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ABSTRACT: Chiroptically active, hierarchically structured materials are difficult to accurately characterize due to linear anisotropic 

contributions (i.e., linear dichroism (LD) and linear birefringence (LB)) and parasitic ellipticities that produce artifactual circular 

dichroism (CD) signals, in addition to chiral analyte contributions ranging from molecular-scale clusters to micron-sized assemblies. 

Recently, we have shown CdS magic-sized clusters (MSC) can self-assemble into ordered films that have a hierarchical structure 

spanning seven orders of length-scale. These films have a strong CD response, but the chiral origins are obfuscated by the hierarchical 

architecture and LDLB contributions. Here, we derive and demonstrate a method for extracting the “pure” CD signal (CD generated 

by structural dissymmetry) from hierarchical MSC films and identified the chiral origin. The theory behind the method is derived 

using Mueller matrix and Stokes vector conventions and verified experimentally before applied to hierarchical MSC and nanoparticle 

films with varying macroscopic orderings. Each film’s extracted “true CD” shares a bisignate profile aligned with the exciton  peak, 

indicating the assemblies adopt a chiral arrangement and form an exciton coupled system. Interestingly, the linearly aligned MSC 

film possesses one of the highest g-factors (0.05) among semiconducting nanostructures reported. Additionally, we find films with 

similar electronic transition dipole alignment can possess greatly different g-factors, indicating chirality change rather than anisotropy 

is the cause of difference in CD signal. The difference in g-factor is controllable via film evaporation geometry. This study provides 

a simple means to measure “true” CD and presents an example of experimentally understanding chiroptic interactions in hierarchical 

nanostructures. 

 

Keywords: magic-sized cluster, self-assembly, hierarchical 

nanostructure, anisotropic circular dichroism, Mueller matrix, 

supramolecular chirality control. 

 

The study of chiroptical activity in inorganic nanosystems is a 

dynamically growing area[1]–[5] with potential applications 

from catalysis and sensing [4] to quantum computation and in-

formation technologies[6]. Chiroptic activity—which is mani-

fested as the preferential absorption or dispersion of circularly 

polarized light—emanates from suitably dissymmetric materi-

als, albeit not necessary chiral[7], [8].  

Circular dichroism (CD) spectroscopy[9] is widely used for the 

detection and quantification of chiroptic activity by measuring 

the differential absorption of left- and right-handed circularly 

polarized light. The main shortcoming with all CD measure-

ments is that materials with macroscopic anisotropies can have 

undesired contributions to the signal from the linear dichroism 

(LD) and linear birefringence (LB) and the residual static bire-

fringence (imperfection) of photoelastic modulators that are 

used to modulate between left and right circular polarization 

states[10],[11]. These collective contributions have been 

termed “apparent CD” or “pseudo CD”[2], [10]. The intensity 

of the “chiroptic-CD” signal (also known as “true CD”) that is 

generated from the coupling between the transition electronic 

dipole and transition magnetic dipole can be orders of magni-

tude smaller than linear anisotropy-induced CD signals (which 
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are generated solely from electronic dipole-allowed transi-

tions)[2], [12]. It is important to note that the necessary condi-

tion for CD in an isotropic solution is chirality, but this is not 

the case for oriented materials: the chiroptic-CD signal (true 

CD) can be nonzero in an achiral system that is highly ori-

ented[8]. In these cases, the coupling between the electronic and 

magnetic transition dipoles still produces the CD signal but the 

chromophore is achiral. Here, the term chiroptic-CD refers to 

this true CD, whether in achiral or chiral systems [8]. 

The effects of oriented systems have been studied for decades 

[10], [13], with the most popular work coming from Shindo et 

al. who developed the theoretical model for understanding how 

oriented samples can show significant CD signals due to the 

 

Figure 1: Scanning transmission electron microscope (STEM) image, small angle X-ray scattering (SAXS) data, and sche-

matics describing the hierarchical structure in the MSC films and the four-scans averaging method for extracting the 

chirality-induced CD signal. (a) (left) Dark field HR-STEM image of a magic size cluster filament with individual clusters 

appearing as bright dots. (right) SAXS data magic size cluster film reveals hexagonal packing of the clusters. The first peak, 1Q, 

at 0.18 A-1 corresponds to a cluster-to-cluster nearest neighbor distance of 3.4 nm. The second and third peaks at 0.32 and 0.37 

A-1 match the √3Q and 2Q distances from the hexagonal packing. (b) A linearly aligned MSC film is built from ~1.5 nm MSC 

that are arranged hexagonally into micron-sized filaments. The filaments twist into cables and the controlled, ordered alignment 

of cables yields a centimeter-scale linearly aligned film (at right, optical micrograph of linear film). The film shows preferential 

absorption of left- or right-circularly polarized light. (c) CD is measured at four orientations (0°, 90° rotation along azimuthal 

angles, and 0°, 180° rotation along vertical axis). The differences in the CD signal as the sample azimuthal angle is varied is 

caused by parasitic ellipticities in the photoelastic modulator (PEM). The CD difference along the vertical axis rotation is caused 

by products of LD and LB when the principal axes of these anisotropies are misoriented. 
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simultaneous presence of LD and LB [10], [14], [15]. Recent 

studies have shown the interaction between LD and LB could 

lead to the reversal of the CD signal when the wave vector (�⃑� ) 

of the incident light is reversed, known as “non-reciprocal” CD 

or polarity reversal of ellipticity[15], [16]. While the methods 

to remove these linear anisotropies have been varied, they 

mostly involve the averaging of signals at different azimuthal 

angles (rotations around the incident beam typically in 15° or 

30°  increments) in addition to measurements of ± �⃑�   [17]–[19]. 

Using these methods, the chiroptic-CD has been extracted from 

the linear anisotropy-induced CD in simple systems, such as 

plasmonic nanoparticles embedded in a film[19]. An area that 

remains relatively unexplored is identifying the chiroptical 

origin in complex hierarchical structures, such as architectures 

that are highly oriented across different length scales[20]. Stud-

ying the chiroptic activity in complex hierarchical structures 

will help us understand chiral light-matter interactions at differ-

ent length scales and facilitates the future design of complex 

chiroptical devices. These studies, however, have not previ-

ously been performed due to the synthetic complexity of creat-

ing a hierarchical structure that can be probed optically, extract-

ing the contributions of different optical processes, and differ-

entiating contributions to the polarization state of light from na-

nometer-scale chiral molecules to micron-scale chiral assem-

blies and chiral surface topology to chiral ligands[1], [21]–[25].  

We have previously reported on a complex hierarchical system 

where the fundamental units are ~1.5 nm CdS magic-sized clus-

ter (MSC) that are arranged hexagonally within linear filaments 

of an organic mesophase (Fig. 1(a))[20],[21]. The radial spac-

ing between adjacent clusters is ~3.4 nm. The filaments them-

selves have a radius larger than ~100 nm and lengths ranging in 

the 10s to 100s of microns. They twist together into cables with 

self-limiting widths [26]. Through controlled evaporation 

speeds and geometries, cables can form linearly aligned macro-

scopic bands deposited by the stick-slip process [27]. The bands 

are ordered up to centimeter-scale lengths, completing a hierar-

chical architecture that spans seven orders of magnitude (Fig. 

1(b)). The level of linear alignment can be regulated through 

changes to deposition and evaporation [27]. Thus, this material 

system is an ideal testbed to examine the influences of self-as-

sembled alignment on linear anisotropy-induced CD signals, 

and further, investigate the best methods to decouple chiroptic-

CD from linear anisotropy interference.  

In this work, we isolate the chiroptic-CD from the linear anisot-

ropy-induced CD in a material with several levels of hierar-

chical structure. First, using Mueller matrices and Stokes pa-

rameters, we derive a simplified four-scan method to decouple 

the chiroptic-CD signal from the CD contributions that are pre-

sent due to the LDLB interaction and the PEM imperfection 

(Fig. 1(c)). We apply the four-scan method to CD and LD stand-

ards to test its efficacy, and we compare the method to more 

traditional multiple-rotation scan methods, finding that the four-

scan method provides a more simplified and effective pathway 

to extract the chiroptic-CD signal. Next, we evaluate the linear 

anisotropy contributions to CD in hierarchically structured 

magic-sized cluster films. We compare linearly aligned, radi-

ally aligned, spin-coated, and freely evaporated MSC films and 

find they all share the same bisignate exciton coupling profile 

and therefore have the same chiroptical origin from the chiral 

assembly of MSC. In these systems, we find that films produced 

under controlled evaporation process (linearly and radially 

aligned film) show higher reduced LD and g-factor, but the 

amount of linear order is not in direct correlation with the g-

factor. In fact, linearly aligned films with the similar electronic 

transition dipole alignment can manifest an order of magnitude 

difference in g-factor, which indicates that the evaporation con-

ditions can greatly affect the chirality of the cluster or the cluster 

assembly. Finally, we compare linearly aligned MSC films with 

5 nm CdS nanoparticle films and conclude surface ligands are 

not contributing to the chiroptic signal.  

 

 

Results/Discussion 

 

Derivation  

To decouple the chiroptic-CD from other linear anisotropic ef-

fects, we have adapted the derivation by Shindo and Nishio [10] 

with the Stokes-Mueller matrix polarimetry by Arteaga et 

al.[28]. The sample can rotate around the axis defined by the 

incident light direction, through an angle of θ and along the axis 

perpendicular to the incident light direction through an angle of 

β (Fig. 2). The full derivation of our method is detailed below. 
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Incident light can be described by the Stokes vector (S), which 

is a 4 × 1 matrix made from components of the electric field of 

the incident light propagating in the 𝑧-direction[28]: 

         𝑆 = [

𝐼
𝑄
𝑈
𝑉

] =

[
 
 
 
 |𝐸𝑥|

2 + |𝐸𝑦|
2

|𝐸𝑥|
2 − |𝐸𝑦|

2

2𝐸𝑥𝐸𝑦 cos𝜙

2𝐸𝑥𝐸𝑦 sin𝜙 ]
 
 
 
 

=

[
 
 
 
𝐼 = 𝐼𝑥 + 𝐼𝑦

𝐼𝑥 − 𝐼𝑦
𝐼45𝑜 − 𝐼−45𝑜

𝐼𝑅 − 𝐼𝐿 ]
 
 
 
             (1) 

 𝐼: total intensity of 𝑥 − and 𝑦 −polarized light (𝐼𝑥, 𝐼𝑦)  

𝑄: difference in intensities between 𝑥 − and 𝑦 −polarized light 

𝑈: difference in intensities between light polarized at ±45𝑜 rel-

ative to the x-axis (𝐼45𝑜 , 𝐼−45𝑜) 

𝑉: difference in intensities between left- and right-circularly po-

larized light (𝐼𝐿, 𝐼𝑅) 

𝐸𝑥 and 𝐸𝑦: components of the electric field amplitude in the 𝑥- 

and 𝑦-directions 

𝜙: phase shift between the 𝑥 and 𝑦 modes.  

For example, linearly polarized 𝐸𝑥  light can be expressed by 

Stokes vector: 

𝑆0 = [1, 1, 0, 0]                       (2) 

The Mueller matrix (𝑀𝑧) is a 4 × 4 matrix that is used to de-

scribe the effect of a system on the incident light (𝑆𝑖𝑛), yielding 

the output light, 𝑆𝑜𝑢𝑡 = 𝑀𝑧𝑆𝑖𝑛. To calculate the general Mueller 

matrix of a sample with a length of z, we apply the lamellar 

approximation for light propagating through a homogeneous 

medium[28],[29]. This method assumes that the total optical ef-

fect of a medium is the sum of many layers with a width Δ𝑧 

(Fig. 3). The Stokes vectors at position 𝑧 and 𝑧 + Δ𝑧 are related 

by 𝑆(𝑧 + Δ𝑧) = 𝑀𝑧,Δ𝑧𝑆(𝑧) where 𝑀𝑧,Δ𝑧  is the Mueller matrix 

of an incremental layer of the medium of thickness Δ𝑧 located 

at 𝑧.[30] Subtracting 𝑆(𝑧) from both sides gives 𝑆(𝑧 + Δ𝑧) −

𝑆(𝑧) = 𝑀𝑧,Δ𝑧𝑆(𝑧) − 𝑆(𝑧) = (𝑀𝑧,Δ𝑧 − 𝕀)𝑆(𝑧) , where 𝕀  is the 

4 × 4 identity matrix. Dividing both sides by Δ𝑧 and taking the 

limit as Δ𝑧 → 0 results in [28] 

                                
𝑑𝑆(𝑧)

𝑑𝑧
= 𝑚𝑆(𝑧)    (3) 

with 𝑚  defined as the differential propagation matrix of the 

medium in the Stokes vector-Mueller matrix formulation,      

𝑚 = lim
Δ𝑧→0

𝑀𝑧,Δ𝑧−𝕀

Δ𝑧
                                       (4) 

The Stokes vector 𝑆(𝑧) at any point, 𝑧,  is expressed as the in-

cident Stokes vector light, 𝑆𝑖𝑛 = 𝑆(0) at 𝑧 = 0, transformed by 

the Mueller matrix as [30] 

𝑆(𝑧) = 𝑀𝑧𝑆(0)                                (5) 

Eq. 5 has the same general solution as eq. 3 and adheres to the 

initial condition 𝑆(𝑧 = 0) = 𝑆𝑖𝑛, which implies that the initial 

Mueller matrix slice is 𝑀0 = 𝕀 (the identity matrix). Differenti-

ating eq. 5 results in 

𝑑𝑆(𝑧)

𝑑𝑧
= (

𝑑𝑀𝑧

𝑑𝑧
) 𝑆(0)              (6) 

Substituting in 
𝑑𝑆

𝑑𝑧
 from eq. 3 gives 

𝑚𝑆(𝑧) = 𝑚𝑀𝑧𝑆(0) = (
𝑑𝑀𝑧

𝑑𝑧
) 𝑆(0)               (7) 

Dividing by 𝑆(0) gives  

      𝑚𝑀𝑧 = (
𝑑𝑀𝑧

𝑑𝑧
)                                  (8) 

And rearranging 

  𝑚 𝑑𝑧 = 𝑀𝑧
−1𝑑𝑀𝑧                           (9) 

Integrating eq. 9 gives the Mueller matrix of a sample of thick-

ness 𝑧 as [30] 

              𝑀𝑧 = e𝑚𝑧                           (10) 

The differential Mueller matrix (𝑚) is composed of four funda-

mental optical effects: linear dichroism (LD), linear birefrin-

gence (LB), circular dichroism (CD), circular birefringence 

(CB), their counterparts (LD’, LB’) measured at 45° relative to 

the original coordinate system, and the absorbance (𝐴)[28], [29] 

𝑚 = [

𝐴 −𝐿𝐷 −𝐿𝐷′ 𝐶𝐷
−𝐿𝐷 𝐴 𝐶𝐵 𝐿𝐵′

−𝐿𝐷′ −𝐶𝐵 𝐴 −𝐿𝐵
𝐶𝐷 −𝐿𝐵′ 𝐿𝐵 𝐴

] 

= 𝐴𝕀 + [

0 −𝐿𝐷 −𝐿𝐷′ 𝐶𝐷
−𝐿𝐷 0 𝐶𝐵 𝐿𝐵′

−𝐿𝐷′ −𝐶𝐵 0 −𝐿𝐵
𝐶𝐷 −𝐿𝐵′ 𝐿𝐵 0

] =  𝐴𝕀 + 𝐹 

       (11)                   

Employing the Campbell-Baker-Hausdorff theorem  

𝑀𝑧 = emz = 𝑒𝐴𝕀𝑧+𝐹𝑧 = 𝑒𝐴𝑧𝑒𝐹𝑧                      (12) 

 

Figure 2: Schematic of the instrumental setup used to 

measure CD and LD for decoupling the chiroptic-CD con-

tribution. Rotations of the samples can be made around the 

azimuthal angle θ defined by the incident light vector, which 

is in the 𝑧 direction, and around the y-axis, perpendicular to 

the beam direction (β).  
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Expanding the 𝑒𝐹𝑧 to the second order is typically sufficient for 

a moderately anisotropic sample, resulting in [10] 

       𝑒𝐹𝑧 = 𝐼 + 𝐹𝑧 +
1

2
𝐹2𝑧2                (13) 

Substituting the matrix 𝐹 into the above expression, we can ob-

tain the fully expanded matrix 𝑀𝑧 as 

𝑀𝑧

= 𝑒𝐴𝑧

[
 
 
 

1 + 0.5𝑧2(𝐶𝐷2 + 𝐿𝐷2 + 𝐿𝐷′2) −𝑧𝐿𝐷 + 0.5𝑧2(−𝐶𝐷𝐿 + 𝐶𝐵𝐿𝐷′)

−𝑧𝐿𝐷 + 0.5𝑧2(𝐶𝐷𝐿𝐵′ − 𝐶𝐵𝐿𝐷′) 1 + 0.5𝑧2(−𝐶𝐵2 + 𝐿𝐷2 − 𝐿𝐵′2)

−𝑧𝐿𝐷′ + 0.5𝑧2(−𝐶𝐷𝐿 + 𝐶𝐵𝐿𝐷) −𝑧𝐶𝐵 + 0.5𝑧2(𝐿𝐵𝐿𝐵′ + 𝐿𝐷𝐿𝐷′)

𝑧𝐶𝐷 + 0.5𝑧2(𝐿𝐷𝐿𝐵′ − 𝐿𝐵𝐿𝐷′) −𝑧𝐿𝐵′ + 0.5𝑧2(−𝐶𝐵𝐿𝐵 − 𝐶𝐷𝐿𝐷)

 

−𝑧𝐿𝐷′ + 0.5𝑧2(𝐶𝐷𝐿𝐵 − 𝐶𝐵𝐿𝐷) 𝑧𝐶𝐷 + 0.5𝑧2(−𝐿𝐷𝐿𝐵′ + 𝐿𝐵𝐿𝐷′)

𝑧𝐶𝐵 + 0.5𝑧2(𝐿𝐵𝐿𝐵′ + 𝐿𝐷𝐿𝐷′) 𝑧𝐿𝐵′ + 0.5𝑧2(−𝐶𝐵𝐿𝐵 − 𝐶𝐷𝐿𝐷)

1 + 0.5𝑧2(−𝐶𝐵2 − 𝐿𝐵2 + 𝐿𝐷′2) 𝑧𝐿𝐵 + 0.5𝑧2(−𝐶𝐵𝐿𝐵′ − 𝐶𝐷𝐿𝐷′)

−𝑧𝐿𝐵 + 0.5𝑧2(−𝐶𝐵𝐿𝐵′ − 𝐶𝐷𝐿𝐷′) 1 + 0.5𝑧2(𝐶𝐷2 − 𝐿𝐵2 − 𝐿𝐵′2)]
 
 
 
 

   

            (14) 

As the sample can rotate around the vector defined by the inci-

dent light propagation direction (θ of Fig. 2), a rotation matrix 

can be applied to the Mueller matrix as [10] 

𝑆𝑜𝑢𝑡 = 𝑅(−𝜃)𝑀𝑧𝑅(𝜃)𝑆𝑖𝑛 = 𝑀′(𝜃)𝑆𝑖𝑛             (15) 

where the rotation matrix is 

𝑅(𝜃) = [

1 0 0 0
0 cos(2𝜃) sin(2𝜃) 0

0 − sin(2𝜃) cos(2𝜃) 0
0 0 0 1

]                 (16) 

To obtain 𝑆𝑖𝑛 for the CD measurements, we need to create an 

expression for the incoming light used in a CD instrument. This 

can be found by calculating the Stokes vector of linearly polar-

ized light (𝑆0) after being processed into a photoelastic modu-

lator (PEM) operating at frequency f=50 kHz oriented at 45° to 

the vertical[28]. 𝑆𝑖𝑛 is then  

𝑆𝑖𝑛 = 𝑅 (−
𝜋

4
)𝑀𝑃𝐸𝑀𝑅 (

𝜋

4
) 𝑆0                     (17) 

R: rotation matrix 

𝑀𝑃𝐸𝑀: Mueller matrix for the PEM 

𝑀𝑃𝐸𝑀 = [

1 0 0 0
0 1 0 0
0 0 cos(δ) sin(δ)

0 0 − sin(δ) cos(δ)

]                       (18) 

Where δ is given by 

                      Δ = A sin(2𝜋𝑓𝑡 + 𝜑) + 𝛼                             (19)                               

𝛿: phase shift of the PEM, 

𝛼: residual static birefringence of the PEM, 

𝑡: time, 

𝐴: general amplitude,  

𝜑: general phase, 

𝑓: frequency of the PEM. 

After substitution, we obtain the Stokes vector for the light com-

ing out of the PEM that is incident on the sample 

𝑆𝑖𝑛 = [1, cos(δ) , 0, sin(δ)]                    (20) 

Substituting in 𝑆𝑖𝑛 and 𝑀′(𝜃) into eq. 15 we obtain the Stokes 

vector for the output light 𝑆𝑜𝑢𝑡 (see SI). An idealized detector 

will detect only the first component of the 𝑆𝑜𝑢𝑡 [31], which is 

  
         (21) 

There are three terms in this equation; the first of these is di-

rect current (𝐼𝑑𝑐), which is isolated by a lock-in amplifier. The 

second (sin(δ)) and third (cos(δ)) terms are alternating cur-

rent (𝐼𝑎𝑐) and are processed by a lock-in amplifier, separating 

the phase-dependent and phase-independent terms from one 

another. The final CD signal 𝐼𝐶𝐷 is proportional to 
𝐼𝑎𝑐

𝐼𝑑𝑐
 (details 

of this derivation are in the SI) and can be expressed as: 

 

(22) 

𝐺0 = c
𝑒𝐴𝑧

2
𝐽1(A)𝑉𝑙𝑜𝑐𝑘−𝑖𝑛 [28]  

𝑐 = cos(𝜑𝑠𝑖𝑔𝑛𝑎𝑙 − 𝜑𝑙𝑜𝑐𝑘−𝑖𝑛)  

𝑉𝑙𝑜𝑐𝑘−𝑖𝑛: 𝑙𝑜𝑐𝑘 − 𝑖𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 

 

Figure 3: Schematic showing the entire sample and individ-

ual slices of the Mueller matrix. 
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This final form of the detected signal (eq. 22) is composed of 

the following three components: 

The chiroptic-CD signal 

𝑧𝐶𝐷   (23) 

LDLB interaction terms  

                              
1

2
𝑧2(−𝐿𝐷𝐿𝐵′ + 𝐿𝐵𝐿𝐷′)                               

(24)              

and the PEM residual static birefringence terms 

 

 

                        (25) 

In summary, we can express the three major components that 

contribute to the CD signal measured on a common CD instru-

ment as  

𝐶𝐷𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝐶𝐷𝑐ℎ𝑖𝑟𝑜𝑝𝑡𝑖𝑐 + 𝐶𝐷𝐿𝐷𝐿𝐵 + 𝐶𝐷𝛼       (26)     

 

where 𝐶𝐷𝑐ℎ𝑖𝑟𝑜𝑝𝑡𝑖𝑐 is the chiroptic-CD, 𝐶𝐷𝐿𝐷𝐿𝐵 is the CD signal 

generated by the LDLB interaction, and 𝐶𝐷𝛼 is the CD signal 

generated by the residual static birefringence of the PEM.   

The LDLB interaction term (𝐶𝐷𝐿𝐷𝐿𝐵) arises when the LD and 

LB principal axes do not align[2], [32]. As demonstrated in Fig. 

4, flipping the sample (rotation along β by 180°) will change 

the sign of 𝛼12  which causes sign inversion for the LDLB 

interaction terms. Therefore, averaging measurements before 

and after flipping the sample along the incident beam direction 

will average the 𝐶𝐷𝐿𝐷𝐿𝐵 to zero [28].   

As for 𝐶𝐷𝛼, rotating the sample along 𝜃 by 90° will result in 

two terms that cancel out due to the presence of the sin(2𝜃) and 

cos(2𝜃) in eq. 25. Thus, averaging two measurements, one at 

𝜃 = 0° and another with the sample rotated at 𝜃 = 90° will av-

erage out the CD signal from PEM imperfection. 

In summary, both the contributed CD signals from the LDLB 

interaction and the PEM imperfection show anti-symmetric 

properties upon rotation along their respective axes. We can 

make use of these anti-symmetric properties to remove the con-

tribution of linear anisotropies to our CD signal by measuring 

four different orientation , (1) θ = 0°, β = 0° (2) θ = 90°, β = 0°  

(3)θ = 0°, β =180°and (4) θ = 90°, β = 180° and averaging over 

the four scans.  

 

 

 

Experimental verification of the four-scan av-

eraging method 

 

Figure 4: Schematic showing the inversion of the angle be-

tween the LD and LB transition dipoles after flipping the 

sample. Blue and red lines are used to represent the transition 

dipoles for LD and LB, respectively. 

 

Figure 5: CdS MSC film four-scans averaged CD and LD 

results. (a) CD results at four orientations show large variations 

of the CD signal which demonstrates the linear anisotropy con-

tributions. (b) Four-scan averaged CD (“True CD”) and g-fac-

tor results follow the same bisignate profile. CD ranges from 

+414 to -504 mdeg and g-factor range from 0.027 to -0.030. (c) 

LD scans at four orientations show rotating the sample 90° 

along the azimuthal angle leads to reversal of the LD signal. 

Flipping the sample perpendicular to the beam direction (β = 

180°) leads to small or no change of the LD results. Averaging 

the four spectra yields a spectrum with a 324 nm peak value of 

0.005. 
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To confirm the capability of the four-scan averaging method, 

we measure three control samples: quartz as an LD standard, 

1S-(+)-10-camphorsulfonic acid ammonium salt films as a CD 

standard, and a linearly aligned CdS MSC film which has both 

LD and CD (see detailed discussion in SI and Fig. S1 to S6). 

The four-scan averaging successfully removes the linear anisot-

ropy-induced CD contribution that is present in the raw data of 

these samples. We also compare our method to the traditional 

15° increment (seven-scan) averaging method and prove they 

produce nearly identical results.  

Results from the LD standard show that there is a significant 

non-zero CD signal (as well as an LD signal) (Fig. S1, CD in 

(a) and LD in (c)). Two-scan and seven-scan averaged spectra 

result in an identical CD profile, which is constant (at ~2 mdeg) 

over the wavelength range, proving that averaging over only 

two scans at azimuthal angles of θ = 0° and θ = 90° is suffi-

cient to remove the CD contribution introduced from the PEM 

imperfection (Fig. S1, (b) red and blue plots). With the addi-

tional β = 0°, and β = 180° measurements, the four-scan aver-

aging method further reduces the absolute CD intensity to be-

low 1 mdeg (Fig. S1 (b), grey, S2). 

Results from the CD standard indicate that the variations in CD 

intensity and the non-zero LD signal in the raw data (Fig. S4, 

CD in (a) and LD in (c)) are resolved by all three averaging 

methods (Fig. S4 (b)). Comparing the seven-scan averaging 

(Fig. S4 (b), red) to the two-scan averaging (blue) and the four-

scan averaging (grey) finds no difference between the CD sig-

nals. The fact that the four-scan averaged CD and LD spectra 

are identical to the two-scan averaged spectra indicate there are 

negligible LDLB contributions.  

We also compare the seven-scan, two-scan, and four-scan aver-

aging methods on CdS MSC films that have linear alignment 

(Fig. S6, raw data CD in (a) and LD in (c), and averaged data 

CD in (b) and LD in (d)). The seven-scan and two-scan aver-

aged CD spectra follow the same bisignate profiles with a small 

difference in the maximum intensity (+57 mdeg to -27 mdeg vs. 

+72 mdeg to -36 mdeg). The four-scans averaged CD also fol-

lows the same bisignate profile but has a more intense negative 

peak at 330 nm (Fig. S6 (b)). Importantly, the difference in neg-

ative peak intensity between the four-scan and the other two av-

eraging methods is due to the removal of CD contribution from 

the LDLB interaction (removal facilitated through the addi-

tional β-angle flipping) in the four-scans averaged method. This 

result illustrates the importance of removing the LDLB and 

PEM contributions to the raw data to reveal the true expression 

of the signal.  

Circular dichroism in hierarchically structured 

films 

We study CdS magic-sized cluster films with hierarchical struc-

tures varying from nanostructures (nm) to macroscale order 

(cm). Through four-scan averaging, we isolate the chiroptic-CD 

signal, LDLB interaction, and CD signal from PEM imperfec-

tion. We characterize the chiroptic properties and linear anisot-

ropy of (1) linearly aligned MSC films, (2) radially aligned 

MSC films, (3) spin-coated MSC films, (4) freely evaporated 

MSC films, and (5) linearly aligned 5-nm CdS nanoparticle 

films. Even films made with the same batch of MSC solution 

can result in an opposite couplet profile; both enantiomers 

(handedness) have been observed from the films. To simplify 

our study and focus on the g-factor comparison, all samples we 

show in this manuscript share the same handedness (with the 

couplet having a CD maximum at shorter wavelengths and a 

CD minimum at longer wavelengths). An example of MSC 

films with opposite handedness is shown in SI Fig. S7. 

 

Linearly aligned films  

In a previous study, we found that geometrically controlled 

evaporation of CdS magic-sized clusters can produce highly 

structured films, and these films have a bisignate CD signal cen-

tered at 324 nm[27]. The CD signal also has a strong angular 

dependence when rotating the sample perpendicular to the beam 

direction (azimuthal angle θ), indicating a considerable CD con-

tribution from the PEM static birefringence. 

Application of the four-scan method to the linearly aligned 

MSC film quantitively demonstrates the linear anisotropy con-

tribution to the CD signal, and the averaging enables us to ex-

tract the chiroptic-CD signal. The θ-angle averaging removes 

the CD contribution from the PEM imperfection, and the β-an-

gle averaging removes the LDLB interaction. CD measure-

ments at the four orientations (Fig. 5a, top) show the same 

bisignate profile with varying CD intensities. For example, at θ 

= 0°, β = 0°the CD spectrum has a maximum of 524 mdeg and 

minimum of -520 mdeg. Whereas at θ = 0°, β = 180° the CD 

spectrum has a maximum of 332 mdeg and a minimum of -618 

mdeg. The four-scan averaged CD spectrum results in a 

bisignate profile with a maximum of 414 mdeg at 318 nm, a 

zero-crossing at 324 nm, and a minimum of -504 mdeg at 330 

nm (Fig. 5(b)). The four-scan averaged g-factor (or the dissym-

metry factor, which is the CD signal normalized by absorbance 

can be used to quantify the relative chiroptic strength) is 

2.7 × 10−2 at 318 nm and −3.0 × 10−2 at 330 nm.  
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All LD configurations result in a strong, single positive or neg-

ative peak at 324 nm depending on the θ orientation (0° or 90°) 

(Fig. 5(c)). When θ = 0° and β = 0°, a positive LD signal is 

observed with a maximum intensity of 0.170. After 90°rotation 

azimuthally, the LD signal inverts with a peak intensity of -

0.168. The small intensity difference between these two meas-

urements is caused by a small misalignment during sample ro-

tation. The LD variation between 180° β-angle flip measure-

ments are due to the change in the sample’s Mueller matrix de-

pending on whether light goes through the substrate or the MSC 

film first. Averaging the LD signal over four orientations sig-

nificantly reduces the peak intensity from 0.170 (θ = 0°, β =

0°) to 0.005 at 324 nm which confirms the accuracy of our sam-

ple alignment and rotation (Fig. 5(c), purple). Linear dichroism 

can emanate from several sources, but for absorptive dichroic 

polarizers – the most common linear polarizer – the optical po-

larization is caused by the linear alignment of electronic transi-

tion dipoles [33]. Because the LD is only present around the 

exciton absorption wavelength, the alignment of the electronic 

transition dipoles of the MSCs is the source of the LD, indicat-

ing our MSCs are aligned in the film. 

The measured CD signal can be separated into the PEM residual 

static birefringence term, 𝐶𝐷𝛼 (defined in eq. 22), which is θ-

dependent, and an LDLB interaction term, 𝐶𝐷𝐿𝐷𝐿𝐵, which is β-

angle dependent, that add to the chirality-induced signal 

𝐶𝐷𝑐ℎ𝑖𝑟𝑜𝑝𝑡𝑖𝑐. 

   𝐶𝐷𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝐶𝐷𝑐ℎ𝑖𝑟𝑜𝑝𝑡𝑖𝑐 + 𝐶𝐷𝐿𝐷𝐿𝐵 + 𝐶𝐷𝛼            (26)          

 

With some simple algebra (shown in SI), we can solve for a 

𝐶𝐷𝐿𝐷𝐿𝐵 and 𝐶𝐷𝛼terms: 

𝐶𝐷𝐿𝐷𝐿𝐵, β=180° = [𝐶𝐷(θ=0°, β=180°) + 𝐶𝐷(θ=90°, β=180°) −

2𝐶𝐷𝑓𝑜𝑢𝑟−𝑠𝑐𝑎𝑛𝑠 𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑑]/2                                    (27)  

 

With similar algebra we can solve for the other 𝐶𝐷𝐿𝐷𝐿𝐵 inter-

action term and both PEM terms, 𝐶𝐷𝛼.  

𝐶𝐷𝛼, θ=0° = [𝐶𝐷(θ=0°, β=0°) + 𝐶𝐷(θ=0°, β=180°) −

2𝐶𝐷𝑓𝑜𝑢𝑟−𝑠𝑐𝑎𝑛𝑠 𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑑]/2                                 (28)  

 

The calculated CD signal from the LDLB interaction terms 

and the PEM imperfection terms are shown in figure 6 for dif-

ferent orientations. Mirror images of the CD signals are ob-

served in both the PEM and the LDLB plots, proving both 

terms show antisymmetric properties upon sample rotation 

about their respective dependent axes. The CD contribution 

from the PEM imperfection is 39 mdeg, which is 1/6 of the 

LDLB contribution maximum (231 mdeg). Comparing the 

strength of these terms to the raw and four-scan CD signals 

(see Fig. 5) reveals that the LDLB interaction is the dominant 

contribution to the raw CD data and can obfuscate the chirop-

tic-CD contributions in the raw CD signal.  

 

Varying levels of structural order  

By controlling the evaporation and deposition process, we make 

four MSC film samples with different macroscopic ordering, 

ranging from highly ordered films (linear and radial) to less-

ordered films (spin-coated and freely evaporated) (Fig. 7 (a)).  

The amount of linear order can be quantified through the re-

duced LD (𝐿𝐷𝑟𝑒𝑑)[9], [34]. 𝐿𝐷𝑟𝑒𝑑 is calculated by dividing the 

LD signal by the isotropic absorbance (A). The degree of linear 

alignment scales directly with 𝐿𝐷𝑟𝑒𝑑 (
𝐿𝐷

𝐴
). Plots of 𝐿𝐷𝑟𝑒𝑑  (max-

imum value) show that the linearly and radially aligned films 

have a single peak aligned with the 324 nm exciton peak, reach-

ing intensities of 0.27 and 0.39, respectively (Fig. 7 (b)). In 

comparison, the less-ordered freely evaporated and spin-coated 

films have an order of magnitude lower reduced LD intensity 

(0.04 and 0.03, respectively, at maximum), which correlates to 

an order of magnitude reduction in linear orientation compared 

to the radial and linearly aligned films.  

 

Figure 6: CD components from the LDLB interaction and 

the PEM imperfection, extracted from the CD four-scan 

data. (a) Isolated θ-dependent contributions (PEM imperfec-

tion) at θ=0° and 90° shows antisymmetric behavior with peak 

reaching 39 and –39 mdeg. (b) Isolated β-dependent contribu-

tions (LDLB interaction) at β=0° and  180° also shows anti-

symmetric profile with peak reaching 231 and –231 mdeg. The 

CD signal from PEM imperfection is 1/6 of the CD contribution 

from LDLB interaction. 
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Application of the four-scan averaging method removes the 

LDLB interaction and PEM imperfection contributions to the 

CD, which enables us to compare the chiroptic-CD signals. 

Plotting the g-factor (𝐶𝐷𝑐ℎ𝑖𝑟𝑜𝑝𝑡𝑖𝑐  normalized by absorbance), 

we compare the samples’ dissymmetry (Fig. 7 (c)). The four-

scan averaged g-factor data has a similar bisignate profile for 

all films, but with differing intensity (raw data shown in Fig. 

S8-S10). The bisignate lineshape for all the films indicates that 

the chiroptical signals share the same origin. The linearly 

aligned film has the strongest g-factor with a maximum at 318 

nm that is nearly an order of magnitude greater than the maxi-

mum of the spin-coated film (0.027 vs 0.003), and, similarly, 

the minimum of the linearly aligned film is eight times lower 

than that of the spin-coated film (-0.030 vs -0.0037). 

Films produced under controlled evaporation (linearly and ra-

dially aligned films) result in higher reduced LD and g-factors 

(dissymmetry) compared to films made under less controlled 

processes (spin coating and free evaporation) (Fig. 7c, d). Of 

the controlled evaporation films, linearly aligned films have a 

higher reduced LD and g-factor than radially aligned films. The 

difference in g-factor can be caused by 1) dissymmetry anisot-

ropy - the films have different microscopic alignments of the 

electronic transition dipoles with respect to the measurement di-

rection [8], or 2) a chiral amplification from changing the clus-

ter-to-cluster distance or the dihedral angle between clusters in-

side the helical filament[2]. These results indicate that the dif-

ference in the macro-assembly process can significantly affect 

the microstructure of the clusters.  

Additionally, typical g-factors for chiral inorganic nanostruc-

tures such as chiral HgS and Au nanocrystals are between 10-4 

to 10-2 [35]–[37]. For semiconductor nanocrystals, only a few 

top-performing optically active materials report g-factors above 

0.02 [38]–[41]. Our MSC linear film, with a maximum absolute 

value of 0.05, presents in this high g-factor range among semi-

conducting chiral nanostructures (Fig. S11). 

    

Figure 7: Effects of varying order on reduced LD and 𝑪𝑫𝒄𝒉𝒊𝒓𝒐𝒑𝒕𝒊𝒄. (a) Optical micrographs for linear, radial, spin-coated, and 

freely evaporated films. (b)Reduced LD (LD normalized by absorbance, 𝐿𝐷𝑟𝑒𝑑) for the four different films. These plots indicate that 

the radial and linear films have an order of magnitude greater reduced LD (0.39 and 0.27, at maximum) compared to the less-aligned 

freely evaporated and spin-coated films (0.04 and 0.03, at maximum). (c) The g-factor calculated from four-scan averaged CD for 

the four films. All the g-factor curves have similar bisignate line shapes. Inset is the magnified CD data of the spin coated and free 

evaporation films. (d) Calculated |gmax| intensity (four-scans averaged) and reduced LD plotted for twenty films (five films in each 

category). Films produced under controlled evaporation (linearly and radially aligned films) shows higher reduced LD and g-factor 

(dissymmetry) compared to films made under less controlled processes (spin coating and free evaporation films). (It is important to 

note that the influence of the LDLB and PEM imperfection has been removed from the g-factor values.) 
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Chiroptic dependence on evaporation gap 

By examining linearly aligned films made from the same solu-

tion but with different evaporation gaps, we find MSC films 

with the same linear order can demonstrate drastically different 

g-factors which indicates factors other than linear order can af-

fect the optical dissymmetry. 

We study linearly aligned films made with evaporation gap of 

80 µm, 160 µm, and 240 µm (referred as G80, G160, G240 in 

the rest of the manuscript.) Larger evaporation gaps increase 

both the film thickness (0.3, 0.6, and 1.0 µm, respectively) and 

evaporation rate ((Fig. 8(a), Fig. S12 & S13, details in SI). All 

three films exhibit similar linear patterns, with well-formed 

bands having a spacing of 3.6 µm (G80) to 4.9 µm (G160 and 

G240) between bands (Fig. 8(a) right). Their linear orders are 

varied: the G160 linearly aligned film has the highest order 

(maximum 𝐿𝐷𝑟𝑒𝑑 =  0.50) and the G80 and G240 films 

demonstrate lower but similar order values of 0.21 and 0.27 

(Fig. 8 (b), 𝐿𝐷𝑟𝑒𝑑 taken at θ=0° at β=0°). Comparing the g-fac-

tor values (Fig. 8(c)) (extracted using the four-scan method, full 

data in Fig. S12), we find that the chiroptic-CD signals share 

the same bisignate line shape with a positive maximum at 318 

nm and a negative maximum at 330 nm. The g-factor, however, 

is an order of magnitude larger for the two thicker films (G160 

and G240 films) compared to the thinnest film (G80 film); spe-

cifically, the G240 film has an order of magnitude higher g-fac-

tor than the G80 film in both the positive (0.027 vs. 0.002) and 

negative (−0.0310 vs. −0.0025) peaks. It is interesting to note 

the G80 and G240 films have the similar 𝐿𝐷𝑟𝑒𝑑 value (22% dif-

ference) but a tenfold difference in the dissymmetry factor. Re-

duced LD is an indication of microscopic alignment of elec-

tronic dipoles. Hence, the fact the G80 and G240 films have a 

similar reduced LD and ~10× difference in g-factor indicate 

there is a large difference in chirality between the two films.  

It is important to note for absorbing entities with sizes ap-

proaching ~1/20 of the incident wavelength, light-matter inter-

actions cause preferential scattering of left- or right-handed po-

larized light (circular differential scattering, CDS) that can be a 

possible contributor to the CD spectra [2], [42], [43]. This spu-

rious contribution to the CD spectra has accounted for previ-

ously reported increases in g-factor as a function of film thick-

ness[44], [45]. We believe the order of magnitude difference in 

g-factor between the linearly aligned films in this study is not 

caused by CDS due to two reasons. Firstly, the thickness does 

not directly correlate with the g-factor changes (thicknesses are 

0.3 µm, 0.6 µm, 1.0 µm for the G80, G160, and G240 films, 

respectively, and the absorbance relation is graphed in Fig. S13, 

S14). For example, the G160 films is two times thicker than the 

G80 film and has a ten times higher g-factor. However, the 

G160 and G240 films have a ~67% difference in film thickness 

but similar g-factors. Secondly, our spectra do not display the 

long-wavelength tailing which is a typical indication of CDS 

[2], [46]. 

 

Linearly aligned 5-nm CdS nanoparticle film 

In this study, we examine how the chiral/achiral nature of the 

inorganic unit, the organic ligands, and the centimeter-to-milli-

meter-scale macro-assembly contribute to the chiroptic-CD. To 

investigate the question above, we characterize aligned films 

made from large 5 nm CdS nanoparticles (TEM images shown 

 
Figure 8: g-factor comparison between different linearly 

aligned films made with varying evaporation gaps. (a) Sche-

matic showing linearly aligned film evaporation process can be 

controlled by change the spacing between top and bottom glass 

slides. Optical micrographs show all films share the same linear 

pattern. (b) Reduced LD for all three films displays a major 

peak at 324 nm and a minor peak at 288 nm. The film made 

with 80 µm (G80) and 240 µm (G240) evaporation gaps have a 

similar maximum intensity of 0.21 and 0.27. The 160 µm evap-

oration gap (G160) film shows a higher reduced LD maximum 

of 0.50. (c) g-factor (four-scans averaged) plotted for films with 

different spacing (G80, G160, and G240). All plots follow the 

same bisignate profiles, but the G160 and G240 films show an 

order of magnitude higher g-factor intensity compared to the 

G80 film, indicating stronger degree of dissymmetry in the 

higher spacing films. 
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in Fig. S15) that share the same organic ligands as the MSC but 

have a known achiral inorganic core.  

TEM and optical micrographs show the nanoparticles form a 

network structure in the sub-micron scale. Under controlled 

evaporation, a millimeter-scale linearly aligned film is fabri-

cated, similar to that of the linearly aligned MSC film (Fig. 9 

(a), (b), right). The raw LD spectrum features a peak at 310 nm 

with a maximum intensity of 0.005, indicating linear ordering 

(Fig. 9 (c)). The reduced LD, measured at θ=0°, β=0°, has a 

peak of -0.015, which is an order of magnitude lower than the 

linear MSC film (Fig. 9(d)). The plot of the four-scan averaged 

CD signal has high noise between 0 to 2 mdeg and no pro-

nounced features (Fig. 9(e)). The g-factor is flat and at the noise 

level for the system (on the order of 10-5, two orders of magni-

tude lower than the g-factor in all MSC films) (Fig. 9(f)). The 

lack of CD signal for the 5 nm CdS linearly aligned nanoparticle 

film indicates the chiroptical signal of our MSC films do not 

come from the centimeter-to-millimeter-scale filament arrange-

ments or the oleic acid ligand itself.  

 

Origin of the chiroptic properties in MSC films 

In general, there are five major categories to produce a signal in 

a CD spectrometer, recording the differential absorption be-

tween left- and right-handed circularly polarized light. These 

sources of CD are: (1) chiral atomic structure, (2) chiral surface 

structure or chiral ligands on an inorganic core, (3) helical as-

semblies of nanoparticles, (4) LDLB contributions as outlined 

in section 2, and/or (5) anisotropic alignment (ordered orienta-

tion) of the transition dipoles[2], [8], [17]. The previous sec-

tions with derivations and studies now enable us to eliminate 

many of these effects as the source for the CD signals in our 

MSC films. 

Working backwards, contribution #5, orientational dissym-

metry, can be eliminated by the linearly aligned film evapora-

tion geometry study. Results of this study show that two films 

with the similar level of linear ordering (measured through the 

same optical axis) can have a drastically different chiroptic-CD 

signal. Since the reduced LD is an indication of microscopic 

electronic transition dipole alignment, this study directly com-

pares two films with similar levels of orientational dissymmetry 

and finds large differences in their chiroptic-CD signal, ena-

bling us to rule out increased orientational dissymmetry as the 

cause for the increased chiroptic signals. For contribution #4, 

the LDLB effect, we have eliminated this through the four-scan 

averaging method. For contribution #2, surfaces and ligands, 

we can eliminate the macroscopic fiber and the surface ligands 

as sources for the chiroptic-CD signal from our analysis of the 

linearly aligned CdS nanoparticle film. In these studies, the 

oleic acid ligands bind these larger nanoparticles together and 

organize them to form linear patterns, but there is no chiroptic-

CD signal. Thus, the organic ligands themselves are not the 

 

Figure. 9: Comparison of hierarchical structure and four-

scan CD LD results between linearly aligned 5-nm CdS na-

noparticle films and MSC films. (a,b) TEM (left) and optical 

micrographs (right) at μm and mm scales for MSC linear film 

(a) and 5-nm nanoparticle film (b), showing similar fibrous net-

works that lead to linear structure. Nanofilaments are in the sub-

μm scale and linearly aligned patterns in the μm - mm scales. 

(c) Raw and four-scan and averaged LD spectra for the CdS 

nanoparticle film. Before averaging, angular-dependent LD is 

observed with peak intensities between 0.006 to -0.0055. The 

four-scan averaged LD signal (purple) has a peak at 310 nm that 

is significantly reduced to 0.0002. (d) Top: LD spectra at θ=0°, 

β=0° as measured and reduced LD. The reduced LD reaches a 

peak value of -0.015, indicating linear order. (e) Raw four scan 

CD spectra for the CdS nanoparticle film. (f) Four-scan aver-

aged CD spectra and g-factor for the CdS nanoparticle film. The 

averaged CD and g-factor shows only noise indicating an achi-

ral structure. 
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contributors to the chiroptic-CD and neither is the conformation 

of the carboxylic acid on the nanoparticles. Concerning surface 

atom contributions, while there may be chiral inorganic surface 

structure, it is highly unlikely that these surfaces could dynam-

ically rearrange to modify the intensity of the CD signal as 

strongly as our studies demonstrate. Nor would we expect that 

any surfaces rearrangements would maintain similar lineshapes. 

This leaves us with CD contributions from the atomic structure 

(#1) and from helical arrangements of the MSCs (#3). There is 

strong evidence for the helical arrangements: all CD profiles 

from the films, including those with different macroscopic or-

derings (Fig. 7), share the same bisignate CD profile, with the 

zero-point aligned with the 324 nm MSC absorption peak. A 

couplet’s center aligned with the absorbance peak strongly sug-

gests an exciton-coupled or coupled-oscillator system [47], 

[48]. Additionally, in an exciton coupled system, the increased 

chiroptic signal can be directly attributed to enhanced coupling 

from a change to the cluster-to-cluster distance or to the dihe-

dral angle between electronic transition dipoles[17], [24], [49], 

as nicely shown in recent reviews[2], [47], [48]. These changes 

would be brought about by the different evaporative processing 

conditions. As for the core, the results of this work do not con-

firm or refute the chirality of the core. Considering the clusters 

are the building blocks of a chiral assembly, they may have an 

intrinsic chirality or an induced chirality from the self-assembly 

process. In summary, the source of the chiroptic-CD in the hi-

erarchically structured CdS magic-sized cluster films are from 

the inorganic core and/or a helical arrangement of the clusters.  

Turning our attention toward potential sources for the chiral am-

plification that is seen between different evaporation processing, 

we postulate that there are some solid-solid interactions during 

film formation that can influence the helical arrangements, po-

tentially “twisting” the filaments to a greater or lesser degree 

with concomitant changes in the g-factor intensity. A clear trend 

emerges when the g-factor is juxtaposed against the reduced LD 

for samples with different macroscopic patterning (Fig.7(d)): 

films made under controlled evaporation have a higher reduced 

LD and higher g-factor. The increased linear order in the radi-

ally and linearly aligned films is due to a more aligned micro-

structure from controlled evaporation, as compared to the un-

confined conditions for the spin-coated and freely evaporated 

films. To probe the fine structure of the assembly, we have de-

laminated spin coated and linearly aligned MSC films with thi-

ols and characterized them using scanning electron microscopy 

(SEM) (Fig. S16, and experimental details in SI). For the line-

arly aligned film we observe well aligned linear bands that are 

partially delaminated into individual fibers. Magnified images 

of the fiber show it is formed by the helical twisting of smaller 

filaments (~20 nm in diameter). As a control sample, the spin 

coated film displays local cracking after thiol treatment with lit-

tle evidence of filament twisting. The comparison between the 

linearly aligned and spin coated film implies the chiral 

amplification observed in the controlled evaporation film is 

caused by the increased angular alignment between adjoining 

MSCs inside the filament. 

To be noted, CD that emanates from a system of aligned ana-

lytes is anisotropic: the increasing g-factor can also be a result 

of the difference in local ordering/orientation of the analytes 

with respect to the light direction (dissymmetry anisotropy) 

[42]. In the spacing studies (Fig. 8), we can identify the change 

in g-factor between G80 and G240 films as chirality amplifica-

tion since they share the same reduced LD (same microscopic 

electronic transition dipole alignment). The chirality amplifica-

tion is likely caused by the larger evaporation spacing that leads 

to a faster evaporation speed and a greater propensity for fiber-

fiber or fiber-substrate interactions during the evaporative as-

sembly process. These interactions result in a higher torque be-

ing placed on the fiber from filament-filament twisting, from 

pinning of one side of a fiber to the glass, or from another uni-

dentified source (Fig. S16). The faster evaporation rate leads to 

a stronger torque which then results in increased chirality (Fig. 

8). 

 

 

Conclusions 

In this paper, we derive and demonstrate a method to extract 

chiroptic-CD signals from linear anisotropic effects by averag-

ing four measurements – two measurements along the azi-

muthal angles (0◦ & 90◦) and two measurements along the ver-

tical axis perpendicular to the beam direction (0◦ & 180◦). We 

show that taking two measurements at 0◦ & 90◦ azimuthal angles 

instead of multiple scans at 15◦ increments is sufficient to re-

move the CD signal from PEM imperfection. Application of our 

method to MSC films with different macroscopic orderings 

show they share the same exciton-coupled chiroptic-CD profile 

but with varying signal intensity. The films produced under 

controlled evaporation processing possess a higher reduced LD 

and g-factor, which indicates the dissymmetry is dependent on 

the film assembly process. Additionally, we achieve a control-

lable level of cluster assembly chirality by changing the evapo-

ration geometry. Our linearly aligned MSC film produces a g-

factor of 0.05, which is among the highest values reported for 

all semiconductor chiral nanostructures. By our systematic 

studies we can eliminate several sources for the chiroptic-CD 

signals, confirming that chirality originates from a chiral MSC 

assembly or the inorganic MSC cores. As the building block of 

the chiral assembly, the MSC may have intrinsic or induced chi-

rality from the assembly twisting. Our study establishes a 

method to reliably extract the optical dissymmetry from a com-

plex hierarchical nanostructure, demonstrating a controllable 

amount of dissymmetry and setting the stage for future research 
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in harnessing and characterizing self-assembled nanostructures 

in chiroptical applications. 

 

Methods/Experimental 

CD and LD measurements: All measurements are conducted 

using JASCO J1500 CD spectrometer with a custom made 2.5 

mm diameter circular aperture. MSC and nanoparticle films 

preparations: The linearly aligned magic-sized cluster (MSC) 

film is produced through controlled evaporation where we drop-

cast 7 µL of 20 mg/mL MSC/hexane solution (stirred clockwise 

for 2 days) on a glass slide and then cap the droplet with another 

glass slide. Double sided tape is used as a spacer and to seal off 

three sides of the glass slides, only allowing evaporation 

through one direction. The radially aligned MSC film is pro-

duced in the same fashion except the double-sided tapes are cut 

into smaller pieces, allowing evaporation through all directions. 

The spin-coated film is made by rotating 5 mg/mL MSC/hexane 

solution at 1000 rpm for 5 minutes. The freely evaporated films 

are created by drop-casting 10 µL of 20 mg/mL MSC/hexane 

solution on a glass slide and allowing it to evaporate without a 

cover glass slide. The linearly aligned 5 nm CdS nanoparticle 

film is made using the same method as the linearly aligned MSC 

film, except the CdS nanoparticle is mixed with cadmium oleate 

in a 1:1 weight ratio to facilitate the self-assembly during evap-

oration. High-angle annular dark-field scanning transmis-

sion electron microscopy (HAADF-STEM): HAADF images 

were acquired using an Thermo Fisher Scientific-Titan electron 

microscope operated at 200kV. The samples were prepared by 

drop-casting a solution of MSCs in hexane on an ultra-thin car-

bon film grid (pre-cleaned) followed by a beam shower.  Small 

Angle X-ray Scattering (SAXS): SAXS experiments were 

conducted on linearly aligned MSC film using Rigaku PSAXS-

L to explore a Q range between 0.05 A-1 to 0.81 A-1.  Optical 

microscopy: Optical micrographs were collected using an 

Olympus BX51 cross-polarized microscope. Linear polarizers 

are placed before and after the glass slide samples, perpendicu-

lar to one another. 
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