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Emergence and inversion of chirality in hierarchical
assemblies of CdS nanocrystal fibers

Alexander V. Gonzalez', Miranda Gonzalez?, Tobias Hanrath'*

Arranging semiconducting nanocrystals into ordered superstructures is a promising platform to study funda-
mental light-matter interactions and develop programmable optical metamaterials. We investigated how the
geometrical arrangement of CdS nanocrystals in hierarchical assemblies affects chiroptical properties. To
create these structures, we controlled the evaporation of a colloidal CdS nanocrystal solution between two par-
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allel plates. We combined in situ microscopy and computational modeling to establish a formation mechanism
involving the shear-induced alignment of nanocrystal fibers and the subsequent mechanical relaxation of the
stretched fibers to form Raman noodle-type band textures. The high linear anisotropy in these films shares
many similarities with cholesteric liquid crystals. The films deposited on top and bottom surfaces exhibit oppo-
site chirality. The mechanistic insights from this study are consequential to enable future advances in the design
and fabrication of programmable optical metamaterials for further development of polarization-based optics
toward applications in sensing, hyperspectral imaging, and quantum information technology.

INTRODUCTION
The emergence of chirality from spontaneous symmetry breaking is
a fascinating scientific phenomenon with profound implications
spanning all length scales in nature, including spiral galaxies (1),
organisms (2, 3), molecules (4), and subatomic particles (5, 6).
Optical chirality in inorganic nanostructures has garnered strong
interest (7) by virtue of the precisely programmable optical proper-
ties of colloidal nanocrystal (NC) building blocks and the ability to
direct their assembly into hierarchical superstructures in which
constituent components can interact in purposeful and program-
mable ways (8). In the case of isolated NCs (also commonly referred
to as quantum dots or nanoclusters), optical chirality can arise from
interactions between the inorganic particle core and the surround-
ing organic ligand shell (9-11). However, even NCs that are achiral
by themselves can exhibit emergent chiroptical properties in an en-
semble due to asymmetries of the electron density in the highly po-
larizable inorganic core. In some instances, bottom-up assemblies
of one-dimensional (1D) nanomaterials have exhibited strong inter-
actions with chiral light due to the emergence of their mesoscopic
anisotropic architecture (12, 13). A review by Kotov and coworkers
categorized multiple sources of chirality in nanoparticle assemblies
and described the scientific quest to understand the relative contri-
butions to emergent chirality as both complex and fascinating (14).
Self-organization in nonequilibrium soft matter systems pre-
sents intriguing scientific questions with profound technological
impact. For example, recent advances in the directed assembly of
NC building blocks into highly ordered superstructures have
opened a rich opportunity to explore programmable chiroptical
metamaterials with chirality amplification and achieve large dis-
symmetry metrics (the dimensionless Kuhn factor, also known as
the g factor) (15). Hierarchical NC assemblies are exciting as they
allow scientists to examine how chirality amplification emerges
from symmetry breaking and how the chirality is transmitted
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across multiple length scales. From a technological perspective, fab-
ricating these materials via inexpensive and scalable solution-based
processes has important implications for chiroptical metamaterials
(16) in applications ranging from sensing (17, 18) to catalysis (19) to
emerging quantum computing (20, 21).

Evaporation-driven self-assembly in confined geometries, par-
ticularly the quasi-2D confinement between two parallel plates (i.
e., Hele-Shaw cell), provides an advantageous experimental plat-
form for several key reasons: (i) The kinetics of drying and the con-
centration field of the solute can be rigorously controlled and
quantitatively described with analytical models, and (ii) the dynam-
ics of the receding liquid meniscus can be easily observed with video
and microscopy imaging (22, 23). We previously showed that con-
trolled evaporation in a confined geometry enables the formation of
highly uniform hierarchical superstructures in which CdS NCs (i.e.,
2-nm magic-sized clusters also commonly referred to as quantum
dots) (24) are arranged into 2-um bands, which are uniform across
the 2-cm scale film (25). These hierarchical NC assemblies share
many structural and optical characteristics with liquid crystals
(LCs) (26-30). For example, analysis of the NC fiber pattern forma-
tion from the perspective of a quasi-cholesteric LC provides valu-
able guidance to understand the mechanism for the higher
structure and the relation to emergent chiroptical properties.
Whereas in conventional NC assemblies, the dichroic effects are ad-
versely affected by strong scattering (31), the relatively small CdS
clusters explored in this study scatter light more weakly and thus
enable pronounced chiroptical response as quantified by the g
factor as shown below.

Yao et al. (32) recently reported that hierarchical NC fiber as-
semblies exhibit strong chiroptical properties with circular dichro-
ism (CD) g factor as high as 0.05; however, how the emergent
chiroptical properties relate to the hierarchical NC film structure
and how the structure in turn emerges during the assembly have
remained unclear. Moreover, whether the large anisotropic light-
matter interaction arises from mesoscopic structure effects or the
chirality of basic NC building blocks is currently not well under-
stood. Accordingly, this study focuses on understanding the
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underlying processing-structure-property relationship and apply-
ing that knowledge to establish design principles for NC assemblies
as programmable hierarchical chiroptical metamaterials.

A key discovery of the present study is that the NC films formed
on the top and bottom surface absorb circularly polarized light in
selectively opposite quantities (i.e., top and bottom films always
show opposite chirality, although the specific chirality on either
the top or bottom film is stochastic) (Fig. 1). This discovery leads
to two key questions that we aim to address in this paper: (i) what
is the fundamental relationship between the chiroptical properties
and the structure of this soft-matter thin film and (ii) what is the
mechanism underlying the chirality inversion between the top
and bottom films? To address these questions, we introduce a mech-
anism that correlates chirality inversion and transmission to the in-
terplay of hydrodynamic and physicochemical subprocesses,
including the shear-induced alignment of NC fibers in the receding
meniscus and the spiral propagation of a mechanical undulation in
the thin film. The mechanistic insights from this study are conse-
quential to enable future advances in the design and fabrication
of programmable optical metamaterials, particularly for methods
that combine molecular self-assembly and additive manufacturing
techniques (33).

RESULTS AND DISCUSSION

We formed the hierarchically ordered NC assemblies by evaporat-
ing a colloidal NC suspension (20 mg/ml in hexane) confined
between two parallel glass slides to define a circular droplet of
radius (~5 mm) and height defined by a spacer with height, H (typ-
ically 50 to 300 um) (Fig. 1A). The basic building blocks for this
assembly are 2-nm magic-sized (i.e., Cds;S;3) NCs, which are pas-
sivated with a ~1.8-nm-thick oleate ligand shell. After the solvent
completely evaporated, we separated the top and bottom films to
analyze the NC film structure and optical properties.

We examined the microstructure of the NC film with a combi-
nation of atomic force microscopy (AFM), scanning electron mi-
croscopy (SEM), and laser scanning confocal microscopy (LSCM)
(see “Structure analysis of the hierarchical assemblies of helical NC
fibers” section in the Supplementary Materials). The mesoscale
structure of the NC films is characterized by the hierarchical ar-
rangement of ~2-nm NCs into fibers, which, in turn, arrange to
form ~2-um-wide bands (Fig. 1B). We discuss the film formation
mechanism and structure in detail below. Although the fundamen-
tal base unit (i.e., the Cd;,S,3 NC) is quasi-spherical, the similar size
of the surface-bound oleate ligand shell and the inorganic NC core
give rise to a mesophase behavior that is characterized by the for-
mation of fibers as illustrated in Fig. 1B and detailed in our previous
work (25, 34). The complex directional anisotropies spanning mul-
tiple length scales have important implications on light-matter in-
teractions and emergent chiroptical properties that may be
governed by the simultaneous influence of linear and CD and
birefringence.

The CD spectra in Fig. 1C show that the NC films deposited on
top and bottom surfaces exhibit opposite chirality. To understand
how the symmetry breaking and emergent chirality relates to the
linearly anisotropic mesoscale structure of the NC film, we need
to consider the relative contributions of CD, circular birefringence,
linear dichroism (LD), and linear birefringence (LB). To a first ap-
proximation, the magnitude of the LDLB contribution can be
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examined by flipping the sample around the vertical axis (i.e.,
changing the direction of the optical beam traversing through the
sample). In cases where the LDLB dominates over CD, the sign of
the measured CD is inverted when the sample is flipped. For
example, this polarity inversion of ellipticity has been reported in
thin films of mt-conjugated materials with pronounced linear anisot-
ropies (35). Notably, CD spectra of the NC films shown in Fig. 1C
do not show a sign reversal upon flipping the sample. However, the
detailed shape of the bisignate CD signature is influenced by the di-
rection of the optical beam through the sample. The magnitude of
LDLB contributions can be approximated by the methods reported
by di Bari et al. (35), which was also recently extended to NC fiber
films as reported by Yao et al. (32). To interpret how LD and LB
contribute to the CD spectra, we performed four orientationally in-
dependent CD scans on a sample site, including two scans around
the optical beam path to correct for instrumental artifacts and two
scans of a film facing toward and away from the beam path (Fig. 1C).
We provide additional details on the analysis to decouple apparent
CD, determining LDLB effects, and a summary of samples’ chirop-
tical properties in the Supplementary Materials (“Additional discus-
sion on chirality transmission” section in the Supplementary
Materials and table S1). On the basis of this “four-scan analysis,"
we can approximate the ratio of the LDLB to intrinsic CD signature
to ~0.19 £ 0.1 (n = 16 samples), which suggests that the LDLB con-
tribution is notable but not dominant.

Whereas the four-scan analysis provides an initial estimate of the
LDLB contribution to the CD spectrum, there are many interrela-
tions between the elements of the Mueller matrix, which complicate
the analysis, as noted by Hovenier (36). One complication is that
four-scan analysis described above assumes that the structural an-
isotropies are homogeneous in the direction of light propagation.
For inhomogeneous layers with cholesteric twisted structure,
there remains a contribution to the CD stemming from the combi-
nation of dichroism and birefringence, which cannot be separated
out by flipping the sample. Whereas the structure analysis detailed
below shows that the NC films are anisotropic yet homogeneous in
the lateral direction (i.e., in the x,y plane), the homogeneity of the
film structure in the vertical direction is currently not well under-
stood. We will return to the topic of the heterogeneity of the NC film
in the structure analysis below.

Considering the multiscale directional anisotropies illustrated in
Fig. 1B, we sought to understand whether chirality emerges at the
level of NC fibers or whether it emerges as the result of higher-order
structures in the film. Because the optical properties of the magic-
sized CdS NCs are sensitive to the molecular configuration of the
surrounding ligand shell (24), we considered how chirality could
be transmitted from the micrometer-scale bands to the nanome-
ter-scale NCs (fig. S21). Because the hierarchical films can exhibit
local symmetry breaking (i.e., helical pitch of individual fibers) and
global symmetry breaking (e.g., geometric arrangement of proxi-
mate fibers within the film), we sought to decouple the contribu-
tions of nanoscale and microscale structures on the emergent
chirality. We performed a control experiment in which we disrupted
the higher-order structure of the film and formed an isotropic
mixture of the fibers in KBr powder. Our previous work on the
fibers suggests that the fibers are robust and stabilized by the mes-
ophase behavior (25, 34). Accordingly, the local ordering (e.g.,
helical pitch) of isolated fibers is preserved whereas the global or-
dering is disrupted. The KBr experiments (fig. S6) show that the
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Fig. 1. Symmetry breaking in thin films of hierarchically self-assembled CdS
NCs. (A) Schematic illustration of the experiment in which controlled evaporation
of a colloidal NC suspension constrained between two parallel plates leads to the
formation of thin films with opposite chirality on top (red) and bottom (blue) sub-
strates. (B) lllustration of the hierarchical structure of the “Raman noodle"—like NC
fiber assembly, including magnified views of an isolated fiber and the atomic struc-
ture of the magic-sized Cds,S,g NC, surface-bound oleic acid ligands is omitted for
clarity. Spectra of (C) CD and LDLB. The two mesh lines for top and bottom sub-
strates indicate front and back scans to correct for LDLB contributions, where each
meshed line corresponds to the averaged 0° and 90° orientations around the beam
path. The dashed lines correspond to LDLB contributions, determined via extract-
ing the orientationally averaged CD spectra (solid lines). (D) Corresponding spec-
trum of the g factor and (E) normalized optical absorption of the NC films shows
the excitonic peak at 324 nm.

CD nearly vanished, and the g factor of isolated NC fibers in a KBr
pellet is orders of magnitude smaller than the hierarchically ordered
film. We interpret the absence of CD in the isotropic NC fiber
powder as an indication that the optical chirality does not arise
from the structure of isolated fibers. Instead, this control experi-
ment suggests that the observed chirality emerges due to the
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higher-order linear arrangement of fibers within the film at the
mesoscopic level. We argue that the key to explaining and ultimately
controlling the emergent chiroexcitonic properties (including the
inversion and multiscale transfer) lies in understanding how the
NC fibers evolve from the colloidal suspension to the highly
ordered hierarchical superstructures. Accordingly, we set out to un-
derstand the mechanism by which the hierarchical NC structures
form, as detailed below.

In situ microscopy analysis provides critical insights into the
evolution of the hierarchical NC film structure during the evapora-
tion-driven assembly as summarized in Fig. 2. We monitored the
evolution of the NC film structure in real time using in situ
LSCM and provide a video of the receding liquid meniscus and
the subsequent emergence of the banded texture in the drying
film in the supplementary materials. Figure 2A provides LCSM
snapshots at the 3 o'clock position of the film (i.e., the green
region, 6 = 90°, shown in the top left inset); these images illustrate
the emergence of undulated bands as the remaining solvent in the
wet film evaporates. The overall NC film thickness (z) is in the range
of 1 and 6 um and can be tailored by adjusting the gap height (i.e.,
the total volume of the NC suspension for a constant droplet radius,
Ry) or the concentration of the colloidal NC suspension (see fig. S7).
Because the NC film thickness, z, is approximately an order of mag-
nitude larger than the amplitude of the undulation, we conclude
that the NC film is continuous, which is important because it
shows that the formation mechanism is distinct from similar
coffee-ring deposits formed by stick-and-slip mechanism in
which case the film thickness vanishes in between the deposited
rings (37). Higher-resolution SEM (Fig. 2B) and AFM (Fig. 2C)
images reveal the detailed sinusoidal structure of the bands with a
“torsade” orientation of the constituent helical NC fibers with an
average diameter of 300 nm (Fig. 2C and figs. S8 and S9).

The proposed mechanism responsible for the emergent pattern
in the NC fiber film is illustrated in Fig. 2D. The formation of the
banded texture involves the interplay of physicochemical and hy-
drodynamic processes. The evaporation of the solvent increases
the NC solute concentration, which leads to the mesophase trans-
formation of NC fibers as described in our earlier work (25, 34).
Forcing the phase boundary (of the isotropic-to-nematic transition)
to travel by mechanical displacement of the fluid meniscus has im-
portant implications on the formation of nonequilibrium states
characterized by the long spatial correlation of the director phase
(38). Analogous to previous reports of nematic LCs (26-29), the
pattern formation can be described as a two-step sequence involv-
ing (i) the shear-flow alignment (39, 40) of NC fibers (Fig. 2E) and
(ii) the subsequent mechanical relaxation of the stretched fibers
results in buckling or undulation of the film (Fig. 2F). We analyzed
the intensity profile of the LSCM image and the transformation
from initial undulation modes and final equilibrium bands with
wavelength A (Fig. 2, G and H). Because the meniscus recedes at a
rate of about 1.7 pm/s, we can capture the evolution of the band
texture in both the temporal and spatial reference frames. We
provide additional discussion of the propagation mode of the me-
chanical relaxation in the supplementary materials (see “Analysis of
the velocity of the receding meniscus” section in the Supplementary
Materials). As we will discuss in more detail below, how the pattern
formation is triggered has important implications on the symmetry
breaking responsible for the formation of inverted chiroptical films
on the top and bottom surface.
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Fig. 2. Evolution of the NC film structure during evaporation driven assembly. (A) Video snapshots of the green region (at 6 = 90°) in the inset show the right-to-left
receding liquid meniscus and the emergence of band textures in the deposited film. The featureless dark region on the left is the isotropic liquid and right side shows the
periodically forced phase winding with a large coherence length perpendicular to the interface. (B) High-resolution SEM image and (C) superimposed AFM topography
images, scanned at 0° and 90° relative to the band axis, showing the fine torsade structure of bands emerging from the undulation of constituent fibers. (D) Side-view
illustration of the receding meniscus and corresponding magnified perspectives illustrating the sequential (E) shear-induced alignment of fibers and (F) subsequent
relaxation leading to the formation of periodic band texture undulations. (G) Higher-magnification image and (H) corresponding intensity profile of the band texture
illustrating the initial growth modes, transition region and final undulations with a ~2.6-pm wavelength. On the basis of the meniscus receding at a rate of about 1.7 um/s,

this analysis panel illustrates both the temporal (top axis) and spatial (bottom axis) evolution of the film

Having established the mechanism responsible for the formation
of the banded NC thin film texture, we now turn our attention to
examining how key structure parameters (i.e., wavelength, ampli-
tude and long-range coherence of the undulations) are affected by
processing conditions. We analyzed LSCM images to quantify how
the wavelength (A) and amplitude (A) of the NC film structure
change along the radial position within the film. Analysis of the
LCSM images in Fig. 3A reveals that the band wavelength (A) in-
creases toward the center of the circular film (i.e., r/Ry = p — 0),
whereas the corresponding amplitude decreases (Fig. 3B). The
radial variation in wavelength and amplitude are consistent for ex-
periments with varying gap heights, H = 50, 100, and 300 um. We
adjusted the volume of the deposited NC suspension (20 mg of NC/
ml of hexane) to maintain consistent droplet area (Ry = 6 + 1 mm)
for all experiments. The counteracting trends in A and A can be con-
veniently summarized via the dimensionless wave number (k =
2mA/X), which monotonically decreases toward the center of the
film (Fig. 3C). We will return to wave number, k below as a conve-
nient metric for the pitch of the twisted fibers to correlate the hier-
archical structure and the emergent chiroptical properties (41, 42).
We examined the long-range spatial coherence of the band
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undulations based on Fourier transform analysis of the microscopy
images. This analysis revealed that the spatial coherence and unifor-
mity of the band undulations decrease toward the center of the film.

To explain the observed trends in wave number (k) and spatial
coherence of the band undulation with radial position within the
film, we need to consider the dynamic interplay between the phys-
icochemical and hydrodynamic processes. At first glance, the for-
mation of the NC film shares several similarities with liquid film
coating processes (37). However, given that the colloidal NC sus-
pension is a relatively complex fluid, additional factors, particularly
the coupled dynamics of the mesophase transformation (34), the
solvent evaporation, the mechanical relaxation of the fibers (27),
and ultimately the drying of the film, require careful consideration
to explain the relationship between k and p.

The well-defined evaporation conditions prevailing in the Hele-
Shaw cell (i.e., circular droplet of NC suspension confined between
two parallel plates) allow the evaporation dynamics and spatiotem-
poral NC concentration profiles to be captured by analytical models
(23). A basic mass balance and validating control experiments show
that the velocity of the receding meniscus is approximately constant
(fig. S11). We adopted the model described by Salmon and
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Fig. 3. The evolution of the NC fiber film structure as a function of reduced
radius r/R, of the film. (A) A series of LCSM images of NC film at varying radial
positions. (B and C) Corresponding wavelength, A, and amplitude, A, as well as the
wave number k = 2 A/\ of the undulations for a series of experiments with gap
heights H =50, 100, and 300 um. (D) Analytical model of the spatial and temporal
evolution of NC concentration during the film formation.

coworkers (22) based on basic transport equations for the binary (i.
e., NC and solvent) mixture to describe the spatiotemporal evolu-
tion of the NC concentration (®, ) during film formation (see
“Concentration field model in drying droplet” section in the Supple-
mentary Materials). The competing dynamics of the receding fluid
meniscus and the NC diffusion within the remaining liquid are con-
veniently parametrized by the dimensionless Péclet number. In the
case of a circular droplet confined between parallel plates, this can
be described as: Pe = R} /Dytp. If the distance the NCs can explore
by diffusion is larger than the droplet area (i.e., Pe < 1), then the NC
concentration (@) within the liquid remains relatively homoge-
neous in space but increases gradually with time as the solvent evap-
orates. Conversely, if Pe > 1, then appreciable NC concentration
gradients build up near the edge of the receding meniscus. As de-
tailed in the Supplementary Materials [and (21)], the prevailing dif-
fusion characteristics can be obtained from literature and also
conveniently extracted from experimental fits to the temporal evo-
lution of the droplet area (o) = A(;)/Ag). On the basis of this anal-
ysis, our NC assemblies were formed under conditions
parametrized by Pe &~ 0.6 and an initial NC concentration of ® =
0.01, which is intermediate to the two regimes described above.
Key trends of the NC concentration profile (®, ) derived from
this model are summarized in Fig. 3D.
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The spatiotemporal evolution of the NC concentration (D, ;)
shown in Fig. 3D shows that both the overall NC concentration
and the concentration polarization (i.e., concentration gradient
from the center of the droplet toward the meniscus) increase with
time. Combined with the fact that the contact line velocity (and by
extension the deposition rate) is approximately constant, these
trends suggest that the film thickness should increase toward the
center of the droplet. This trend is corroborated by experimental
measurements of the film thickness shown in fig. S7. The observa-
tion that the wavelength of the undulation increases toward the
center of the film can therefore be explained on the basis of linear
mechanical instability analysis of wrinkles formed in thin films (43),
which predicts that the undulation wavelength scales with the thick-
ness of the film.

To understand why the spatial coherence of the band undula-
tions decreases toward the center of the film, we need to consider
the competing dynamics of solvent evaporation and the formation
of the bands. The structure of the liquid film transforms from a
dilute suspension of NC fibers to a condensed assembly. To describe
the formation of the fibrous mesophase and the subsequent com-
plete drying of the film (Fig. 2G) in context of the spatiotemporal
NC fiber concentration gradients (Fig. 3D), we considered two con-
centration thresholds. For simplicity, we considered ®. ~ 0.74 and
@4 = 0.9 as the close packing fractions of spheres and cylinders, re-
spectively. While the droplet shrinks, the time to evaporate the re-
maining solvent (from the bulk suspension and from interstitial
volume between the NC fibers) decreases (see t4 in Fig. 3D). In
other words, the deposited fibers have progressively less time to
respond to the mechanical stresses and configure into their equilib-
rium undulation wavelength as the liquid meniscus proceeds to the
center of the circular deposit. To further corroborate this interpre-
tation, we provide additional analysis (fig. S14) to show that the
long-range spatial coherence of the band structure is directly pro-
portional to the wave number, suggesting that fibers in initially
formed film (i.e., p — 1) have more time to assemble into a coherent
superstructure.

We now turn to describe how the emergent chiroptical proper-
ties relate to the NC assembly structure. The combination of size-
monodisperse (i.e., magic-sized) NCs with a sharp excitonic ab-
sorption spectrum (34) and high-fidelity assembly (i.e., well-
defined periodicity with long-range ordering) affords an advanta-
geous experimental platform to examine the foundational struc-
ture-property relationship and elucidate the mechanism
underlying the emergent chirality. Figure 4A summarizes the
trends in g factor as a function of topographical wave number.
The general trend is that the optical anisotropy increases exponen-
tially with increasing wave number. In other words, the largest g
factors are observed near the edge of the dry film. Near the upper
bound of currently accessible k values, the measured g factors (based
on averaging the apparent CD at four orientationally independent
scans to account for LDLB, as detailed above) are in the range of
0.06; this is among the highest reported g values among semicon-
ducting NCs (see sample structure-property analysis summary in
table S2).

Beyond establishing the general relationship between wave
number and g factor, we note that the variation of rotator strength
evident in Fig. 4A points toward additional complexities in the
structure-property relationship that are not captured in the basic
model. For example, the three samples with k ~ 2 exhibit g
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Fig. 4. Correlation of the chiroptical properties of the NC films to the A/A band
texture structure parameter. (A) Relationship between g factor and structure.
The dashed line is an exponential fit to the experimental data. (B) Fourier transform
magnitude versus wave vector (q) for three select samples with similar wave
number, k and corresponding LSCM images. Scale bar, 20 pm.

factors ranging from 0.020 to 0.063, which suggests that the wave
number is necessary but insufficient to describe how the NC film
structure affects emergent chiroptical properties. To explain these
second order contributions, we hypothesized several structural in-
homogeneities that affect the interrelations between the elements of
the Mueller matrix.

One possible contribution to structural inhomogeneity is the
long-range spatial coherence of the band texture, which relates to
the rotator strength based on dipole coupling theory (44).
However, whereas the wave number is correlated to the long-
range order within a given sample (fig. S14), the Fourier transform
analysis of the corresponding microscopy images in Fig. 4B does not
reveal any clear relationship between the g factor and the spatial co-
herence (i.e., the width of the wave vectors). The ordering of soft-
matter assemblies can be improved by solvent vapor annealing;
however, experiments detailed in the Supplementary Materials
(fig. S17) show that solvent vapor annealing only marginally im-
proves the NC fiber assembly structure and associated g factor.

A closer inspection of both the images and the corresponding
distribution of wave vectors suggests an additional fine structure
in the band texture (g = 0.2 and g = 0.45). The sample with the dis-
tinct fine-structure (i.e., additional groves) pattern also shows a dis-
tinct line shape in the CD spectrum (fig. S3 to S5). We note an
interesting parallel to the chiroptical properties of proteins, for
which the detailed line shape of the CD spectrum is sensitive to
the secondary structure of the folded protein (45). We expect that
similar secondary structure effects in the NC fiber films (25) may
also be operative here; establishing the impact of primary and sec-
ondary structure on the CD line shape is the subject of future com-
putational and experimental studies.

We examined how the mesoscale structure may vary along the
path of the optical beam traversing through the sample (i.e., the z
axis). Specifically, variations of the band undulation amplitude
along the z axis may introduce interrelations between elements in
the Mueller matrix. For example, fibers deposited near the solid
substrate surface are subject to different boundary conditions
than fibers near the solution/air interface (Fig. 5A). Specifically,

n1
n2

r=-—vaG,
............ G_> O>
G, =(nxG)xn

4

6800 ~
L XXX ]

ooy = 7
/\...’iX_
cw iR
N

? ?

Fig. 5. Chirality inversion. Schematic illustration of structural heterogeneities in the NC film, including (A) variation in the NC fiber undulation amplitude as a function of
film thickness, and (B) misalignment of the NC fiber director. (C) In situ microscopy video snapshot demonstrating the nonzero angle offset between the receding
meniscus and the spiral propagation of bands. (D) Proposed mechanism for chirality inversion based on shear (green) and torsional (purple) force. During the formation
of the film, shear forces from the receding meniscus align the filaments toward the center of the circle. The mechanical instability responsible for the undulating band
texture propagates in a spiral direction. (E) Model of the chemical Lehmann effect coupling between the chemical potential gradient (G, defined by the vapor pressure
profile) and the director (n) of the cholesteric NC fiber. (F) lllustration of the chirality inversion resulting from clockwise or counter-clockwise propagation.
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because of the adhesion of fibers to the solid substrate surface, we
expect the amplitude of the band undulation to gradually increase
going from the substrate interface to the free surface. To test this
interpretation, we examined vertical variations in the band undula-
tion amplitude by examining LSCM images acquired at varying
focal depths through the z axis of the film. This analysis revealed
inhomogeneous stacking layers of the NC fibers, from an undulated
topography to a softened film at the film-substrate interface (movie
S2), which suggests that variations in the undulation amplitude are
likely but cannot be adequately quantified and correlated to the chi-
roptical properties. Moreover, this variation would be symmetric on
both top and bottom NC films, and this does not explain the ob-
served chirality inversion.

Even subtle variations in the macroscopic radial alignment of
NC fibers within the film (Fig. 5B) can have a notable effect the
emergent chiroptical properties. The shear-induced alignment
orients the major axis of the NC fibers toward the center of the
radial droplet, and the undulation bands are oriented orthogonally
to the NC fiber axis (Fig. 5B). In this basic model, all NC fibers are
oriented radially inward. However, careful inspection of the in situ
microscopy video reveals that the propagation of the band proceeds
with a small but notable nonzero angular offset. This ostensibly
small deviation has important implications not only for the meso-
structure of the NC film but also for the mechanism responsible for
the symmetry breaking because it suggests that the bands are
formed in a spiral rather than concentric form.

A mesoscale structure in which the director of the NC fiber
varies along the z axis of the film (see Fig. 5B) presents interesting
analogies to Bouligand structures. For example, Pauly and cowork-
ers (13) recently showed that Bouligand structures prepared by
bottom-up manufacturing through layer-by-layer assembly of plas-
monic nanowires gave rise to a large chiroptical response with an
ensemble of dichroic and birefringence effects. Their analysis of
the underlying structure-property relations used Mueller matrix po-
larimetry to show that the CD is due to the chiral superstructure and
also noted that the sign of the CD signal does not flip upon rotating
the sample. A detailed quantification of the relative contribution of
the three structural heterogeneities outlined above is not yet possi-
ble. However, we emphasize that the third heterogeneity (i.e., vari-
ation in the alignment of the NC fiber director) (i) is corroborated
by evidence from the in situ microscopy video, (ii) explains the high
dissymmetry factors as a quasi-Bouligand chiroptical metamaterial,
and (iii) provides a critical clue to explain the symmetry breaking
between top and bottom surfaces as detailed below.

Whereas the preceding discussion describes the foundational
mechanism by which the hierarchical NC film structure evolves
and how the structure relates to emergent chiroptical properties,
we lastly return to the outstanding question: Why do the films de-
posited on the top and bottom surfaces exhibit opposite chirality?
We argue that the chirality inversion is a direct result of hydrody-
namic forces acting on the fibers during the early stages of film for-
mation. At the onset, it is important to recognize that symmetry
breaking must occur at a stage in the film formation when the top
and bottom films can “communicate.” Chung et al. (37) previously
reported that a liquid crystalline film of M13 phage virus shows op-
posite mesoscopic chirality between the left and the right side of the
substrate, regardless of the inherent molecular chirality. The authors
claim that the spatial chiral inversion is due to hydrodynamic inter-
actions led by opposing meniscus forces. In the language of the

Gonzalez et al., Sci. Adv. 9, eadi5520 (2023) 8 November 2023

mechanism introduced in Fig. 2, this constraint suggests that the
chirality inversion is mediated through the liquid meniscus con-
necting the two substrates.

To understand why the orientation of the major axis of the NC
fibers may vary with vertical position within the film, we need to
consider the detailed forces acting on the fiber during the assembly.
We interpret the nonzero offset between the geometric radial and
the band (see figs. S19 and S20) as indicating a torsional force
acting on the NC fiber during the assembly (Fig. 5C). Whereas
the shear forces associated with the receding meniscus have
already been discussed above, the origin of the torsional force is
less obvious. We propose that the torsional force arises from the
coupling between the director (n) of the NC fiber and the chemical
potential gradient (G, associated with the radial gradient of the
solvent vapor pressure). An analogous “chemical Lehmann” effect
was previously observed for monolayers of an LC in a Langmuir
trough and analyzed by theoretical models describing the pattern
formation and the initial nucleation (46). Tsori and DeGennnes
(47) showed that the nucleation of this effect is related to relaxation
of internal elastic energy associated with frustrations from anchor-
ing the director at lateral boundaries. The formation of periodic pat-
terns is thus attributed to the repeated formation of disclinations
that move away from each other. Although the specific geometry
of a circular meniscus confined between two parallel plates presents
different boundary conditions and topology from the planar config-
uration described in earlier models. We provide additional discus-
sion of the chemical Lehmann effect in the “Inversion of chirality
based on chemical Lehmann effect” section of the Supplementary
Materials. We argue that the general physical phenomenon holds
to describe the origin of the torsional force responsible for the
spiral propagation of the banded undulation.

In summary, we established the foundational processing-struc-
ture-property relationships of hierarchical assemblies of CdS NC
fibers. We combined experiments and modeling to understand
the mechanism responsible for forming hierarchical superstruc-
tures and how the structure affects the transmission of chirality
across many length scales. We interpret the symmetry breaking un-
derlying the formation of mesostructured films to a chemical
Lehmann effect based on the coupling between the director of the
NC fiber and a chemical potential gradient.

Looking forward, we note that the ability to tailor the hierarchi-
cal architecture of the fiber assemblies has profound scientific and
technological implications. We see the emergence of opposite chi-
rality in evaporation-driven assembly between two parallel plates as
an exciting advance toward the programmable formation of chirop-
tical metamaterials. Moreover, we hope that the mechanistic in-
sights from the model discussed above and the relatively simple
experimental implementation of this method will spur future ad-
vances. We see compelling prospects to leverage control over local
hydrodynamic conditions as a promising design principle to engi-
neer more complex (i.e., macroscopically patterned) chiroptical
films. For example, functionalizing the substrate to engineer pat-
terns in local contact angles (48) or incorporating pillar structures
within the parallel plate opens intriguing prospects to leverage local
variations in hydrodynamic shear to design, fabricate, and study bi-
oinspired chiroptical metamaterials (49).
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MATERIALS AND METHODS

Materials

Cadmium oxide powder (CdO, 99.5%), oleic acid (C,sH340,, 90%),
sulfur powder (S, reagent grade), and trioctylphosphine (97%) were
purchased from Sigma-Aldrich. Hexanes (95% anhydrous) were
used as a solvent for all prepared solutions. All chemicals were
used as manufactured, without any further modifications.

Solventless synthesis of high-purity CdS “magic-sized”
nanoclusters

Monodisperse cadmium sulfide “magic size clusters” were synthe-
sized according to previously described methods by Nevers
et al. (34).

Thin film preparation

Transparent CdS nanocrystals solutions were prepared with
hexanes solvent at a concentration of 20 mg/ml in a 3-ml vial.
The solution was placed on a stir plate at 400 rpm for at least 12
hours. (Note that freshly synthesized nanocrystals result in colorless
and transparent solutions. A cloudy solution indicates degradation
of the nanoparticle mesophase.) Glass substrates (1.0 to 1.2 mm in
thickness) were cut into 25 mm-by-25 mm squares and plasma-
cleaned at 38 W for 5 min. Before drop-casting the MSC solution,
spacers (double sided tape ~100 pm or heavy-duty tin foil ~25 pm in
thickness) were positioned in a “U" shape around the perimeter of
the substrate surface. CdS NP solutions were then drop-casted in the
center of the, now modified, substrate, and a glass cover slip was
placed promptly on top to contain the solution.

Optical property analysis

A Jasco J-1500 CD spectrometer concurrently measured the CD,
LD, and absorption spectra of MSC thin films. We scanned
samples at room temperature at a wavelength range of 280 to 400
nm, a data pitch of 0.2 nm, a bandwidth of 1.0 nm, and a scanning
speed of 50 nm/min. A glass baseline measurement for each exper-
iment was collected and subtracted from the thin film spectra. To
ensure that optical data corresponded to the thin film structure, we
fixed a 2.5-mm-diameter aperture in the beam path and marked the
bounds of the measurement site on the sample. All measurement
sites were scanned front and back at orientations of 0° and 90°
and averaged to extract the orientationally averaged CD.

Structural property analysis

A Keyence VK-X260 3D Laser Scanning Confocal Microscope was
used to probe the structure of thin film samples. The laser profilom-
eter was operated in surface profile mode, with an aspect ratio set to
2048 x 1536 pixels, and a z-pitch resolution of 180 nm. Thin films'
thickness and topography profile were measured in the Multi-file
Analysis Application VK-H1XME. Images acquired with the
LSCM were analyzed with FFT in Image] to determine the
periodicity.

Thin films topography and phase contrast information were ob-
tained via AFM (Asylum-MFP3D-Bio-AFM-SPM). Thin film sur-
faces were scanned with a standard Olympus AC160TS-R3 probe in
tapping (ac) mode at room temperature. Acquired AFM images
were analyzed in Igor.

A Zeiss Gemini 500 Scanning Electron Microscope was used to
probe the topography of thin film surface. For sample preparation,

Gonzalez et al., Sci. Adv. 9, eadi5520 (2023) 8 November 2023

glass substrates were secured at each corner with conductive carbon
tape, silver paint was generously distributed on the glass substrate
(without touching the thin film), and a strip of copper tape linked
the thin film to the bottom of the sample holder. Next, samples were
coated with gold and palladium before being placed in the SEM
vacuum chamber.
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