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Abstract

Chemical reactions affected by spin angular momenta of circularly polarized photons are rare and
display low enantiomeric excess. High optical and chemical activity of nanoparticles (NPs) should
facilitate the transfer of spin angular momenta of photons to nanoscale materials but such
processes are unknown. Here we demonstrate that circularly polarized light (CPL) strongly affects
self-assembly of racemic CdTe NPs. lllumination of NP dispersions with right- and left-handed
CPL induces the formation of right- and left-handed twisted nanoribbons, respectively.
Enantiomeric excess of such reactions exceeds 30% which is ~10 times higher than other CPL-
induced reactions. lllumination with linearly polarized light and assembly in the dark led to
straight nanoribbons. The mechanism of “templation” of NP assemblies by CPL is associated with
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selective photoactivation of chiral NPs and clusters followed by their photooxidation. Chiral
anisotropy of interactions translates into chirality of the assembled ribbons. The ability of NPs to
retain polarization information, or the “imprint” of incident photons opens new pathways for the
synthesis of chiral photonic materials and allows for better understanding of the origins of
biomolecular homochirality.
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Materials with nanoscale chirality are known to strongly rotate the polarization of linearly
polarized (LinP) and circularly polarized light (CPL). Such optical effects in nanomaterials
with different chiral geometries are being actively investigated as a part of chiral photonics
and plasmonics.1~8 The opposite effects, i.e. the transfer of spin angular momenta of
circularly polarized photons to matter and its subsequent nanoscale or atomic restructuring,
retaining the “memory” of circular polarization, are much less known. The possibility of
such effects at atomic and nanometer scale is indicated by, for instance, the formation of
spiral nano-needles with controlled helicity during laser ablation of bulk metallic tantalum
with CPL,? although the mechanism of this effect is not well understood. The transfer of
spin angular momenta in high intensity focused laser beams was also observed for Bose—
Einstein condensates,'0 ensembles of cold atoms,!1 and microscale colloids.12 These special
chromophores/scatterers acquired circular or spiral motion while being illuminated by high
intensity CPL. However, their achiral symmetry, structural barriers for channeling the
rotational energy into chemical bonds, and fast quenching of rotational motion by the media
make it difficult to translate physical motion into the permanent structural changes of these
atomic and particulate systems.

The transfer of spin angular momentum was observed for a wide range of sizes and molar
masses (M) of particles — from M ~ 102 for ensembles of cold atoms 11 to M ~ 5 x 1012 for
microscale colloids.1? It should be possible to observe some CPL effects for nanoparticles
(NPs) that are intermediate in mass and size between atom clusters and microparticles and
are similar to Bose-Einstein condensates (M ~ 107).10 NP dispersions stable at ambient
conditions are more convenient to use than some of these chromophores/scatterers and can
be more reactive than polymeric colloids!2 or bulk tantalum.® The larger physical size of the
NPs should enhance the photochemical effects of light with different handedness compared
to those observed for chiral organic molecules.1314 CPL-induced restructuring of NP
systems can provide a new, powerful, and versatile tool for investigating the
(nano)chemistry of chiral materials. Interest in the synthesis of chiral nanostructures has
been fueled by the potential application of chiral nanostructures in biosensing,
telecommunication, display technologies, diffraction-free patterning, and chiral catalysis.2~’
Further motivation to study long-term structural changes caused by CPL in matter is
evidenced by the ongoing discussion about the origin of homochirality in natural
compounds. Natural amino acids and sugars exist predominantly as left-handed (LH) and
right-handed (RH) enantiomers, respectively. lllumination with CPL1>-17 was recently
suggested as one of the plausible causes of homochirality.17-18 However, the mechanism of
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how CPL can lead to homochirality of organic molecules is not known. Several chemical
routes are being debated, 1518 including chiral amplification.19:20

Self-assembly of NPs is one of the mechanisms that could potentially be influenced by CPL.
Such expectations are based on (a) atomic and nanoscale chirality of individual NPs,21:22 (b)
amplification of circular polarization effects in NP assemblies,23:24 and (c) sensitivity of
self-assembly processes to small changes in interparticle interactions.2® Also, inorganic NPs
represent a convenient building block for nanoscale synthesis, affording a variety of
pathways to geometrically complex nanostructures.

Based on this hypothesis, we investigated the effects of CPL on the assembly of water-
soluble NPs under ambient conditions. A dispersion of CdTe NPs, stabilized by achiral
capping agent thioglycolic acid (TGA), was illuminated either by left- (LCP) or right-
handed circularly polarized light (RCP) with a wavelength of 543 nm. Note that this CdTe
dispersion revealed no circular dichroism (CD) peaks in the visible range (Fig. S1) and
therefore has equal cumulative absorbance for LCP and RCP photons at 543 nm. From a
previous study2® we expected the formation of twisted nanoribbons but it was unclear
whether polarization of light would have an effect on their assembly pattern and geometry.
CPL-induced transformations of NPs were examined after 1, 12, 28, 35 and 50 h of
illumination (Fig. 1A and 1B). The temporal progression of the products included short 50—
200 nm rods (1 h) that evolved into 1-2 um twisted nanoribbons (12 h) and subsequently
into 2-3 pm longer nanoribbons (28 h). After 50 h of illumination, twisted nanoribbons with
total lengths, pitch lengths, and diameters of 3 + 0.5 um, 800 + 20 nm, and 50 £ 5 nm,
respectively, were the predominant products of the photo-induced reaction (Fig. 1C, see SI).
When nanoribbons were exposed to CPL for more than 90 h, they started to become thinner,
but did not lose their acquired twisted shape (Fig. S2). In the absence of further illumination,
the nanoribbons obtained after 50 h of photoinduced assembly retained their geometry for
the entire project time (3.5 years).

Circular polarization of light exhibited a distinct photochemical influence on NP dispersions
and the resulting geometry of twisted nanoribbon. Under LCP illumination, the majority of
the products were left-handed (LH) nanoribbons as established by SEM (Fig. 1A and S3).
When we illuminated the NP dispersion with RCP, right-handed (RH) nanoribbons of
otherwise similar dimensions prevailed (Fig. 1B and S4). In both cases, the differences
between LH and RH nanoribbon fractions obtained after analysis of 100 scanning electron
microscopy (SEM) images of ~ 1000 nanoribbons were more than 30% (Fig. 1E), which
was well in excess of the experimental error of ~5 %. Note that this is also much higher than
a typical enantiomeric excess in CPL-stimulated organic reactions (0.5-2%).14 The chiral
preference in nanoribbon geometry was also confirmed by circular dichroism (CD)
spectroscopy. CD spectra of purified nanoribbons were measured in aqueous dispersions and
revealed distinct chiroptical bands at 490, 590, and 700 nm (Fig. 1F). Comparison of the
spectral positions of the bands with the absorption spectra of similar dispersions after 50 h
illumination (Fig. S6) indicates that the first two bands are associated with the absorption in
the band-gap transition. Importantly, nanoribbon dispersions illuminated by LCP and RCP
showed positive and negative CD signals, respectively. Transmission electron microscopy
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(TEM) tomography (Fig. 2A, and B), capable of visualizing 3D structures of the
nanoribbons, corroborated the conclusions regarding their chiral shape.

A control experiment involving illumination with un-polarized light (UnP) showed equal
distribution between right- and left-handed nanoribbons in agreement with the previous
study.26 Illumination with LinP as well as incubation in the dark yielded straight nanowires
that were the overwhelmingly dominant products in these two cases. Nanowires produced by
exposure to UnP and LinP revealed no CD activity (Fig. S7) consistent with the SEM data
(Fig. S9).

Another experimental series contributing to understanding of templating effect of photons
on the mesoscale geometry of nanoribbons and nanowires was the illumination of CdTe
dispersions with a different light source at 607 nm for 50 h. The efficiency of chiral
induction by LCP is reduced as the difference between the yield of LH and RH nanoribbons
drops to ~20% (Fig. S10) compared to illumination at 543 nm. This observation is consistent
with the reduced intensity of NP absorbance at the fringes of the band gap transition (Fig.
S1B).

In order to avoid the effects of chirality arising from potential artifacts of small molecular
weight compounds present in solution, we compared CD spectroscopy of ensembles of
chiral structures in dispersion with CD measurements taken for single nanoribbons (Fig. 2E
and 2F) for the 600-800 nm spectral window. The single LH and RH nanoribbons revealed
correspondingly positive and negative mirror-image CD signals. A band located at ~660-
700 nm is spectrally similar to the band observed for dispersions (Fig. 1F; due to the
technical limitations of single particle CD spectroscopy setups related to the calibration
procedure of the quarter wave plates we presently cannot extend these measurements to the
600-400 nm region). Figs. S11 and S12 demonstrate that the CD spectra of the single twisted
nanoribbons measured using dark field microscopy are dominated by scattering. The ‘red’
CD bands in Fig. 1F, therefore, should be attributed predominantly to scattering of LCP and
RCP photons on twisted nanoribbons with specific handedness. As a control experiment
against potential artifacts we measured CD spectra from single nanoribbons at various
rotational angles in respect to the long axis. The shape of CD spectra remained unchanged
regardless of incident angle (Fig. S13). As another control experiment, confirming
attribution of the origin of the CD bands, non-twisted nanowire did not show any CD signals
(Fig. S14).

The chiroptical properties of the twisted nanoribbons can be compared to those of
microscale gold helixes made by 3D lithography® which also exhibit broadband polarization
rotation. Anisotropy factors of g = 0.02-0.04 were obtained from numerical FEM solutions
of the Maxwell equations for CdTe twisted ribbons models (Fig. 2C, and 2D), which is
comparable to the values obtained for super Ag enhanced Au nanohelices and Au nanorods/
fiber composites, g ~ 0.025.2:3

To understand how circular polarization of photons causes distinct permanent differences in
shapes of nanoribbons, we first addressed the mechanism of light-induced self-assembly of
CdTe NPs. From the optical properties (Fig. S7) and the relative content of NPs in the
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supernatant of nanoribbons dispersions assembled with and without light (Fig. S15), it
becomes apparent that, along with the spontaneous self-assembly of NPs,25: 27 there is a
parallel light-stimulated process of the formation of twisted ribbons. We found that FTIR
peaks for v(O-H), §(0-H), vs(COOH), characteristic of TGA ligand located at 3500 cm™1,
1567 cm™1, and 1421 cm™1, respectively, were drastically decreased in nanoribbons
compared to the original CdTe NPs (Fig. 3A). A strong peak at 1722 cm™1 corresponding to
V,5(COO-) of carboxyl moieties was observed in the supernatant obtained after separation of
twisted nanoribbons and NPs by centrifugation. Concomitantly, the characteristic UV-Vis
absorption peak of TGA at 276 nm decreased as illumination time increased (Fig. S16),
indicating its decomposition. The presence of an S 2p signal from CdS in X-ray
photoelectron spectra (XPS) of nanoribbons (Fig. S17) and the weakness of peaks for Te
from CdTe (Fig. S18) indicate that illumination also results in the replacement of Te in the
NPs with S; the elemental atomic composition of nanoribbons were 51.5 % Cd, 47.3 % S,
1.2% Te (Table S1). The mechanism of photoinduced replacement of Te by S in NPs is
likely to involve ionic diffusion of S2 ions formed by photoinduced oxidation of TGA into
the NPs. TEM of the twisted region (Fig. S19, and S20), atomic mapping images (Fig. S22),
and energy dispersive spectroscopy (EDS) spectra (Figs. S23 and S24) confirmed the
transformation of CdTe NPs into CdS NPs (Fig. 3B). These results are consistent with
previous findings regarding formation of a thin CdS shell around CdTe NPs due to chemical
decomposition of TGA (Supplementary Information) and photoinduced oxidation of
CdTe.28

X-ray photoelectron spectroscopy spectra (Fig. S26) indicated that there was no significant
difference in chemical composition of left and right-handed nanoribbons and, therefore, the
assembly mechanism should be the same for RCP and LCP illumination. Spectroscopy and
microscopy data in Fig. 3 and Figs. S16-S27 (see Sl for details) suggest that the light-
induced mechanism of nanoribbon self-assembly starts with the photoinduced
decomposition of TGA to form S=2 that subsequently replaces Te~2 ions in NPs. The loss of
the already sparse TGA shell is likely to be the trigger of the light-induced NP assembly into
twisted structures. Such attribution of the self-assembly mechanism encounters, however, an
unexpected complication. The electrokinetic zeta-potential, {, decreased from ~ -6 mV to ~
-15 mV upon illumination (Fig. S29); the increase in electrostatic repulsion must hinder the
assembly process contrary to the results observed. Calculations of the pair-potentials
between the NPs using extended Derjaguin-Landau-Verwey-Overbeek theory (E-DLVO)
help to explain this discrepancy and confirm the light-induced assembly mechanism. Even
though the zeta-potential of “bare” CdS NPs are more negative, the loss of the TGA shell
and increased ionic strength associated with the surface ligand photooxidation makes the
overall pair potential more attractive (Fig. S30).

Based on the above results, the effect of circular polarization of incident light on NP self-
assembly originates in the optically selective activation of nanostructures with different
handedness. Both individual CdTe NPs and their clusters can be chiral. As such, aberration
corrected TEM tomography indicates the existence of chiral dislocations of atoms in Pt
NPs-22 Chirality of individual Au NPs in racemic mixtures capped with achiral ligands
similar to TGA was previously shown with liquid chiral chromatography.2? In respect to our
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TGA-stabilized NPs, we observed that they have a shape of truncated tetrahedrons by high-
angle annular dark field (HAADF) scanning transmission electron microscope (STEM)
(Figs. 3G and 3H). The distinct truncated tetrahedron shape of CdTe-TGA NPs was also
seen by high resolution TEM images as well (Fig. 3I). Four uneven truncations result in a
chiral tetrahedron similar to a sp3 hybridized carbon atom with three different substituents
(Fig. S31). To confirm chirality of individual NPs, we incubated the dispersion of TGA-
stabilized CdTe NPs with bovine serum albumin (BSA, 66.5 kDa) serving here as a
enantioselective selective adsorber. After 5 hour incubation, we separated BSA and unbound
NPs using centrifugal membrane (50 kDa), and measured CD spectra of obtained
dispersions. In contrast to the original CdTe NPs that has no CD signals (Fig. S1) and BSA
that has a negative CD peak at 215 nm (Fig. S34), the separated NPs showed positive CD
band at 400-550 nm (Fig. S35) coinciding with the excitonic transition of NPs. This
observation indicates that the starting NP dispersion is a racemic mixture of NP enantiomers
with different chirality that can be enantioselectively separated.

Simulation of light absorption showed that enantiomers of truncated NPs (Fig. 3C, S31)
display optical activity reflected in the mirror-imaged simulated CD and g-factor spectra
(Fig. 3D). Spontaneously formed small clusters of NPs can also be chiral. According to our
simulations, the differences in absorption of LCP and RCP in such clusters (Fig. 3F) are
even greater than in NPs (Fig. 3D). In both cases, there is a large difference in absorption of
LCP and RCP at 543 nm for nanostructures of different handedness used for this study. The
chiral nomenclature for NPs and clusters depend on the positive (L) and negative (R) CD
signals.

The mechanism of the chirality transfer from CPL to NP assemblies can then be described as
follows. The original CdTe NP solution is racemic and contains equal amounts of left- and
right-handed particles and small clusters. When a racemic mixture of CdTe NPs (Fig. S1A)
is illuminated by LCP at 543 nm, a subpopulation of LH NPs and clusters absorb light more
effectively (Fig. S36 step 2) than RH NPs and clusters. The same is true for RH NPs/clusters
(Fig. S36, step 2) when the dispersion is illuminated with RCP. The light-activated CdTe
NPs undergo photooxidation of TGA stabilizers that transforms them into “bare” CdS NPs.
Photooxidation of multiple TGA ligands on the surface of NPs requires multiple photons
and, therefore, the difference in the probability of absorption of L- and R-photons multiplies
over time. This process “locks in” and amplifies the differences between the NPs of opposite
chirality in the initially racemic mixture.

The ligand-free CdS NPs display a much stronger propensity to self-assemble than ligand-
protected, non-light-activated CdTe NPs of opposite handedness (Fig. S30). Because the
self-assembly of NPs is very sensitive to the anisotropy of NP interactions,2’ the chirality of
the constituent building blocks is reflected in the helicity of the resulting assemblies similar
to the self-assembly of organic and biological macromolecules.

Atomistic molecular dynamics (MD) simulations were performed to clarify the origin of the
observed ribbon helicity (see Sl for details). Individual NPs were modeled as slightly
smaller 3.6 nm tetrahedrons with a cubic CdS crystal lattice and a lattice constant of a =
0.582 nm (Fig. 4A). The tetrahedrons were asymmetrically truncated by the removal of 2, 3,
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and 4 atom layers from three of the NP vertices to acquire a left or right chirality. The NPs
surfaces were not coated with stabilizers, in accordance with the experimental results
presented in Fig. 3 and Figs. S16-S27, indicating ligands removal in the process of
photoactivation. However, the large CdS lattice polarity was reduced at the NP surfaces to
one half of the vacuum value to account for potential residual ligands. NPs at different
(homogeneous) charging states were simulated in accordance with experimental
observations. The MD simulations were carried out with explicit water molecules and CI~
counterions of the charged NPs (Fig 4A, SI) to precisely describe the solvent environment of
the NP self-assembly process.

Initially, NPs of the same (L or R) handedness (Fig. 4B) were preassembled into a planar
piece of nanoribbon (Fig. 4C) with packing similar to that observed before,26 assuming that
NPs of predominantly one handedness were prepared by photoexcitation with a circularly
polarized light and self-assembled. Upon equilibration of the NP assemblies in an
isothermal-isobaric ensemble at T = 300 K for ~ 5-10 ns, the planar nanoribbons acquired
distinct twists. Importantly, the twist was opposite for NPs with opposite handedness. The
average twist angle observed in the simulation of the nanoribbons made from CdS NPs was
- 2.4° and +4.6° for LH and RH NPs (Fig. 4D and 4E), respectively, which corresponds to a
pitch length of ~600-800 nm similar to the experimental pitch length of nanoribbons
observed in Figs. 1 and 2.

These observations confirm the significance of NP chirality in guiding the ribbon assembly
and the realism of the photon-matter chirality transfer via geometry-specific photoactivation
of NPs. The nanoribbon twists observed in the MD simulations clearly originate in the
chirality (truncations) of the NPs, promoted via molecular-field-assisted NP-NP interactions
into a cooperative phenomenon. As the light-transformed NPs are still largely solvated in
water, their self-assembly into ribbons proceeds mostly via their bulk van der Waals
coupling and partial hydrophobicity. However, water molecules form a soft “cushion” layer
between the NPs within the ribbons, which allows the NPs to partially translate and reorient
with respect to each other in accordance with the needs imposed by their chirality. The
experimental structures are partially disordered (Fig. S20) due to fluctuations of the NP size
that translates into some variability of the pitch and non-close packing of NP lattice in the
ribbon.

Vivid experimental demonstration of subtle differences in interparticle interactions between
a priori chiral NPs leading to nanostructures with different chirality can be obtained for NPs
with a stabilizing ligand made from D- and L-cysteine (Fig. 4F, and 4G.) These originally
chiral NPs were self-assembled in the dark and produced submicron helices with distinctly
different twist directions depending on the chirality of the building blocks.

In conclusion, we have demonstrated that circular polarization of light can be “imprinted”
on nanoscale structures by altering the chirality of NPs participating in the self-assembly
process. Because light-sensitivity is common for NPs (see Sl for details) this study offers
new synthetic methods for chiral nanostructures using light as the primary parameter
determining the asymmetry in the enatiomeric mixture of the products. Furthermore,
geological records suggest that inorganic NPs were a part of the primordial Earth
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nditions,30 and therefore, selective photonic activation of seemingly achiral NPs might

represent the missing link between cosmic CPL1>-17 and inorganic/organic materials with
preferential chirality.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Self-assembly of CdTe NPsinto twisted nanoribbonsinduced by illumination with CPL
A and B, SEM images of the ribbons assembled with LCP (A) and RCP (B) as a function of

time exposure for 1 h, 12 h, 28 h and 50 h. All scale bars are 1 um. C and D, tapping mode
atomic force microscopy (AFM) topography (left) and phase (right) images of LH
nanoribbon (C) and RH nanoribbon (D). E, Distributions of LH, RH, and non-twisted
nanoribbons obtained after 50 h illumination with RCP, LCP, UnP, LinP light, and in the
dark. F, ensemble CD spectra (solid line) and g factor (dotted line) of dispersions of left-
handed (LH) nanoribbons and right-handed (RH) nanoribbons obtained after 50 h of CPL
illumination. Linear dichroism effects that could be associated with adsorption on the walls
of the cuvette and other spontaneous alignment of linear nanostructures have negligible
contribution to the chiroptical properties as indicated by the identity of the CD spectra
obtained with and without stirring of the dispersion.
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Figure 2. Chirality of single nanoribbons
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A and B, Surface rendering of 3D TEM tomographic reconstruction of LH nanoribbon (A)
and RH nanoribbon (B). Scale bars are 100 nm. C and D, SEM images of single LH (C) and
RH nanoribbons (D). Scale bars are 500 nm. E and F, CD spectra and calculated g-factor

spectra for single LH (E) and RH (F) nanoribbons in C and D, respectively. G and H,

Computational models of the LH (G) and RH (H) nanoribbons used in the FEM calculations
of chiroptical properties based on numerical solutions of Maxwell equations. All scales are

nm.
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Figure 3. M echanism of enantioselective assembly of NPs
A, FTIR spectra of original CdTe NPs, purified nanoribbons, and supernatant obtained after

50 h of illumination time. B, Schematic illustration of CdTe phase transition to CdS. C, and
E, Models of chiral NPs (C) and chiral NP clusters (E) used in calculations of chiroptical
properties. D, and F, Simulated spectra and g-factors for (D) L/R-NPs and (F) L/R-clusters
of NPs. Nomenclature for NPs and their clusters is based on the positive (L) and negative
(R) optical activity. G, and H, HAADF STEM images of TGA-stabilized truncated
tetrahedral CdTe NPs. Scale bars are 15 nm (G) and 5 nm (H). I, High resolution TEM
image of TGA-stabilized truncated tetrahedral CdTe NPs.
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Figure 4. Molecular dynamic and experimental studies of self-assembly of chiral NPs
A, Atomistic models of NPs with LH and RH truncations used in MD simulations. B,

Detailed view of a single NP in aqueous environment with counter ions used in MD
simulations. C, A fragment of the simulated self-assembled ribbon from (top view)
displaying packing of NPs. Scale bars in A, B, and C are 1 nm. D, and E, The side views of
simulated NP ribbon with LH (D) and RH (E) truncated NPs. Dihedral angle &determines
the pitch of the nanoribbons. F, and G, SEM images of experimental assemblies
spontaneously formed in dark from chiral CdTe NPs stabilized by L-cysteine (F) and D-
cysteine (G). Scale bars are 1 pm.
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