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ABSTRACT: The rational construction of three-dimensional
(3D) crystalline lattices from synthetic short-chain polymers
remains a significant challenge due to the lack of inherent driving
forces to enable crystal growth in all three dimensions. Here, we
report the design of 3D peptoid crystals from linear peptoid
hexamers, derived from amphiphilic diblock sequences that
typically form crystalline two-dimensional (2D) nanosheets. By
removing the amorphous domains and tuning the chain termini,
crystalline lamellae up to 500 nm thick were achieved, far
exceeding the thickness of typical nanosheets (on the order of a
few nanometers). These 3D crystals form via the stacking of unit
cells with lattice parameters similar to those in 2D nanosheets, where terminal groups, particularly compact C-terminal moieties,
facilitate vertical growth and enhance crystallinity. This study highlights the importance of atomic precision in terminus chemistry for
achieving long-range ordering and isotropic crystal growth in the design of macroscale crystals from oligomeric peptoids.
KEYWORDS: peptoid, 3D crystal, 4D-STEM, self-assembly, terminus

Crystallinity of organic materials, which varies greatly across
chemical structures from small molecules to large

polymers, plays a crucial role in nanomaterial performance but
differs significantly between polymer crystals and small molecule
crystals in terms of tunability and structural heterogeneity.1−3

In-between these extremes are oligomeric materials,4 like
peptides5−7 and biomimetic polymers,8,9 where they have
demonstrated importance to molecular separation,10 drug
delivery,11,12 and energy conversion.13 However, it remains a
challenge to rationally design their three-dimensional (3D)
crystal lattices, due to their many degrees of freedom and
multitude of intra- and intermolecular interactions.11,14−19

Sequence-defined oligomers provide an ideal platform to
study the impact of increasing chain length on crystallization. As
an oligomeric chain grows, it gradually moves from being small-
molecule like to polymer-like, and the increasing degree of
conformational heterogeneity poses both a challenge to control,
as well as to characterize using conventional tools.20 Peptoids21

offer atomic-scale precision in designing properties to explore
the crystallization behavior of sequence-defined oligomers. The
development of 3D crystals from oligopeptoids is critical to
create complex architectures with tailored properties for
emerging requirements in energy storage, molecular separation,
and catalysis. This can be achieved by atomic-level tailoring of
the peptoid chemical structure, which offer an unprecedented
advantage over conventional 3D crystals.

Amphiphilic diblock peptoids can self-assemble into well-
ordered two-dimensional (2D) nanostructures with crystalline
hydrophobic cores and amorphous hydrophilic shells.22−24 The

crystalline cores of amphiphilic diblock peptoids comprise
hydrophobic blocks (≥6 monomers) with unhindered side
chains. However, translating 2D nanoscale order into 3D
crystallinity is challenging, especially for chain lengths longer
than six monomers that lack structure-inducing side chains,
despite >100 high-resolution peptoid structures being re-
ported.25 The formation of 3D crystals from linear hexameric
oligopeptoids remains an open question.

Herein, we studied three hexameric oligopeptoids with
distinct terminal groups: formylhexakis[N-(2-phenethyl)-
glycine] (FNpe6), which has a formylated N-terminus and an
unmodified C-terminal carboxamide (Figure 1A),
formylpentakis[N-(2-phenethyl)glycine]-N-methyl-N-2-phene-
thylcarboxamide (FNpe5Nmepe) featuring a more compact C-
terminus (Figure 1B), and formylpentakis[N-(2-phenethyl)-
glycine]phenethyl ester (FNpe5OPe) with an even smaller ester
end group (Figures S1−S4 and Table S1).

These oligopeptoids reside within the structurally flexible
chain-like oligomeric regime, where crystallization behavior is
challenging. This regime bridges the gap between small organic
molecules and conventional polymers. We reasoned that
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terminal group modifications in oligopeptoids, which are
exposed and present at intermolecular lattice interfaces, can
direct 3D crystallization by facilitating out-of-plane vertical
growth, even in structurally flexible regimes. 3D crystals with
thicknesses up to hundreds of nanometers were obtained by
dissolving oligopeptoids in a heated mixed solvent of
dimethylformamide (DMF) and water, followed by slow
cooling. Structural analyses using cryogenic transmission
electron microscopy (cryo-TEM), microelectron diffraction
(microED), four-dimensional scanning transmission electron
microscopy (4D-STEM), atomic force microscopy (AFM), and
X-ray diffraction (XRD) showed that these 3D crystals retain the
similar unit cell observed in previous 2D nanosheets with
diblock peptoids (Figure 1C), where the vertical growth was
blocked due to the presence of amorphous hydrophilic
blocks.23,26−30 Changes in the thickness and melting temper-
ature reflect crystallinity differences driven by terminal group
identity. Virtual bright-field imaging from 4D-STEM revealed
spatial heterogeneity in crystallinity, demonstrating that termini
design governs the length scale of molecular ordering. Our study
demonstrates the successful formation of 3D crystals from linear
oligopeptoids and provides insights into the role of terminal
group modifications in controlling 3D crystal growth.

The AFM height image in Figure 2A shows that the 3D
crystals formed by FNpe6 are needle-shaped, with lengths of
over 10 μm (Figure S5). A thickness distribution was measured
from over 100 crystals (Figure S6), and the number-averaged
thickness (Hn) was found to be 43 nm and weight-averaged
thickness Hw at 52 nm (Figure 2B).

The XRD pattern in Figure 2C reveals key structural features
of the lattice (Figure S7). A major peak appears at 16.05 Å,
which is attributed to the (02) reflection, corresponding to the
distance between two rows of peptoids along the c direction
(Figure 1C). Due to symmetry, the actual lattice spacing (01)
along the c direction is 32.1 Å, consistent with the observed Cm
plane group in 2D nanosheets.23,32 The presence of forbidden
symmetry where h+k is odd, such as (10), (01), (12), and (23),
supports the interpretation that the 5.36 Å peak is the sixth-order
reflection (06) of the 32.1 Å spacing (01). The 4.51 Å spacing
(10) corresponds to the distance between vertically aligned
peptoid molecules in a row (a spacing). A weak, broad peak at
4.77 Å and a strong peak at 4.19 Å are also observed. The Miller
indices of these two peaks remain unclear because they have not
been observed in previous characterizations of diblock peptoid

nanosheets.26,27,29,33−38 Overall, the XRD data confirm that the
3D crystals retain a unit cell arrangement analogous to that of
the 2D nanosheets, but with more high-order reflections due to
the increased thickness.26

Figure 2D shows a FNpe5Nmepe crystal with a length of over
20 μm. In contrast to FNpe6 crystals, thickness measurements
from over 100 FNpe5Nmepe crystals revealed a significantly
greater Hn of 484 nm and Hw at 677 nm (Figure 2E). The XRD
profile in Figure 2F displays several notable spacings, including
5.40 Å (06) and 4.57 Å (10), as well as 16.21 Å (02). The
presence of additional peaks at 5.79, 5.16, 4.83, and 4.36 Å
suggests a higher crystallinity in FNpe5Nmepe crystals. This is
likely due to a more ordered molecular arrangement along the
vertical direction (b direction), facilitated by the short methyl
group at the C-terminus. Notably, some peaks of FNpe5Nmepe
crystals exhibit a consistent 0.6 Å shift compared to those of
FNpe6 crystals. Specifically, the peak at 4.19 Å in FNpe6 crystals
shifts to 4.25 Å in FNpe5Nmepe crystals, while the peaks at 4.51
and 4.77 Å in FNpe6 crystals shift to 4.57 and 4.83 Å,
respectively, in FNpe5Nmepe crystals (comparing Figure 2C to
Figure 2F). These shifts indicate subtle changes in the unit cell
dimensions between the two systems.

A summary of structural characteristics of 3D crystals is shown
in Figure 2G. The unit cell dimensions in 3D crystals are
comparable to those of 2D nanosheets formed from the
amphiphilic diblock peptoids with same hydrophobic block as
FNpe6. However, the melting temperature increases significantly
from 93 °C in 2D nanosheets to 148 °C in 3D crystals formed by
FNpe6 where the crystalline core is formed by the same peptoid
blocks.39 The melting temperature further increased to 172 °C
in crystals formed by FNpe5Nmepe (Figure S8). The enthalpy
change (ΔH) suggests that FNpe5Nmepe crystals exhibit higher
crystallinity which agrees with the XRD results.

The lattice structures cannot be directly solved using X-ray
crystallography due to the isotropic dimensions of the crystals,
which have thicknesses of hundreds of nanometers. The direct
atomic-scale cryo-TEM imaging is not feasible due to the
thickness of 3D crystals compared to the monolayer 2D
nanosheets. Nevertheless, the power spectrum of the cryo-TEM
image exhibits the featured spacings at 4.6 Å (10) and 16.1 Å
(02) (Figure S9). MicroED was also carried out for the ab initio
resolve of the lattice structure.40 However, the appearance of
split and arc-shaped spots at high tilt angles hinders the indexing

Figure 1. Chemical structures of oligomeric peptoids (A) FNpe6 and (B) FNpe5Nmepe, with the same C-termini highlighted in blue and the different
N-termini in red. (C) Universal molecular arrangement of 2D nanosheets formed by a hydrophobic block identical to FNpe6 without the C-terminus,
as previously observed in amphiphilic diblock peptoids.23 The configuration includes four molecules vertically aligned in two rows. The a direction
corresponds to the alignment of molecules within rows, while the c direction indicates the spacing between rows, and the b direction runs parallel to the
molecules. The electron beam used in imaging these 2D nanosheets is perpendicular to the ac plane. The a spacing is the distance between molecules
within a row, and the c spacing is the distance between rows.
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and scaling in crystallography (Figure S10). This suggests that
these 3D crystals are not isotopically homogeneous.

4D-STEM, a technique that utilizes an electron probe to scan
the crystal, was employed to elucidate the local heterogeneity
within 3D peptoid crystals.41 This approach allows for the
acquisition of electron diffraction patterns at precise scanning
locations, providing detailed structural information that reveals
variations within the crystal structure, unlike the global
information obtained from conventional diffraction methods.
It has been successfully used to resolve the local crystallinity in
polymer thin films and organic semiconductors.42−45

A high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) micrograph of a crystal formed
by FNpe6 is presented in Figure 3A, which has two areas marked
by colored boxes 1 and 2. The electron diffraction patterns from
these areas, illustrated in Figure 3B,C, confirm the presence of
similar unit cell dimensions previously described in Figure 1C,
with spacings along the c and a directions of 16.1 and 4.5 Å,

respectively. First-order diffraction spots (01) at 32.2 Å and (10)
at 4.5 Å, which represent the true c and a lattice spacings, are
absent due to constraints in the Cm plane symmetry; such spots
are forbidden when the sum of the Miller indices h and k is odd
in (hk) reflections.46 Instead, the second-order spot (02) along
the c direction at 16.1 Å and the higher-order spot (11) along the
a direction are highlighted with red circles to illustrate the lattice
indexing. The lattice parameters are consistent at both locations.
However, the diffraction from the region marked by the green
box in Figure 3B shows more higher-order reflections along both
the a and c directions. Conversely, fewer higher-order spots are
observed in the diffraction from the region within the blue box in
Figure 3C. It suggests the different crystallinity at these areas.

Similarly, a HAADF-STEM micrograph of a FNpe5Nmepe
crystal is shown in Figure 3D, with regions indicated by colored
boxes 3 and 4. Electron diffraction patterns from these areas
(Figure 3E,F) reveal similar unit cell dimensions. The first-order
diffraction spots (01) at 32.4 Å and (10) at 4.5 Å are not visible,

Figure 2. (A) AFM height image of 3D crystals formed by FNpe6. (B) Histogram of AFM height profiles of over 100 3D crystals. (C) High spatial
frequency section of the XRD profile obtained from 3D crystals formed by FNpe6. The spacings of major peaks are labeled. (D−F) ues of parts A−C,
obtained from the 3D crystals formed by FNpe5Nmepe. (G) Summary of characteristics of 3D crystals. All d spacings are rounded to one decimal place
for consistency. More optical microscopy micrographs, AMF images, DSC measurements, and the full XRD profiles are shown in Supporting
Information. #The 2D nanosheet, which was formed by a hydrophobic block in amphiphilic diblock peptoids identical to FNpe6 without the change to
the C-terminus in the previous study.23 The thickness of 3D crystals was calculated in number-averaged thickness (Hn) and weight-averaged thickness
(Hw). The formulas are defined as Hn = [∑(NiHi)]/∑Ni and Hw = [∑(NiHi

2)]/∑(NiHi)], where Hi represents the height of the individual crystals
and Ni is the number of crystals that have height Hi.
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due to the same symmetry constraints. However, the diffraction
pattern from the area marked by the green box in Figure 3E
exhibits notable higher-order reflections along the a direction
but not the c direction. In contrast, the blue box region in Figure
3F shows more higher-order reflections along the c direction
than the green box region. The absence of high-order spots along
the a direction indicates less ordered molecular arrangement
within rows. Conversely, the absence of high-order spots along
the c direction suggests less ordered packing between rows.
Additionally, it is noteworthy that the intensity of spots, which
reflects the molecular arrangement along the c direction, such as
(02), is more pronounced. This variation indicates that local
heterogeneity in crystallinity varies between crystals formed by
different oligopeptoids when comparing the diffractions.

To explore the origins of local heterogeneity in crystallinity,
which is related to molecular arrangement in lattices, we
generated virtual bright-field images. In these images, bright
regions correspond to selected Bragg spots along the a and c
directions, as observed in the summed electron diffraction
patterns. Figure 4A shows a summed diffraction pattern that
includes all patterns obtained from all probe positions in the 4D-
STEM data set for the FNpe6 crystal in Figure 3A. When the
spots along the a direction, (1−5), (1−3), (11), (13), (15),
(−1−5), (−1−3), (−11), (−13), and (−15), are selected, as
indicated by red circles, the corresponding virtual bright-field
image is shown in Figure 4B. Small, discontinuous bright areas
are densely distributed across the crystal, indicating regions
where molecules are well-ordered in rows. For the spots along
the c direction, (0−6), (0−4), (0−2), (02), (04), and (06),
selected as indicated by blue circles�the corresponding virtual
bright-field image is shown in Figure 4C. Here, larger
discontinuous bright areas are observed across the crystal. The
presence of localized crystalline domains indicates that the

molecules exhibit short-range orders along the a direction and
relatively long-range orders along the c direction across the
crystal. This observation is consistent with the similarities in the
diffractions shown in Figures 3B and 3C, where two boxes were
located at the end and center of the crystal, respectively. It
suggests that that local heterogeneity in crystallization within a
3D crystal is due to short-range order packing in FNpe6 crystals
when the peptoid molecules have the unmodified C-terminus.

Figure 4D presents a summed diffraction pattern that includes
all patterns obtained from all probe positions in the 4D-STEM
data set for the FNpe5Nmepe crystal shown in Figure 3D,
thereby making the high-order spots more evident. It is evident
that FNpe5Nmepe crystals with the compact C-terminus
exhibits more high-order spots, which indicate the long-range-
ordered lattices compared to the results shown in Figure 4A.
When spots along the a direction, (1−5), (1−3), (11), (13),
(15), (−1−5), (−1−3), (−11), (−13), and (−15), are selected,
as indicated by red circles in Figure 4C, the corresponding
virtual bright-field image in Figure 4E shows that, in contrast, the
center region is dark while bright regions are located at the edges
of the crystal. This pattern indicates areas where molecules are
well-ordered in rows, but the rows themselves are less ordered.
Conversely, when the spots along the c direction, (0−6), (0−4),
(0−2), (02), (04), and (06), were selected, as indicated by blue
circles, the corresponding virtual bright-field image, shown in
Figure 4F, shows that bright regions are located only in the
center of the crystal, indicating well-ordered rows (refer to the
unit cell model in Figure 1C). This observation aligns with the
appearance of high-order spots in Figure 3E,F, where two boxes
were positioned at the edge and center, respectively.

The XRD and electron microscopy imaging results indicate
that the lattice spacings at (01) and (10) match those of 2D
nanosheets formed by diblock peptoids of similar chemical
compositions.23 However, the b spacing along the vertical
growth direction could not be directly measured due to the
absence of ab initio reconstruction using microED. Our previous
studies established a universal relationship between the
molecular structure and crystal structure in diblock peptoids,

Figure 3. Local heterogeneity in 3D crystals measured by 4D-STEM.
(A) HAADF-STEM image obtained from the 3D crystal formed by
FNpe6. The crystal is bright. Two regions along the long axis of the
crystal are indicated by the blue and green boxes, receptively. (B and C)
Diffractions obtained in the area indicated by the green and blue boxes
in part A. Two arrows indicate the lattice vectors at the first order along
the a and c directions. The first-order spot (01) at 32.2 Å is invisible due
to the forbidden symmetry of Cm plane symmetry. The second-order
spot (02) at 16.2, the c spacing, is indicated by the red dot for the clarity
of indexing. The first-order spot (10) along the c direction at 4.5 Å is not
visible as well due to the symmetry. The higher-order spot (11) is
indicated by the red dot. (D−F) Analogues of parts A−C, obtained
from the 3D crystals formed by FNpe5Nmepe. More diffractions
obtained across crystals are shown in Figures S11 and S12.

Figure 4. Virtual bright-field images of 3D crystals obtained by 4D-
STEM. (A) Summed diffraction pattern obtained from the crystal
formed by FNpe6, which is shown in Figure 3A. Selected visible spots
are indexed and indicated by red and blue circles along the a and c
directions, respectively. (B and C) Virtual bright-field images obtained
by reconstructing the information in the selected spots indicated by red
and blue, respectively. The brighter regions represent the more ordered
areas in the crystal. (D−F) Analogues of parts A−C, obtained from the
3D crystals formed by FNpe5Nmepe.
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where the molecule length along the b direction is a linear
function of the number of monomers (N) in the cis
conformation, calculated as length (Å) = 2.9 Å × N ± 0.4 Å.26

This model predicts the length of two monomers to be
approximately 5.8 ± 0.4 Å. In FNpe6 crystals, the first notable
peak following the 16.05 Å (02) appears at 5.36 Å (06), a
harmonic of the c spacing, while the absence of additional peaks
near 5.8 Å suggests less ordering along the b direction. In
contrast, the crystal formed by FNpe5Nmepe shows the new
peak at 5.79 (close to the length of two monomers) in addition
to the harmonic peak at 5.4 Å, along with the appearance of
other peaks (5.16, 4.83, and 4.36 Å), which indicate enhanced
crystallinity and molecular ordering along the b axis, consistent
with higher melting temperature and enthalpy. Despite these
variations, the fundamental motif of two monomers in a unit cell
remains consistent, highlighting the capability to facilitate
vertical growth from the previous 2D nanosheets to enable the
hierarchical crystalline lattice design to afford 3D crystals with
chemically modulable peptoids.

We propose a model for the unit cell and growth path of linear
oligopeptoid 3D crystals, are stacked along the b direction in a
head-to-tail configuration, as depicted in Figure 5. Figure 5A

shows eight peptoid molecules with a unit cell highlighted in a
blue box to represent the basic building block. The 3D crystal
formed by FNpe6 has lattice dimensions of a = 4.51 Å, b = 5.80 Å,
and c = 32.10 Å, with a less ordered b direction, whereas the
crystal formed by FNpe5Nmepe features dimensions of a = 4.57
Å, b = 5.79 Å, and c = 32.40 Å. The unit cell consists of a section
of peptoid molecules. The simulated XRD profiles obtained
from this model match major peaks in experimental profiles.
(Figures S13)

The proposed crystallization pathway is depicted in Figure 5B,
starting with a single molecule, which subsequently forms small
crystals, composed of several molecules as seeds. More
molecules stack along different directions to form 3D crystals.
Athough the stacking order along the b direction appears the
same in FNpe5Nmepe and FNpe6 crystals because no obvious
overlapping patterns or split spots are observed in small regions
by 4D-STEM, AFM thickness measurements suggest that the

growth along the b direction is more favored in FNpe5Nmepe
crystals. The enhanced crystallinity and homogeneity of the 3D
crystals with FNpe5Nmepe suggest that spatial occupation of the
C-terminus plays a crucial role in the vertical growth. A similar
end-group effect was confirmed in 3D crystals comprising
FNpe5OPe. This oligopeptoid features a phenylethyl ester
moiety at the C-terminus. Compared to FNpe6, FNpe5OPe
formed thicker crystals (Figures S5 and S6) with higher
crystallinity, as evidenced by XRD (Figure S7) and differential
scanning calorimetry (DSC; Figure S8). These results highlight
that end-group chemistry is crucial in controlling defects and
promoting long-range order during the growth of 3D crystals
from oligopeptoids.

This study investigates the formation of 3D crystals
comprising linear oligomeric peptoids and how terminal
modifications enhance crystallinity. Peptoids with a compact
C-terminus formed thicker, more ordered crystals than those
with an unmodified terminus, indicating the spatial effect of the
terminus on modulating intermolecular contacts during
crystallization. AFM imaging and 4D-STEM revealed significant
deviations in the crystal thickness and inhomogeneities in the
molecular arrangement, with some areas showing higher order
along the a direction and others along the c direction. Lateral
growth in the a and c directions is faster than growth in the b
direction. We posit that the varying growth rates in different
directions within different areas of the crystals are the primary
source of the observed heterogeneity. The unit cell dimensions
are characterized by a spacing of approximately 4.5 Å (a spacing)
and 32.2 Å (c spacing), with the b spacing reflecting the distance
of two monomers in the molecule in the cis conformation, which
is not directly observable in FNpe6 and approximately at 5.79 Å
for FNpe5Nmepe.

Remarkably, the 3D crystals in this study are formed by
stacking molecules along the b direction, while retaining the
similar unit cell dimensions (a and c directions) as that of the 2D
peptoid crystals. This demonstrates that a linear hexapeptoid
alone has a strong propensity to form a rectangular unit cell
based on extended chains in a cis−Σ strand conformation, often
seen in larger peptoid nanostructures. This study demonstrates
the potential of hierarchical dimensional control to direct the 3D
crystallization of oligomeric peptoids and paves the way for
further research into the design and synthesis of complex soft
materials with tailored properties.
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