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ABSTRACT
Controlling co-assembly of synthetic oligomers into binary superlattices at the atomic

level is challenging. We report a strategy for programming polar-m interactions in oligomeric
peptoids, a class of sequence-defined peptidomimetics, facilitating the formation of
homogeneous two-dimensional (2D) superlattices.  N-2-phenylethyl and  N-(2-
perfluorophenyl)ethyl side chains, similar in size, but with contrasting electrostatic
characteristics, were introduced at defined sequence positions to generate favorable dipolar
aromatic interactions. The resulting nanosheets exhibit different crystal motifs depending on
the side chain interactions: systems containing only one type of aromatic side chain form a
parallel V-shaped motif driven by -7t interactions, whereas a combination of both types of
aromatic side chains, either within one backbone or through the co-assembly of two distinct
peptoids, adopt an antiparallel V-shaped superlattice with higher thermal stability, driven by
polar-m interactions. Cryogenic transmission electron microscopy directly resolved the packing
arrangement of perfluorophenyl and phenyl rings in individual nanosheet superlattices,
confirming that intermolecular polar-it interaction dominates the superlattice motifs and
increases lattice stability. Molecular dynamics simulations and density functional theory
calculations further substantiate the energetic favorability of polar-rr interactions over m-it
interactions, rationalizing the formation of homogeneous superlattices with enhanced thermal
stability. Our discoveries establish a design principle for binary co-assembly using sequence-
defined oligomers, which enables control over unit cell geometry, lattice stability, and

molecular registration through aromatic side chain polarization and sequence control. This



ability to program atomic-scale binary superlattices opens new avenues for designing

functional 2D soft materials.

INTRODUCTION

Hierarchical nanostructures are a cornerstone of materials science,"* with applications
in microelectronics,* * energy storage,>°® catalysis,”® and quantum sensing.” '® To expand the
functional scope of self-assembled nanostructures, strategies based on conjugating chemically
distinct functionalities onto a single lattice-forming building block have been widely
employed.'"""* However, in such approaches, these functionalities necessarily share the same
crystallographic unit and therefore become statistically distributed within the lattice, which
intrinsically limits precise molecular-level control over their relative positioning and
interactions. In contrast, co-assembly of distinct building blocks into ordered superlattices
comprising two or more components can provide an effective route to chemical diversity and
multifunctionality with high structural precision.'

The creation of robust superlattice architectures often relies on non-covalent
interactions such as hydrogen bonding,'S aromatic interactions,'*'® ligand-acceptor binding,':

2 and chirality.* These approaches can bring together biological molecules (e.g., peptides,*

or proteins** %), synthetic polymers,'> %2

and chemically-modified entities (e.g. functionalized
nanoparticles® or two-dimensional (2D) material heterostructures®) to create multidimensional
superlattice architectures. Despite these advances, the straightforward fabrication of molecular

superlattices without phase separation, conformational change, or atomic-scale lattice

heterogeneity remains elusive, particularly in synthetic soft materials. The challenge comes



31.32 where identical molecules tend to assemble into their own

from narcissistic self-sorting,
lattice instead of forming a superlattice composed of different molecules, driven by factors such
as molecular geometry,* steric effects,* and chirality.* Furthermore, phase separation serves
as a fundamental physical limitation that hinders the formation of sub-nanometer-level ordered
lattices in polymer blends and self-assembled materials,* and represents a key challenge that
must be addressed to advance the charge separation and transport in polymer-based organic
electronics.”’

Amphiphilic diblock peptoids, poly(N-substituted glycines),”® are sequence-defined
peptidomimetics. They self-assemble in solution into a variety of crystalline nanostructures
with a range of functional properties.** Previous studies on 2D peptoid nanosheets have
primarily focused on the formation of crystal lattices from single-component systems.* 7
However, constructing predictable unit cells with molecular-level precision and regulating
interactions between distinct oligomeric peptoids to form homogeneous binary superlattices
remain major challenges. Achieving molecular-level control over co-assembly of distinct
peptoids has been elusive due to the lack of understanding of the underlying driving forces that
govern the conformations and spatial arrangement of co-assembled peptoids. '> 41434

In this work, we aim to design 2D molecular superlattices that consist of two different
diblock peptoid oligomers in a single nanosheet. Experimentally demonstrating the coexistence
of two different molecules in such superlattices requires engineered structural diversity within
the same nanosheet to enable atomic-scale structural characterization in real space.*® Cryogenic

transmission electron microscopy (cryo-TEM) has been employed to resolve molecular

arrangement and non-covalent interactions, such as -7t interactions, in hierarchical structures

49, 50 51,52 53, 54

formed by peptides, supramolecular systems, cation-7t interactions in proteins, as

well as the single-component crystal motifs formed by diblock peptoids.**>* The atomic-scale



imaging of 2D superlattices in this study provides direct evidence and insights into their
underlying design principles.

The 2D nanosheets comprised of these diblock peptoids adopt a corona architecture,
with hydrophobic blocks forming a well-ordered crystalline core, and hydrophilic blocks
exposed to water and stabilizing the sheet, as shown in Figure 1 A.*** The molecular packing of
oligomeric peptoids bearing N-2-phenylethylglycine monomers in a unit cell was revealed
previously (Figure S1); the assembly is driven by 7t-7t stacking of the side chains and CHeeeO=C
hydrogen bonding between glycine backbones in hydrophobic blocks.* The lattice shown in
Figure 1A exhibits two characteristic spacings: the (100) spacing along the a-axis, which
corresponds to the backbone-to-backbone distance between adjacent molecules in a row, and
the (002) spacing along the c-axis, which corresponds to the distance between the centers of

molecules in neighboring peptoid rows.
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Figure 1. (A) Schematic representation of peptoid nanosheets and unit cell motifs. (B) The
electrostatic potential (ESP) surface calculated for geometry optimized toluene and
pentafluorotoluene at the B3LYP/6-311G(d,p) level of theory (see SI for detailed DFT
calculation procedures), presenting the opposite electrostatic properties on the surface of
aromatic and perfluoroaromatic rings, and the geometries of polar-m interactions between
them.>*>” (C) Chemical structures of diblock peptoids synthesized. The location of phenylethyl
(Npe) and perfluorophenylethyl(Npfpe) side chains are represented by green and blue spheres,
respectively, in the hydrophobic blocks. The hydrophilic blocks are represented by tails for

simplicity.



Based on the established lattice structure formed by diblock peptoids,** we
hypothesized that engineering the location of different aromatic side chains with atomic-scale
accuracy could enable polar-rr interactions, a unique form of 7-7r interaction wherein an
electron-rich aromatic ring preferentially aligns with an electron-deficient aromatic ring as a

59

pair with various geometries (Figure 1B),** which are widely exploited to drive

60, 61 62,63

co-assembly®”°! and charge-transfer pathways in soft matter.

Polar-7t interactions play a crucial role in directing molecular packing and assembly in
complex systems.® Representative aromatics pairs such as benzene and hexafluorobenzene
are known to form 1:1 displaced sandwich complexes stabilized by polar-rr interactions with a
low melting temperature (~23.7 °C).®"%® Subsequent studies on benzene-hexafluorobenzene and
their derivatives have identified three characteristic geometries, such as displaced sandwich,
sandwich, and T-shaped (edge-to-center) one, with stabilization energies decreasing in this
order (bottom panel, Figure 1B).”” While alternate stacking between benzene and
hexafluorobenzene is a well-established synthon in small-molecule crystallography,® ¢
implementing this interaction within oligomeric scaffolds presents fundamentally different
challenges. The rotational freedom of the chains and complex intramolecular interactions
among the backbone and side chains give rise to a broad conformational ensemble for
oligomeric chains in solution. Precisely controlling these conformational dynamics to achieve
long-range order with minimal defects, and to understand this process at the molecular level,
remains a significant challenge.

Here, we aim to explore whether the highly specific polar-i interactions could be
introduced into the sequence-defined oligomeric systems. The electrostatic potential (ESP)

surfaces of toluene and perfluorotoluene were calculated to represent the aromatic and

perfluoroaromatic rings, although a cocrystal structure of these two has not been reported yet



(top panel, Figure 1B). The calculations revealed that the two molecules exhibit contrasting
electrostatic potentials, leading us to anticipate that polar-r interactions could arise from the
pairing of aromatic and perfluoroaromatic rings. Thus, we introduced perfluorophenylethyl and
phenyl side chains into the hydrophobic blocks of amphiphilic diblock peptoids at various
sequence positions (Figure 1C). We hypothesized that the 2D peptoid lattice would not be
sterically disrupted by perfluorophenyl ring substitution, based on the similar ring diameters of
toluene (4.9 A) and the nearly isosteric perfluorotoluene (5.4 A) (Figure 1B). By arranging
perfluorophenyl and phenyl groups along a linear peptoid sequence, we enabled the formation
of intermolecular polar-m interactions upon chain self-association.

Using this design, we aimed to achieve a 1:1 pairing of these moieties within the lattice,
using two strategies: segregating them within a single chain or by mixing two chains. Through
subtle variation of the peptoid composition and sequence, the competing driving forces of
polar-it versus conventional 7-7r interactions were investigated. This series of nanosheet-
forming molecules provide a platform to fabricate molecular superlattices with atomic-scale
precision, which remains a major challenge in synthetic soft materials.”"

This work addressed three fundamental challenges in understanding the role of polar-mt
interactions in governing co-assembly behavior leading to regular lattices or superlattices:
First, we designed molecules that can facilitate polar-ir interactions to form lattices with
enhanced stability. Second, we directly visualized the molecular packing arrangement at
atomic resolution using cryo-TEM, which clearly elucidated molecular configurations within
lattices. Third, the atomic-scale imaging of lattices provided strong structural constraints for
modeling the effect of polar-r interactions in the formed lattices. By integrating the
experimentally determined crystal motifs with molecular dynamics (MD) and density

functional theory (DFT) calculations, we obtained molecular-level insight into the chain



conformations within each lattice and how the geometry of polar-m interactions directs
molecular packing in different crystal motifs with different structural stability. Our findings
provide a new approach to fabricating molecular superlattices, which sheds light on
implications for the design of hierarchical nanostructures with tailored properties at atomic-

scale precision.



RESULTS AND DISCUSSION

Molecular Design

We designed and synthesized a series of diblock peptoids, each composed of a
crystalline hexameric hydrophobic segment made from either N-2-phenylethyl glycine (Npe,
H) or N-2-perfluorophenylethyl glycine (Npfpe, F), with an amorphous hydrophilic segment
consisting of four N-2-(2-(2-methoxyethoxy))ethylglycine (Nte) residues (Figure 1C). While
highly fluorinated aliphatic monomers have been incorporated in peptoid synthesis,
perfluoroaromatic monomers like Npfpe have not been reported in designing peptoids. The
primary amine for this monomer, 2-perfluorophenylethyl amine, was synthesized in three steps
from perfluorophenyl methanol using previously reported methods (Section 2.1 in the
Supporting Information and Figure S2).”* 7 We then designed a set of Npfpe-containing
peptoids based on the established packing model of Nte,-Npe, (abbreviated as He) in nanosheets
(Figure 1C).** The ratio and sequence pattern of Npfpe monomers within the hydrophobic block
were varied to investigate how the perfluorophenyl-phenyl interaction affects the formation of
the unit cell in the resulting peptoid nanostructures. Nte,-Npfpes, abbreviated as Fg, has a
hydrophobic block that consists entirely of perfluorophenylethyl side chains. Nte,-(NpfpeNpe),,
abbreviated as (FH)s, incorporates a regularly alternating pattern of Npe and Npfpe monomers,
while the sequence Nte,-Npe,Npfpe,Npe, (H.F,H,) features a distinct blocked arrangement
within the hydrophobic domain. All diblock peptoids were purified using reverse-phase high-
performance liquid chromatography (RP-HPLC) to achieve purities exceeding 95% (Figures

S3 and S4).



Homogeneous regular lattices

Peptoid self-assembly was conducted using the approach reported by Xuan et al
(Supporting Information section 2.3).* Peptoids were dissolved in a 1:1 (v/v) THF/H,O
mixture, and the THF was allowed to evaporate gradually over 14 days at 4 °C. Five nanosheet
samples were prepared: the homogeneous diblock peptoids, Hg Fs, (FH)3, H2F2H2, and a 1:1
molar mixture of H¢ and Fe. The first four peptoid sequences were designed to undergo
homogenous assembly into regular lattices, whereas the mixed Hgs+Fs molecules were designed

to co-assemble into a binary superlattice.

We began with the previously reported Hy diblock peptoid,* which produced well-
defined rectangular micron-scale nanosheets, (Figure S5A), and served as the reference
structure in this work. In contrast, no ordered nanostructures were observed by SEM for Fg,
(FH);, H,F,H,, after the initial 14 days evaporation (Figure S6). These solutions were then
sealed and left at4°C for an additional seven days (21days total). After this extended
incubation, nanosheets appeared for Fs and for (FH);, (Figure S7) whereas H,F,H, did not form
2D nanosheet structures (Figure S8). This result is attributed to a sequence-dependent effect on
the kinetics of nucleation and formation of peptoid nanosheets. Although H,F,H, exhibited an
intermediate hydrophobicity between H¢ and Fg, as indicated by ultra-performance liquid
chromatography (UPLC) retention times (zz = 5.0 min for Hg, fzr = 5.5 min for H,F,H,, and # =
6.0 min for Fg Figure S3), it did not self-assemble into nanosheets, suggesting that
hydrophobicity alone is insufficient to promote nanosheet formation and unit cell organization
into the thin 2D lattices, and instead points to a minimum requirement of sequence patterning to

nucleate a 2D lattice in solution. While both F¢ and (FH); required additional incubation time to



assemble, a 1:1 molar ratio of He¢ and Fs co-assembled into nanosheets without additional

incubation time.

Nanosheets obtained from Hg, Fg, (FH);, and the 1:1 Hg+Fs mixture were imaged by
AFM (Figures 2A to 2D). Height analysis indicated a uniform thickness between 3 and 4 nm for
all four nanosheets (Table S1, and Figure S11 and S12), consistent with the monolayer
architecture depicted in Figure 1A. It is noteworthy that their micron-scale morphologies varied
significantly depending on the monomer sequence. Hq sheets appear as rectangular ribbons with
sharp, well-defined edges where Fg sheets are elongated, small oval-shaped sheets bearing
rugged sides and tapered ends. Both the (FH); self-assembled and the Hg+F¢ co-assembled
nanosheets produced rectangular ribbons with highly defined sides and tapered ends. The lattice
orientations were identified by indexing the reflections in the power spectra of cryo-TEM
images obtained from a Hs sheet (Figure S9). The long and short dimensions of ribbons are
attributed to a- and c-axes in the lattice, respectively (Figures 1A and 2A). We posit that the
different anisotropic growth rates along the crystallographic a- and c-axes may arise from the

difference between - and polar-7r interactions.

Powder X-ray diffractions (PXRD) of the dried nanosheets formed from Hg, Fs, (FH)s,
and the 1:1 Heg+Fs mixture are shown in Figures 2E-H. All samples showed sharp diffraction
peaks, confirming high crystalline order. The reference H¢ nanosheets exhibited four major
reflections at d = 16.0A (002), 5.3A (006), 4.5A (100) and 42A (101), reproducing
previously reported lattice parameters and serving as a benchmark for the other samples.** Fy
nanosheets were also crystalline, but the (002) reflection is broadened and weak; its position,
inferred from the harmonic (006) at 5.8 A, corresponds to a spacing of = 17.4 A, indicating a

modest expansion of the inter-row distance and reduced long-range order along the c-axis,



consistent with the less well-defined sheet edges. Both (FH); nanosheets and the Hg+Fs
co-assembled nanosheets exhibit a dominant (002) peak near 17.2A and, uniquely, an
additional (100) reflection at 8.8 A and 9.0 A, respectively, which are absent in the Hy and Fg
nanosheets. This extra peak reflects a superlattice periodicity along the a-axis. Consequently,
all four nanosheet systems share a common basic lattice framework; they differ primarily in the
c-axis spacing (the inter-row distance), and the presence of a superlattice peak with a nearly

doubled a-axis spacing (from = 4.5A to =~ 9A) as summarized in Figure 2I.
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Figure 2. AFM (A-D) and PXRD (E-H) analysis. AFM images and height measurements of
peptoid nanosheets: (A) Hg (14 days evaporation), (B) F¢ (14 days evaporation and 7 days more
incubation), (C) (FH); (14 days evaporation and 7 days more incubation), and (D) H¢+Fs (1:1

molar ratio) (14 days evaporation). H indicates the average nanosheet thickness measured with



z-height of AFM images (Table S1). PXRD spectra of dried nanosheets: (E) Hy, (F) Fg, (G)
(FH);, and (H) He+Fs (1:1 molar ratio). (I) Summary of structural parameters observed with
peptoid nanosheets. “measured with PXRD patterns by fitting each peak with gaussian curves.
> measured with FFT images from cryo-TEM images (Figure 3A-D). ¢ Melting temperatures

and enthalpy were measured using solution DSC (nanoDSC) (Figure S10).¢ 1:1 molar ratio.

The melting transition temperatures (7m) of the solvated nanosheets, which reflect the
relative stabilities, were measured using solution-state differential scanning calorimetry (DSC)
in water (Figures 2] and S10). Co-assembled Hq¢+Fs (1:1) nanosheets exhibited the highest 7m at
95 °C, followed by the reference Hqs nanosheets at 87 °C, and (FH); nanosheets at 72 °C, while
the Fs nanosheets exhibited the lowest Tm at 53 °C. The enthalpy of melting (AH) follows the
same trend as the melting temperatures (Figure 2I), suggesting that the variation in thermal
stability among the different nanosheets is influenced by the type of interactions (polar-mt or 7t-m)
formed by molecules with different side chains in the lattices. The computed nonbonded

energies from MD simulations are listed in Table S2 for reference.
Molecular lattice structures revealed by Cryo-TEM

Cryo-TEM imaging and the corresponding power spectrum in Figure 3A shows the
lattice structure of the previously reported nanosheets formed by Hg.** The lattice dimensions
are indicated by blue arrows: a=45A (100) and c=322A (001). The brightest features are
seen as spots at the center of each molecule and correspond to the projected view of the glycine
backbones that are oriented vertically within the nanosheet plane, while the extended arms
emanating from these bright spots in a parallel V-shaped packing motif represent the 2-
phenylethyl side chains. This structure serves as the reference for the comparisons in the

following discussion. Black arrows in the image indicate a cross-section through the side



chains; the resulting 1-D intensity profile shows a uniform intensity across each molecule as
expected (middle panel, Figure 3A), and the power spectrum of the image shows reflections
from lattices (bottom panel, Figure 3A). The schematic arrangement of Hs molecules in the

nanosheets is shown in Figure 3E.

Cryo-TEM imaging of nanosheets formed by Fs revealed similar features to those
formed with Hg as evidenced by the identical parallel V-shaped packing motif and the uniform
intensity of side chains as indicated by their cross-sectional intensity profile (Figure 3B).
However, the unit cell dimensions indicated by yellow arrows, a = 4.7 A (100) and ¢ =34.8 A
(001), are different as shown in the cryo-TEM image and power spectrum (bottom, Figure 3B).
The increase of spacing along the c-axis is attributed to the larger space occupied by fluorine
substituents at the para position as compared to hydrogen atoms. The model of homo-
assembled lattice formed by the Fs molecules with featured lattice spacings is depicted in
Figure 3F. We posit that the molecular arrangement is nearly identical to the lattice formed by

H¢ molecules.

The lattice structure formed by (FH); molecules is different from the lattices formed by
Hs and Fg, as shown in Figure 3C (top panel). Instead of the parallel V-shaped motif, the
alternating arrangement of side chains with different lengths can be observed along the a-axis in
an antiparallel V-shaped motif. The intensity profile shown in the middle panel (black arrow on
top panel, Figure 3C) exhibits a periodic intensity in contrast. Peaks of higher intensity
correspond to the perfluorophenylethyl side chains; five fluorine atoms with higher atomic
number relative to hydrogen atoms enhances the contrast in the image (Figure S14A). We
therefore conclude that the longer and brighter arms in the image represent

perfluorophenylethyl groups, whereas the shorter arms correspond to phenylethyl groups.



Importantly, in the antiparallel V-shaped packing motif, the shorter phenylethyl side chains are
consistently oriented towards the neighboring perfluorophenylethyl side chains (indicated by
green and blue arrows), leading to a tip-to-tip packing geometry between perfluorophenylethyl
and phenylethyl side chains along the c-axis. Along the a-axis, the perfluorophenylethyl and
phenylethyl side chains are alternatively packed through the polar-m interactions. The unit cell
dimensions changed toa =9 A (100) and ¢ = 34.8 A (001) due to the presence of the alternating
side chains. The power spectrum revealed new rows of reflections at 9 A due to the presence of
the alternating side chains, which doubles the lattice spacing along the a-axis while the c-axis
spacing remains the same. The molecular arrangement of molecules is shown in the model in

Figure 3G.

Direct molecular imaging by cryo-TEM, without extrinsic labeling, revealed the -t or
polar-rt driven packing of phenyl and perfluorophenyl peptoids within the 2D lattice. For
symmetric side chains, such as all phenylethyl (Hg) or all perfluorophenylethyl (Fs), where m-rr
interactions predominate, a parallel V-shaped packing motif was observed. In contrast, the
(FH); nanosheets, which contain both phenylethyl and perfluorophenylethyl side chains, adopt
an antiparallel V-shaped packing motif, where perfluorophenyl side chains are oriented
tip-to-tip with phenyl side chains along the c-axis, with alternating packing along the a-axis
driven by polar-m interactions. The dominance of polar-m interactions in the (FH); lattice raises

a key question: what lattice structure will form from a 1:1 mixture of H¢ and F¢? The lattice

parameters from X-ray diffraction and the increased melting temperature (7, = 95 °C) indicate
that the H¢+F4 co-assembly forms a highly stable crystalline structure. The increased thermal

stability is likely due to the polar-m interactions shown to be abundant by cryo-TEM.



The lattice structure of the Hs+F4 co-assembly is shown in Figure 3D. In contrast to the
crystal motifs observed for the single component lattices from self-assembled Hg or Fg, the co-
assembled lattice exhibits an antiparallel V-shaped packing motif with an alternating
arrangement of two molecules within a row in the a-direction, that can be readily distinguished
by their distinct side-chain length and intensity (indicated by the cross-sectional intensity
profile). The shorter, lower-intensity arms correspond to the projection of phenyl rings, whereas
the longer, higher-intensity protrusions correspond to perfluorophenyl rings. A simulated
electrostatic-potential map reproduces this contrast, confirming that the observed features arise
from the two different side chains (Figure S14B). To our best knowledge, no previous electron
microscopy studies have resolved perfluorophenyl from phenyl rings by direct imaging in

position space within crystalline synthetic soft materials.

In the He+F; crystal lattice, the molecules adopt an antiparallel V-shaped packing motif:
alternating phenyl and perfluorophenyl side chains engage in polar-m interactions along the a-
axis and in a tip-to-tip geometry across adjacent rows along the c direction to form a
superlattice. The power spectrum shows a (002) reflection at17.4 A, in agreement with the
X-ray diffraction pattern (bottom panel, Figure 3D). Additional reflections at 9 A (100) indicate
that the a-axis unit-cell dimension is doubled relative to the Hg or Fg lattices. By comparison,
the (FH); lattice also shows a 9 A (100) spacing in the power spectrum (Figure 3C) but retains a
regular lattice because the different side chains are incorporated within a single molecule. The
schematic model in Figure3H illustrates the alternating Hs and F¢ molecules within the
superlattice. After evaluating more than twenty nanosheets, all sheets were determined to have
identical lattice spacings, demonstrating homogeneous co-assembly at a 1: 1 molar ratio (more
examples are shown in Figure S15). We posit that the stronger polar-m interactions present in

co-assembled H¢+F¢ nanosheets drive the formation of a homogeneous superlattice and prevent



the formation of self-assembled regular lattices that would result from the weaker m-m

interaction of Hy and Fg individually.
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Figure 3. Cryo-TEM analysis of peptoid nanosheets. Averaged cryo-TEM images of (A) Hg
nanosheets, (B) F¢ nanosheets, (C) (FH); nanosheets, and (D) co-assembled H¢+F4 nanosheets
(1:1 molar ratio). White arrows in the cryo-TEM images (top panels) indicate a-spacing (100)
and c-spacing (002). The brightness profiles (middle panels) correspond to intensity traces
taken along the black arrows in the cryo-TEM images. Green thick arrows denote the
orientation of phenylethyl side chains, and blue thick arrows indicate the orientation of
perfluorophenylethyl side chains. Corresponding power spectra of the averaged cryo-TEM
images respectively are shown in the bottom panels. (E-H) Schematic models of each
nanosheet derived from cryo-TEM images (A to D). Green spheres represent Nspe monomers,

and blue spheres represent Npfpe monomers. The parallel V-shaped motif in A and B possesses



plane symmetry cm, which imposes systematic absences in the Fourier space when h+k is
odd.**; consequently the (100) and (001) reflections are not visible in power spectrum (indicated
by arrows). The antiparallel V-shaped motif in C and D exhibits the different plane symmetry,
pmg, which leads to the symmetry forbidden of reflections in Fourier space when k=0, 4 =odd.
Thus, the (200) at 4.5 A and (002)at17.4 A are visible as indicated by the dashed arrows.*” Raw

micrographs can be found in Figure S13.



The role of polar-m interactions in lattices

Atomistic models were constructed based on the lattices observed in PXRD patterns
and cryo-TEM images. Here, we adopted an all-cis conformation, given that the lattice
parameters are in good agreement with those reported in the literature.*>¢7®

All-cis conformations form enantiomeric conformers because the linear backbone
arises from alternating dihedral angles of opposite sign, and inversion of these dihedrals
generates a mirror-related all-cis structure.*> ™ * None of the experimental evidence, such as
PXRD and cryo-TEM analysis, suggests the coexistence of two enantiomers in the same lattice
along with a-axis although we expect both enantiomers to be present in equal amounts in
different individual nanosheets. However, confirming this is still an open question and beyond
the resolution of cryo-TEM 2D imaging. We thus posit that molecules preferentially adopt a
single enantiomer for Hg and Fg (Figure 4A), as mixing two enantiomers in the same lattice
would introduce an offset between neighboring chains (to accommodate the favorable
alignment of backbones with each other in the a-axis), which destabilizes the lattice due to a
loss of aromatic interactions. Accordingly, we modeled homogeneous Hg and F¢ and 1:1 Hg+Fs
nanosheets using only a single enantiomer (Figures S16A, S17A and S19A).

By contrast, the crystal motif formed by (FH); molecules (Figure 3C) shows the
alternating packing of side chains within a row along with a-axis, where phenylethyl and
perfluorophenylethyl side chains face one another in adjacent molecules along the a-axis to
form polar-r interactions. We, therefore, propose that (FH); molecules need to have an
alternating backbone chirality (two enantiomers) within each row of the lattice as shown in
Figure 4D. This molecular packing, which maximizes backbone-backbone interactions and -1t
interactions, enabled us to construct an initial MD model (Figure S18A) that closely reflects the

perfluorophenyl-phenyl face-to-face stacking observed in cryo-TEM images (Figure 3C). In



models of (FH); nanosheets made from molecules of a single enantiomer within one row, they
prefer to assemble with homogeneous facial packing between aromatic side chains, where all
phenylethyl side chains pack on one side and fluorophenyl ethyl side chains pack on the other
side of the backbones, facilitating 7t-7t interactions instead of polar-m interactions. Detailed MD
modeling is provided in the Supporting Information (Supplementary Note 1). Our model for
(FH); nanosheets implies that, even in nanosheets composed of a single type of peptoid,
intermolecular polar-m interactions originating from the alternating side chains influence the
chain-folding process, thereby inducing the formation of a new type of superlattice based on
conformational enantiomorphism.

All MD models were stable over 300 ns relaxation time and revealed similar trends in
their lattice spacings (Figures S16—S19) with the values observed experimentally with PXRD
and cryo-TEM analysis (Figure 2I), supporting the validity of the proposed molecular packing
models for MD simulations. Figures 4B and 4C show the two molecules in a row extracted from
relaxed nanosheets formed by homogeneous H¢ and Fg, respectively. The molecular
arrangement remains stable in lattices. The relaxed packing of (FH); molecules is shown in
Figure 4E. The unique molecular packing with mirror-image backbones leads to an offset by
one monomer along the b-axis, which remains stable after relaxation. In contrast to the racemic
pairing of molecules in (FH); nanosheets, the co-assembly of Hg and F¢ molecules with the
same backbone chirality directly enables perfluorophenyl-phenyl stacking without requiring an
offset along the b-axis to form polar-rr interactions (Figure 4F). DFT calculations on model
tetramer peptoids revealed a strong driving force (=12 kcal/mol) for the alignment of
phenylethyl and perfluorophenylethyl side chains along the a-axis, rather than homogeneous 7-
7t interaction (Supplementary Note 3, Figure S20). These calculations clearly capture the

relative energetic preference and electronic directionality favoring heteroaromatic (phenyl-



perfluorophenyl) alignment under backbone-imposed geometric constraints, qualitatively
supporting polar-rt interactions as a key electronic driving force for the observed alternating
lattice registry. This registry enables the formation of the highly ordered superlattices observed
in the (FH); and co-assembled (He+F¢) nanosheets, as evidenced by the displaced sandwich

stacking observed in relaxed MD models (Figure S21). 37
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Figure 4. (A) Peptoid conformations used to build initial MD models of peptoid nanosheets
assembled with Hg or Fs. Maintained backbone pairings observed in relaxed MD models after
300 ns of (B) He peptoid nanosheets (Figure S16) and (C) Fs nanosheets (Figure S17). (D) Two
peptoid conformation possessing opposite backbone chirality used to build initial MD models
of (FH); peptoid nanosheets. Backbone pairings observed in relaxed MD models after 300 ns of

(E) (FH); nanosheets (Figure S18) and (F) co-assembled Hg+F nanosheets (Figure S19).






We further investigate the types and roles of noncovalent interactions that govern
whether peptoid lattices adopt parallel or antiparallel orientations of molecules along the c-axis.
DFT calculations were carried out based on the observation with the relaxed MD nanosheet
models (Figures 5A and B). A parallel V-shaped packing motif shown in Figure 5A, formed by
Hg or Fs, in which the edge of side chains points to the center of another side chain along the
c-axis, named the edge-to-center. In contrast, in an antiparallel V-shaped motif, formed by
(FH); or the 1:1 mixture of Hg and Fg, as shown in Figure 5B, exhibit the side chains point
linearly towards each other along the c-axis, named the edge-to-edge. The distinct side chain
geometries indicate that small differences in aromatic polarization affect both the packing along

the a-axis and the inter-row interactions that determine the motif along the c-axis.

DFT models were built to mimic side chain interactions in parallel and antiparallel V-
shaped motifs. These models used aromatic fragments, specifically toluene (H) for phenylethyl
side chains and pentafluorotoluene (F) for perfluorophenylethyl side chains. Edge-to-center
inter-row interactions were constructed using four representative aromatic pairs: HH, FF, HF
(with toluene positioned on top), and FH (with pentafluorotoluene positioned on top) (Figure
5C), while the edge-to-edge inter-row interactions are constructed using three representative
aromatic pairs: FF, HF, and FH. (Figures 5D and S22).

In the edge-to-center geometry, homogenous HH and FF pairs exhibited stabilization at
different van der Waals distances with varying energies. Heteroaromatic pairs (HF and FH) also
showed distinct stabilization energies and van der Waals distances. The optimal van der Waals
distance varies by approximately 0.5 A depending on which aromatic ring is positioned on top

(Figure 5C).
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Figure 5. (A) Edge-to-center geometry observed in the c-direction in the relaxed MD models of
Hg nanosheets and Fs nanosheets. (B) Edge-to-edge linear aromatic interactions observed in the
c-direction in the relaxed MD models of (FH); nanosheets and co-assembled Hg¢+F¢ nanosheets.
(C) Representative geometry optimized models for the orthogonal edge-to-center geometry
having homoaromatic interactions (FF and HH) and heteroaromatic interactions (HF and FH).
‘F’ indicates the model pentafluorotoluene mimicking perfluorophenylethyl side chains, and
‘H’ indicates the model toluene mimicking phenylethyl side chains. (D) Representative

geometry optimized model for the linear edge-to-edge geometry having heteroaromatic



interaction (FH). (E) Schematic representation of the distortions in lattice with the parallel

packing vs the antiparallel packing with H¢ (green chevrons) and Fy (blue chevrons) peptoids.

The variable stabilization energies of the edge-to-center geometry can disrupt non-
covalent interactions, such as CHeeeO and polar-m interactions, in the parallel V-shaped
packing motifs as shown in the schematic in Figure SE (right panel). In contrast, edge-to-edge
interactions in the antiparallel V-shaped packing motifs with heteroaromatic pairs (FH) are
more stable and uniform, contributing to superlattice stability without disrupting other
noncovalent interactions. The FH pair in edge-to-edge interactions prefers a shorter, more
favorable interaction than homodimers (HH and FF) which further facilitate the formation of
the regular lattice and superlattices (Supplementary Note 4. Figures S22A and S22B).

By integrating the experimentally determined crystal motifs and simulations, we
obtained direct molecular level insight into how polar-m interactions modulate the formation of
regular lattices with double spacing and binary superlattices with an antiparallel V-shape motif.
Consequently, this work establishes a novel platform with well-defined binary lattices using the

self-assembly of synthetic soft materials that remain free standing under aqueous conditions.

CONCLUSION

In this work, we demonstrated that the sequence-defined placement of electron-rich
(N-2-phenylethyl) and electron-deficient (N-2-perfluorophenylethyl) aromatic side chains
along a peptoid chain can be used to program polar-it interactions and thereby direct the
formation of highly-ordered crystalline 2D nanosheets with either regular lattices or well-
defined binary superlattices.

Cryo-TEM imaging at the atomic scale visualized the distinct arrangement of

perfluorophenyl and phenyl rings, resulting in polar-mt interactions that dominate the formation



of superlattices from those driven by - interactions. To our best knowledge, this is the first
example where polar-it aromatic stacking in synthetic oligomeric lattices has been imaged in
position space. Cryo-TEM imaging identified three distinct lattices in the crystalline
nanosheets: the original all-phenyl lattice, a second lattice whose (100) a spacing is doubled
relative to the original, and a binary superlattice that also displays a doubled (100) a spacing.
Diblock peptoids containing only perfluorophenylethyl side chains or only phenylethyl
side chains formed regular lattices that adopt a parallel V-shaped crystal motif driven by m-it
interactions. Diblock peptoids with alternating phenylethyl and perfluorophenylethyl side
chains give rise to the regular lattice with the enlarged a-spacing, whereas the co-assembly of
two complementary peptoid molecules, one bearing perfluorophenylethyl and the other
phenylethyl side chains, leads to a highly stable binary superlattice with an
antiparallel V-shaped motif that is stabilized by polar-m interactions, instead of a mixture of
nanosheets composed of separated peptoid molecules. It suggests that polar-ir interactions
between the electron-deficientaromatic rings and the neutral aromatic rings drive the co-
assembly into superlattices and enforces a highly ordered one-to-one (Hg¢+Fs) molecular
alignment, exemplifying high-precision monolayer design at sub-nanometer scale, well beyond
that have been observed within 2D superlattices comprising of synthetic soft materials.* 853
While polar-m interactions provide specific recognition between phenyl and
perfluorophenyl groups in small-molecule crystal engineering and host-guest systems,®
translating this interaction into polymeric chain assemblies is highly nontrivial due to the
complex conformational ensembles of chain molecules and entropy-driven phase separation,®
which complicate the formation of homogeneous superlattices. For instance, block copolymers
like polystyrene-b-polypentafluorostyrene, which carry aromatic side chains analogous to the

phenyl and perfluorophenyl groups used in this study, are also known to exhibit pronounced



and exclusive phase separation due to differences in the solubility parameters of the side
chains.? ¥ To our knowledge, there are no reports of co-crystallization or melt miscibility in
mixtures of fluorinated and nonfluorinated polymers. The results presented in this work suggest
a new approach for realizing homogeneous binary crystalline materials based on fluorinated
and nonfluorinated oligomeric systems that combine small-molecule-like atomic structural

precision with polymer-like multidimensional conformational energy landscapes.

MD simulations and DFT calculations show that aromatic-polarization effects extend
beyond simple facial stackings along the a-axis and edge-to-edge contacts along the c-axis that
ultimately govern lattice stability and packing preferences in cooperation with backbone
conformations. While fluorination alone does not disrupt lattice formation, enhanced thermal
stability and unique lattice registry arise only when electronic complementarity is introduced
into the system, as evidenced by comparative analysis of (FH); and He+Fs nanosheets.
Together, these results disentangle polar-mt interactions from steric effects and establish polar-rt

interactions as the dominant directional force controlling nanosheet packing and stability.

Our design principle leverages the robustness of peptoid unit cells, in which distinct
noncovalent interactions are encoded along specific crystallographic axes, establishing a design
logic for synthetic soft-matter superlattices where aromatic side-chain polarization and
sequence govern unit cell alignment, lattice stability, and morphology. This strategy enables
molecular-level precision in superlattice formation within ultrathin crystalline 2D soft
materials in aqueous conditions and highlights the potential for extending this design logic to
crystalline architectures of other dimensionalities (1D and 3D) under conditions where unit-cell
registry is retained in soft crystalline materials.”>-* Direct visualization of polar-7t interaction by

cryo-TEM, coupled with atomistic modelling, provides a powerful framework for rationally



engineering monolayered 2D crystals with prescribed packing motifs using synthetic soft
materials. The ability to precisely program binary superlattices opens new routes toward
functional soft nanomaterials for selective molecular recognition and heterogeneous surface

catalysis.
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