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Chirality plays a critical role in the structure and function of natural and syn-
thetic polymers, impacting their mechanical, optical, and electronic proper-
ties. However, a comprehensive understanding of the hierarchical emergence
of chirality from monomers to macromolecular assemblies remains elusive,
largely because of current limitations in studying their chemical-structural
properties at the nanoscale. Here, we unravel the emergence of different forms
of chirality from small molecules to their resulting polymers and supramole-
cular assemblies. We leverage bulk spectroscopic methods combined with the
development of acoustical-mechanical suppressed infrared nanospectro-
scopy, to empower chemical-structural analysis of single-polymer chains. This
ultra-high sensitivity allows identifying key functional groups as a signature for
different forms of chirality: CH groups for central chirality in small molecules;
C=0 groups for backbone and supramolecular chirality in heterogeneous
polymers. This work opens a new single-molecule chemical angle of observa-
tion into chirality and (bio)-polymers for the rational design in material sci-
ence, biotechnology, and medicine.

Chirality plays crucial roles in the structure and functionalities of
biomacromolecules and synthetic polymers'. Nucleic acids, proteins,
natural carbohydrates, and several other naturally occurring
polymers are composed of chiral building blocks contributing to their
unique 3D structure and function, including biological recognition’®,
transcription®, and enzymatic processes’. Taking inspiration from
nature, polymer scientists have designed innovative materials where
specific arrangement of chiral centres allows unique mechanical®,
optical’, and electronic® properties. However, understanding how to
tune the molecular and chiral properties of polymers, to achieve new
functionalities at the macromolecular level in advanced materials,
remains a key challenge’.

A critical yet unresolved question is how chirality hierarchically
emerges from the sub-molecular to the macromolecular level'. Pre-
vious work has studied the influence of molecular central chirality and

polymerization conditions on polymer backbone chirality’®"2. How-
ever, the mechanisms linking the stereochemistry of the small mono-
meric building blocks (central chirality), the arrangement and
conformation of the polymer backbone (helical chirality), and the
organization of single polymer chains in assemblies (supramolecular
chirality) are still unclear®. This knowledge gap arises from the limits of
current state-of-the-art analytical methods to characterize the com-
plex manifestation of chirality in polymer systems across multiple
length scales.

Bulk circular dichroism (CD)", infrared (IR) spectroscopy®, and
vibrational circular dichroism' can provide insights into the chirality
of molecular systems. However, bulk methods cannot obtain single-
molecule level information on heterogeneous systems; thus, they are
not able to differentiate the diverse manifestations of chirality at the
(sub)-molecular (central), backbone (helical), and assemblies
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(supramolecular) level”™. Nano-imaging methods allow visualizing
polymeric structures down to the single-chain level and excel in
detailing their molecular and chiral conformations. Cryogenic electron
microscopy (cryo-EM)* collects 2D images of single helical molecules
with <0.5 nm resolution, although it is limited by the need for extensive
sampling and computational 3D model reconstruction”, and has dif-
ficulties in reconstructing the structure of molecules with less-defined
helices®®. Atomic Force Microscopy (AFM)* can image the 3-D mor-
phology of single polymers chains and their assemblies with ang-
stroms resolution in the Z direction, and <1 nm resolution on the 2-D
plane®. However, both cryo-EM and AFM fall short in discerning che-
mical information, thereby limiting the understanding of backbone
and supramolecular chirality emergence as a function of the central
chirality of monomers',

To unravel polymer properties, the chemical power of bulk
spectroscopy and single-molecule imaging of AFM has been combined
in nano-chemical imaging and spectroscopic techniques. Tip-
enhanced Raman spectroscopy** and scattering scanning near-field
optical microscopy allowed chemical imaging of single small organic
molecules”, 2D monolayers®, or larger polymer systems”. However,
because of scattering, plasmonic, and tip-reproducibility effects
causing spectral deformation or band suppression, they are limited in
extracting structural data from (bio-)organic polymers*®*°. As a key
advantage compared to scattering methods, AFM-based photothermal
infrared nanospectroscopy (AFM-IR) has proven to acquire robust and
reproducible nano-chemical and structural information from (bio-)
organic polymers'. AFM-IR is free from scattering effects and inde-
pendent of the surface/probe geometry®°. While we have demon-
strated to achieve AFM-IR single-molecule sensitivity, the method has
up to now been limited to large biomolecules (>400kDa), while
requiring the enhancement of its signal at a gold probe/surface
nanogap®. These technological and sensitivity constraints have pre-
cluded nanospectroscopic investigations of single polymer chains of
smaller molecular weights and on different surfaces necessary to
preserve their molecular conformations®, thus restricting polymer
analysis primarily to mesoscopic and sub-micrometre scales on rela-
tively homogenous model systems, such as monolayers®, block co-
polymers® and polymer blends****.

Here, we gain molecular insights into the hierarchical emergence
of chirality from single monomers (central) to polymers (backbone/
helical) and their assemblies (supramolecular). To reach this objective,
we designed a system with monomers and polymers possessing the
same connectivity, but different chirality. We use racemic and chiral
monomers to produce both racemic and homochiral (>99% ee) poly-
mers of ~200 kDa, and their supramolecular assemblies, via enantios-
pecific click reactions®. We use a multiscale, correlative approach to
identify and unravel the relationship among different forms of chirality
(central, backbone, supramolecular), from bulk (CD, IR, UV-Vis) to
single-chain and supramolecular assemblies imaging (AFM). To
uncover the correlation between our bulk and single-molecule imaging
observations, we then push the limits of AFM-IR nano-chemical ana-
lysis. We reach ultra-high sensitivity down to the single-chain level on
non-metallic surfaces, revealing the chemical-structural origin of the
emergence of supramolecular chirality. Our work paves the way to
generalise the characterisation of the mechanisms governing the
emergence of chirality in (bio)-polymers, which is key for the rational
design of innovative functional chiral macromolecules in healthcare
and materials science.

Results

Multiscale analysis of origin and emergence of chirality

Figure 1 illustrates our framework to perform a multiscale analysis of
the emergence of chirality. While stereogenic centres in molecules
define chirality, this term alone is insufficient to differentiate the dif-
ferent forms of chirality that emerge in polymeric systems over

multiple length scales. We designed a same connectivity, different
chirality system to unravel this hierarchical emergence (Fig. 1a): (i)
from central chirality in small monomeric molecules: (ii) to backbone
chirality in single polymer chains, defined as the geometric config-
uration of the main axis of symmetry of the polymer induced by helical
chirality; iii) and supramolecular order in their assemblies. We selected
as a model system chiral sulfur fluoride exchange (SUFEx) polymers, a
novel class of environmentally friendly and sustainable polymers
produced via click chemistry®¢,

To investigate how chirality manifests from the central chirality of
molecules to the backbone and supramolecular chirality of polymers,
we implemented a multimodal and multiscale approach (Fig. 1b-e). We
leveraged bulk Chiral High-Performance Liquid Chromatography
(Chiral-HPLC), CD, IR, and ultraviolet-visible (UV-Vis) spectroscopies
(Fig. 1b, ¢) to evaluate and compare the average chemical-structural
properties of racemic and chiral monomers and polymers. AFM and
AFM-IR empowered us to gain a single-molecule understanding of
polymer morphology and chemical properties. Phase-controlled AFM
nano-imaging allowed visualizing directly backbone helical chirality at
the single-chain level, and unravelling heterogeneity among individual
polymer chains and their supramolecular self-assemblies (Fig. 1d)*"*%.
The development of acoustical-mechanical suppressed AFM-IR
enabled the correlation of the morphological information with the
corresponding molecular and chemical-structural properties of single-
chains assemblies (Fig. 1le).

The chiral building blocks, their synthesis and characterisation
Our framework with the same connectivity but different chirality
(Fig. 1a) included monomers, linkers, repeating units, and polymers
(Fig. 2a-c, Supplementary Fig. 1)'5%,

We synthetised two small molecules serving as building blocks of
the polymers: a chiral molecule and a linker (Fig. 2a, Supplementary
Fig. 1, Methods). The chiral di(sulfonimidoyl fluoride) molecule (di-SF)
had two chiral centres having R (red) or S (blue) configuration (Fig. 2a).
Molecules with mixed configurations were termed rac-monomers.
Enantiopure chiral di-SFs molecules were termed x-monomers. The
linker is a symmetric bis(phenyl ether) (di-phenol) molecule, which is
non-chiral and acted as linker for the polymerization (Fig. 2a, link-
monomer). The monomers and link-monomer were repetitively bon-
ded via the SuFEx reaction to form the polymers (Fig. 2b, Supple-
mentary Fig. 1, Methods). Rac-monomers may lead to non-helical
polymers termed here rac-polymer, while the x-monomers may lead to
polymers with helical backbone chirality, termed here x-polymers. Gel
Permeation Chromatography (GPC) determined a molecular weight
(MW) and polydispersity (PDI) of (Supplementary Fig. 2): X-polymer,
M; ~209 kDa with b = 1.79; rac-polymer, M,, ~ 220 kDa with b = 1.42.

To mimic the smallest X- or rac-repeating unit of the polymers, we
also synthesised a molecule consisting of a - or rac-monomer linked to
a di-phenol link-monomer with an additional single methyl cap (Fig. 2c,
Supplementary Fig. 1, Methods). These repeating units allowed analysing
the differences in chirality between monomers and the resulting poly-
mers, focusing on structural differences rather than variations in the
composition and presence of specific functional groups.

We finally synthetised both the RR and SS enantiomers of chiral x-
monomers, X-repeating units, and x-polymers; to compare their
properties with the racemic (rac-) species. Our SuFEx-based polymer
system with the same connectivity, different chirality was designed
here to enable the precise control of chirality (achieving 99% ee) while
maintaining the same connectivity, making it an ideal platform for
systematically studying structure-property relationships in chiral
materials.

Bulk Identification of Chirality
We first aimed to prove the presence or absence of chirality in our
monomers, repeating units and polymers. We applied bulk chiral HPLC
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Fig. 1| Unravel Origin and Emergence of Chirality in Polymers by Multiscale and
Multimodal Bulk, Nano-Imaging and Nano-Chemical Analysis. a Our designed
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exploring how variations in chirality result in distinct supramolecular structures.
Analysis in bulk with b CD, ¢ FTIR, and at single molecule level with d AFM
angstrom-resolution 3D imaging, e AFM-IR chemical analysis.

(Supplementary Fig. 3, Supplementary Note 1), CD (Fig. 2, Supple-
mentary Fig. 4, Supplementary Note 2) and Attenuated Total Reflec-
tion Fourier Transform Infrared (ATR-FTIR) spectroscopy (Figs. 2-3,
Supplementary Fig. 5-7, Supplementary Note 3-4) to investigate the
general differences between chiral (x-) vs racemic (rac-) species.

Chiral-HPLC allowed to separate and identify different enantiomers
in the monomers and repeating units (Supplementary Fig. 3, Supple-
mentary Note 1). For both monomers and repeating units, we had: (i)
rac-species with mixed configurations (RR, RS/SR, SS); (ii) enantiomer
pure chiral x-species (RR, SS). Separation of chiral polymers was ham-
pered by peak broadening due to polymers heterogeneity®.

We further used CD to identify chirality in all x- versus rac- species,
including polymers (Fig. 2d-f, Supplementary Fig. 4, Supplementary
Note 2)*°. Racemic molecules and polymers showed flat spectra, proving
the absence of chiral asymmetry. Similar behaviour was observed for
isolated meso-monomers (100% RS/SR, Supplementary Fig. 4). All x-
species (RR, SS) showed a CD spectrum with two peaks (238 nm,
290 nm), proving chiral asymmetry. Yet, CD did not provide direct
information on the configuration of chiral centres; nor it differentiates
between central chirality and new sources of chirality, such as backbone
chirality emerging during polymer formation™.

To identify chirality at the molecular level and compare the x-
versus the rac- species, we then used ATR-FTIR spectroscopy (Fig. 2g-i,
Supplementary Fig. 5-7, Supplementary Note 3-4). Since symmetrical
X-enantiomers (RR, SS) have the same chemical properties, we focused
on the RR species. We acquired ATR-FTIR spectra in the mid-IR range
of 3200-1000 cm™. We used chemometrics and Principal Component
Analysis (PCA) to evaluate without bias the spectral differences in two
spectral regions: 1800-1200 cm™ (Fig. 2g-i, Supplementary Note 4);
3200-2700 cm™ (Supplementary Fig. 5).

The spectra and PCA score plots showed minor differences
between rac- vs. X- monomers (Fig. 2g-i, Supplementary Fig. 6,

Supplementary Note 3). Instead, we observed statistically significant
differences along the first principal component (PC1) for the rac- vs. x-
species of the repeating units (46%) and the polymers (73%). In the
1800-1200 cm™ region, these differences were associated with the:
carbonyl group (C=0, 1780-1620cm™, -50%); carbon-hydrogen
groups (C-H, 1550-1330 cm™, ~20%); and sulphonyl group (S=O,
1300-1200 cm™, ~30%). In the 3200-2700 cm™ region (Supplementary
Fig. 6), the differences were associated to the methyl groups (CHg,
2925-2800 cm™, ~-60%). Overall, the FTIR analysis suggested that
specific molecular bonds (C=0 and CHs) could be associated with
chirality, with the largest differences observable in polymers.

Bulk structural differentiation of forms of chirality

We leveraged the molecular information contained in the IR spectra to
unravel structural differences between x- versus rac-species (Fig. 3).
PCA analysis (Fig. 2) allowed to focus on the most significant spectral
regions: i) methyl (CHs) region, 3020-2800 cm® (Fig. 3a); ii) the car-
bonyl (C=0) region, 1780-1620 cm™ (Fig. 3b). Our system with same
connectivity but different chirality in turn ensured that the IR spectral
differences could be attributed purely to different structural features.

CHj; groups are abundant and often located directly or closely to
chiral centres or the backbone of polymers****. Within 3020-2800 cm™
the spectra showed significant differences between rac- vs. x- species
(Fig. 3a, c). Monomers showed only minor differences (Supplementary
Fig. 5-7). The repeating units instead showed a significantly higher IR
absorption of the aromatic CH3* and CHs;® groups for the rac- than the
X-species (Fig. 3c), relative to the aliphatic CH;* (2970 cm™) in the link-
monomer.

Our system with same connectivity with different chirality allowed
to associate the differences in IR absorption of the CH; groups for
monomers and repeating units purely to their central chirality (Sup-
plementary Note 4)%*>**. The weaker IR absorption of x-repeating units
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Fig. 2 | Bulk Identification of Chirality of Monomers, Repeating Units and
Polymers with Same Connectivity but Different Chirality. Scheme of the SuFEx
reaction pathways illustrating the synthesis of a racemic (rac-) and chiral (x-)
monomers with link-monomers to form: b rac- or x-polymers; and the (c) repeating
units, representing the building block of the polymer. d-f CD spectra of monomers,
rep. units and polymers. g-i Left: IR Spectra and loading plots of PC1 in the range

Wavenumber (cm™)

PC1 (73.1%)

from 1760-1200 cm™. For rac- and X- monomers and repeating units: N=8 inde-
pendent experiments, n =40 spectra each with 512 co-averaging; rac- and x- poly-
mers: N=9 independent experiments, n =50 spectra each with 512 co-averaging.
g-i Right: PCA score plots analysis of rac- and x- monomers, repeating units,
polymers indicate statistically significant differences in the C =0 and CH regions
(see Fig. 3).
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Fig. 3 | Bulk Spectroscopic analysis of molecules and polymers with same
connectivity but different chirality. a ATR-FTIR spectra of monomer, repeating
unit, polymers within CHs region (3020-2800 cm™) sensitive to central chirality.
b C=0 region (1780-1620 cm™) sensitive to backbone chirality and supramolecular
order normalised to their maximum at the S = O peak at 1230 cm™. N=8 indepen-
dent experiments, n =40 spectra with 512 co-averaging for monomers and
repeating units; N=9 independent experiments, n =45 spectra with 512 co-
averaging for polymers; error bars represent SE. ¢ Left: Difference spectra for rac-

minus X-repeating units; error bars represent SE. Right: integrated peak areas at
2925 cm™ and 2855 cm™ (rac: green-blue, x: orange, each data point represents the
integration of the peak from a single spectrum), box plot has one SD as whiskers.
d Left: Difference spectra for rac- minus x-polymers; error bars represent SE. Right:
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represents the integration of the peak from a single spectrum), box plot has one SD
as whiskers.
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(RR) was associated with two less co-planar aromatic CH; groups; since
these groups are arranged at fixed angles relative to the backbone,
leading to reduced planarity because of steric constraints. The
increased IR absorption of the rac-repeating units may instead be
associated with the presence of a larger set of conformations (RR, SS,
RS/SR), where the RS/SR conformations contribute to a higher IR
absorption via a more planar configuration and enhancing electronic
delocalization.

Thus, central chirality conformation was associated to an
increased planarity of the rac-molecules compared to the x-molecules.
The polymers showed also differences in the C-H region, which how-
ever may also arise from polymerisation and phenomena such as
backbone and supramolecular chirality.

The C=0 stretching has been widely related to the structural
conformation of the backbone of (bio)-polymers, such as protein®*,
In the range 1700-1620 cm?, monomers and repeating units did not
show significant differences between rac- vs. x-species, while the
polymers showed statistically significant differences (Fig. 3b, Supple-
mentary Fig. 7, Supplementary Note 4). Thus, the spectral differences
between rac- vs. x-polymers could be ascribed only to other forms
chirality arising from polymerisation and supramolecular assembly.
We observed that (Fig. 3b,d): (i) the C=0 peak shifted to lower wave-
numbers from monomers (1663cm™), via the repeating units
(1655cm™), to polymers (1648cm™); (ii) x-polymers had higher
absorption than rac-polymers at 1656 cm™; (iii) x—polymers exhibited a
single C=0 peak, while rac-polymers showed the emergence of a
second C=0 peak at 1723 cm™.

We associated the shift to lower wavenumbers to electron
delocalization caused by the backbone formation in polymers*. For
the x-polymers, the increased IR absorption at 1656 cm™ suggested
the formation of helices in the backbone during the polymerisation
process. Indeed, an IR absorption signature between 1650-1660 cm™
is typically associated with the formation of a-helix structure in
protein, where the orientation of a specific sequence of amino acids
stabilizes a secondary helical structure*’ (Fig. 3d, Supplementary
Note 4). For the rac-polymers, the emergence of the second C=0
peak could be associated with (Supplementary Note 4): (i) intramo-
lecular interactions in their RS/SR repeating units, via a TT—Tt reso-
nance between the carbonyl groups and phenyl groups, inducing a
planar conformation; (ii) enhanced intermolecular -1t stacking of
the RS/SR phenyls leading to supramolecular assembly and possibly
higher chiral order.

To further investigate if emergence of the second C=0 peak was
associated with intra- or inter-molecular interactions, we conducted
UV-Vis spectroscopy measurements on the racemic monomers and
polymers as a function of their concentration in solution (Supple-
mentary Fig. 8). The spectra of the polymers revealed a broadening
and redshift of absorption peaks with increasing concentration, which
are well-established indicators of m-m stacking intermolecular
interactions*®. These modifications were instead absent in the spectra
of the monomers. Thus, UV-Vis indicated that rac-polymers undergo
increased intermolecular -t interactions rather than intramolecular.

Overall, the IR and UV-Vis structural analysis identified general key
molecular vibrations useful to differentiate central chirality in small
molecules (CH;) and backbone/supramolecular chirality in polymers
(C=0). The IR absorption of the CH; groups highlighted differences in
conformation of the molecules associated with their central chirality,
resulting in an increased planarity of the racemic molecules. The
increased IR absorption of the C=0 at 1656 cm™! was associated with
the emergence of backbone/helical chirality in the x-polymers, while
the C=0 peak splitting and the new IR absorption at 1723 cm™! might
indicate increased intermolecular interactions in rac-polymers. How-
ever, bulk IR and UV-vis prevented studying sample heterogeneity at
the single-molecule level to prove: (i) presence of helicity in the
backbone for x-polymers; (ii) supramolecular assembly for the rac-

polymers, as suggested by the splitting of the C=0 absorption and the
emergent peak at 1723 cm™.

Single-molecule imaging of chirality with Angstrom resolution
To unravel at the single-molecule level the origin of the emergence of
chirality from small molecules to polymers, we further leveraged
single-molecule 3D imaging. We investigated the presence of back-
bone helical chirality and the supramolecular assembly state of the rac-
and x-polymers with angstrom resolution imaging via phase-
controlled AFM (Fig. 4, Supplementary Fig. 9-12, Supplementary
Note 5)*.

AFM measurements must be performed on a surface, and per-
forming the measurements on only one substrate could be limiting as
it may bias the observed polymer morphology due to the specific
surface charge of the substrate. To ensure a more comprehensive
analysis, we studied the morphology of the polymers on three
atomically-flat substrates with different charge: positive gold, negative
mica, and hydrophobic HOPG. On hydrophilic gold and mica, the
polymer formed large aggregates, whereas on hydrophobic HOPG the
polymers showed their chain morphology for single-molecule analysis
(Supplementary Fig. 9, Methods). HOPG was chosen for detailed ana-
lysis since, besides preserving polymeric structure, it also mimics the
hydrophobicity of the diamond crystal used for the FTIR structural
analysis.

AFM morphology maps on HOPG showed significant differences
in shape and size of x- versus rac-polymers (Fig. 4a, Supplementary
Fig. 10). A single-molecule statistical analysis of the volume of the
polymers was conducted to estimate their molecular weight and
polydispersity (Supplementary Note 5). The x-polymers had AFM-
measured molecular weight of 232 +139 kDa and PDI-1.36; while the
rac-polymers had higher molecular weight of 1219 + 1003 kDa and
PDI-1.68. The comparison of single-molecule AFM and bulk GPC data
(Fig. 4b, Supplementary Fig. 2) demonstrated that x-polymers main-
tained a single-chain conformation, while the rac-polymers self-
assembled on the surface.

Ultra-high resolution AFM 3D imaging was further performed to
unravel the topological structure of single rac- and x-polymer chains.
The AFM maps and the height cross-sectional profile of x-polymer
chains showed a helical structure (Fig. 4c, Supplementary Fig. 11). The
rac-polymers did not show any periodic structure at the single-chain
level (Fig. 4d). To quantitatively assess the presence of a helical
structure in x- vs. rac-polymers, we calculated the Fast Fourier Trans-
form (FFT) of the cross-sectional profiles of the single-chains against
any possible residual periodicity on the HOPG surface (Supplementary
Fig. 11-12). The FFT power spectra confirmed that x-polymers had
helical periodicity of ~40 nm, while single-chains of rac-polymers had
no backbone periodicity.

Although rac-polymers did not have helical conformation, the
AFM analysis showed that rac-polymers further self-assembled into
ordered and periodic structures (Fig. 4a, e). To unravel the supramo-
lecular order of these rac-assemblies, we performed a single-molecule
analysis of their shape as a function of their increasing size (Fig. 4e).
The smallest and most abundant rac-assemblies showed: a constant
height of 0.4 nm (Supplementary Fig. 11), which is the typical height of
an organic chain on a surface; a transversal periodicity increasing in
multiples of ~15 nm (Fig. 4f), corresponding to the convoluted width of
a single chain. This analysis indicated that the rac-polymers initially
self-assemble via lateral interactions of single-chains, which further
assembly into larger supramolecular species with increasing
height (Fig. 5).

Overall, the AFM single-molecule analysis was in excellent agree-
ment with the IR structural results. AFM demonstrated that the x-
polymers have a helical backbone structure, in agreement with the
C=0 shift at lower wavenumber and increased IR absorption at
1656 cm™, which is a typical signature of helices in (bio)-polymers. It
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Fig. 4 | Nano-imaging analysis of morphology and supramolecular assembly
state of X- and rac-polymer chains. a AFM morphology maps of x- (left) and rac-
polymers (right). b Box plot comparing single-molecule volume-based molecular
weight and polydispersity estimations by AFM (orange) and bulk GPC measure-
ments (green) for - (left, n =33) and rac-polymers (right, n = 42); error bars
represent SD. Ultra-high resolution AFM of morphology (brown-yellow) and
amplitude error (blue) of single polymeric chains for (c) x-polymer and

(d) rac-polymer chains, together with their cross-sectional profile (smoothed using
3 pixels adjacent averaging, and a 7-points, 2™ order Savitzky-Golay filter). e AFM
morphology map and cross-sectional profiles of the supramolecular assemblies of
rac-polymers, made of one (red), two (orange), three (blue), four (green) chains.
f Box plot comparing the cross-sectional width of single (red) and assembled two
(orange), three (blue), and four (green) rac-polymer chains (n = 96); each data point
is the width of a polymer, and box plot has one SD as whiskers.
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then showed that rac-polymers undergo self-assembly via lateral
interactions; in agreement with FTIR conclusion that emergence of a
new second C=0 peak at 1723 cm™ could be associated to intramole-
cular -1 resonances in the RS/SR polymeric-units with a co-planar
conformation and their supramolecular assembly via intermolecular 1t
-1t stacking. However, structural analysis of rac-polymers by AFM
nano-imaging and IR structural analysis separately could not prove
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directly whether the emerging C=0 at 1723 cm™ had an intra- or inter-
molecular origin. To unravel the origin of this structural signature, we
further applied AFM-IR nano-chemical analysis.

Achieving Single Polymer Chain Nano-Chemical Analysis
Chemical-structural analysis of single polymer chains and assemblies
paves the way for understanding the molecular origin of the
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Fig. 5 | Nano-Chemical Imaging and Spectroscopy of Single Polymer Chains.

a Schematic of the technological advances for acoustical mechanical suppression
(AMS), which empowers chemical analysis with picometre-sensitivity by AFM-IR. (b,
left) Morphology maps of bare HOPG in tapping mode in zero scan (top) and finite
scan (bottom) by AMS AFM-IR (red-dashed box indicates area used for RMS cal-

culation). (b, right) RMS noise of AFM-IR with and without AMS in tapping and

contact modes; error bars represent sensitivity uncertainty and SE of three differ-
ent areas within the same map. Single-chain X-polymer nano-chemical analysis by
AMS AFM-IR. ¢ Morphology, IR amplitude, PLL frequency and PLL phase of a single
polymer chain. d Morphological map of two single x-polymer chains, with location

of single-molecule IR spectrum indicated (cross). e Cross-sectional and deconvo-
luted polymer profiles at the cross location. f IR Spectra acquired on the single
polymer chains showing characteristic S = O peaks (red cross, d). Single-Chains rac-
polymer nano-chemical analysis by AMS AFM-IR. g Morphology map of an assembly
of a few single rac-polymer chains. h Left: Hyperspectral 4D plot (x-y coordinates,
z-axis wavenumber, colour scale absorption intensity) with slices at 1203, 1240,
1273 and 1320 cm.. Right: Two sets of representative spectra (background and
polymer indicated by AFM probe). (i) Morphology map of another assembly of
single rac-polymer chains. j Corresponding IR spectra from marked positions
(shading represents SE). k Cross-sectional and deconvoluted polymer profiles.

emergence of supramolecular order in the rac-polymers. However, to
date, AFM-IR single-molecule sensitivity has been limited to molecules
>400 kDa; and only if placed at a metallic nanogap between a gold
surface and AFM probe. Indeed, the use of non-metallic substrates like
HOPG would cause a further drop in AFM-IR sensitivity larger than
10-folds.

To allow the chemical analysis of single polymer chains of mole-
cular weight down to -200 kDa on non-metallic surfaces, such as
HOPG, we developed acoustical-mechanical suppressed (AMS) AFM-IR
with sub-Angstrom noise level (Fig. 5, Supplementary Fig. 13-14). AFM-
IR works by detecting the photothermal expansion of a sample after its
absorption of IR light. This detection mechanism is highly sensitive to
external mechanical and acoustic noise, with typical frequencies
between 0-500 Hz, which can propagate into the cantilever and reduce
the signal-to-noise ratio of the detected photothermal signal (Sup-
plementary Fig. 13)*°. We leveraged composite foams, with absorption
frequencies between 0-4 kHz to isolate the surfaces of our instrument
from acoustical and mechanical noise, and its electronic controllers
from ground oscillations (Fig. 5a, Methods). This isolation overall
suppressed the noise transduced to the AFM cantilever, while mea-
suring the photothermal signal. It thus allowed to achieve RMS noise of
25+ 5pm in tapping-IR and 60 +5pm in contact-IR modes. The low
level of noise in turn allows chemical-imaging of monoatomic steps of
HOPG with -3 A height (Fig. 5b, Supplementary Fig. 13-14). To further
allow single-molecule localisation with high-accuracy, we reduced
AFM thermal drift by stabilising room temperature with variations
<0.1°C/h (Supplementary Fig. 13)*°.

We then applied AMS AFM-IR to extract structural information of
single polymer chains from nano-resolved IR maps and spectra as in
bulk FTIR. We first focused on X-polymers (Fig. 5c-f). Tapping-IR
allowed achieving multimodal imaging of morphology and IR
absorption of a single polymer chain with a height down to -5A
(Fig. 5¢); the phase locked loop (PLL) tracking of contact resonance
frequency assured that chemical contrast was not affected by
mechanical effects. Next, we pointed the AFM probe on a single
polymer chain in the map (Fig. 5d) to acquire nano-localised IR spectra
(Fig. 5e); for chains with a size down to ~0.8 nm height and ~5 nm width
(Fig. 5f), corresponding to a molecular weight of -200 kDa. While
preserving better topography, tapping-IR detection was limited to the
S=0 region of a single x-polymer chain by low signal-to-noise
ratio (SNR).

We thus employed contact-lR mode to detect the chemical
properties of rac-polymers (Fig. 5g-k, Supplementary Fig. 15). Fig-
ure 5g shows a representative rac-polymer assembly. Instead of single-
wavenumber IR maps (Fig. 5¢), we acquired 4D hyperspectral chemical
maps of the polymers. Figure 5h shows four 3D-slices of the hyper-
spectral map, where each pixel represents an IR spectrum. The IR
spectra showed the typical S=0 absorption of the rac-polymer; while
the HOPG surface showed significantly lower and uncorrelated IR
absorption, which was subtracted to correct the spectra of the poly-
mers (Supplementary Fig. 14-15). The high SNR allowed acquiring
nano-localised spectra of single rac-polymer assemblies in the full
1800-1200 cm fingerprint region (Fig. 5i, j), for assemblies with a size

down to ~4.5nm in height and ~4 nm in width, corresponding to ~2-4
chains (Fig. 5k, Supplementary Fig. 15).

The emerging supramolecular C=0 stretching at 1723 cm™ was
observed in all acquired IR spectra of different rac-assemblies (Sup-
plementary Fig. 15), but with significant variations between different
assemblies. We thus proceeded to a statistical analysis of their nano-
chemical heterogeneity by AMS AFM-IR.

Unravelling the origin of the emergence of supramolecular
chirality

We leveraged AFM-IR ultra-high sensitivity to investigate how the
chemical signature of the rac-polymers varied as a function of their size
and supramolecular state, to unravel if the emerging C=0 at 1723 cm!
is related to intra- or inter-molecular interactions (Fig. 6, Supplemen-
tary Fig. 15).

We acquired AFM-IR spectra from racemic polymer assemblies
with varying size, from the smallest one (Fig. 6a, height -4.5nm;
deconvoluted radius -4 nm) to the largest ones (Fig. 6b, height ~10 nm;
deconvoluted radius ~6 nm). Although at the limit of AFM-IR sensitiv-
ity, smaller assemblies showed lower IR signal than larger ones in
accordance with Beer-Lambert Law (Fig. 6¢, Supplementary Fig. 15).

To reduce spectral variability due to IR absorption intensity and
perform a PCA analysis in the fingerprint region of protein
(1750-1200 cm™), we normalized the IR spectra to their maximum. The
PCA analysis showed that smaller (3.0-6.4 nm) and larger assemblies
(7.5-15nm) belong to separate spectroscopic clusters with 95% con-
fidence (Fig. 6¢). Significant part of the observed spectroscopic dif-
ference between the two clusters related to the conformation of the
C=0 group (Fig. 6e), thus indicating with statistical significance that
rac-polymers of different sizes may have different structural
properties.

To evaluate structural differences in the backbone and interac-
tions between our rac-polymers, we consequently focused our analysis
on the C=0 groups (Fig. 6f, 1780-1600 cm™). Indeed, the emergence of
the second C=0 at 1725 cm™ was associated by IR and UV-Vis with inter-
molecular interactions in the rac-polymers. We normalised the spectra
to the backbone C=0 peak at 1646 cm™, to investigate the structural
differences related to the emergent C=0 peak at 1723 cm’; indepen-
dently of the number of C=0 bonds present in the assemblies. The
shape of the emergent C=0 peak was significantly different for smaller
assemblies compared to larger ones, as confirmed with 95% con-
fidence by PCA analysis of the second derivatives of the spectra
(Fig. 6g). The PC1 loading plot of the second derivatives proved with
statistical significance (Fig. 6h, 81% variance) that larger assemblies had
increased absorption of the emergent C=0 peak compared to smaller
assemblies. Moreover, larger assemblies showed a shift of the C=0
maximum at higher wavenumber at 1730 cm™, compared to smaller
assemblies having a lower absorption peak at 1710 cm™. Since we
normalised the spectra to the backbone C=0 peak (1646 cm™), these
modifications could only be associated to an increasing number of
intermolecular (m—m stacking) interactions between the rac-polymer
chains in the larger assemblies; rather than a constant number of
intramolecular interactions in the single chains.
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Fig. 6 | Nano-chemical analysis of the emergence of supramolecular chirality in
heterogeneous rac-polymer assemblies. AFM Morphology maps of characteristic
(a) large and (b) small racemic assembly. ¢ AFM-IR spectra of several racemic
assemblies normalized to 1273 cm™ (Supplementary Fig, 15); shading represents SE.
d Score plot of PCA analysis of the normalized spectra in ¢ with 95% confidence
ellipses (CE). e Loading plot of the spectra highlighting the molecular bonds related
to the variance difference. f Zoomed spectra from 1780-1600 cm™, normalized to

r CHs
Q

CHs

PC1 (81.9%) Wavenumber (cm™)

Supramolecular Order

1646 cm™ (C=0 peak); shading represents SE. g PCA Score Plot of second deriva-
tives of spectra in f with 95% confidence ellipses (CE). h Loading plot of PC1 of the
second derivatives highlighting the structural features of the small vs. large
assemblies. i Schematic of the key molecular bonds used to identify and dis-
criminate the emergency of different forms of chirality; from central chirality in
molecules (CHs), to backbone chirality in polymers (C=0 at 1646 cm™), supramo-
lecular order in assemblies (C=0 at 1725 cm™).

Overall, AMS AFM-IR proved the ability of studying the hetero-
geneous chemical-structural properties of single polymeric assem-
blies, composed of only a few chains. The analysis enabled
identifying the splitting of the C=0 group absorption and the second
peak at 1723 cm™ as key signature of intermolecular -1 stacking,
and of the emergence of supramolecular order and chirality in the
rac-polymers (Fig. 6i). The single-molecule results provided by

AFM-IR were thus in excellent agreement with the independent
spectroscopic evidence provided above by the IR and UV-Vis struc-
tural analysis.

Discussion
Despite over a century of investigations, the hierarchical emergence of
chirality over multiple chemical and topological scales has remained
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elusive due to technological limitations in characterizing different
forms of chirality at the molecular nanoscale’.

To bridge this gap, we have elucidated the complex interplay
between central chirality in small molecules and the emergence of
backbone and supramolecular chirality in polymers from sub-
molecular scales to macro-molecular scales. To reach this objective,
we have developed acoustical-mechanical suppressed AFM-IR to
achieve chemical-structural analysis of the heterogeneity and assem-
bly of single-polymer chain(s). This ultra-high sensitivity, combined
with nano-imaging and bulk spectroscopy, enabled distinguishing
between different forms of chirality and their structural manifestation
at the molecular level via bonds generally present and abundant in
small molecules, polymers and their supramolecular assemblies
(Fig. 6i). Introducing the concept of same connectivity, different
chirality to discern and study different forms of chirality, we first
identify the conformation of CH groups as a key signature of central
chirality in small molecules. Second, we generalised the idea that C=O
carbonyl is sensitive in polymers to backbone helical structure and
self-assembly via 1r-1t intermolecular stacking™, as in the case of a-
helical structure in single protein®~? and supramolecular stacking and
ordering during their assemblies'*".

Overall, the presented results contribute to understanding the
hierarchical emergence of chirality in polymers and pose a new fra-
mework for offering key insights into the structural-chemical deter-
minants of chirality across multiple scales. This understanding will be
in turn fundamental for the rational design of advanced chiral mate-
rials with tailored properties and may help to accelerate the develop-
ment of novel materials in electronics, chemical industry,
biotechnology, and healthcare. Indeed, the concept of same con-
nectivity, different chirality is not limited to synthetic polymer sys-
tems, but can be generalized to other chemistries, allowing for
modular design and stereospecific control. For example, backbone
chirality also underlies protein secondary structures such as a-helices
and [-sheets, which are crucial for the tertiary organization of human-
designed proteins and their functionality®.

Finally, this study pushes the limits of nano-analytical chemistry
down to the identification of the molecular fingerprint and the struc-
tural analysis of a single polymer chain on any surface, without
requiring the enhancement of metallic surfaces. These capabilities
pave the way to have a new single-molecule and angstrom-resolved
window of observation into the chemical-structural properties of vir-
tually any (bio-)organic material in nature.

Methods

General conditions of materials synthesis

All commercial chemicals were used as received and stored under
argon. Reagents were used without further purification unless other-
wise noted®. Unless otherwise noted, all reactions were performed
using glassware without further preparation. Certain reactions were
carried out under anhydrous conditions. For these reactions, glass-
ware was oven-dried at temperatures exceeding 100 °C for atleast 5 h,
or was dried under vacuum with a heat gun (T >200 °C), under oxy-
gen-free and water-free conditions.

After weighing any solids, the glassware was connected to a
Schlenk line and then placed under vacuum and flushed with nitrogen
gas (3x purged). Liquids were added via a syringe through a rubber
stopper. The following solvent abbreviations are used: n-hexane (n-
hex), tetrahydrofuran (THF), ethyl acetate (EA), N,N-dimethylforma-
mide (DMF), and petroleum ether 40-60 (P.E.). For HPLC and GPC
analysis, all solvents were purchased from Biosolve®. Extra-dry sol-
vents were purchased from Acros Organics. Commercial solvents were
obtained from Honeywell. These solvents were used as received
without any distillation.

All reagents were used as received, following the procedure we
have used in a previously published method from our group:

Benzenesulfinic acid sodium salt (98%), 1,8-diazabicyclo[5.4.0]undec-7-
ene (98%), sodium hydride (60% dispersion in mineral oil), 4,4’-oxybis
(benzoic acid) (99%), bisphenol A (=99%), were purchased from Merck
Life Science N.V. Oxalyl chloride (98%), p-toluenesulfinic acid sodium
salt (97%), triphenyl phosphine (99%), methyl iodide (99%) and potas-
sium carbonate (=99%) were purchased from Fisher Scientific B.V. and
Selectfluor (98%) were purchased from Fluorochem Ltd. Flash column
chromatography was performed using a Biotage® system using Sili-
Cycle® precast silica columns (200-300 mesh or 300-400 mesh). TLC
analysis was performed on pre-coated, alumina-backed silica gel plates.
TLC plates were analyzed by UV fluorescence (254 nm) or I, staining.

Synthesis of monomers

Synthesis of N’,N”-(4,4"-oxybis(benzoyl))bis(4-methylbenzenesulfoni-
midoyl fluoride) (rac-monomers) and N’(R),N”"(R)-(4,4’-oxybis(ben-
zoyl))bis(4-methylbenzenesulfonimidoyl fluoride) (x-monomers)
were synthesized by reacting 4,4’-oxybis(N-(p-tolylsulfinyl)benzamide)
with NaH in THF to form an intermediate, which is then treated with
Selectfluor and KOAc in EtOH at 0 °C to room temperature®.

Characterisation of monomers
To characterize the purity of the monomers, we performed NMR and
HMRS analysis, as reported below:

rac-monomers. 'H NMR (400 MHz, CDCl;): 6 8.18 (d, ] =8.5Hz,4H),
8.08 (d, J=8.1Hz, 4H), 7.48 (d, ] =8.1Hz, 4H), 7.08 (d, ] =8.5Hz, 4H),
2.53 (s, 6H); (SI Data Set)

13C NMR (101 MHz, CDCl;): § 169.2, 160.5, 147.2, 132.3, 131.6 (d,
J=20Hz), 130.3, 129.9, 128.0, 118.6, 21.8. (SI Data Set)

HRMS (ESI) m/z: [M+Na]* calc. for CstzzeNzOsSzNa: 591.0830,
found: 591.0834. (SI Data Set)

x-monomers. 'H NMR (400 MHz, CDCl3): § 8.09 (d, J=8.5Hz4H),
7.98 (d, J=8.1Hz, 4H), 7.36 (d, J=8.1Hz, 4H), 6.98 (d, J=8.5Hz, 4H),
2.42 (s, 6H); (SI Data Set)

3C NMR (101 MHz, CDCl5): § 169.2, 160.5, 147.2, 132.3, 131.6 (d,
J=20Hz), 130.3, 129.9, 128.0, 118.6, 21.9. (SI Data Set)

HRMS (ESI) m/z: [M+Na]" calc. for C,gH»,F,N>0sS;Na: 591.0830,
found: 591.0830. (SI Data Set)

Synthesis of the polymers

The polymer was synthesized with slight modifications as follows. In a
2 mL Biotage microwave glass vial containing a magnetic stir bar, bis(4-
methylbenzene sulfonimidoyl fluoride) 1 (100 mg, 1.0 equiv.) and dis-
odium bis-phenolate 2 (47.9 mg, 1.0 equiv.) were added inside an argon-
filled glovebox (MBRAUN’s MB 20 G-LMF gas purifier with HO and O,
values of <0.1 ppm)*. The vial was placed on a magnetic stirring plate,
and 1.00 mL of anhydrous acetonitrile (Acros organics 99.9 +% Extra
Dry over Molecular Sieve, AcroSeal®) and 1.00 mL of anhydrous N,N-
dimethylformamide (Acros organics 99.9 + %, absolute, over molecular
sieves (H,0 < 0.01%), 299.8% (GC), AcroSeal®) were added with vigorous
stirring. The vial was then sealed with caps. The polymerizations were
heated at 80 °C. After stirring at 80 °C in the glovebox for approximately
24 h, the glass vial was removed from the glovebox, and 0.5 mL of DMF
was added. The vial was shaken to facilitate dissolution, and the
resulting solution was slowly poured into 50 mL of MeOH while con-
tinuously stirring. After precipitation occurred, the stirring was con-
tinued for an additional 10 min. After allowing the formed precipitate to
settle for 10 min, the methanol layer was removed, and a minimal
amount of DMF was added to redissolve the precipitate. This cycle of
precipitation, sedimentation, and redissolution was repeated four times.
The resulting white powder/fibrous material was transferred to a 4 mL
glass vial and dried at 50 °C under vacuum for a minimum of 12 h. GPC
measurements of the resulting polymers were conducted using a
DMF:LiBr (0.1%) mixture as the eluent solvent.
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Characterisation of polymers
To characterize the purity of the polymers, we performed NMR ana-
lysis. The results are reported below:

rac-polymers. 'H NMR (400 MHz, CDCl5): 5 8.04 (d, J=8.0 Hz, 4H),
7.86 (d,J=8.0Hz, 4H), 7.27 (d, ] =8.0 Hz, 4H), 6.99 (d, ] =8.0 Hz, 4H),
6.93 (d, J=8.0 Hz, 8H), 2.39 (s, 6H), 1.50 (s, 6H); (SI Data Set)

3C NMR (101 MHz, CDCI3): & 170.88, 160.07, 149.32, 145.48,
133.48, 132.27, 131.90, 130.91, 130.30, 129.92, 128.18, 128.02, 122.3],
118.32, 42.66, 30.77, 21.86, 21.75.(SI Data Set)

x-polymers. 'H NMR (400 MHz, CDCl;): § 8.04 (d, ) =8.0 Hz, 4H), 7.86
(d,J=8.0Hz, 4H), 7.27 (d, J=8.0 Hz, 4H), 7.00 (d, ) =8.0 Hz, 4H), 6.93
(d,J=8.0 Hz, 8H), 2.37 (s, 6H), 1.51 (s, 6H); (SI Data Set)

BC NMR (101 MHz, CDCI3): § 170.89, 160.06, 149.32, 147.17, 145.68,
133.44, 132.32, 131.90, 130.89, 130.30, 129.92, 128.18, 128.02, 122.31,
118.57, 118.32, 67,99, 42.66, 30.78, 25,62, 21.88, 21.77.(SI Data Set)

F NMR (376 MHz, CDCl;): 6 65.25. (SI Data Set)

Synthesis of modified monomers and repeating units

Synthesis of 4-2-(4-methoxyphenyl)propan-2-y))phenol (link-mono-
mers with a methyl cap): An oven-dried 250 mL round-bottomed flask
was prepared with a magnetic stirbar and a rubber septum. The flask
was charged with Bisphenol-A (5.0 gm, 21.9 mmol) was dissolved in dry
DMF (50 mL), followed by the addition of potassium carbonate
(3.0 gm, 21.9 mmol). The mixture was cooled to 0 °C with an ice bath,
and a solution of methyl iodide (3.1 gm, 21.9 mmol) was added drop-
wise over 5 min. The mixture was stirred at O °C for approximately 2 h
and then left to stir overnight. The reaction was then diluted with water
(10 mL) and extracted with EtOAc (15 mL x 2). The combined organic
layers were washed with water (15mL x 2), saturated aqueous NaCl
(15mL), and dried over anhydrous sodium sulfate. The solvent was
removed, and the crude material was purified by flash chromatography
on silica gel (petroleum ether: ethyl acetate 8:2) to afford 5.1 g (96%) of
4-(2-(4-methoxyphenyl)propan-2-y)phenol (link-monomers with a
methyl cap) as a colourless oil.

Synthesis of 4-(2-(4-methoxyphenyl)propan-2-yl)phenyl N-(4-(4-
((fluoro(oxo)(p-tolyl)-16-sulfaneylidene)carbamoyl) phenoxy)benzoyl)
-4-methylbenzenesulfonimidate (rac-repeating units) and/or 4-(2-(4-
methoxyphenyl)propan-2-yl)phenyl  (S)-N-(4-(4-(((R)-fluoro(oxo)(p-
tolyl)-16-sulfaneylidene)carbamoyl)phenoxy)benzoyl)-4-methylben-
zene sulfonimidate (x-repeating units): rac-repeating units and x-
repeating units were synthesized according a protocol adapted from
the literature’*. In brief: a 100 mL round-bottomed flask was dried in an
oven and fitted with a rubber septum and a magnetic stirbar. To the
flask, 25.0 mg (0.044 mmol) of SuFEx (x-monomers or rac-mono-
mers) compound and 10.6 mg (0.044 mmol) of 4-(2-(4-methox-
yphenyl)propan-2-yl)phenol (link-monomers with a methyl cap)
were added in 1mL dry THF, followed by the addition of 2.0 mg
(0.044 mmol) of Sodium hydride (60% in oil). The mixture was stirred
under argon at room temperature and monitored by thin layer
chromatography (TLC). The reaction was stopped by adding 10 mL of
water and the resulting mixture was extracted with CH,Cl, (3 x50 mL).
The organic phase was dried using anhydrous MgSO, and the crude
product was purified by column chromatography on silica gel, using a
mixture of EtOAc and n-hexane in the ratio of 1:19 to 1:4 as the eluent.
The final yield was 24 mg of 70% (rac-repeating units) or 26 mg of 75%
(x-repeating units), and both obtained as white solids.

Characterisation of repeating units
To characterize the purity of the repeating units, we performed NMR
and HMRS analysis. The results are reported below:

rac-repeating units. 'H NMR (400 MHz, CDCl5): § 8.16-8.12 (m, 4H),
8.07 (d, 2H,/=8.0Hz), 7.96 (d, 2H, /=8.0 Hz), 7.46 (d, 2H, /= 8.0 Hz),

7.37 (d, 2H, /=8.0 Hz), 7.16 (d, 2H, /=8.0 Hz), 7.08-7.00 (m, 8H), 6.79
(d, 2H,/=8.0 Hz), 3.77 (s, 3H), 2.51 (ss, 6H), 1.61 (s, 6H). (SI Data Set)

3C NMR (101 MHz, CDCl;): § 171.00, 169.38, 160.98, 159.80,
157.73, 150.49, 147.29, 147.07, 145.73, 142.29, 133.66, 132.46, 13242,
132.08, 131.39, 130.42, 130.03, 129.67, 128.37, 128.19, 128.15, 127.83,
122.27,118.72, 118.43, 113.51, 55.35, 42.31, 31.06, 29.85, 22.02, 21.90. (SI
Data Set)

F NMR (376 MHz, CDCls): § 65.27. (Supplementary Fig. 3)

HRMS (ESI) m/z: [M+H] + calc. for C44H400,N5FS,: 791.2255,
found: 791.2256. (SI Data Set)

x-repeating units. 'H NMR (400 MHz, CDCl;): § 8.16-8.12 (m, 4H),
8.07 (d, 2H, /=8.0Hz), 7.96 (d, 2H, /=8.0 Hz), 7.46 (d, 2H, /J=8.0 Hz),
7.38 (d, 2H,/=8.0Hz), 7.16 (d, 2H, /=8.0 Hz), 7.08-7.00 (m, 8H), 6.79
(d, 2H,/=8.0 Hz), 3.77 (s, 3H), 2.51 (ss, 6H), 1.61 (s, 6H). (SI Data Set)

3C NMR (101 MHz, CDCI3): § 170.97, 169.35, 161.00, 159.81,
157.76, 150.49, 147.28, 147.10, 145.71, 142.30, 133.74, 132.42, 132.08,
131.79, 131.43, 130.42, 130.02, 129.71, 128.38, 128.20, 128.15, 127.84,
122.27,118.72, 118.43, 113.54, 55.35, 42.32, 31.07, 29.85, 22.01, 21.90. (SI
Data Set)

F NMR (376 MHz, CDCl5): 5 65.27. (SI Data Set)

HRMS (ESI) m/z: [M+H] + calc for C44H400;N,FS,: 791.2252,
found: 791.2256. (SI Data Set)

NMR measurements

A Bruker Avance Il 400 MHz spectrometer was used to record 'H NMR,
3C NMR, and °F NMR spectra at a temperature of 298 K. The chemical
shifts are listed in ppm on the & scale and coupling constants were
recorded in Hertz (Hz). The 19 F NMR was not referenced. All other
chemical shifts are calibrated relative to the signals corresponding of
the non-deuterated solvents (CHCls: 6 = 7.26 ppm for 'H and 77.16 ppm
for *C, DMSO: §=2.50 ppm for 'H and 39.52 ppm for *C, CH3CN:
6=1.94 ppm for 'H and 1.32 and 118.26 ppm for *C). Abbreviations are
used in the description of NMR data as follows: chemical shift (6 =
ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dt =
doublet of triplets, m = multiplet, br = broadened), coupling con-
stant (J, Hz).

HR-MS measurements

The Quadrupole Time-of-Flight (QTOF) micro-spectrometer (Thermo
Fisher Scientific Inc., United States) was used to obtain high-resolution
mass spectra (HR-MS) through electrospray ionization (ESI) in either
positive mode (ESI+) or negative mode (ESI-).

HPLC measurements

Enantioselectivity was monitored using high-performance liquid
chromatography (HPLC, Agilent 1100 bearing a UV-Vis detector) with a
CHIRALPAK" IA column (5 pm, 4.6 mm x 250 mm). As references,
racemic products or nonchiral mixtures, including diastereoisomers,
were synthesized to determine the column conditions for baseline
separation. Unless specifically mentioned, these were found to be n-
hexane/dichloromethane/iso-propanol (80/20/2.5) as the mobile
phase, a flow rate of 0.5 mL/min, room temperature, and a detector
wavelength of 240 nm.

GPC measurements

Gel Permeation Chromatography (GPC) was performed using an Agi-
lent Technologies 1200 system, equipped with a diode-array detector
(DAD, G1315D), a refractive index detector (RID, G1362A), autosampler
(ALS, G1329A), bin pump (G1312A), solvent degasser (G1322A), and a
VARIAN GPC/SEC column from PLgel 5um MIXED-D (300 x 7.5 mm).
The system was calibrated with EasyVial PS-M and EasyVial PS-L poly-
styrene standards (Agilent Technologies), GPC polystyrene standards
with a combined range from Mp 400 to 2,000,000 Da (Fluka). HPLC-
grade tetrahydrofuran (THF, Biosolve®, unstabilized, HPLC grade) was
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used as a mobile phase for low molecular weight polymers, and high
molecular weight polymers were measured using HPLC grade N,N-
Dimethylformamide (DMF, Biosolve’, unstabilized, HPLC grade) with
0.1% LiBr (ReagentPlus’, 299% from Sigma-Aldrich). All GPC measure-
ments were performed at room temperature or at 25°C using an
injection volume of 10 pL (1.0 mg/mL). The polymer number average
molecular weight (M,) and polydispersity (D) relative to a set of
polystyrenes were determined using DAD (at 270 nm or 290 nm) or RI
detectors.

FTIR measurements, Data Treatment and Analysis

Attenuated total reflection infrared spectroscopy (ATR-FTIR) was per-
formed using a Bruker Tensor 27 IR equipped with Platinum ATR
accessory with a diamond ATR element. Spectra were collected by the
built-in software OPUS (version 7.8, Bruker, USA). The samples were
deposited on the ATR crystal by 2 times of 0.5 pL droplet at a con-
centration of 2mg-mL™ in THF. Spectra were acquired at the range of
3500 cm™-500 cm™ with a resolution of 4 cm™. All spectra were pro-
cessed using OriginPro (version 2022b, OriginLab, USA). For each sam-
ple, 5 spectra of 512 co-averages were collected. Since the spectral
background line shape slightly depends on wavenumber regions and at
lower wavenumber range (2500-500 cm™ range) and the higher wave-
number range (3500-2500 cm™ range) does not share the same base-
line. The spectra were first cut into two ranges that contains relevant
information: lower wavenumber range (1800-1000 cm™ range) and
higher wavenumber range (3150-2700 cm™ range). The final spectra for
each range were obtained by averaging 5 individual spectra. Each
spectrum was smoothed using a Savitzky-Golay filter (second order,
7pts), baseline-corrected (zero-order for 1800-1000 cm™ range and
first-order for 3150-2700cm™ range), and normalizing to the
range [0,1].

Circular dichroism measurements

Circular Dichroism (CD) measurements were done on a Jasco J-715
spectropolarimeter equipped with a Peltier holder. CD spectra were
measured at a concentration of 20 pg-mL" in a Hellma® Quartz Glass high
performance macro absorption cell with a 0.1 cm pathlength. Measure-
ments were performed with a scanning speed of 50 nm -min* with a data
pitch of 0.5nm at 20 °C and were averaged from 16 scans. All spectra
were processed using OriginPro (version 2022b, OriginLab, USA). The
final spectra were obtained by first subtraction of THF background,
secondly, applying a Savitzky-Golay filter (second order, 21 pts) and
finally converting to molar ellipticity by the following formular: = M;)‘Z;”‘,
where M is averaged molecular weight in g-mol™, [ is the path length
(0.1cm) and c is the concentration [mg-mL™].

UV-Vis Measurements

UV-Vis measurements were done on a Shimadzu UV-2600 spectro-
meter. Spectra were measured in THF with a Hellma® Quartz Glass high
performance macro absorption cell with a 0.1cm pathlength. Mea-
surements were performed in the range of 185-600 nm with a scan-
ning speed of 1 nm -s™! with a data pitch of 1nm, at room temperature,
and with 16 co-averages. All spectra were processed using OriginPro
(version 2022b, OriginLab, USA).

AFM Sample Preparation

Samples deposition for atomic force microscopy (AFM) analysis was
performed on three differently charged substrates: hydrophobic
highly ordered pyrolytic graphite (HOPG), negative charged Mica and
positive gold. Sample preparation was realized by two different
methods: manual deposition and vacuum drying. For manual deposi-
tion, a10 pl droplet of 2 pg/ml polymers solution in THF was applied at
room temperature for 40 seconds on substrate. After the incubation
time on the surface, then the sample was rinsed with 1 ml Milli-Q water
and dried with a gentle flow of nitrogen gas. For Vacuum drying, a10 pl

droplet of 2 pg/ml polymers solution in THF was applied at room
temperature for 3 seconds on substrate under vacuum.

AFM Measurements

Atomic force microscopy (AFM) measurements were performed on a
NX10 AFM (Park systems, South Korea) operating in True Non-Con-
tact™ Mode with a silicon tip PPP-NCSTR (Park systems, nominal spring
constant 7.4 Nm™, nominal tip radii ~7 nm). The image was acquired
with a tip velocity of 0.8 um per second. Three map sizes and two
pixelization setting were employed: 4 x 4 pm? with 4 nm/px, 1 x 1 um?
and 0.5 x 0.5 pum? with 0.5 nm/px. Image flattening and cross-sectional
dimension analysis of single polymers chains were performed by SPIP
(Image Metrology, Denmark) software. We initially optimised the
deposition of the polymers on three substrates with different charges:
positive gold, negative mica, hydrophobic Highly Oriented Pyrolytic
Graphite (HOPG) (Supplementary Fig. 8). HOPG was chosen as a sub-
strate for high-resolution imaging because of its atomically flat surface,
favourable interactions with hydrophobic polymers, and similar
hydrophobicity as the diamond ATR-FTIR crystal, thus allowing to
compare the molecules’ behaviour on the surface. Each image was first
flattened with a first-order polynomial fit for the global correction, and
then, a zero-order least mean square (LMS) fit line-wise correction.
Afterwards, the image was further flattened by first and second order
LMS fit line-wise correction with area of interest masked.

Acoustical-mechanical suppressed AFM-IR

AFM-IR is based on the mechanical detection of the photothermal
expansion of a sample when absorbing IR light. To achieve AMS AFM-
IR, we leveraged composite foams to suppress any source of
mechanical and acoustic noise transmission caused by cables and
vibrating parts inside and outside our AFM-IR system, as well as
mechanical noise transmission from the ground (Fig. 5a). Adhesive
PUR Foam Acoustic Insulation (RS PRO, Netherlands) was applied
directly under and on surface of the components of instrument to
block the transmission of acoustic vibrations. To shield the controllers
from vibrations, we used a double layer of foams: TC2 (EASYfoam,
Netherlands) designed for broad-frequency cut-off from 500 Hz to
4 kHz; and PU (EASYfoam, Netherlands), with similar absorption values
but with fire and water isolation for safety reasons. For ground noise
isolation, we used EASYbond Trillingsisolatie (EASYfoam, Netherlands)
with density of 140 kg/m3 to create a floating floor and dampen
mechanical vibrations. The noise suppression was quantified on the
acquired AFM-IR maps via their RMS noise and the integration of their
FFT spectral noise within 0-500 kHz (Supplementary Fig. 13). In tap-
ping mode, AMS AFM-IR achieved RMS noise level of 25 + 5 pm to allow
imaging single monoatomic steps of HOPG with a height of -3 Ang-
stroms (Fig. 5b). In contact mode, the AMS suppression led to RMS
down to 60 + 5 pm, against a standard RMS noise of 215 +15 pm. To
further allow single-molecule localisation with high-accuracy, we sta-
bilised room temperature with variations below 0.1°C per hour to
reduce AFM thermal drift (Supplementary Fig. 13).

AFM-IR measurements, maps treatment and analysis

Analysis by AFM-IR was performed with a nanolR3 (Bruker, USA) on
atomically flat HOPG substrates. The substrate roughness and chemi-
cal response were also characterized by AFM-IR in the Supplementary
Fig. 13. The root mean square roughness of the AFM maps was mea-
sured by SPIP (Image metrology, Denmark). The morphology of the
polymer samples was scanned by the nanolR microscopy system, with
a line scan rate within 0.1-0.5 Hz and in contact mode. All AFM maps
were acquired with a resolution between 1-30 nm/pixel. A silicon gold-
coated PR-EX-nIR2 (Bruker, USA) cantilever with a nominal radius of
~30 nm and an elastic constant of about 0.2 N/m was used. The AFM
images were treated and analysed using SPIP software. The height
images were corrected using a first order polynomial flattening.
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All measurements were performed at room temperature under

controlled nitrogen atmosphere with relative humidity below 3%. Both
spectra and images were acquired by using phase loop (PLL) tracking
of contact resonance, the phase was set to zero to the desired resonant
frequency around the IR amplitude maximum, and tracked with an
integral gain I=0.2 and proportional gain P=1.

Data availability

All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Information. Source data are
provided with this paper. The source data underlying Figs. 1-6 and
Supplementary Figs. 1-15 are provided as a Source Data file. Additional
data are available from corresponding authors upon request. Source
data are provided with this paper.
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