018.01.002
https://doi.org/10.1021/acs.macromol.9b01546
https://doi.org/10.1021/acs.macromol.9b01546
https://doi.org/10.1021/acs.macromol.9b01546
https://doi.org/10.1021/jacs.7b11891
https://doi.org/10.1021/jacs.7b11891
https://doi.org/10.1021/jacs.7b11891
https://doi.org/10.1021/acs.macromol.0c01205
https://doi.org/10.1021/acs.macromol.0c01205
https://doi.org/10.1021/acs.macromol.0c01205
https://doi.org/10.1073/pnas.2011816117
https://doi.org/10.1073/pnas.2011816117
https://doi.org/10.1073/pnas.2011816117
https://doi.org/10.1021/ja404233d
https://doi.org/10.1021/ja404233d
https://doi.org/10.1021/acs.macromol.6b00353
https://doi.org/10.1021/acs.macromol.6b00353
https://doi.org/10.1063/1.1750631
https://doi.org/10.1063/1.1750631
https://doi.org/10.1021/nl200153c
https://doi.org/10.1021/nl200153c
https://doi.org/10.1021/nl200153c
https://doi.org/10.1111/j.1151-2916.1972.tb11213.x
https://doi.org/10.1111/j.1151-2916.1972.tb11213.x
https://doi.org/10.1111/j.1151-2916.1972.tb11213.x
https://doi.org/10.1021/ma201688p
https://doi.org/10.1021/ma201688p
https://doi.org/10.1021/ma201688p
https://doi.org/10.1021/ma201688p
https://doi.org/10.1021/ma9512115
https://doi.org/10.1021/ma9512115
https://doi.org/10.1107/S0021889899012248
https://doi.org/10.1107/S0021889899012248
https://doi.org/10.1088/0034-4885/68/5/R05
https://doi.org/10.1088/0034-4885/68/5/R05
https://doi.org/10.1021/acs.macromol.8b01508
https://doi.org/10.1021/acs.macromol.8b01508
https://doi.org/10.1007/BF00555261
https://doi.org/10.1007/BF00555261
https://doi.org/10.1021/acs.macromol.7b01453
https://doi.org/10.1021/acs.macromol.7b01453
https://doi.org/10.1021/acsmacrolett.9b00335
https://doi.org/10.1021/acsmacrolett.9b00335
https://doi.org/10.1021/acsmacrolett.9b00335
https://doi.org/10.1080/00268949108036194
https://doi.org/10.1126/science.273.5273.343
https://doi.org/10.1126/science.273.5273.343
https://doi.org/10.1021/ma00212a023
https://doi.org/10.1021/ma00212a023
https://doi.org/10.1021/ja980654w
https://doi.org/10.1021/ja980654w
https://doi.org/10.1021/ja980654w
https://doi.org/10.1002/anie.201300872
https://doi.org/10.1002/anie.201300872
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c01088?rel=cite-as&ref=PDF&jav=VoR

