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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 that CdS —
magic-sized clusters (MSC) can self-assemble into ordered films QQQ_. = QQ9.>
that have a hierarchical structure spanning seven orders of pm—
length-scale. These films have a strong CD response, but the 666; — iy
chiral origins are obfuscated by the hierarchical architecture ¢ ?

and LDLB contributions. Here, we derive and demonstrate a Single MSC Coupled MsC
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 being 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 that films with similar electronic transition dipole alignment can possess greatly different g-factors,
indicating chirality change rather than anisotropy is the cause of the difference in the 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

he study of chiroptical activity in inorganic nano- static birefringence (imperfection) of photoelastic modulators

I systems is a dynamically growing area'™> with that are used to modulate between left and right circular
potential applications from catalysis and sensing’ to polarization states.'”'" These collective contributions have
quantum computation and information technologies.6 Chi- been termed “apparent CD” or “pseudo CD”.>'* The intensity
roptic activity—which is manifested as the preferential of the “chiroptic-CD” signal (also known as “true CD”) that is

absorption or dispersion of circularly polarized light—
emanates fr9m 7séuitably dissymmetric materials, albeit not dipole and transition magnetic dipole can be orders of
necessary chiral.”

Circular dichroism (CD) spectroscopy’ 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
measurements 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

generated from the coupling between the transition electronic
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magnitude smaller than linear anisotropy-induced CD signals
(which are generated solely from electronic dipole-allowed
transitions).”'” It is important to note that the necessary
condition 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
oriented.® In these cases, the coupling between the electronic
transition dipoles and magnetic transition dipoles or electric
quadrupoles 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.®

The effects of oriented systems have been studied for
decades,'”"® 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 simultaneous presence of LD and LB.'”'*"> Recent studies
have shown the interaction between LD and LB could lead to
the reversal of the CD signal when the wave vector (k) of the
incident light is reversed, known as “non-reciprocal” CD or
polarity reversal of ellipticity.'>'® 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 + k.'”~'” 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."” An area that
remains relatively unexplored identifies the chiroptical origin in
complex hierarchical structures, such as architectures that are
highly oriented across different length scales.”” Studying the
chiroptic activity in complex hierarchical structures will help us
understand chiral light—matter interactions at different length
scales and facilitates the future design of complex chiroptical
devices. These studies, however, have not previously been
performed due to the synthetic complexity of creating a
hierarchical structure that can be probed optically, extracting
the contributions of different optical processes, and differ-
entiating contributions to the polarization state of light from
nanometer-scale chiral molecules to micron-scale chiral
assemblies and chiral surface topology to chiral ligands."*' >

We have previously reported on a complex hierarchical
system where the fundamental units are ~1.5 nm CdS magic-
sized clusters (MSCs) that are arranged hexagonallzr within
linear filaments of an organic mesophase (Figure la). 921 The
radial spacing between adjacent clusters is ~3.4 nm. The
filaments themselves 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.”® Through
controlled evaporation speeds and geometries, cables can
form linearly aligned macroscopic bands deposited by the
stick—slip process.”” The bands are ordered up to centimeter-
scale lengths, completing a hierarchical architecture that spans
seven orders of magnitude (Figure 1b). The level of linear
alignment can be regulated through changes to deposition and
evaporation.”” Thus, this material system is an ideal testbed to
examine the influences of self-assembled 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
anisotropy-induced CD in a material with several levels of
hierarchical structure. First, using Mueller matrices and Stokes
parameters, we derive a simplified four-scan method to
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Figure 1. Scanning transmission electron microscope (STEM)
image, small-angle X-ray scattering (SAXS) data, and schematics
describing the hierarchical structure in the MSC films and the
four-scans averaging method for extracting the chirality-induced
CD signal. (a) (Left) High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of a
magic size cluster filament with individual clusters appearing as
bright dots. (Right) SAXS data of magic size cluster film reveals
hexagonal packing of the clusters. The first peak, 1Q, at 0.18 A™
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~ match the

V3Q and 2Q distances from the hexagonal packing. Inset shows
the real to reciprocal space conversion. (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 are 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.

decouple the chiroptic-CD signal from the CD contributions
that are present due to the LDLB interaction and the PEM
imperfection (Figure 1c). We apply the four-scan method to
CD and LD standards to test its efficacy, and we compare the
method to more traditional multiple-rotation scan methods,
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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, radially 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 a controlled
evaporation process (linearly and radially aligned film) show a
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 a similar electronic transition dipole
alignment can manifest an order of magnitude difference in
the g-factor, which indicates that the evaporation conditions
can greatly affect the chirality of the cluster or the cluster
assembly. Finally, we compare linearly aligned MSC films with
S 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 effects, we have adapted the derivation by
Shindo and Nishio'® with the Stokes—Mueller matrix polar-
imetry by Arteaga et al.”® The sample can rotate around the
axis defined by the incident light direction through an angle of
0 and along the axis perpendicular to the incident light
direction through an angle of § (Figure 2). The full derivation
of our method is detailed below.

y
T 8
=
g
light [
-
/ %

Sample

Figure 2. Schematic of the instrumental setup used to measure CD
and LD for decoupling the chiroptic-CD contribution. Rotations of
the samples can be made through the azimuthal angle 6 defined by
the incident light vector, which is in the z-direction, and around
the y-axis, perpendicular to the beam direction through the angle

Incident light can be described by the Stokes vector (S),
which is a 4 X 1 matrix made from components of the electric
field of the incident light propagating in the z-direction:*®

S .
|E.I” + |Ey| I=1 + Iy
ZExEy cos ¢ Liso = I_ys0

I
2 2
Q| _|EF - 1E) -1,
U
\4 . -
»2ExEy sin ¢ | L —L )

e I: total intensity of x- and y-polarized light (I, I,)
e Q: difference in intensities between x- and y-polarized
light

e U: difference in intensities between light polarized at
+45° relative to the x-axis (I, I_450)

e V. difference in intensities between left- and right-
circularly polarized light (I, I)

e L, and E,: components of the electric field amplitude in
the x- and y-directions

® (: phase shift between the x- and y-modes.

For example, linearly polarized E, light can be expressed by a
Stokes vector:

Sy=11,1,0,0] )

The Mueller matrix (M,) is a 4 X 4 matrix that is used to
describe the effect of a system on the incident light (S,,),
yielding the output light, S, = M.S;,. To calculate the general
Mueller matrix of a sample with a path length of z, we apply
the lamellar apprommatlon for light propagating through a
homogeneous medium.”**” This method assumes that the
total optical effect of a medium is the sum of many layers with
a width Az (Figure 3). The Stokes vectors at position z and z +

-

M,

T

Figure 3. Schematic showing the entire sample and individual
slices of the Mueller matrix.

Az are related by S(z + Az) = M,.S(z) where M, ,, is the
Mueller matrix of an incremental layer of the medium of
thickness Az located at z.*" Subtracting S(z) from both sides
gives

S(z + Az) — S(z)
= M, ,S(z) — S(2)
= (M, . — D)S(2)

where [l is the 4 X 4 identity matrix. Dividing both sides by Az
and taking the limit as Az — 0 results in*®
ds (z)
mS(z)
dz (3)

with m defined as the differential propagation matrix of the
medium in the Stokes vector-Mueller matrix formulation,

M, 5. — I

m= lim ———
Az—0 Az (4)
The Stokes vector S(z) at any point, z, is expressed as the

incident Stokes vector light, S;, = S(0) at z = 0, transformed by
the Mueller matrix as’’

S(z) = M,S(0) (%)

Eq S has the same general solution as eq 3 and adheres to the
initial condition S(z = 0) = S,,, which implies that the initial
Mueller matrix slice is M, = [ (the identity matrix). Differ-
entiating eq S results in
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dM
dS_(z) = (—Z)S(O)
dz dz (6)
Substituting in ? from eq 3 gives
dM
mS(z) = mM,S(0) = ( Z]S(O)
dz (7)
Dividing by S(0) gives
)
mM, =
dz (8)
And rearranging
mdz = M 'dM, ©)

Integrating eq 9 gives the Mueller matrix of a sample of
thickness z as*’

M, =™ (10)

The differential Mueller matrix (m) is composed of four
fundamental optical effects: linear dichroism (LD), linear
birefringence (LB), circular dichroism (CD), circular bi-
refringence (CB), their counterparts (LD’, LB’) measured at
45° relative to the original coordinate system, and the
absorbance (A)*%*’

A -LD -LD' CD
|-lb 4 B B
"7l —cB A -LB
CD -LB LB A
0 -LD -LD CD
|00 CBOLB R
LD’ -CB 0  -LB
CD -LB LB 0 (11)

Employing the Campbell-Baker—Hausdorff theorem

Mz =™ = eA[|z+Fz — eAzer (12)
Expanding the ¢ to the second order is typically sufficient
for a moderately anisotropic sample, resulting in'’

1
=10+ Fz+ —F7
2 (13)
Substituting the matrix F into the above expression, we can
obtain the fully expanded matrix M, as

1+ 0.5z2(CD? + LD? + LD'?)  —zLD + 0.5z%(—CDL + CBLD")
az|—2zLD + 0.5z%(CDLB' — CBLD'") 1+ 0.5z%(—CB? + LD? — LB'?)
—zLD' 4+ 0.5z2(—CDL + CBLD) —zCB + 0.5z%(LBLB’ + LDLD")
2zCD + 0.5z2(LDLB’ — LBLD') —zLB' + 0.5z2(—CBLB — CDLD)

M,=e

14

—zLD" + 0.522(CDLB — CBLD)  zCD + 0.5z*(—LDLB + LBLD")
2CB + 0.5z*(LBLB + LDLD')  zLB + 0.5z*(—CBLB — CDLD)
1+ 0.522(—CB? — LB? + LD*)  zLB + 0.5z*(—CBLB' — CDLD")
—zLB + 0.522(~CBLB' — CDLD') 1+ 0.522(CD? — LB* — LB?)

As the sample can rotate around the vector defined by the
incident light propagation direction (6 of Figure 2), a rotation
matrix can be applied to the Mueller matrix as'’

Sout = R(_G)MZR(H)Sm = Ml(g)sin (15)

where the rotation matrix is

20460

10 0 0
0 cos(20) sin(28) 0
o) - ) sin(20)
0 —sin(20) cos(20) 0
00 0 1 (16)

To obtain S;, 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
polarized light (S;) after being processed into a photoelastic
modulator (PEM) operating at frequency f = SO kHz oriented
at 45° to the vertical.”®S,, is then

Sin = R(‘%)MPEMR(E)SO

4 (17)
® R: rotation matrix
® Mppy: Mueller matrix for the PEM
1 00 0
010 0
Meem = 1o o cos(8) sin(6)
0 0 —sin(6) cos(5) (18)

where § is given by
8§ = Asin(2aft + @) + « (19)

0: phase shift of the PEM,

a: residual static birefringence of the PEM,
t: time,

A: general amplitude,

@: general phase,

f: frequency of the PEM.

After substitution, we obtain the Stokes vector for the light
coming out of the PEM that is incident on the sample

Sin = [1, cos(8), 0, sin(5)] (20)

Substituting in S, and M'(6) into eq 15, we obtain the
Stokes vector for the output light S, (see Supporting
Information). An idealized detector will detect only the first
component of the S,,,”" which is

1
Litect = eAZ{I + Ezz(CD2 + 1D’ + LD"?)
1
+ sin(5)(zCD + Ezz(—LDLB’ + LBLD’))
1
+ cos(é)[—sin(zﬁ)(z(CDLB — CBLD)z* — zLD’)

+ cos(29)(—zLD + %zz(—CDLB' + CBLD'))]}

(21)

There are three terms in this equation; the first of these is
direct current (I4), which is isolated by a lock-in amplifier.
The second (sin(6)) and third (cos(8)) terms are alternating
current (I,.) and are processed by a lock-in amplifier,
separating the phase-dependent and phase-independent terms

from one another. The final CD signal I¢p, is proportional to %

de
(details of this derivation are in the Supporting Information)
and can be expressed as
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1
Ip = Go{ch + Ezl(—LDLB’ + LBLD')

+ a

sin(ze)(%(CDLB — CBLD)z* — zLD']

+ cos(29)(—zLD + %zz(—CDLB’ + CBLD’))]}

(22)
eAz
i GO = CTL(A)‘IIock-in

®c= Cos(gasignal - ¢lock-in)

® Viockein: lock-in frequency

ock-in*

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
Ezz(—LDLB’ + LBLD')

(24)
and the PEM residual static birefringence terms
a[sin(ZQ)(%(CDLB — CBLD)z* — zLD’)
+ cos(29)(—zLD + izz(—CDLB' + CBLD’))]
2 (25)

In summary, we can express the three major components
that contribute to the CD signal measured on a common CD
instrument as

CD,

'measured — CDchjroptic + C:DLDLB + CI){I (26)
where CD propyic is the chiroptic-CD, CDyp is the CD signal
generated by the LDLB interaction, and CD,, is the CD signal
generated by the residual static birefringence of the PEM.

The LDLB interaction term (CD;pp) arises when the LD
and LB principal axes do not align.””” As demonstrated in
Figure 4, flipping the sample (rotation along f by 180°) will
change the sign of a;, 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 CDyp; 3 to zero.”®

As for CD,, rotating the sample along € by 90° will result in
two terms that cancel out due to the presence of the sin(26)
and cos(20) in eq 2S. Thus, averaging two measurements, one
at @ = 0° and another with the sample rotated at 6 = 90°, will
average out the CD signal from PEM imperfection.

In summary, both the contributed CD signals from the
LDLB interaction and the PEM imperfection show antisym-
metric properties upon rotation along their respective axes. We
can make use of these antisymmetric properties to remove the
contribution of linear anisotropies to our CD signal by
measuring four different orientations, (1) 8 =0°, f#=0° (2) 6
=90° f=0°(3) @ =0°p=180%nd (4) 6 =90° f = 180°
and averaging over the four scans.

Experimental Verification of the Four-Scan Averag-
ing Method. To confirm the capability of the four-scan
averaging method, we measure three control samples: quartz as

> <

X Sample
LB LB
B=0° =180

Figure 4. Schematic showing the inversion of the angle between
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.

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
Supporting Information and Figures S1—S6). The four-scan
averaging successfully removes the linear anisotropy-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
nonzero CD signal (as well as an LD signal) (Figure 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 6 = 0° and 6 = 90° is
sufficient to remove the CD contribution introduced from the
PEM imperfection (Figure S1b, red and blue plots). With the
additional f = 0°, and = 180° measurements, the four-scan
averaging method further reduces the absolute CD intensity to
below 1 mdeg (Figure S1b, gray, S2).

Results from the CD standard indicate that the variations in
CD intensity and the nonzero LD signal in the raw data
(Figure S4, CD in (a) and LD in (c)) are resolved by all three
averaging methods (Figure S4b). Comparing the seven-scan
averaging (Figure S4b, red) to the two-scan averaging (blue)
and the four-scan averaging (gray) finds no difference between
the CD signals. 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
averaging methods on CdS MSC films that have linear
alignment (Figure 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 averaged 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 follows the same bisignate profile but
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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 contributions. (b) Four-scan averaged CD (“True CD”) and g-factor 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
(B = 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.

has a more intense negative peak at 330 nm (Figure S6b).
Importantly, the difference in negative peak intensity between
the four-scan and the other two averaging methods is due to
the removal of the CD contribution from the LDLB interaction
(removal facilitated through the additional -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
structures 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 imperfection. We characterize the chiroptic properties
and linear anisotropy of (1) linearly aligned MSC films, (2)
radially aligned MSC films, (3) spin-coated MSC films, (4)
freely evaporated MSC films, and (S) linearly aligned S nm
CdS nanoparticle films. 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 wave-
lengths). An example of MSC films with opposite handedness
is shown in SI Figure 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 centered at 324 nm.”” The CD
signal also has a strong angular dependence when rotating the
sample perpendicular to the beam direction (azimuthal angle
0), indicating a considerable CD contribution from the PEM
static birefringence.

Application of the four-scan method to the linearly aligned
MSC film quantitatively demonstrates the linear anisotropy

contribution to the CD signal, and the averaging enables us to
extract the chiroptic-CD signal. The f-angle averaging removes
the CD contribution from the PEM imperfection, and the -
angle averaging removes the LDLB interaction. CD measure-
ments at the four orientations (Figure Sa, top) show the same
bisignate profile with varying CD intensities. For example, at 8
= 0°% B = 0° the CD spectrum has a maximum of 524 mdeg
and a minimum of —520 mdeg, whereas at 6 = 0°, f = 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 (Figure Sb). The four-scan averaged g-factor (or the
dissymmetry factor, which is the CD signal normalized by
absorbance and can be used to quantify the relative chiroptic
strength) is 2.7 X 1072 at 318 nm and —3.0 X 107% at 330 nm.

All LD configurations result in a strong, single positive or
negative peak at 324 nm depending on the 6 orientation (0° or
90°) (Figure Sc). When @ = 0° and f§ = 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
measurements is caused by a small misalignment during
sample rotation. The LD variation between 180° S-angle flip
measurements is due to the change in the sample’s Mueller
matrix depending on whether light goes through the substrate
or the MSC film first. Averaging the LD signal over four
orientations significantly reduces the peak intensity from 0.170
(0 = 0° B = 0°) to 0.005 at 324 nm, which confirms the
accuracy of our sample alignment and rotation (Figure Sc,
purple). Linear dichroism can emanate from several sources,
but for absorptive dichroic polarizers—the most common linear
polarizer—the optical polarization is caused by the linear
alignment of electronic transition dipoles.’* Because the LD is
only present around the exciton absorption wavelength, the
alignment of the electronic transition dipoles of the MSCs is
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Figure 6. CD components from the LDLB interaction and the PEM imperfection, extracted from the CD four-scan data. (a) Isolated 6-
dependent contributions (PEM imperfection) at € = 0° and 90° show antisymmetric behavior with a peak reaching 39 and —39 mdeg. (b)
Isolated f-dependent contributions (LDLB interaction) at # = 0° and 180° also shows an antisymmetric profile with peaks reaching 231 and
—231 mdeg. The CD signal from the PEM imperfection is 1/6 of the CD contribution from the LDLB interaction.
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Figure 7. Effects of varying order on reduced LD and CD ;i (2) Optical micrographs for linear, radial, spin-coated, and freely evaporated
films. (b) Reduced LD (LD normalized by absorbance, LDredS 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 Ig,,,,| intensity
(four-scans averaged) and reduced LD plotted for 20 films (five films in each category). Films produced under controlled evaporation
(linearly and radially aligned films) show 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.)

;}lle source of the LD, indicating our MSCs are aligned in the CDypip p=150° = [CD(g— p=150) + CDgo0 p= 150"
m.

The measured CD signal can be separated into the PEM ~ 2CDfour-scans averageal /2 27)
residual static birefringence term, CD, (defined in eq 22), With similar algebra, we can solve for the other CDypr
which is f-dependent, and an LDLB interaction term, CDy g, interaction term and both PEM terms, CD,, for example

which is f-angle dependent, that add to the chirality-induced
Signal CDchimptic' CD‘XI():OO = [CD(Hzoor/}ZOO) + CD(():OO:/}ZISOO)
- 2’CDfour—scans averaged]/2 (28)

CDh + CD;p 5 + CD, (26)

measured

= CDchjroptic
) ) ) ) The calculated CD signals from the LDLB interaction terms
With some simple algebra (shown in Supporting Informa- and the PEM imperfection terms are shown in Figure 6 for

tion), we can solve for CD;p; ;3 and CD,, terms: different orientations. Mirror images of the CD signals are
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Figure 8. g-Factor comparison between different linearly aligned films made with varying evaporation gaps. (a) Schematic 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
films made with 80 ym (G80) and 240 um (G240) evaporation gaps have similar maximum intensities of 0.21 and 0.27. The 160 gm
evaporation 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 a stronger degree of dissymmetry in the higher spacing films.

observed 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 one-sixth of
the LDLB contribution maximum (231 mdeg). Comparing the
strength of these terms to the raw and four-scan CD signals
(see Figure S) reveals that the LDLB interaction is the
dominant contribution to the raw CD data and can obfuscate
the chiroptic-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) (Figure 7a).

The amount of linear order can be quantified through the
reduced LD (LD,o).””* LD,q is calculated by dividing the LD
signal by the isotropic absorbance (A). The degree of linear

alignment scales directly with LD, 4 (%). Plots of LD,

(maximum value) show that the linearly and radially aligned
films have a single peak aligned with the 324 nm exciton peak,
reaching intensities of 0.27 and 0.39, respectively (Figure 7b).
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 radially and linearly aligned films.

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 (CDdliroptic normalized by absorbance), we
compare the samples’ dissymmetry (Figure 7c). The four-scan
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averaged g-factor data have a similar bisignate profile for all
films, but with differing intensity (raw data shown in Figures
$8—510). The bisignate line shape 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
maximum of the spin-coated film (0.027 vs 0.003), and,
similarly, the minimum of the linearly aligned film is eight
times that of the spin-coated film (—0.030 vs —0.0037).

Films produced under controlled evaporation (linearly and
radially aligned films) result in higher reduced LD and g-factors
(dissymmetry) compared to films made under less controlled
processes (spin coating and free evaporation) (Figure 7¢,d). Of
the controlled evaporation films, linearly aligned films have a
higher reduced LD and g-factor than radially aligned films. The
difference in gfactor can be caused by (1) dissymmetry
anisotropy—the films have different microscopic alignments of
the electronic transition dipoles with respect to the measure-
ment direction,” or (2) a chiral amplification from changing
the cluster-to-cluster distance or the dihedral angle between
clusters inside the helical filament.” These results indicate that
the difference 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 107*
to 107%%7*7 For semiconductor nanocrystals, only a few top-
performing optically active materials report g-factors above
0.02.**7* One of our highly processed linear films presents a
g-factor of 0.05 (represented in Figure 7d and Figure S11),
which is among the highest reported for semiconducting chiral
nanostructures.
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Figure 9. Comparison of hierarchical structure and four-scan CD LD results between linearly aligned 5 nm CdS nanoparticle films and MSC
films. (a, b) TEM (left) and optical micrographs (right) at gm and mm scales for MSC linear film (a) and 5 nm nanoparticle film (b),
showing similar fibrous networks that lead to linear structures. Nanofilaments are in the sub-um scale and linearly aligned patterns in the
pm—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 @ = 0°, § = 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 averaged CD spectra and g-factor
for the CdS nanoparticle film. The averaged CD and g-factor show only noise, indicating an achiral structure.

Chiroptic Dependence on Evaporation Gap. By
examining linearly aligned films made from the same solution
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
affect the CD gyoptica Signal.

We study linearly aligned films made with evaporation gap of
80 yum, 160 pm, and 240 um (referred as G80, G160, G240).
Larger evaporation gaps increase both the film thickness (0.3,
0.6, and 1.0 um, respectively) and evaporation rate (Figure 8a,
Figures S12 and S13, details in Supporting Information). All
three films exhibit similar linear patterns, with well-formed
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bands having a spacing of 3.6 ym (G80) to 4.9 ym (G160 and
G240) between bands (Figure 8a right). Their linear orders,
however, are varied: the G160 linearly aligned film has the
highest order (maximum LD, .4 = 0.50) and the G80 and G240
films demonstrate lower but similar order values of 0.21 and
0.27 (Figure 8b, LD,.q taken at 6 = 0° at § = 0°). Comparing
the g-factor values (Figure 8c) (extracted using the four-scan
method, full data in Figure 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

https://doi.org/10.1021/acsnano.2c06730
ACS Nano 2022, 16, 20457—-20469


https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06730/suppl_file/nn2c06730_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06730/suppl_file/nn2c06730_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06730?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06730?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06730?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06730?fig=fig9&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c06730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

film (G80 film); specifically, the G240 film has an order of
magnitude higher g-factor 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 similar LD, 4 values (22% difference) but a 10-fold
difference in the dissymmetry factors. Reduced LD is an
indication of microscopic alignment of electronic dipoles.
Hence, the fact the G80 and G240 films have a similar reduced
LD and ~10X difference in g-factor indicates there is a large
difference in chirality between the two films.

It is important to note for absorbing entities with sizes
approaching ~1/20 of the incident wavelength, light—matter
interactions cause preferential scattering of left- or right-
handed polarized light (circular differential scattering, CDS)
that can be a possible contributor to the CD spectra.”*>** This
spurious contribution to the CD spectra has accounted for
previously re?orted increases in g-factor as a function of film
thickness.*”*> We believe the order of magnitude difference in
the g-factor between the linearly aligned films in this study is
not caused by CDS due to two reasons. First, the thickness
does not directly correlate with the g-factor changes
(thicknesses are 0.3 ym, 0.6 um, 1.0 um for the G80, G160,
and G240 films, respectively, and the absorbance relation is
graphed in Figures S13 and S14). For example, the G160 film
is two times thicker than the G80 film and has a 10 times
higher g-factor. However, the G160 and G240 films have a ~
67% difference in film thickness but similar g-factors. Second,
our spectra do not display the long-wavelength tailing, which is
a typical indication of CDS.>*

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-
millimeter-scale macro-assembly contribute to the chiroptic-
CD. To investigate the question above, we characterize aligned
films made from large S nm CdS nanoparticles (TEM images
shown in Figure 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 submicron scale. Under controlled
evaporation, a millimeter-scale linearly aligned film is
fabricated, similar to that of the linearly aligned MSC film
(Figure 9a,b, right). The raw LD spectrum features a peak at
310 nm with a maximum intensity of 0.00S, indicating linear
ordering (Figure 9¢). The reduced LD, measured at § = 0°, § =
0°, has a peak of —0.015 (Figure 9d), which is an order of
magnitude lower than the linear MSC film (Figure 7b). The
plot of the four-scan averaged CD signal for the CdS
nanoparticle film has high noise between —3 and 5 mdeg
and no pronounced features (Figure 9¢). The g-factor is flat
and at the noise level for the system (on the order of 1075, two
orders of magnitude lower than the g-factor in all MSC films)
(Figure 9f). The lack of CD signal for the S nm CdS linearly
aligned nanoparticle film indicates the chiroptical signal of our
MSC films do not come from the centimeter-to-millimeter-
scale filament arrangements or the oleic acid ligand itself.

Origin of the Chiroptic Properties in MSC Films. In
general, there are five major mechanisms that produce a signal
in a CD spectrometer, recording the differential absorption
between 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 assemblies of nanoparticles, (4) LDLB contributions as
outlined in section 2, and/or (S) anisotropic alignment

(ordered orientation) of the transition dipoles.”®'” The
previous sections 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 backward, contribution #S, orientational dissym-
metry, can be eliminated by the linearly aligned film
evaporation geometry study (Figure 8). 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 align-
ment, this study directly compares two films with similar levels
of orientational dissymmetry and finds large differences in their
chiroptic-CD signal, enabling us to rule out 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
(Figure 9). 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 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 dynamically 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 line shapes.

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 orderings (Figure 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 suggests an exciton-coupled or
coupled-oscillator system.””*® 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 dihedral angle between electronic
transition dipoles,'”***’ as nicely shown in recent re-
views.”*”** These changes would be brought about by the
different evaporative processing conditions. As for the core, the
results of this work do not confirm 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 hierarchically 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
amplification 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, potentially “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 (Figure 7d): films made under controlled
evaporation have a higher reduced LD and higher g-factor.
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The increased linear order in the radially and linearly aligned
films is due to a more aligned microstructure from controlled
evaporation, as compared to the unconfined conditions for the
spin-coated and freely evaporated films. To probe the fine
structure of the assembly, we have delaminated spin coated
and linearly aligned MSC films with thiols and characterized
them using scanning electron microscopy (SEM) (Figure S16,
and experimental details in Supporting Information). For the
linearly aligned film, we observe 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
little 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
analytes 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).”” In the spacing studies (Figure 8), we can
identify the change in g-factor between G80 and G240 films as
chirality amplification since they share the same reduced LD
(same microscopic electronic transition dipole alignment). The
chirality amplification 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 assembly process. These interactions result in a
higher torque being placed on the fiber from filament-filament
twisting, from pinning of one side of a fiber to the glass, or
from another unidentified source (Figure S16). The faster
evaporation rate leads to a stronger torque, which then results
in increased chirality (Figure 8).

CONCLUSIONS

In this paper, we derive and demonstrate a method to extract
chiroptic-CD signals from linear anisotropic effects by
averaging four measurements—two measurements along the
azimuthal angles (0° and 90°) and two measurements along
the vertical axis perpendicular to the beam direction (0° and
180°). We show that taking two measurements at 0° and 90°
azimuthal angles instead of multiple scans at 15° increments is
sufficient to remove the CD signal from PEM imperfection.
Application of our method to MSC films with different
macroscopic orderings shows that 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 controllable level of cluster assembly
chirality by changing the evaporation 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. Through 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
chirality from the assembly twisting. Our study establishes a
method to reliably extract the optical dissymmetry from a
complex hierarchical nanostructure, demonstrating a control-
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lable amount of dissymmetry and setting the stage for future
research in harnessing and characterizing self-assembled
nanostructures in chiroptical applications.

METHODS/EXPERIMENTAL SECTION

CD and LD Measurements. All measurements were conducted
using a JASCO J-1500 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 was produced
through controlled evaporation where we drop-cast 7 uL of 20 mg/
mL MSC/hexane solution (stirred clockwise for 2 days) on a glass
slide and then capped the droplet with another glass slide. Double
sided tape was 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 was produced in the same fashion except the
double-sided tapes were cut into smaller pieces, allowing evaporation
through all directions. The spin-coated film was made by rotating a S
mg/mL MSC/hexane solution at 1000 rpm for 5 min. The freely
evaporated films were created by drop-casting 10 yL of 20 mg/mL
MSC/hexane solution on a glass slide and allowing it to evaporate
without a cover glass slide. The linearly aligned S nm CdS
nanoparticle film was 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 evaporation. High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM): HAADF images were
acquired using an Thermo Fisher Scientific-Titan electron microscope
operated at 200 kV. The samples were prepared by drop-casting a
solution of MSCs in hexane on an ultrathin carbon film grid
(precleaned) 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™" to
0.81 A™". Optical microscopy: Optical micrographs were collected
using an Olympus BX51 cross-polarized microscope. Linear polarizers
were placed before and after the glass slide samples, perpendicular to
one another.
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