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Relationship between molecular structure and corrugations in self-assembled polypeptoid
nanosheets revealed by cryogenic electron microscopy
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Designing conformationally dynamic molecules that self-assemble into predictable nanostructures remains an
important unmet challenge. This paper describes how atomic-scale cryogenic transmission electron microscopy
(cryo-TEM) can be used to explore the relationship between molecular structure and self-assembly of block
copolymers. We examined sheetlike micelles formed in water using a series of diblock copolypeptoids with
the same hydrophilic block and three distinct crystalline hydrophobic blocks. Our cryo-TEM images revealed
all the structures share nansoscale features, but differ in their intermolecular packing geometries. Different
molecular arrangements, parallel and antiparallel V-shaped crystal motifs, were revealed by two-dimensional
atomic-scale through-plane images. However, images from tilted samples revealed an unexpected feature when
the hydrophobic polypeptoid block comprised phenyl rings with substituted bromine atoms at the para position.
The nanosheets contained atomic-scale corrugations that were absent in the other systems which comprised
unsubstituted aliphatic and aromatic side chains. We hypothesize that these corrugations are due to the dipolar
characteristics of the brominated phenyl group and interactions between this group and water molecules.
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I. INTRODUCTION

A fundamental challenge in polymer science is to design
molecules that self-assemble to give targeted nanostructures.
Synthetic block copolymers comprising chemically distinct
blocks that are covalently bonded to each other, self-assemble
to give a variety of equilibrium morphologies. The mor-
phologies reflect atomic and molecular scale effects such as
chain conformations and intermolecular interactions. They
also reflect continuum properties such as interfacial tension
and melting enthalpy. Self-assembly can result in one-, two-,
or three-dimensional structures (particles, sheets, and fibers),
spanning dimensions from nanometers to micrometers. The
chains within each microphase may be either crystalline or
amorphous.

Amphiphilic block copolymers with crystalline hydropho-
bic blocks, such as poly(lactic acid) [1–6], metallopolymers
like polyferrocenylsilane [7–13], and conjugated polymers
like poly(3-hexylthiophene) [14–19], usually form micellar
aggregates. The hydrophobic blocks organize into crystalline
cores, typically fibers or sheets, stabilized by a corona of
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hydrophilic blocks that extend into the aqueous phase; the
standard spherical micellar structure is usually incommen-
surate with crystalline motifs. If the hydrophobic chains are
long, then the cores comprise folded chains [20–23]. On the
other hand, the hydrophobic chains are short, then they span
the micelle cores without folding [24–26].

Polypeptoids are bioinspired short-chain polymers with N-
substituted glycine backbones; monomers are distinguished
by the chemical structure of the side chains [27,28]. Di-
block copolypeptoids with a hydrophilic amorphous block
paired with a crystalline hydrophobic block, tend to form
planar crystals, notable for their nanometer-scale thickness
and micrometer-scale lateral dimensions [24,26,29–39]. The
polypeptoid backbones in the crystalline core adopt an all-cis
configuration [40,41]. The absence of folded-chain crystals,
which can be attributed to relatively short chain lengths,
makes them ideal elucidating the principles that govern crys-
talline self-assembly.

Similar to conventional block copolymers, self-assembly
of block copolypeptoids is affected by factors such as
chemical structure, molecular topology, and processing con-
ditions. The spatial organization of copolypeptoid molecules
in crystalline motifs, dimensions of unit cells, and micelle
dimensions have been extensively investigated using ap-
proaches such as x-ray and neutron scattering, atomic force
microscopy, and transmission electron microscopy (TEM)
[32–34,42–51]. Experimental results are often compared with
predictions based on molecular dynamic (MD) simulations
[26,46,49,52,53]. However, validation of MD simulation re-
sults with atomic-scale images of molecular arrangements
remains challenging.
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FIG. 1. (a) The chemical structure of the pNte9-b-pNdc9 polypeptoid. (b) The chemical structure of the pNte4-b-pNpe6 polypeptoid. (c)
The chemical structure of the pNte4-b-pNBrpe6 polypeptoid. The hydrophilic blocks are shown in blue, and the hydrophobic blocks are shown
in green. (d) A schematic of crystallization-driven self-assembled polypeptoid nanosheets in water. (e) A schematic of the cryo-TEM imaging
experiments showing the frozen hydrate nanosheets in virtuous ice residing on a custom-built sample support. The sample and continuous
carbon film are shown in green and grey, respectively. We discuss micrographs of both untilted and tilted samples.

One challenge in the structural determination of these ma-
terials is preserving the original structures that are present
in solution. Liquid cell TEM offers insights into the evolu-
tion of morphology, but with spatial resolution much lower
than the atomic scale [54–58]. Dry samples of self-assembled
nanostructures are frequently examined using TEM but the
morphology obtained in solutions may undergo changes dur-
ing the drying process. Additional challenges relate to the
electron-beam-induced damage. Since soft materials comprise
primarily of light elements, they are vulnerable to ioniza-
tion radiation damage caused by inelastic electron scattering,
which can, in turn, cleave chemical bonds and distort crys-
talline lattices [59–63]. To avoid this, electron doses below
30 e/Å2 are necessary if the TEM experiments are conducted
at liquid nitrogen temperatures (−170 ◦C) [64,65]. The maxi-
mum dose reduces by a factor of five if the TEM experiments
are conducted at ambient temperatures. A third challenge
arises due to the fact that most TEM images, especially those
of beam-sensitive soft materials, are two-dimensional (2D)
projections. Extrapolating into the third dimension is often
based on intuition rather than quantitative data. For exam-
ple, it is natural to assume that the surfaces of crystalline
nanosheet cores are smooth as this would minimize the posi-
tive interfacial contribution to the free energy of self-assembly
[66]. Electron tomography has provided considerable insight
into the nature of soft self-assembled nanostructures in so-
lution, but most studies restricted to length scales that are
well above the atomic scale [67–71]. Electron crystallography,
an established technique for 3D reconstruction of radiation-
sensitive materials like proteins and linear polymers [72–77],
hinges on aligning Bragg reflections from electron diffrac-

tion patterns obtained at different tilt angles relative to the
incident electron beam. In this paper, we discuss applying
this approach to study the atomic-scale structure of crystalline
peptoid nanosheets.

Cryo-TEM has emerged as a crucial technique for probing
the self-assembled structures formed by radiation-sensitive
polymeric materials, for instance, polymer micelles and vesi-
cles [78–88], and addressing the first two challenges described
above. Nanostructures in aqueous solutions can be preserved
by rapidly “freezing” droplets containing the polymers onto
TEM grids using liquid ethane [89,90].These intact nanostruc-
tures, encased in vitreous ice, can be imaged by TEM utilizing
direct electron detectors under minimal electron doses (5 to
30 e/Å2). Dose-fractionated movies of images or diffraction
patterns are obtained and refined to enhance the signal-to-
noise ratio by filtering out the effects of beam-induced motion
and mechanical vibrations [91,92]. This approach unveils con-
cealed structural information through 3D reconstruction when
paired with specimen tilting.

Our objective is to elucidate the relationship between
molecular and crystal structure obtained by self-assembly
of three different amphiphilic block copolypeptoids in
water. The first polypeptoid comprises an aliphatic hy-
drophobic block, as depicted in Fig 1(a). It consists
of a hydrophobic poly-N-decylglycine (pNdc) block with
n-decyl side chains and a hydrophilic poly-N-2-(2-(2-
methoxyethoxy)ethoxy)ethylglycine) (pNte) block with hy-
drophilic ethyleneoxy side chains. Both blocks contain
nine repeat units, and this polypeptoid is denoted as
pNdc9-b-pNte9. The chemical structures of the second
and third polypeptoids, built upon aromatic hydrophobic
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FIG. 2. (a)–(c) show the typical morphology of self-assembled peptoid nanosheets formed by pNte9-b-pNdc9, pNte4-b-pNpe6,
pNte4-b-pN4Brpe6, respectively. (d)–(f) Low-dose cryo-TEM micrographs of the nanosheets in (a)–(c), respectively. (g) and (h) Averaged
images obtained from pNdc9-b-pNte9 nanosheets showing the antiparallel V-shaped and parallel V-shaped motifs. (i) and (j) Averaged images
obtained from the nanosheets formed by pNte4-b-pNpe6, and pNte4-b-pN4Brpe6. In (g)–(i), bright areas represent the electron dense regions.
The N-glycine backbones are most electron dense and are located in the middle of the vs. The arms emanated from the vs represent the
side-chains. Adapted with permission from Refs. [35,36].

blocks, are illustrated in Figs. 1(b) and 1(c). Both
incorporate the same hydrophilic monomers N-2-(2-(2-
methoxyethoxy)ethoxy)ethylglycine (pNte) and aromatic hy-
drophobic monomers N-(2-phenylethyl)glycine (pNpe), with
a block ratio of four Nte units to six Npe units. Notably,
the second polypeptoid possesses hydrogen atoms at the para
positions of its aromatic rings, whereas the third replaces them
with bromine atoms. These two polypeptoid block copoly-
mers are denoted as pNte4-b-pNpe6 and Nte4-b-N4Brpe6.
In all three cases, the crystalline nanosheets are stabilized
by hydrophilic pNte blocks [represented by blue chains in
Figs. 1(a)–1(d)] that extend into the surrounding water. The
hydrophobic crystalline chains, pNdc, pNpe, and pNBrpe, are
represented by green chains in Figs. 1(a)–1(d). Figure 1(e)
depicts our strategy for achieving atomic-scale images of the
crystalline chains, using an ultraflat gold supporting grid that
enables high-resolution imaging in both untilted and tilted
nanosheets. The objective of this review is to directly compare
the data presented in Refs. [35,36,38] to expose the relation-
ship between molecular structure of the hydrophobic peptoid
blocks and their arrangement in crystalline nanosheet cores.

II. MOLECULAR STRUCTURE AND THE
HETEROGENEITY OF CRYSTAL MOTIFS

The self-assembled nanosheets were created by slow
evaporation of polypeptoids from a mixture of water and
tetrahydrofuran, yielding an aqueous suspension of peptoid
nanosheets. Figures 2(a)–2(c) present electron micrographs of
dried nanosheets formed by pNdc9-b-pNte9, pNte4-b-pNpe6
and pNte4-b-pN4Brpe6. The direction of the incident elec-

tron beam is labeled as the b direction and the plane
of the nanosheets, resting on a carbon support film, are
perpendicular to this direction. Figures 2(d)–2(f) display
medium-resolution, low-dose cryo-TEM micrographs of vit-
rified nanosheets formed by pNdc9-b-pNte9, pNte4-b-pNpe6
and pNte4-b-PN4Brpe6. The micrographs from all the sam-
ples exhibit characteristic horizontal stripes representing the
N-substituted glycine backbones. In all cases, the polypeptoid
chains are extended and oriented perpendicular to the plane
of the nanosheet. This is anticipated from the geometry of the
nanosheet shown in Fig. 1(d).

We use a sorting- and averaging-based approach to de-
termine the crystal motifs. Multiple low-dose cryo-TEM
micrographs are obtained from untilted and tilted vitrified
nanosheets on ultra-flat gold supports [37]. The unit cell loca-
tions in the nanosheets in Figs. 2(d) through F are identified,
and the small 2D images (usually 72 Å × 72 Å) are extracted
from each unit cell’s location to obtain boxes containing mul-
tiple unit cells [35,93]. Those boxes are classified based on
the structure of the crystal. These boxes are then averaged to
enhance the signal-to-noise ratio using algorithms described
in Ref. [82] to give the crystal structure in the a-c plane.

The classification process yielded two distinct classes in
unequal abundance in an individual nanosheet formed by
pNdc9-b-pNte9: antiparallel V-shaped and parallel V-shaped
motifs, where adjacent stacks of molecules are oriented in an
opposite manner in the c direction. High-resolution micro-
graphs reflect averages of about 100 000 individual images
from different nanosheets are shown in Figs. 2(g) and 2(h). In
Fig. 2(g), the bright spots signify the end view of the glycine
backbones. The V-shaped arms stemming from these spots are
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FIG. 3. Distribution maps of crystal motifs and in (a) pNte9-b-pNdc9, (b) pNte4-b-pNpe6, and (c) pNte4-b-pN4Brpe6, respectively. Each
individual rectangle in the maps represents an extracted box. Anti-parallel V-shaped motifs in Fig. 2 are shown as blue boxes. Parallel V-shaped
motifs are shown as green boxes. Disordered motif is shown as yellow boxes. White areas within the maps represent the regions that could not
be analyzed. Adapted with permission from Refs. [35,36].

images of side chains emanating from adjacent monomers.
Side chains in neighboring rows adopt an antiparallel align-
ment. The vertical dark band between adjacent rows of Vs
indicates a low electron density gap between neighboring
chains. The averaged image of pNdc9-b-pNte9 chains in the
parallel V-shaped motif is presented in Fig. 2(h), which sim-
ilar to Fig. 2(g), except for the fact that the adjacent rows of
pNdc chains are parallel to each other. Adjacent rows of pNdc
chains are shifted relative to one another along the a direction,
resulting in a unit cell comprising two chains along the c
direction. Both the parallel and antiparallel V-shaped motifs
have the same unit cell size.

In contrast to the heterogeneity in crystalline motifs seen
in peptoids with aliphatic side chains, nanosheets formed
by peptoids with aromatic side chains display a single mo-
tif. The atomic-scale cryo-TEM image of the pNte4-b-pNpe6
nanosheet, derived by averaging the unit cells in Fig. 2(e),
is shown in Fig. 2(i). The entire crystal in Fig. 2(e) contains
unit cells with only the parallel V-shaped molecular arrange-
ment. The unit cell of pNte4-b-pNpe6, which also contains
two chains in the c direction with a dark vertical stripe be-
tween them, is smaller than that of the pNdc9-b-pNte9 unit
cell, primarily because of the differences in side-chain length.
The backbones appear bright in Figs. 2(g), 2(h), and 2(i) as
expected in the cis conformation, but the brightness of the
arms of the Vs are a little less uniform in the pNte4-b-pNpe6
case. The slight decrease in brightness near the backbone in
Fig. 2(i) is attributed to the alkyl link between the backbone
and the phenyl group; in Figs. 2(g) and 2(h) the entire side
chain is alkyl. The image of the pNte4-b-pN4Brpe6 nanosheet
is illustrated in Fig. 2(j). Molecules in the pNte4-b-pN4Brpe6
unit cell are organized in the antiparallel V-shaped arrange-
ment, as shown in Fig. 2(j). The image of the backbone and
aromatic side chains match those in Fig. 2(i). The distinction
between the alkyl linkage and the phenyl group is clearly
seen in the pNte4-b-pN4Brpe6 crystal. In addition, the dark
band between the two adjacent chains in the c direction is
interrupted by spheres that represent the Br atoms.

Figure 3 displays a distribution map indicating the lo-
cations of different motifs within an individual nanosheet.
In these maps, rectangles symbolize the positions of unit
cells. Each rectangle’s color represents the local motif

within that box: green for parallel V-shaped motifs, blue for
antiparallel V-shaped motifs, and yellow for disordered
motifs, while unanalyzed sections, where the lattice structures
are less ordered, remain uncolored. Continuous domains of
the same-colored boxes represent coherently ordered clus-
ters (grains) of a specific motif. Figure 3(a) reveals that the
pNdc9-b-pNte9 nanosheet is dominated by parallel V-shaped
motifs interspersed with disordered sections and stripes of an-
tiparallel V-shaped motifs. In contrast, Fig. 3(b) illustrates that
pNte4-b-pNpe6 nanosheets consistently exhibit the parallel V-
shaped motif. The pNte4-b-pN4Brpe6 nanosheets consistently
display the antiparallel V-shaped motif, but with a significant
number of unanalyzed sections - see Fig. 3(c).

The uniformity of crystalline motifs appears to be related
to the side chain characteristics. Aromatic side chains fos-
ter more organized stacking, while two different crystalline
motifs were detected in the case of aliphatic side chains.
Intriguingly, the crystal motifs in the aromatic nanosheets
shift from parallel to antiparallel when the para hydrogens
on the aromatic rings are replaced by bromine. Covalently
bonded Br atoms bonded to C atoms are polarized - a region of
positive electrostatic potential develops at the distal end of the
otherwise electronegative Br atom (along the direction of the
C-Br bond) [94]. By comparing the experimental images with
MD simulation results, it was shown that the emergence of
an antiparallel crystal motif in pNte4-b-pN4Brpe6 nanosheets
is due the dipole-dipole interactions [39]. These interactions
bring neighboring Br atoms in close proximity, bridging the
dark “empty space” between adjacent peptoid chains that is
present in non-brominated peptoids (see Fig. 2).

Thus far, conclusions regarding the relationship between
molecular structures and their alignment in crystal motifs is
based entirely on the 2D projections. This raises a question:
Are there any differences between the nanosheets in the third
dimension?

III. MOLECULAR STRUCTURE AND THEIR
ARRANGEMENTS IN CRYSTAL MOTIFS

The top panels in Figs. 4(a)–4(c) display atomic mod-
els of the crystalline hydrophobic peptoid blocks of
pNte4-b-pN4Brpe6, pNte4-b-pNpe6 and pNdc9-b-pNte9. We
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FIG. 4. The relationship between atomic structure of untilted nanosheets and power spectra. (a) The atomic model of the pNte4-b-pN4Brpe6

peptoid. 6 Å is the distance between two adjacent phenyl rings on the pN4Brpe6 side chains. Two adjacent chains in each row are displaced by
6 Å in the a direction. (b) and (c) Atomic models of pNte4-b-pNpe6 and pNte9-b-pNdc9 polypeptoids. Adjacent chains in these peptoids are not
displaced in the a direction. Only the crystalline peptoid blocks are depicted. Atoms of oxygen, carbon, and nitrogen are colored red, green,
and blue, respectively. The top panel illustrates the ordered peptoid molecules that are aligned parallel to the electron beam without tilting,
leading to the projections of the a-c plane. (d) The power spectrum from the low-dose cryo-EM micrograph in Figs. 2(d) displays reflections
from the lattice formed by pNte4-b-pN4Brpe6 polypeptoids. Thon rings are attributable to the thin carbon support. Reflections at 4.5 Å denote
the spacing between two consecutive polypeptoid backbones in a row (a direction), as indicated by the arrow. Reflections at 18 Å (as indicated
by the dashed cycle) represent the spacing between two adjacent rows (c direction). (e) The power spectrums obtained from the nanosheets
formed by pNte4-b-pNpe6 polypeptoids. The a and c spacings are 4.5 Å and 16 Å, respectively. (f) The power spectrums obtained from the
nanosheets formed by pNte9-b-pNdc9 polypeptoids. The a spacing remains 4.5 Å while the c spacing increases to 25 Å due to the presence
of longer side chains.(g) through (i) Simulated electron diffraction patterns based on the models in (a) through (c). The spatial frequencies of
reflections agree with the experimental results in (d) to (f) Adapted with permission from Refs. [35,36,38].

show both a 3D view of two adjacent rows of the molecules,
as well as the view in the a-c plane. Power spectra of the low-
dose cryo-TEM images obtained from the untilted nanosheets
of pNte4-b-pN4Brpe6, pNte4-b-pNpe6 and pNdc9-b-pNte9 are
given in Figs. 4(d)–4(f). The series of reflections signifying

the 4.5 Å spacing between two adjacent molecules along the
a direction is highlighted by an arrow; this reflection is seen in
all three samples. In contrast, the c spacing, indicating the dis-
tance between two molecules along the c direction, depends
mainly on the length of the side chains, and it is identified by
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FIG. 5. The relationship between atomic structure of tilted nanosheets and power spectra. The tilt angle is 30◦ and the tilt axis is shown in
the top panels. (a), (b), and (c) Atomic models of tilted crystals of pNte4-b-pN4Brpe6, pNte4-b-pNpe6 and pNte9-b-pNdc9 polypeptoids,
respectively. Only the crystalline peptoid blocks are depicted. Atoms of oxygen, carbon, and nitrogen are colored red, green, and blue,
respectively. (d) The power spectrum from the low-dose cryo-EM micrograph of a 30◦ tilted pNte4-b-pN4Brpe6 nanosheet. The reflections
corresponding to the 4.5 Å row also seen in Fig. 4(d) are detected. In addition, the emergence of new rows of reflections at 9 Å are evident.
(e) and (f) The power spectra obtained from the 30◦ tilted pNte4-b-pNpe6 and pNte9-b-pNdc9 nanosheet. Only the reflections corresponding
to the 4.5 Å row also seen in Figs. 4(e) and 4(f) are detected. (g) Simulated electron diffraction patterns of tilted atomic model of crystal of
pNte4-b-pN4Brpe6 in (a) showing the rows at 9 Å, consistent with experimental data in (d), (h), and (i). Simulated electron diffraction patterns
of tilted atomic models of crystals of pNte4-b-pNpe6 and pNte9-b-pNdc9 atomic models in (b) and (c). The rows at 9 Å are not visible in both
tilted peptoids. Adapted with permission from Refs. [35,36,38].

dashed circles. It is also noteworthy that Figs. 4(e) and 4(f)
contain fewer reflections compared to Fig. 4(d), a result of
symmetry restrictions stemming from the parallel V-shaped
motif relative the antiparallel motif.

To confirm the precision of the atomic models, simulated
electron diffraction patterns were calculated, and the results
are shown in Figs. 4(g)–4(i). The prominent reflections related
to the a and c spacings, align well with experimental data. Dis-
crepancies in the intensity of reflections exist mainly because
the experimental data represent power spectra rather than

electron diffraction patterns. Based on the 2D projections, the
determined unit cell dimensions of pN4Brpe6, pNpe6, and
pNte9 crystals are 4.5 × 38 Å2, 4.5 × 36 Å2, and 4.5 × 50 Å2.

Figures 5(a)–5(c) show 30◦ tilted atomic models of the hy-
drophobic polypeptoid crystals of interest, pN4Brpe6, pNpe6,
and pNte9. The tilt axis, indicated by a dashed line, is co-
incident with the a direction. The power spectrum of the
low-dose cryo-TEM images from the 30◦ tilted nanosheets
are presented in Figs. 5(d)–5(f). All of the systems exhibit the
rows of 4.5 Å reflections identified above. Notably, however,
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FIG. 6. The b-c plane view of the atomic models of (a) pNdc9-b-pNte9, (b) pNte4-b-N4pe6, and (c) pNte4-b-pN4Brpe6 polypeptoids. Only
the crystalline blocks are depicted. Atoms of oxygen, carbon, and nitrogen are colored red, green, and blue, respectively. The 6-Å offset
between two molecules along the a direction is indicated in (a).

rows of reflections at 9 Å emerge in the power spectrum of
the tilted pN4Brpe6 nanosheet [Fig. 5(d)]. This characteristic
is not observed in the untilted crystal of pN4Brpe6 [Fig. 4(d)]
nor is it present in any of the images of other peptoids, tilted
or untilted.

Since the 30◦ tilted pNte4-b-pN4Brpe6 nanosheets exhib-
ited obvious new features, we obtained averaged images from
hundreds different nanosheets with at different tilt angles [38].
These images were evaluated using a hybrid electron crys-
tallographic technique which includes single-particle analysis

FIG. 7. Schematics of side views of the crystalline cores of
sheet-like micelles in water. The block copolymers studied were
(a) pNdc9-b-pNte9, pNte4-b-N4pe6, and (b) pNte4-b-pN4Brpe6. Only
the crystalline blocks are shown. The bromine atoms are shown as
spheres while the other parts of the hydrophobic chains are repre-
sented by zig-zag lines. The blue curves represent the pNte blocks
extending into the aqueous phase. The straight and corrugated inter-
faces are shown in yellow. The pN4Brpe nanosheets exhibit periodic
atomic-scale corrugations while the other nanosheets are smooth.
(c) Visualized backbones of the pN4Brpe6 blocks overlay on the
tomographic slice in the a-c plane in Ref. [38].

to increase the spatial resolution [95]. The spacing between
each monomer along the chain axis is 6 Å (the bond lengths
involved are well established) and adjacent chains along the a
direction are displaced relative to each other by two monomer
[40]. This displacement is shown in the atomic model in
Fig. 4(a). The displacement is also shown in Fig. 5(a) but is
more difficult to discern due to the tilted nature of the crystal.
The correct unit cell dimensions in the a-c plane in pN4Brpe6
crystals is thus 9 Å × 36 Å. The simulated diffraction patterns
from the pNte4-b-pN4Brpe6 model presented in Fig. 5(g) con-
firms this conclusion.

There are no unique features observed in the tilted
nanosheets of pNte4-b-pNpe6 and pNdc9-b-pNte9. We con-
clude on this basis that the nanosheets in these samples are
smooth and uncorrugated. The main difference in the crystal
structure of pN4Brpe6, pNpe6, and pNte9 is in the b direction,
which is hidden in the through-plane projections. The bromine
atoms at the para position of phenyl side chains not only
influence the packing in the c direction (parallel vs unparallel
V-shaped motif) but also the b direction (offset vs no offset).

For clarity, the atomic models of the crystals viewed in
the b-c plane (through plane images) are shown in Fig. 6.
The pNte chains solubilizing the nanosheets emanate from
opposite ends of the crystal (not shown since they are amor-
phous and thus not visible). We show two sets of chains, one
in the front and one in the back. In the case of pNpe6 and
pNte9, the two chains are aligned. In the case of pN4Brpe6
[Fig. 6(a)], there is an offset of 6 A, such that there is less
molecular overlap between two adjacent chains. It is evident
that replacing the bromine atoms in the para position of the
phenyl rings results in a significant difference in the nanoscale
morphology of the nanosheets.

IV. SUMMARY AND PERSPECTIVE

The purpose of this paper is to illustrate the use of atomic
scale cryo-TEM for studying the effect of molecular structure
on block copolymer self-assembly. We studied the forma-
tion of sheetlike micelles in water using a series of diblock
copolypeptoids with Nte hydrophilic blocks and three dif-
ferent crystalline hydrophobic blocks. Most TEM images of
polymers in the literature are obtained by microtoming into
thin sections. The sheetlike structure of the micelles in the se-
ries of polypeptoids make them ideally suited for atomic-scale
TEM; thin sections are obtained by self-assembly. However,
it is not trivial to probe the structure of the micelle in the
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TABLE I. The summary of XRD peaks around 9 Å observed in
literature.

End Group of the side chain Observation of XRD peak at about 9 Å

F No, weak peak at 8.2 Å, ref. [36].

Cl Yes, weak peak at 9 Å, ref. [36].

Yes, weak peak 9 Å, ref. [32].

Yes, weak peak at 9 Å, ref. [49].

Br Yes, strong peak at 9.2 Å, ref. [38].

Yes, strong peak at 9.1 Å, ref. [46].

Yes, strong peak at 9.2 Å, ref. [49].

I Yes, strong peak at 9.5 Å, ref. [36].

Yes, strong peak at 9.5Å, ref. [49].

Br
Yes, weak peak at 9 Å, ref. [36].

CH3
Yes, very weak peak at 9 Å, ref. [36].

No, weak peak at 8.1 Å is observed, ref. [36] and ref. [98].

(     ) 4 No, weak peak at 6.5 Å. ref. [43].

(     ) 6 No, weak peak at 8.0 Å. ref. [43].

(     ) 8 No, weak peak at 10 Å, ref. [43].

(     ) 10 No, weak peak at 12.3 Å, ref. [40].

strong peak at 12 Å, ref. [43].

direction perpendicular to the sheet; this paper focuses on in-
formation that may be buried along this direction. We obtained
this information by tilting the sheet, a standard operation in
electron crystallography studies of planar polymer crystals
[72,73,90,96]. However, obtaining atomic-scale data required
building a custom sample support that prevented crinkling
of the sample when it is cooled to cryogenic temperatures
[37,97].

Many features of the nanosheets formed by
pNte4-b-pN4Brpe6, pNte4-b-pNpe6 and pNdc9-b-pNte9 were
evident in the through-plane images of the a-c plane. The
primary motif of pNpe6 and pNte9 crystals was the parallel
V-shaped motif while that in the pN4Brpe6 antiparallel
V-shaped motif. There are also differences in the defect
densities and types in the nanosheets, but whether these
differences are related to differences in chemical structure or
small unavoidable differences in processing remains unclear.

The most important difference between the systems was,
however, hidden in the b direction.

Atomic-scale corrugations were detected in pNte4
-b-pN4Brpe6 nanosheets but not in pNte4-b-pNpe6 and
pNdc9-b-pNte9. This qualitative difference in depicted
schematically in Fig. 7. In Fig. 7 A, we show simple a
sheetlike micelle that is representative of micelles formed by
pNte4-b-pNpe6 and pNdc9-b-pNte9. The fact that crystals of
soft polymers would not be perfectly flat is to be expected
due to thermal fluctuations, motion of the chains that form
the crystal, and finite concentration of defects. However,
the presence of periodic corrugations as shown in Fig. 7
B which is representative of a sheetlike micelle formed by
pNte4-b-pN4Brpe6 is entirely unexpected. The 3D structure
of these micelles is clarified in Fig. 7(c). The noteworthy
feature in these micelles is the presence of a 9 Å feature
which is absent in the noncorrugated sheets.

The extent to which corrugated sheetlike micelles are ob-
tained from other systems remains to be established. The
standard approach for determining crystal structure is x-ray
diffraction (XRD); we are not aware of any other cryo-EM
studies of polypeptoid crystals. Since the a spacing in virtually
all peptoid crystals is 4.5 Å [40], we examined the polypeptoid
literature for the presence of a diffraction peak in the vicinity
of d = 9 Å (i.e., a peak located at q = 0.7 Å−1, where q is
the magnitude of the scattering vector). The results of this
literature survey are summarized in Table I where we give
the chemical structure of the terminus of polypeptoid side
chain and the relevant XRD data. When diffraction peaks in
the vicinity of d = 9 Å were reported, we categorized the
peaks as weak or strong based on its intensity (some personal
judgment was exercised). Peaks outside the 9.0 ± 0.5 Å range
were ignored; in all cases when these peaks were detected they
were either weak or very weak. It is evident from the data in
Table I that the d = 9 Å peak is only obtained in peptoids with
halogenated phenyl groups at the termini of the side chains.
Different explanations for the existence of this feature were
proposed by the authors. In a number of cases [32,36,38,46],
the peak was interpreted as the second-order Bragg reflection
corresponding to the distance between adjacent backbones in
the c direction. In the case of pNte4-b-pN4Brpe6, the d = 9 Å
peak is exactly where this second-order reflection is expected
(the distance between adjacent backbones in the c-direction
is 18 Å). In Ref. [49], the d = 9 Å peak was attributed to the
herringbonelike structure of the side chains. Definitive deter-
mination of crystal structure based on XRD alone is difficult,
especially in the case of beam-sensitive soft materials. 3D
cryo-EM at the atomic scale may be necessary to determine
the origins of the observed diffraction peak at 9 Å in different
peptoid systems.

One of the factors that dictates the equilibrium morphology
of micellar structures is interfacial tension between the core
and the solvated corona. This contribution will be minimized
by interfaces that are, on average, smooth. It is commonly
assumed that the core-corona interfaces in all micelles—
spherical, cylindrical or sheet-like micelles— are smooth on
average [66]. The interfacial area in the corrugated micelle
shown in Figs. 7(b) and 7(c) is a factor of 2 larger than
that in the smooth micelle. To our knowledge, the prevail-
ing theories of micelle formation have not anticipated such
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a result. We hypothesize that the corrugations are the re-
sult of the dipolar nature of the brominated phenyl group
in pNte4-b-pN4Brpe6. The interactions between this dipolar
group and water molecules appear to be more favorable when
compared with those between more commonly used nonpo-
lar aliphatic and aromatic groups. Incorporating these kinds
of specific interactions in theories of micelle self-assembly
seems warranted. In the long run, we hope that images of soft
matter at the atomic scale will enable an improved understand-
ing of nonbonded interactions in these systems.
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