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ABSTRACT: Recent experiments have probed the chiral properties of semiconductor
nanocrystal (NC) quantum dots (QDs), but understanding the circular dichroism line
shape, excitonic features, and chirality induction mechanism remains a challenge. We
propose an atomistic pseudopotential method to model chiral ligand passivated QDs,
computing circular dichroism (CD) spectra for CdSe QDs (2.6—3.8 nm). We find
strong agreement between calculated and measured line shapes, predicting consistent
bisignate line shapes with decreasing CD magnitude as size increases. Our analysis
reveals the origin of bisignate line shapes, arising from nondegenerate excitons with
opposing angular momenta. We also explore the impact of chiral ligand orientation on
QD surfaces, observing changes in the optical activity magnitude and sign. This
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orientation sensitivity offers the means to distinguish ordered from disordered ligand
configurations, facilitating the study of order—disorder transitions at ligand—QD interfaces.

S emiconductor QDs have revolutionized electronic and
photonic devices by enabling selective and tunable control
of charge and light based on their size.'~* A current research
frontier is developing sustainably manufactured, highly control-
lable QDs that exhibit tunable chiroptical properties through
their size, shape, and structure, givin§ access to simultaneous
control over charge, light, and spin.s_ 9 Such chiral control has
been proposed as a tool for enhanced biological imaging,
computer vision, and spin-based computing, serving as a
motivation to understand the fundamental properties of chiral
QDS.S,I 1-16

The CD spectra of QDs show unique features compared with
molecular systems. First, the low-energy CD features of chiral
ligand passivated QDs appear at optical wavelengths, indicating
induction of chirality from the UV-absorbing surface ligands into
the excitonic transitions of the NC.'” Second, each excitonic CD
signal vanishes at the absorption maximum wavelength and has a
bisignate shape, an observation termed the “derivative” line
shape.'®™*° Ben-Moshe et al. proposed that attaching chiral
capping ligands to an otherwise achiral QD perturbs the
nanocrystal electronic structure, splitting the absorbing exciton
into two chiral sublevels, preferentially excited by opposite
circular polarizations.'® No theoretical examination of this
proposed chirality-induced degeneracy lifting has been offered
in the literature, to the best of our knowledge, mainly because
calculating accurate excited states in nanoscale systems of
experimentally relevant sizes remains a computational challenge.
Dipole-coupling models have been used to theoretically predict
the magnitude of optical activity for nanocuboids,”' ~** and a
recent work utilized first-principle methods to compute
chiroptical spectra of a 1.9 nm CdSe QD."” Additional insights
from theory are required to clarify the interplay of ligand
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structure and chiroptical properties in chiral QDs, and
specifically, it is necessary to develop computationally efficient
methods that are capable of capturing the atomistic structure
that generates a chiroptical response while scaling modestly with
system size.

To address this, we use the atomistic semiempirical
pseudopotential approach to calculate circular dichroism spectra
of CdSe QDs of relevant sizes, achieving excellent agreement
with the experimental results. Our results indicate that the
excitonic peaks are not split into angular momentum sublevels
by the chiral ligand field. Instead, neighboring excitonic
transitions with differently signed angular momenta produce
transitions with opposing rotational strength, and the CD line
shape depends on the competing contributions from many
transitions across the entire spectrum. Beyond investigating the
excitonic origin of the derivative line shape, we apply our
molecular level control over individual ligands to investigate
orientation dependence. We find that the CD line shape is
sensitive to the orientation of chiral surface ligands, exhibiting
angle-dependent and anisotropic peak intensities, and show that
incorporating increased ligand disorder in ensemble averaged
conditions leads to cancellations that attenuate the CD signal by
up to 3 orders of magnitude.
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Figure 1. (a) Achiral 2.6 nm CdSe QD with our standard passivation ligand potentials (small orange and blue spheres) as viewed down the [010] axis.
(b) Geometry of a CLP: the passivation potential attached to an undercoordinated Cd atom, R;, becomes a stereocenter through the placement of
three nonequivalent Gaussian potentials represented pictorally as blue, red, and green lobes. (c) Addition of a chiral ligand potential (CLP) with
orientation angle 6, where @ is the in-plane angle between a vector from the CLP center to its strongest lobe (inset: red arrow) and a geodesic toward
the north pole (inset: gold arrow). To eliminate undesired structural asymmetry, we add a CLP with angle —0 across the 2-fold symmetry plane, and all
ligands are positioned in such pairs. (d) Mirror-symmetric CLPs are placed on the QD to generate the reported CD spectra.

A fundamental understanding of ligand order is central to
optimizing properties of QDs because favorable optoelectronic
properties are typically achieved through surface passiva-
tion.'*****7** Ligand shell ordering impacts the QD growth,
solution-phase stability, optical blinking rates, and radiative
lifetimes, making the study of llgand oy anization of great
technological and fundamental interest.>> ™ However, probing
the order—disorder transition experimentally has required
intensive techniques such as sum- frequency generation,*’~*
X-ray photoelectron spectroscopy,*” powder X-ray diffraction, "’
and NMR.*"** These techniques enable the assessment of
relative orientation, either through a signal that requires
inversion symmetry breaking or by spatially resolving the 3D
chemical environment. Optical activity is a phenomenon that is
sensitive to inversion symmetry breaking of chiral systems and
has the potential to be employed as a less intensive method to
study collective ligand orientation on QDs.*>*® To the best of
our knowledge, no experimental analyses of ligand orientation
and order through optical activity measurements have been
reported. In this report, in addition to uncovering the relation
between the exciton structure and the CD response, we also
highlight the possibility of CD to probe in situ ligand order.

In order to describe the quasiparticle properties, we use the
atomistic semiempirical local pseudopotential model,*” with a
Hamiltonian, th(r) , given by

_%Vrl + ; y,(Ir = R,I) + Z y(lr = R)) + ; ve(r)
1)

where a indexes the atom centered at position R, with a
pseudopotential v,(Ir — R,l), / indexes the passivation ligand at
position R; with potential v,(Ir —R;l), and £ indexes the chiral
ligand potential (CLP) with potential v: (r). The atom-centered
pseudopotentials depend on the atom type, and for atom type 4,
it is given in reciprocal space by*"**’

hAQP(l') =

2
- “0,/4(‘1 - al,ﬂ)
7(q) = 5
Ao exP(“s,uq ) -1 (2)
In eq 2, q is the reciprocal lattice vector and the g;, are atom-

specific parameters (tabulated in the Supporting Information)
fitted to reproduce the bulk band structure, band gaps, effective
masses, etc. We also use ligand pseudopotentials, v;(Ir — R,l), to
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passivate surface atoms with dangling bonds (Figure 1a).”" The
procedure to place the ligand potential at position R; is
described elsewhere.*’

Since explicit description of the chiral ligand molecules is
computationally unfeasible, to induce chirality, we add to the
aforementioned passivation potentials a layer of chiral ligand
pseudopotentials (CLPs). We take a simple form for these
potential functions: a tetrahedral arrangement of three non-

equivalent Gaussian functions (Figure 1b)°'

ve(r) = Z a; exp(—blr — R; [*)

i=1,2,3 (3)
where i indexes the three lobes of CLP &, each centered at R,
needed to form a tetrahedron around passivation ligand R; (see
Figure 1b). The values of a; and b are knobs that tune the
magnitude and dissymmetry of induced optical activity in our
model (see the Supporting Information). Small amplitudes a;
were used such that the CLPs only weakly perturb the QD
electronic structure, generating circular dichroism without
significantly changing the band gap or quasiparticle energies
(see the Supporting Information).

We define the orientation of a CLP around the central ligand
at position R; by an angle, 6, the in-plane angle between the
vector from R, to the strongest lobe of the CLP (Figure 1c red
arrow) and the vector along the geodesic from R; toward the
positive z pole (Figure 1c gold arrow). This angle functions as a
dihedral that controls the simultaneous rotation of the three
CLP lobes about the R;—Cd bond axis. The choice of angle
reference is arbitrary, but defining the angles with respect to a
geodesic geometry takes account of the natural spherical
symmetry of the QDs.

Introducing chiral ligands induces optical activity through the
stereochemistry of the CLP. Additionally, because we perform
calculations on a single QD rather than an ensemble, any other
rotoreflection symmetry breaking will also induce optical
activity. For example, an unintended “structural chirality” can
arise from asymmetric placement of ligands across the o, plane
of the CdSe QD. This structural contribution is canceled out
over ensemble experimental measurements but must be
delineated and removed for calculations of individual QD
particles. Computational works where this effect is not

https://doi.org/10.1021/acs.jpclett.4c01682
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considered should carefully interpret the contributions from T N UM
ligand stereochemistry vs structural symmetry breaking.”’w’52 (a) 3.8nm (®)
To obtain a CD spectrum that captures ligand-induced
chirality and excludes structural asymmetry, we place the CLPs "
A4 nm

in pairs across the o, mirror plane, while enforcing consistent
stereochemistry. The ligands on each side of the plane are given
opposite orientation angles 6 and —0, respectively (Figure 1c).
By enforcing the same stereochemistry for ligands on both sides
of the mirror plane, the ligand-induced chirality persists even as
structural asymmetries are eliminated (Figures S2—S6). We fully
passivate the surface of the QD by populating half of the QD
with CLPs oriented with angle  and the opposite half with CLPs
of angle —@. Sites where passivation would lead to steric clashing
of the CLPs were left unpassivated (Figure 1d).

With our model Hamiltonian, we use a real-space §rid
representation and the filter-diagonalization technique’™*" to
obtain valence and conduction band edge quasiparticle
eigenstates with energy errors converged to within 107> meV.
The excitation energy of each electron—hole pair was corrected
to first order in the electron—hole interaction,” and the optical
absorption spectra were then calculated in the dipole
approximation:

8zw

e(w) = e Z 5w — cum.)lﬂm.l2

(4)

where ¢ is the speed of light, @, is the correlated excitation
energy of exciton la)®li) having an electronic transition dipole

given by

#, = (alrli) (5)

Similarly, the circular dichroism spectra, Ae(®) = ¢ (w) —
er(w), were calculated using the equation of Rosenfeld for a
collection of randomly oriented chiral molecules™®

Ae(w) = 267 > 8w — @) Imlp,-m,]
3hc ai @ (6)
where
1
.= (al — =LIli

is the magnetic transition moment from statli) to state la) and L
is the orbital angular momentum. The quantity Im[p,-m,,] is
the rotational strength of the transition. The Dirac delta function
in the preceding equations is approximated by a Gaussian line
shape broadened by 50 meV, consistent with the e}gperimental
inhomogeneities and finite temperature effects. 7 For an
elucidation of the excitonic features of states generated by this
pseudopotential approach, see the work of Zunger, Rabani, and
collaborators.*”*%~%°

We apply the described electronic structure model to
compute CD spectra for chiral CdSe QDs with diameters of
2.6, 2.9, 3.4, and 3.8 nm that are comparable to experimental
measurements,' ¥ Figure 2 shows a comparison between
theoretical and experimental absorption (panels a and b) and
CD (panels c and d) spectra. We focus on optical transitions that
give rise to low-energy features in the CD spectra.

As can be seen in Figure 2 a,b, we find very good agreement of
the absorption onset comparing the measured and calculated
spectra for the range of QD sizes considered, and we do not use
any scaling parameters. This agreement is expected based on
previous validations of the semiempirical pseudopotential
approach®” but does not necessarily extend to calculation of
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Figure 2. Absorption spectra from theory (a) and experiment (b) as
well as CD spectra from theory (c) and experiment (d) for 2.6 nm
(black), 2.9 nm (red), 3.4 nm (blue), and 3.8 nm (teal) CdSe QDs. We
quantitatively capture the red-shift with increasing system size and
bisignate line shape of CD at the low-energy excitonic transitions. CD
magnitudes have been normalized to appear on the same scale.

the CD response. The agreement in comparison to experi-
ments'® shown in Figure 2¢,d suggest that the semiempirical
pseudopotential model can also capture the features at the onset
of CD response in QDs, which is not a trivial result. Our model
quantitatively recovers the consistent bisignate line shape
observed in CD measurements as well as its red-shift with
increasing system size.'® This agreement suggests that the CD
response is sufficiently described by our ligand potential
approach. Additionally, as we do not include any structural
distortion to the QD in our model, this agreement suggests that
induced chirality can be understood by an electronic coupling
mechanism.

Discrepancies in the size-dependent behavior have been
reported in the literature,””>* and we applied our model to
investigate the relationship between QD size and CD strength.
Contrary to the increasing absorption trend with size,"** we
find that the CD intensity decreases with increasing QD size.

The CD response was compared between dot sizes by
calculating the dissymmetry, g(®), a measure of optical activity
that is scaled by the absorption strength

Ae(w)
e(w) (8)

where @ is the incident frequency, and the total absorption
includes contributions from magnetic dipole transitions. A
decrease in g(w) could arise due to a decrease in Ae(w), an
increase in e(w), or the simultaneous increase of both with a
steeper increase in £(®). The absorption coefficient scales with
the QD diameter, increasing due to the increase in wave function
overlap for larger QDs. The differential absorption coefficient,
Ae(w) = e,(w) — ex(®w), does not obey a similar trend but
decreases with increasing QD size (Figure 3). Even though the
individual coeflicients of absorption for left- and right-handed
light would increase with QD size, their difference depends on

g(w) =

https://doi.org/10.1021/acs.jpclett.4c01682
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Figure 3. Dissymmetry factors, g(w,) = Ae(w,)/e(w;), where @, is the
frequency of the first CD extrema, plotted against the QD diameter.
Panel a shows the size-dependent trends in CD, while panel b shows
absorption. Panel ¢ gives the size-dependent g-factors. The observed
decrease in dissymmetry with size is due to the decrease in CD strength
and increase in absorption strength with QD diameter. The absolute
magnitude of g(w) is arbitrarily controlled by our choice of CLP
strength and not associated with any specific molecular identity.

the rotatory power of the wave functions involved in the
electronic transition. A nonzero rotatory strength is induced by
the chiral ligands on the surface of the QD. For small QDs,
perturbation by the chiral ligand potentials has a large,
asymmetric influence on the shape of the QD wave functions,
leading to alarge CD magnitude. For large QDs, the chiral ligand
potentials on the surface have a relatively weaker influence on
the overall asymmetry of the interior QD wave functions
because the perturbing ligands are small compared to the total
wave function. This can be interpreted in terms of the surface-to-
volume ratios for small and large QDs, where the decreasing
surface-to-volume ratio with increasing QD diameter means less
influence from the surface ligand perturbation on the total wave
function dissymmetry.

A puzzling observation in early chiral QD experiments was the
bisignate (derivative) line shape of their CD spectra,'® very
distinct from the CD spectra of molecules, which typically show
maxima at the absorption peak. Equipped with the theoretical
tools to investigate CD features from individual excitonic
contributions, we first assessed the hypothesis of chirality-
inducing exciton splitting. It has been proposed that the
bisignate line shape is due to degeneracy lifting of exciton levels
under a chiral ligand field, with oppositely polarized magnetic
dipole transitions. This phenomenon would lead to neighboring
oppositely signed peaks and result in the bisignate shape
characteristic of chiral ligand passivated QDs.

The calculated excitonic energies, however, show little
evidence of this when comparing achiral and chiral QDs. Figure
4 shows that the exciton level structure for several low-lying
states is minimally affected by the introduction of chiral ligand
potentials. A small degeneracy breaking of the first two excitonic
levels is observed due to symmetry lowering in the chiral
structure. However, the energy splitting is not sufficient to
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Figure 4. Exciton energy levels for (a) an achiral and (b) a chiral 2.6 nm
CdSe QD. The achiral dot was prepared using the intermediate strength
potential at all tetrahedral positions so that the energy scale of the two
Hamiltonians were equivalent. The excitonic states are analogous; a
small degeneracy breaking of the first two excitonic levels is observed
due to a symmetry lowering in the chiral structure. However, the energy
splitting of the symmetry breaking is not sufficient to explain the
bisignate line shape. Additionally, the rotational strengths of those
states are both negative, yielding the same preference of circularly
polarized light. (c) CD spectra with associated rotational strength sticks
for the chiral 2.6 nm QD.

explain the location of the two peaks in the bisignate line shape.
Additionally, the rotational strengths of those states are both
negative, yielding the same preference of circularly polarized
light. Our model suggests that the observed line shape emerges
from contributions of many transitions of opposing angular
momenta (Figure 4c, black line). This behavior emerges from
the high density of excitations, differing from the behavior of
small clusters and molecules.

The competing effect of positive and negative contributions
means that the wavelength of each derivative peak does not align
with the absorption maximum. As further discussed below,
modulating the magnitude of the rotational strengths by rotating
the chiral ligands shifts the position of the apparent CD extrema;
see Figure S below for further analysis.

The atomistic control leveraged in our model lends itself to
studying the impacts of the ligand orientation on the CD spectra.
To explicitly study the impact of ligand orientation on CD
features, we generate configurations where all chiral ligands are

https://doi.org/10.1021/acs.jpclett.4c01682
J. Phys. Chem. Lett. 2024, 15, 7863—7869
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Figure 5. CD spectra of 2.6 nm CdSe QDs with chiral ligand potentials
oriented with relative angles of 0° (thick black), 90° (thin black), 180°
(thick orange), and 270° (thin dotted orange). The spectra reveal
strong orientation dependence of the CD signal, with ligand rotations
inducing magnitude, sign, and peak wavelength changes. The flipped
ligand orientations, Af = 180°, do not show flipped CD spectra because

the asymmetry of chiral ligands enforces a directionality that makes all
orientations unique.

oriented with the same angle 6 as defined previously. We
illustrate the orientation dependence for a QD with a diameter
of 2.6 nm, finding qualitatively similar results for large QDs and
nanorods (Figures S7 and S8).

Figure S shows four representative CD spectra with different
relative ligand orientations. The line shapes show a clear
dependence on the chiral ligand potential (CLP) angle, with
complete inversion of the chiral signal possible through merely a
collective ligand rotation. Notice that flipping the chiral ligand
from 0° (thick black) to 180° (thin black) does not produce the
mirror image CD signal. Similarly, the 90° (thick dotted
orange)/270° (thin dotted orange) pair does not exhibit
mirrored spectra. That is because these complementary
orientations are not mirror symmetric: there are no possible
rotations that exactly invert the stereochemistry of a chiral
ligand. Chirality enforces asymmetry, so that all rotations are
unique.

This directional asymmetry is crucial to understand experi-
ments, where intuition might expect that ensemble distributions
ofligand orientations could lead to cancellation of the CD signal.
We anticipate that the CD signal will not completely cancel even
under isotropic rotations of an ensemble of ligands because the
rotational strength depends anisotropically on ligand orienta-
tion. This will play a significant role in determining the average
CD response of an ensemble of randomly oriented chiral ligand
passivated QDs. In addition, we find that the CD line shape of a
single configuration is extremely sensitive to the ligand
orientation. Modulating the ligand orientation changes the
sign of the Cotton effect, shifts the apparent location of each
bisignate extrema by up to 20 nm, and results in trisignate rather
than bisignate features (see Figure S7). Our main takeaway is
that the CD line shapes of QDs are not intrinsic to the identity of
the chiral ligand inducer, but rather the line shape is flexibly
determined by the relative orientation of the perturbing ligand
potential and QD electronic transitions.

The sign flips and magnitude changes are understood from
the behavior of the underlying transitions. To build this
understanding from a simple conceptual picture, we consider
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the rotatory strength of uncorrelated electron—hole pairs. In this
limit, a single transition will contribute a rotational strength
proportional to p,-m;, = y,m;, cos ¢ as given by eq 6 for an
electron in quasi-state a and a hole in quasi-state i. The linear
dipole transition moment depends on the overlap of an electron
in state la) and a hole in state li), and the magnetic transition
moment depends on the orbital angular momentum component
between la) and li). The angle ¢ is the relative angle between
those transition moment vectors.

We use weak chiral potentials such that the orientation of
chiral ligands does not change the magnitude of u,,; but does lead
to changes in the angle, ¢. Taking these results together with eq
6 implies that the orientation dependence of the rotational
strength is due to changes in ¢. In achiral systems, the electric
and magnetic dipole vectors are orthogonal, ¢ = 7/2, and the
rotatory strength vanishes.”” But chiral ligands perturb the
direction of the magnetic dipole away from orthogonality such
that ¢ = /2 + O¢p, with 5¢p a small angle that depends on the
orientation of the ligands. Some orientations correspond to
positive values of 8¢ while others to negative values, giving rise
to an opposite CD response for the same absolute stereo-
chemistry, as depicted in Figure S.

This analysis applies to a single quasiparticle transition. To
delineate the role of ¢ on the observed CD spectra, one has to
consider that each optical excitation should be represented by an
admixture of quasiparticle transitions and that the overall CD
spectrum is a combination of many such excitonic transitions.
This complexity guides us toward qualitative intuitive
predictions. Two general conclusions can be stated. First, we
anticipate that disorder of the ligand orientations, either on a
single QD or across an ensemble of dots, will decrease the overall
CD signal as positive and negative peaks undergo cancellations.
Directly inferred from this is that ordered configurations of
chiral QDs will have enhanced CD signals, suggesting that the
CD response could report on the degree of ligand shell order
(see Figure S9).

Recent interest in the optical activity of QDs has raised several
questions regarding the CD line shape and its dependence on
size and shape. To address this, we developed an approach to
induce chirality by surface ligands within the atomistic
pseudopotential model, including electron—hole correlations.
We applied the formalism to calculate the size- and orientation-
dependent CD spectra for CdSe nanocrystals of varying sizes.
We find that the origin of the bisignate line shape is due to many
nondegenerate excitonic transitions of opposing angular
momenta that combine to form the characteristic CD features.
In addition, we investigated the dependence of the CD response
on ligand orientation and found that the relative orientation of
chiral ligands modulates the sign, magnitude, and apparent peak
locations of the CD spectrum. We conclude that QDs exhibit
flexible CD line shapes based on the precise orientation of
passivating ligands. This suggests that chiral ligand tags could
enable experimental studies of the order—disorder transition of
ligand shells on colloidal semiconductor nanocrystals, lighting
the way for chiroptical control.
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