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Abstract

Quantum dots (QDs), being semiconductor particles small enough to exhibit
quantum mechanical properties, are leveraged in numerous applications including
energy harvesting, quantum computing, and biomedical imaging. Our research
theoretically examined two functional QD systems: (1) first one undergoes the electron
transfer (ET) between CdSe QDs facilitated by a solvent and linker molecule, and (2) a
second performs charge transfer (CT) and triplet energy transfer (TET) between
CdSe/CdS core/shell QDs and ligand acceptor. These processes were scrutinized based
on the electronic coupling tunneling through the shell, reaction free energy change, and
reorganization energy. Furthermore, we explored chiral imprinting mechanism in
perovskite nanoplatelet and the ET dynamics of organic molecules with pathway

interferences.

We devised a discrete variable representation (DVR) method to simulate ET
between CdSe QDs, mediated by a solvent and a linker molecule. Employing the
effective mass approximation (EMA), we characterized the QDs, ligand, and solvent,
studying the distance dependence of donor-acceptor coupling via the energy splitting
method. We found that the ET coupling decreases exponentially with the interdot
distance. The decay constant is dictated by the size of the linker and the tunneling

barrier through the solvent and ligand. When the donor and acceptor sizes significantly

iv



surpass the diameter of the linker, such as in large QDs with an alkane chain linker, the

ET is predominantly regulated by through-solvent tunneling.

The DVR method was also applied to simulate the CdSe/CdS core/shell QD
system. Notably, experiments observe a subtle TET rate decay with an increase in shell
thickness. Simulating QDs of varying shell thickness, we found a large TET coupling
decay constant. Marcus analysis finds that the QD TET operates in a deeply inverted
regime, where an increase in shell thickness reduces the driving force, leading to a
significant increase of the Franck-Condon factor. This in turn offsets the exponential
decrease of the electronic coupling with shell thickness. Further, our findings
demonstrated that variations in shell thickness could further decrease the TET rate

decay constant.

Applying density functional theory (DFT) calculations and a charge-perturbed-
particle-in-box model, we investigated chiral imprinting of perovskite nanoplatelet by
chiral ligands. We found that the imprinted CD signal is sensitive to the orientation of
the chiral ligand. As the proportion of chiral surface ligands grows, our model
calculations find that the intensity of the CD signal from the lowest energy exciton

transition saturates.



We also examined the effects of light polarization on the ET yield in the coherent
limit, using a model Zinc porphyrin as the ET donor due to its near degenerate excited
states and orthogonal transition dipole moments. These two donor excited states,
coupling to the acceptor state, produce pathway interference that strongly impact the
ET. Introducing dissipation due to system-environment interaction via the Lindblad
equation, we found that the ET yield is influenced by the initial light polarization. In the
DA system, linearly polarized light (LPL) is predicted to induce an ET yield difference of
up to 85% with a 100 fs dephasing time, while the yield difference elicited by R-
circularly polarized light (R-CPL) and L-circularly polarized light (L-CPL) was
insignificant. The model Hamiltonian was subsequently simulated and the dynamics

was predicted by our collaborators with a trapped ion qutrit system.
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1. Introduction

In this section, I briefly review background electron transfer theory and aspects
of nano particle electronic structure. In chapters 2 and 3, I focus on the distance
dependence of quantum dot charge transfer tunneling through the solvent and quantum
dot shell respectively. In chapter 4, I focus on the chiral imprinting behavior on
perovskite nano platelet. In chapter 5, I discuss a donor-acceptor system that the

coherent electron transfer yield can be tuned by light polarization.

1.1 Electron Transfer Theory

Electron transfer theory is central part of physical chemistry and biology that
describes how electrons move between different molecular entities. This theory is
fundamental to our understanding of a wide variety of important chemical and
biological processes, including photosynthesis, cellular respiration, corrosion, the
operation of batteries and fuel cells, and many others.'- In the electron transfer reaction,
the electron localizes in a donor (D) initially and transfers to the localized acceptor (A)
state. When donor and acceptor are weakly coupled, the transition rate can be described

by Fermi’s golden rule:

2m )
k =7Hl-fF.C. (1.1

where Hizf is electronic coupling between donor and acceptor states and F.C. is the

Frank-Condon factor is the overlap between the vibrational wavefunctions of the initial

and final electronic states. There are several methods to calculate the electronic coupling
1



strength H7; such as the block diagonalization method, the generalized Mulliken-Hush
(GMH) method, avoided crossing methods, and the fragment charge difference (FCD)
method.*

In the high temperature limit, the weakly coupled electron transfer rate can be

described by the semi-classical non-adiabatic Marcus equation:®

2T 2
knonad — h Hif

———€X
BT Jam kT

(A6 +2)°

42kpT 1.2

where 1 is the reorganization energy and AG(©) is the reaction free energy. During an
electron transfer, the donor molecule loses an electron and the acceptor molecule gains
an electron, which results in changes to the electronic distribution of both molecules. The
driving force is the energy difference between the initial and final states of the electron
during the transfer process. This is usually determined by the potential difference
between the electron donor and acceptor.

A describes the changes in the atomic and molecular arrangements that occur
when a molecule loses or gains an electron. The reorganization energy can be divided
into two components: inner-sphere reorganization energy (4;) and outer-sphere
reorganization energy (4,). The inner sphere reorganization energy is associated with
changes directly involving the reactant and product (D and A) molecules. This could
involve the rearrangement of bonds within the molecules themselves or with the ligands

directly attached to them. The inner sphere reorganization can be estimated
2



experimentally by fitting the Marcus equation with the electron transfer rate and the
driving force, or computationally by calculating the energy difference of the molecule
before and after the electron transfer.

The outer-sphere reorganization energy is associated with changes in the solvent
or environment (reorientation) around the reactant and product molecules. The outer-

sphere reorganization can be estimated by Marcus two sphere continuum model:

A_ez(l 1+1> 1 1 13
© 4me,\2rp 21y Tpa) \€op Es (13)

where e is the elementary charge, €, is the vacuum permittivity,r;, is the donor radius, r,
is the acceptor radius, rp, is the donor-acceptor center-to-center distance, €,y is the
solvent optical constant and ¢, is the solvent dielectric constant.
Depends on the relation between A and driving force (—AG (?), the electron
transfer can be classified as:
e Inverted: A < —AG”
e Barrierless: 1 = —AG”

e Normal: 1> —AG®

1.2 Nanoparticles

Quantum dots (QDs) are semiconductor particles that are small enough to

exhibit quantum mechanical properties. QDs have a wide range of applications across

3



various fields including energy harvesting, quantum computing and biomedical
imaging.

The nanoparticles can be made of different shapes including “0D” (sphere, cube
and other polyhedral in small size), “1D” (rods) and “2D” (platelet) with unique density
of states respectively (Figure 1). The 3D nanoparticle is a bulk semiconductor with
“infinite” length in all dimensions, while 2D nano platelet, 1D nano rods, and 0D nano
cube have one, two and 3 confined dimensions, respectively. The quantum confined

nano cubes show discrete density of states.!?

, 3D 2D 1D 0D
v [%] [%] (%]
o o o o
a / a ’_,_’_r a a ‘
Energy Energy Energy Energy

Figure 1: Illustration of 3D, 2D, 1D and 0D nano particles.

Semiconductor nanoparticles are often called artificial atoms because they
confine electrons in a space that is comparable to the electrons' de Broglie wavelength,
leading to quantized energy levels, much like in individual atoms. In the envelop

function approximation, the wave function may be written:

Y(r) = u(r)F(r) (1.4)



where u(r) is the Bloch function and F(r) is an envelop function. The Bloch function is
the rapidly oscillating part of the electron's wavefunction (which is due to the periodic
potential of the crystal lattice in the semiconductor), while the envelop function is slowly
varying part on the scale of the crystal lattice, and it determines the overall spatial
variation of the electron wavefunction in the quantum dot.

In a crystal, the electron potential is periodic due to the repeating of the unit cell,
leading to complicated behavior due to interactions with the lattice. This behavior is
different from the free motion of electrons typically considered in basic quantum
mechanics. The potential of the crystal can be approximated and simplified by assuming
the electron behaves as if it were a free electron, but with a different mass, i.e. effective
mass. The effective mass can be obtained by taking the second derivative of the energy

with respect to momentum (or wave vector k in reciprocal space):

hZ
m* = (1.5)

(@)
dk?

where # is Plank’s constant over 27, E is the energy and k is the wave vector. The
Schrédinger equation for the electronic structure of the nanoparticle in the effective mass

approximation is:

_h v( 1 V+V> F(r) = EF(r) (1.6)
2 \m* - .
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where V is the potential, E is the confinement energy and F(r) is the envelop function.
The confinement energy can be found for both the electron in the conduction band and
the hole in the valance band. The band gap of nano particles is the sum of the bulk band

gap (EJ) and confinement energy for both the electron and the hole:

Egap = EQ + ESV + ESO (1.7)

ele hol
The wave function and energy of the nano structure can further be tuned by
forming semiconductor hetero-nanostructures. The hetero-nanostructures consists two
or more joined materials. A common type of semiconductor hetero-nanostructures is a
core/shell quantum dot, where the core and shell are different materials. Depending on
the band edge alignment, there are 3 main types of core/shell structure as illustrated in
figure 2, type I, semi type Il and type I In the type I regime, the core conduction band
edge is lower than the shell conduction band edge, while valance band edge is higher
than the shell valance band edge, such that both the electron and hole are confined in the
core region. In semi type II regime, the conduction band edge of the core and shell are
similar, such that the electron delocalizes in the entire quantum dot while the hole is
confined in the shell region. In the type Il regime, both the conduction band edge and
valance band edge of the core is higher for the shell, causing the electron to localize in

the shell and the hole to localize in the core.



VB

©) © ©

Type | Semi type Il Type |l

Figure 2: Schematic representation of core/shell QDs alignment. The
conduction band and valance band edge are labeled as CB and VB, respectively. The
electron and hole wave function (orange and blue line) are shown in lower panel.



2. Size Determines the balance of Through-bond and
Through-solvent Coupling Between Linked
Quantum Dots

This chapter is adapted from: Zhendian Zhang, Peng Zhang, David H. Waldeck,
David N. Beratan. Size Determines the balance of Through-bond and Through-solvent

Coupling Between Linked Quantum Dots, manuscript.

2.1 Introduction

Electron transfer (ET) between quantum dots (QDs) is of broad interest in the
areas of energy science, photocatalysis and optoelectronics.*'° Electron transfer between
colloidal QDs, QDs and metal oxide nanoparticles, and covalently linked QDs is well
studied.?*?2 Electron transfer involving QDs involves a combination of covalent and
non-covalent interactions. The aim of this study is to understand the nature of the
electronic coupling interactions between QDs given the diversity of through-bond and
through-space interactions between interacting QDs in the condensed phase.

Tunneling interactions, of critical importance in charge transport through
molecules, are defined by the medium between the donor and acceptor. In
macromolecules, for example, the combination of balance of through-bond and through
space interactions ?determine the effective tunneling barrier. As a result, the barrier is

larger in alpha helical proteins than in beta barrel proteins since beta strands tend to

8



form more direct coupling pathways between donors and acceptors than helicies.
Tunneling between docked protein and through frozen glasses?*? show tunneling
barrier effects associated with the structure of the organized solvent. Solvent mediated
tunneling in particularly interesting, since through-space contacts are an intrinsic
component of the tunneling mediation. Effective tunneling barrier heights through fully
covalent saturated linkers tend to be somewhat smaller than the effective barrier heights
found in most proteins and solvent glasses?®. Unsaturated linkers present even lower
tunneling barrier heights and can provide access to resonant or flickering resonance

transport regimes.

The richness of bridge-mediated tunneling found in small molecules is mirrored
in QD electron transfer systems. Waldeck and co-workers studied electron transfer rates
between covalently linked colloidal QDs.? Their studies find that electron transfer rates
decay exponentially with the number of methylene group in the bridge between NPs.
The observed decay constant is 0.68 per methylene group (Figure 3). The distance
dependence in this system was less than the value of 1.0 per methylene, which is typical
for alkane chains. Several reasons are suggested for this, including the presence of an
amide linkage, imperfect packing of the ligands, and potential contributions from both
“through-bond” and “through-space” superexchange. Wang et al. measured the

distance decay of ET rate between QDs and SnO2 NP for methylene linkers (0.94 per



CH2) and for phenylene linkers (1.25 per C6H4).”” The decay constants for methylene
linkers are somewhat smaller than decay constants measured in rigid hydrocarbon
linkers between molecular DA pairs.?> This may reflect the flexibility of the linkers used
to couple NPs, and the fact that DA distance increase more slowly with linker length
than in molecular systems with rigid bridges. Yet, the nature of eletron transfer in NPs
is qualitatively different from that found in small molecules. In molecular systems, the
length scales associated with D, B, and A species is typically the same order of
magnitude. However, in linked NPs, the D, B, and A size scales can be qualitatively
different. The aim of this study it to understand the consequences of the size scale
mismatch in coupled NPs on the mechanisms of tunneling mediation in condensed
phase systems. In particular, we will explore how changing NP size can cause a
qualitative change in the tunneling mediation mechanism from a through-linker to a
through-solvent mechanism, which characteristic changes in tunneling prefactors and

decay exponents.
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Figure 3: A. Cartoon describing the attachment of the nanoparticles on a
microbead. The acceptor nanoparticle (blue) is electrostatically attached to a SiO2
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template and covalently linked (red) to a donor nanoparticle (green) yielding a
nanoparticle dyad on the microbead (2NPA). B. Natural log of the electron-transfer
rate constant plotted against the number of methylene groups. The blue dashed line
shows a best fit, and it has a slope of 0.68 + 0.04 (error determined via least-squares
fitting). The black and red symbols indicate different batches of donor and acceptor
nanoparticles. Reprinted with permission from Ref. [30]

2.2 Method

The aim of our studies is to develop a theoretical framework to describe
tunneling mediation between coupled NPs as a function of NP diameter. The tunneling
can be mediated by a combination of coupling through a covalent linker and by
surrounding solvent. Solvent mediated interactions involve mixed through-bond and
through-space coupling, while bonded linkers (in an extended geometry) involve mostly
through-bond interactions. We aim to develop practical methods to explore the balance
between these two kinds of tunneling interactions and to explore how changes in NP

diameter may alter the dominance of one tunneling channel over another.

2.2.1 Model potential

We use independent piecewise constant potential electron model potentials to
describe mixed through-bond and through-space interactions between QD pairs.
Differences between the materials in the four regions of space are characterized by a
value of the potential and of the electron mass characteristic of the region. Such model
potentials are used widely to study QD systems and their quantum confinement

effects.® Each QD is represented by a three-dimensional constant potential sphere
11



(Figure. 4); the bridge is represented by a cylindrical constant potential, and a 3D box
encloses these two potentials and describes the solvent medium. This simple
architecture allows us to describe the tunneling interactions between NPs and to
develop simple structure-function relationships.

The electron in the conduction band can be approximated as free electron with
different mass. The effective mass is associated with the curvature at band edge. The
effective electron mass of CdSe (mj3) is 0.13 m, from cyclotron resonance, where m, is
the free electron mass.?>* The solvent in many of the QD experiments is water, so we
take the conduction band edge of water as —0.05 eV vs vacuum.?' The reported
conduction band edge of bulk CdSe ranges from —4 to —3.5 eV, We set the potential of
the QDs (V4 and Vp) equal to zero, and the potential of the solvent region to 3.45 eV. The
effective through-bridge potential barrier Vy is expected to be lower than the through-
solvent barrier Vs, but higher than the QD potential. We would vary Vg from 0 to
3.45 eV to examine the influence of the linker electronic structure on the tunneling. The

QD radius is set to 15 bohr, (8 A).

12



Rq
* *
Mease,ele fRB Vv Mcgseele

B
VD VA

Vs

Figure 4: Schematic representation of the effective potentials for the linked.
The Orange spheres denote donor and acceptor QDs, respectively. The blue cylinder
represents the bridge and the gray region represents the solvent.

We solve the Schrodinger equation numerically on a 3D grid. The grid spacing is
fixed to 0.5 bohr, which is sufficiently fine to produce NP-NP couplings that are not
mesh size dependent. The distance between the QD edges and the solvent box boundary
is 5 A at the closest point, so the wavefunction amplitude reflection at the boundaries is

very small.?

2.2.2 Discrete variable representation (DVR) method

The electronic states of the QD assemblies are described by Schrodinger

equation:

(—g \Y (%v + V))tp =EY (2.1)

where m” is the effective mass and V is the position-dependent potential. The electron

and hole in the semiconducting NP regions have effective masses that do not equal to
13



the free electron mass. The effective mass depends on the region (left NP, right NP,
bridge, solvent). The DVR approach is used to solve the Schrodinger equation on a grid.
The Hamiltonian is

Hijrirjwr = Tijri i’ T Vijui j ! (2.2)

where i,j,k,1',j', k' represent grid points in 3D.
The potential energy matrix is diagonal

VijL'j’k' = 611'6]]’6k k’V(xvy]'Zk) (2.3)

The kinetic energy operator in 3D is?

T; (6ll ]]’Tkk’+6ll’6kk’T +6 '6kk'T11) (2.4)

i,jki'j'k

The T; ;s term is

Ny—1

_ hz( 1)11 < 1
T == 2 G- k)(k—u) Z i (= 1) (k = ")

= 1
+kZNx G-k =)

1
_h_z(—dl);‘l e ,mk(l Ok—1) oy
2 X
- l. —11-' (PO, — ) = p@O W, — 1) PO +i) + @1+ 1)) (2.5)
RS 11 DN 1) — DL 4 .
T ;_m_;m-'-(IP Ny =) —yp™( +1)) =]
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where ¥(® and @ are the digamma and trigamma functions, respectively. N, is the
number of points in the mesh along x direction and dx is the mesh size. The T; ;s and
Ty ' can be computed similarly with number of points equals to N, and N,. The
derivation can be found in appendix A.

Diagonalizing the Hamiltonian gives the energy eigenvalues and eigenstates.

2.2.3 DA Interactions and energy splitting

The D-A interaction is obtained from computing the energy splitting between the
HOMO/HOMO-1 or LUMO/LUMO+1 for symmetric model systems. We study the
symmetric coupled QDs. As such, the electron’s effective mass and the QDs’ radii are
identical. The ground state S, in the conduction band of the QDs, are degenerate as
shown in Figure. 5. Since the energy difference between S, state and P, state is large
enough, we can approximately treat the system with the two-state model. The electronic

coupling is obtained from the energy gap,

|E; — Ei|

Hnol =
[Hpal = =2

(2.6)
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Figure 5: Illustrative plot of the states of coupled QDs.S, is the conduction
band edge of the QDs, P, are the three degenerate p-orbital like states in conduction
band. E,, E,, E3 and E, are the lowest eigen-states of conduction band in coupled
QDs.

2.3 Results and discussion

In an 1D barrier tunneling model, the DA electronic coupling decays
exponentially with distance r,
Hpa = Hpa,e " 2.6
We investigate the distance dependence of electronic coupling in 3D. An

example of wavefunctions of the first two eigenstates of coupled QDs is shown in
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Figure. 6. Two degenerate S, states are mixed to create a bonding and an anti-bonding

states.

Figure 6: Wave function of first two eigenstate of the coupled QDs.

The electronic coupling through homogeneous solvent without the bridge is first
studied to validate our model. The electronic coupling was studied as a function of the
edge-to-edge distance between coupled QDs. The edge-to-edge distance was increased
from 4 A to 6.4 A, which is in the range of experimental condition.? Figure.7 (A) shows
the coupling as the function of distance. The solvent potentials are 1.1, 1.6, 2.4 and 3.45
eV from top to bottom. The coupling decays exponentially as the edge-to-edge distance
increases. The pre-factors are almost the same, the relative difference between the pre-
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factors is less than 0.5%. The decay constant follows \/W—E) /h. The decay constant
through water is reported to range from 0.77 to 0.82 per A%, The computed decay
constant for 3.45 eV is 0.85 per A, which is consistent with the experiment observation.
The TB/TS tunneling are represented by different potentials. Bonds are
represented by a cylinder area between QDs with potential lower than the solvent
potential but higher than the electron energy eigenstate. Considering a rigid alkane
chain as the linker, the largest distance in cross section is 2.8A, so the bridge can be
regarded as a cylinder with 1.4 A in. As shown in Figure.7 (B) , we computed coupling
where the solvent potential is 3.45 eV to simulate water, the bridge potential is 1.1 eV,
and bridge radius varies from 0.5 to 8 A. Notice with solvent and bridge barrier, the
distance dependence of the coupling is still exponential. There are two limits in Figure.7
(B) : (1) When the bridge radius equals to the QD’s radii, the decay constant is 0.34 A=
which is approximately same as the decay constant 0.4 A= when only have 1.1 eV
solvent. (2) When the bridge is 0.5 A which is negligible compared to the QD radius, the
decay constant is same as purely through water decay in our simulation 0.85 A~*.

Depending on the bridge radius, the effective decay constant is between the purely low
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barrier decay constant and purely high barrier decay constant.
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Figure 7: distance dependence of electronic coupling.(A) QDs in solvent only.
The solvent potential from top to bottom is 1.1, 1.6, 2.4 and 3.45 eV (B) The solvent
potential is 3.45 eV and bridge potential is 1.1 eV. The bridge radius from top to
bottom is 0.5, 2.6, 4.8 and 8 A.
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Figure 8: Contour plot of decay constant as a function of bridge radius and
bridge potential. The decay constant does not change with bridge potential for small

bridge radius. When the bridge radius is close to QDs radii, the decay constant is
dominated by through-bridge tunneling.
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For a typical rigid alkane linker, the radius of the molecular chain is ~1.4 A. Thus,
we choose the radius of the cylinder potential (Figure 7 B) is 1.4 A. In the calculations,
the solvent potential is fixed at 3.45 eV to simulate the effect of water. To demonstrate
the difference between through-bridge and through-solvent tunneling, we set the bridge
potential to be 1.1 eV. The difference in barrier height is large to have distinct tunneling
behavior. We computed the DA coupling by varying the bridge radius from 0.5 to 8 A.

The computed distance dependence of the DA couplings shows exponential
decay (Figure 7). There are two limits in decay constant (Figure 7 B): (1) When the bridge
radius approaches the QD’s radii, the computed decay constant is 0.34 A= which is
approximately the same as the decay constant of 0.4 A=* when DA interaction is entirely
mediated by a solvent with a potential of 1.1 eV.

When the bridge radius is 0.5 A which is negligible compared to the QD radius
of 8 A, the decay constant is the same as the purely through-water decay in our
simulation, 0.85 A=1. Depending on the bridge radius, the effective decay constant is
between the purely low barrier decay constant and purely high barrier decay constant.

We investigate the TS and TS contributions to DA coupling using an effective
tunneling decay constant. We computed the tunneling decay constants when there is
only the bridge potential or solvent potential. The effective tunneling decay constant is
derived when both the bridge or solvent potential are present between QDs. If the

effective tunneling is close to the one that is derived using only the bridge barrier
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potential, the electron transfer between QDs is dominated by the through-bridge
tunneling. In contrast, If the effective decay constant is close to the one from solvent
barrier potential decay constant, the through-solvent tunneling dominants. We

hypothesize that two key factors affect the dominance of through-bridge and through-

solvent tunneling: (1) the ratio between the bridge radius and the QDs radii %; (2)
oD

. . . Vi
the ratio between the through-bridge and through-solvent barrier Vbrﬂ.

solvent

As shown in Figure 8, the decay constant changes as the bridge radius varies.
When the bridge radius equals to the QD’s radii, the effective decay constant is the
bridge barrier decay constant, which indicates that the coupling has the signature of
through-bridge tunneling. When the bridge radius is 0, then there is effectively no
bridge and the electron tunnels through solvent.

The decay constant also depends on the tunneling barrier height. Since the
effective decay constant is between decay constant for low potential region and high
potential region, we hypothesize that the effective decay constant also depends on the
ratio between the potential of two region. Because varying the solvent potential changes
the QD energy and varying the bridge potential does not change the energy, we fixed
the solvent potential and varied the bridge potential. We assume the bridge is the low
potential region and the solvent is the high potential region, so the bridge potential is
varied from 0.8 eV to 3.3 eV. The decay constant dependence on bridge radius and

bridge potential is shown in Fig. 8. When the radius of the bridge is close to the radii of
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the QDs, the decay constant changes as bridge potential. Figure 8 indicates that the

decay constant is more sensitive to the radius of the bridge when the bridge radius is

Rpri . :
small. When % < 0.15, the through-solvent tunneling dominants, so the Byixeq =
oD

Bsowent- In this case, we can neglect the bridge in the electron transfer. Consider alkene
chain connecting two QDs. If the alkene chain is rigid and straight, then the radius of the
effective bridge is less than 2 A, the D-A coupling is dominated by solvent. If the bridge
is folded, the effective bridge radius will increase, so the bridge makes more

contribution.

2.4 Conclusions

Our investigation into quantum tunneling between coupled QDs led us to a
understand the factors that influence electronic coupling, including distance, QD size,
bridge length and diameter, effective potential depths, and effective mass. Our results
demonstrate that decreasing the QD size at a fixed edge-to-edge distance increases the
electronic coupling. The electron transfer coupling decay constant was found to arise
from a composite of through-bridge and through-solvent interaction.

In the specific case of a cylindrical bridge with a small radius relative to the QD
radius (0.Inm compared to several nm), through-solvent tunneling is shown to
predominate. Therefore, when the bridge's size is insignificant in comparison to the QDs
Roriage

r49¢ heing less than 0.15), the through-bridge electron transfer can be ignored.

(with
RQD

However, an exception to this occurs when the bridge is folded or multiple bridging
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chains exist between QDs, which leads to an increase in the bridge's contribution.
Therefore, the study underscores the intricate interplay of these factors in modulating
quantum tunneling, paving the way for advanced design principles in the development

of future quantum electronic devices.
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3. Electron Transfer, Hole Transfer and Triplet Energy
Transfer in CdSe/CdS core/shell QDs

This chapter is adapted from a collaboration work with Prof. Tianquan Lian’s
group at Emory University. The Lian group contributed to the synthesis,

characterization, and rate measurements of the QD system. Manuscript in preparation.

3.1 Introduction

Quantum dots (QDs), or semiconductor nanocrystals, are garnering significant
attention due to their unique properties that make them suitable for various
applications, such as solid-state lighting, bio-imaging, and the development of next-
generation photovoltaics.?* One of their primary characteristics is the tunability of their
bandgaps, leading to strong stable emission and low thresholds for multiple exciton
generation. This tunability stems from their quantum-confined nature, which allows the
modulation of their light absorption properties, making them potential contenders for
the role of sensitizers in sensitized solar cells.?*4

Another intriguing feature of QDs is their capacity for efficient triplet energy
transfer (TET), a property that can be harnessed for photon upconversion. The efficiency
of TET from Cadmium Selenide (CdSe) QDs to molecular acceptors has been
established.*-# This proficiency in TET results from the small energy difference between

their singlet and triplet exciton states, underscoring QDs' potential as superb triplet
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sensitizers. Optimizing the use of QDs for triplet sensitization, particularly in the
infrared spectrum, remains a challenge due to competition with other exciton decay
pathways, such as electron or hole transfer and nonradiative recombination within the
QD. To overcome this issue, core-shell structures with type I or type Il band alignments
between the core and shell materials have been employed. These structures can control
the spatial distribution of the electron and hole, presenting an additional level of control
over the rate of electron and hole transfer.#4

To augment the effectiveness of TET sensitized by QDs, an in-depth
understanding of the underlying mechanism governing this process is indispensable.
Techniques with a temporal resolution, such as transient absorption spectroscopy (TA)
and time-resolved photoluminescence (TRPL), have been utilized to delve into the
dynamics of TET 444> From these studies, most QD-acceptor complexes have proposed
the direct Dexter energy transfer (DET) from band edge excitons, while others have
identified TET through a charge-separated state and trap state intermediate for
systems. 4647

In this study, we aim to test whether TET coupling can be modeled with schemes
involving charge transfer virtual states, or whether TET can be considered as
simultaneous electron and hole transfer in QD-acceptor We aim to explore how the
reaction free energy influences the TET rate. We also examine the influence of the

reaction free energy on the rate of TET. To systematically vary the coupling strength of
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TET, we studied CdS shells on CdSe core QDs. Prof. Lian’s group measured the

dependence of TET coupling on shell thickness, and we compared that with the shell

thickness dependence of electron and hole transfer coupling. For this purpose, we used

anthracene carboxylic acid (ACA), methyl viologen (MV), and phenothiazine (PTZ) as

the TET acceptor, electron transfer acceptor, and hole transfer acceptor, respectively (as

depicted in Figure 9).44 The experimental result and calculations show the weak shell

thickness dependence of TET rate originate from the competition of exponential

coupling decay and exponential increase of Frank-Condon factor, and the QD shell

thickness dispersion effect.
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Figure 9: The estimated energetics of the CdSe/CdS QDs , TET acceptor (ACA)
and redox potentials of electron transfer acceptor (methyl viologen, MV) and hole

transfer acceptor (phenothiazine, PTZ).
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3.2 Methods

The experimental methods pursued by the Lian group are provided in Appendix
B. Major experimental results are included to facilitate the interpretation of the
computational results.

The DVR method described in section 2.2 is used to simulate the CdSe/CdS
core/shell QDs confinement energy and wave function. The electron and hole effective
mass, conduction band edge, valance band edge of CdSe, CdS and hexane are given in

Table 1.5

Table 1: effective mass the potential for the CdSe/CdS core/shell DVR

calculation
CdSe CdS hexane
me* [ mo 0.13 0.21 1
mi* [ mo 0.45 0.80 1
Ve/eV -4.0 -3.78 0
Vi/ eV -5.7 -6.29 -8.4
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3.3 Result
3.3.1 Triplet energy kinetics

Figure 10 illustrates the exciton bleach (XB) kinetics of free QDs and QD-ACA
complexes, and the growth of the 3ACA* signal. XB kinetics were acquired from
corresponding peak positions, and the 3ACA* signal from averaged kinetics after
subtracting the QD signal. The 3ACA* signal in CdSe QD-ACA doesn't rise until 1 ns,
contrasting with a notable decrease in XB signal within 1 ns due to electron trapping.
3ACA* signal growth spans tens of nanoseconds. CdSe/CdS QD-ACA complexes
display marginal 3ACA* growth within 1 ns, ending largely within 10 ns, indicating
quicker TET rates than CdSe QD-ACA. XB decay in CdSe/CdS QD-ACA complexes is
faster due to TET, with a decreasing difference as shell thickness increases, implying
slower TET rates. These findings align with changes in the 3ACA* signal in TA spectra,
suggesting alterations in TET efficiencies in QD-ACA complexes relate to TET rate

changes.
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Figure 10: XB Kkinetics at the core 1S,-1S. transition for QDs (red) and QD-ACA
complex (blue) along with 3ACA* signal growth kinetics (green) in time range of 1 ps — 1
ps.a), b), ¢), d) and e) correspond to CdSe/CdS QDs with 0, 0.9 ,1.4, 3.1 and 3.8 monolayers
of CdS shell, respectively.

Determining the TET rate from the QD to an acceptor (k), essential for studying
TET coupling strength in core-shell QD-ACA complexes, proved challenging for the
following reasons: 1. An excess of ACA in the TA experiments complicated accurate
quantification of ACA adsorbed on QD surfaces from UV-vis spectra. ACA absorption
in these spectra represents both free and QD-attached ACA. 2. XB kinetics in CdSe and
CdSe/CdS QDs don't faithfully represent band edge exciton populations due to surface
trap states. In CdSe QDs, band edge holes are primarily trapped on the surface, meaning
XB kinetics largely show trap exciton dynamics. For CdSe/CdS QDs, the presence of

surface trap states and their contribution to XB kinetics can't be ignored given the non-
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unity PL quantum yields of the QDs. 3. ACA* growth in TA spectra is credited to TET
from both band edge and trap excitons. In the CdSe-ACA complex, deep trap excitons
significantly contribute to TET with slower rates. The influence of deep trap excitons on
TET in the CdSe/CdS-ACA complex is uncertain and difficult to investigate due to the

lack or minimal spectral fingerprints of these excitons.

3.3.2 Core/shell QDs wave function and excitation energy

The CdSe/CdS core/shell QDs are simulated using the discrete variable
representation (DVR) method, with effective masses and potentials shown in Table 1.
The energy and wave function of the 1s states in conduction band and valance band
were determined numerically. The computed excitation energy is consistent with the
band edge excitation energy measured from UV-vis spectra (Table 2). The wave function
obtained from the DVR calculation is grid based. To obtain analytical expressions of the

core/shell QD wave functions, the 1s wave function is first separate into radial and

spherical parts ;5 = % R(r). The radial wave function is fit to a zeroth-order spherical

with k =

~ and spherical Hankel function of the first kind

T

. sin exp Kr
Bessel function - pr

K
/w when the energy is lower than the potential and the energy is higher than the

potential, respectively. The coefficient for each region is determined by the continuity at
the core/shell and shell/solvent boundaries as well as a normalization condition. The

wave functions fitted using the energy and continuity conditionals match the numerical
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wave functions obtained in the DVR calculations (Figure 11). Figure 11 shows that the

electron delocalizes over the entire core/shell QDs while the hole localizes mainly in the

core region. This finding is consistent with the semi-conductor semi-type II alignment of

the CdSe/CdS core/shell QDs.

Table 2: computed electron 1s state energy, hole 1s state energy and excitation
energy of CdSe/CdS QDs at 0, 0.32, 0.48, 1.05 and 1.3 nm shell thickness with

experimental excitation energy.

Shell

thickness (nm)

ElS,ele(eV) ElS,hol (eV) ElS,ele—l ,hole (eV) Eex,UV—vis (eV)

0.32

0.48

1.05

1.3

-3.42 -5.97 2.54 242
-3.57 -5.91 2.34 2.30
-3.60 -5.90 2.30 2.25
-3.68 -5.90 222 2.19
-3.70 -5.90 2.20 2.18
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Figure 11: The radial 1s (A) electron and (B) hole wave function of CdSe/CdS
QDs at 0, 0.32, 0.48, 1.05 and 1.3 nm shell thickness. Dots represent the numerical
wave function computed with DVR method and the solid lines represent the fitted

wave function.

Table 3: Summary of ET and HT rate for CdSe and CdSe/CdS nano structure.
The ET acceptor and HT acceptor for all experiments are MV and PTZ, respectively.

k Solvent Br
(ns™1)
ET, 1.5 nm CdSe (this work) 1500 hexane 0.3
ET, 1.2 nm CdSe + 2.2 nm CdS shell* 5000 chloroform -
ET, 3nm CdSe + 0.1 nm CdS shell> 500 hexane 0.33
ET, 2.4 nm + 0.4 nm CdS shell>2 50 chloroform 0.13
HT, 1.5 nm CdSe (this work) 2.6 hexane 0.1
HT, 1.8 nm CdSe* 0.4 heptane -
HT, 1.8 nm x 17 nm CdSe nanorod> 0.7 toluene 0.3
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3.3.3 ET between CdSe/CdS QDs and MV#*

The measured ET rate between the CdSe/CdS core shell QDs and MV? decays
exponentially from 1460 to 14 ns~* with shell thickness, with a decay constant 0.3 A~*
(Figure 12). Wachtveitl reported a 5, value of 0.33 A=* while Smith reported a 8 of
0.13 At (Table 3), despite the differences in core radius and solvent, which affect the
reaction free energy and reorganization energy. The ET coupling is extracted using the
non-adiabatic Marcus equation (Equation 1.2). The solvent is non-polar hexane,
producing a small outer sphere reorganization energy. The QDs also have a small
reorganization energy (less than 10 meV)>, with the main contribution coming from the
inner organization energy of MV?. The reaction free energy for ET is shell thickness
dependent, as the CdSe/CdS has semi-type II band alignment with a shallow shell
potential barrier, allowing the electron in the conduction band to delocalize into the
shell. Using the DVR method, the conduction band 1s orbital energies are -3.79, -3.86, -
3.87,-3.91 and -3.91 eV, for 0, 0.32, 0.48, 1.05 and 1.3 nm of CdS shell, respectively. The
reduction potential energy for MV?* is reported -4.4 eV vs vacuum. The extracted ET
coupling ranges from 0.03 to 0.001 eV depending on the shell thickness and shows
exponential decay with decay constant 0.23 A~1. Using the analytical wave function
fitted from the DVR calculations, the distance decay of the ET coupling is computed by

assuming that the ET donor and the ET acceptor are weakly coupled, so that the ET

J Yisele dr?

coupling is proportional to the surface density of wave function, i.e., Vg « S
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where S is the QD surface area. The computed decay constant for ET coupling is 0.21
A~1, which is consistent with the ET decay constant of the extracted from experiments.
Since the band edge difference of the CdS shell and the CdSe core is 0.22 eV, the decay
constant of the wave function in the shell is less than 0.1 A~. The decay constant of 0.21
A~1 arises from the decay of wave function at the surface and the increase of the surface

area as the shell thickness increases.

3.3.4 HT between CdSe/CdS QDs and PTZ

The HT rate found in the experiments is much faster than is found in other
studies (Table 3). In the experiment, the HT rate for bare CdSe core is 2.6 ns~1 while in
Lian’s work of 2008 and Kelley’s work of 2009, the HT rates are 0.4 and 0.7 ns™?,
respectively®3. In Lian’s study in 2008, the HT was fit to a bi-exponential function, and
the rate is amplitude weighted. In contrast, the experiment fits the HT to a single
exponential function corresponding to the fast component. The measured HT rate shows
an exponential decay with decay constant of 0.1 A~ (Figure 12). Kelley reported a HT
rate decay constant HT of 0.3 A~ between CdSe/CdS core/shell nanorod and PTZ in
toluene.®® Assuming non-adiabatic HT, similar to ET, using the measured HT rate, the
extracted HT coupling decay constant is 0.06 A=, which is much smaller than ET decay
constant. Under effective mass approximation, the HT should have a larger decay

constant than ET due to a deeper tunneling barrier and larger effective mass through
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shell. DVR calculations predicts the decay constant of HT coupling through CdS shell

B,V,HT = 03 A_l.

3.3.5 TET between CdSe/CdS QDs and ACA

The measured TET rate of 0.06 ns~! is found to be independent of the CdS shell
thickness. Fitting rates to exponential functions of shell thickness yields a decay constant
of 0.02 A~ (Figure 12). The QDs 1S, — 15}, excitation energy depends strongly on the
CdS shell thickness. Therefore, the reaction free energy also depends on the shell
thickness. For the TET, —AG > A, as the shell thickness increases, the TET becomes less
inverted. The TET rate and decay constant is sensitive to the reorganization energy
(Figure 13). Taking the inner sphere reorganization energy of ACA A4c4+/aca = 0.22 €V
reported by Van Voorhis and assuming the total reorganization energy is approximated
by Aaca*/aca» We extract B’y rpr = 0.19 A=, Although B'y 17 is still less than the sum of
computed HT and ET decay constant (0.19 + 0.3 A~1), the decay constant for TET, HT
and ET are on the same order of magnitude. We propose that due to the DA interaction,
the ACA excitation energy and reorganization energy deviate from the value measured
and computed in the gas phase. If the reorganization energy or ACA excitation energy is
decreased by 0.2 eV, the extracted coupling decay constant from the TET rate will reach
0.5 A~1, which is the computed frr + fyr. The TET rate is observed to be independent

of the shell thickness, which may be explained by the fact that as the shell thickness
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increases, the TET coupling decreases exponentially, while the Franck-Condon factor
increases exponentially with the decay and growth constants being similar in
magnitude. The combined effect of these two factors, therefore, results in the TET rate

remaining unchanged irrespective of the shell thickness.
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Figure 12: Measured electron transfer, hole transfer and triplet energy transfer
rate as the function of shell thickness.
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Figure 13: Extracted TET coupling decay constant as a function of total
reorganization energy.

3.3.6 Broadening of charge transfer coupling by QD shell
thickness distribution

In core/shell quantum dots (QDs), charge transfer coupling between the electron
(ET) and hole (HT) states and the dark acceptor (DA) state weakly coupled to the QD
shell is determined by the thickness of the shell. For a QD shell that has a potential
barrier higher than the electron or hole state energies, the charge transfer coupling
decays exponentially with shell thickness. Assuming core/shell QDs are spherical with
shell thickness x with the QD donor state energy level changes weakly with shell
thickness, the DA coupling is Vp4(x) = Ae ™%, where A is pre-factor and f is the decay
constant. Assuming the QD shell thickness is normally distributed with mean thickness

u and standard deviation o, the expectation value of the coupling is
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The first exponential term suggests that the average DA coupling decays
exponentially with the mean shell thickness while the second exponential term indicates
that the coupling increases exponentially with the shell thickness variance. This is
because thin shells contribute more to the ensemble, and larger variance leads to higher
probabilities of QDs with charge transfer through the thin shell. If the variance for all
batches of QD with different mean shell thickness are the same, the measured charge
transfer would have DA coupling decays exponential in the shell thickness with decay
constant . However, if the variance is a function of the mean shell thickness, the
measured decay constant g’ will deviate from S.

For CdSe/CdS core/shell QDs, the QD diameter distribution is obtained from
TEM images (Figure 14). The average diameters (Full Width Half Maximum) of the QDs
are 2.94 (0.49) nm, 3.58 (0.59) nm, 3.90 (0.60) nm, 5.04 (1.00) nm and 5.55 (0.90) nm,
corresponding to 0, 0.9, 1.4, 3.1 and 3.8 monolayers of CdS shell, respectively. Since the
shell is grown on a CdSe core and the shell thickness is controlled by the amount of Cd
and S precursor, we can assume that the size distribution of core is same for all
CdSe/CdS core/shell QDs. The mean and standard deviation of shell thickness is
extracted from the QDs average diameters and widths. The standard deviation of the
core/shell structure radius are 0.251, 0.255, 0.425 and 0.382, suggesting that the standard

deviation of the shell thickness increases with the mean. The increase of the shell
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thickness will weaker the decay constant of the coupling according to equation 3.1.
Interestingly, the softening effect is more significant for larger decay constants because
of the B2 in the second exponential term of Equation 1. For electron transfer with Bz =
0.19 A=! and the hole transfer with S, = 0.3 A~1, substituting the mean and the
deviation of the shell thickness above into Equation 3.1 shows that the electron transfer
distance dependence is softened slightly with Sz = 0.17 A=%, while the hole transfer
decay constant becomes S}, = 0.25 A~* (see Figure 15).

In conclusion, the increase of the QD shell thickness standard deviation softens
the apparent decay of the charge transfer and TET coupling, with a more significant
effect for HT than ET. This correction decreases the difference between the HT and ET

decay constants for the CdSe/CdS QDs.
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Figure 14: Size distributions of the synthesized CdSe QDs and CdSe/CdS core-shell

The red solid lines are the fitting curves of the

diameter histograms. The average diameters (widths) of the QDs to be 2.94 (0.49) nm, 3.58

QDs extracted from the TEM images.

(0.59) nm, 3.90 (0.60) nm, 5.04 (1.00) nm and 5.55 (0.90) nm.
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Figure 15: The broadening effect of CdSe/CdS core/shell charge transfer. Red
and green represent ET and HT respectively. The dashed lines represent the
uncorrected coupling, and the solid lines represent the fitting of shell thickness
distribution corrected coupling. The dots represent the corrected coupling at given
mean of shell thickness.

3.4 Conclusions

We analyzed the measured ET, HT and TET rates in CdSe/CdS core/shell QDs.
While the exponential distance decay of charge transfer tunneling through solvent or
ligands, creating exponential decay of the coupling?, the increase of shell thickness
decreases both the coupling and the QD excitation energy. The change of QDs energy
level affects the charge transfer and TET transfer rate through changes to the Franck-
Condon factor. The confinement energy of core/shell QD structure with low shell
barriers is more sensitive to the shell thickness. For example, in the inverted regime

AG@ +A<0, assuming the core/shell QD is the ET donor, —AG© decreases as the
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conduction band edge energy decreases (due to the increase of shell thickness),
producing an exponential increase in the Franck-Condon factor. In addition, the

reorganization energy and temperature are key contributors to the charge and energy

1
42kgT

transfer rate dependence on the shell thickness decay, through the Marcus factor in

the activation energy. By tuning the alignment of the band edge and the effective masses
of the QDs, core and shell thicknesses, and the reorganization energy, the shell thickness
dependence of the rate could show non-exponential behavior. We predict that a low
shell barrier potential and donor with small reorganization energy in the inverted
regime, the transfer rate would increase exponentially with shell thickness. If the
increase of shell thickness continues such that the AG + A > 0, the transfer rate would
then decrease exponentially with a large decay constant (faster than the decay of V?).

We explored the effects of QD shell thickness dispersion on the ensemble
average distance decay of the coupling. Assuming that the QD shell thickness has a
Gaussian distribution, for a given mean shell thickness, the QDs with smaller shell
thickness make greater contribution to the measured rate. If the increase of standard
deviation is accomplished by an increase of the mean shell thickness, the measured rate
decay will be smaller than the rate for a single DA pair at the mean shell thickness. The
shell thickness dispersion effect may not be obvious in adsorption spectra since the

excitation energy is less sensitive to the shell thickness. However, the dispersion effect
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would vary the measurement that changes rapidly with respect to the shell thickness,

such as charge transfer that tunnel through the shell.
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4. Chiral Imprinting on Perovskite Nanoplatelet

This chapter is adapted from: Georgieva, Z. N., Zhang, Z., Zhang, P., Bloom, B.
P., Beratan, D. N., & Waldeck, D. H. (2022). Ligand Coverage and Exciton Delocalization
Control Chiral Imprinting in Perovskite Nanoplatelets. The Journal of Physical
Chemistry C, 126(37), 15986-15995. Zheni Georgieva contributed to the synthesis and

characterization of perovskite nanoplatelets.

4.1 Introduction

Hybrid perovskite materials show promise for next-generation optoelectronic and
energy capture/conversion materials because of their color tunability,>% long carrier
lifetimes and diffusion lengths,° and large electron/hole mobilities.>*¢! These factors
indicate a promising future for photovoltaic applications of perovskites, which have a
light conversion efficiency as large as 25.5% for a single-junction cell,® and other
applications relevant to LEDs,%¢ lasing,%-” and sensing.®®% Chirality was recently
introduced to perovskite nanostructures,”* further expanding their potential
applications as circularly polarized emitters’®%52 and sensors.”# While methods for
generating chiral perovskites have been reported,”-727684 little is known about the
underlying mechanisms of chiral imprinting and the features that give rise to large
chiroptical responses. Control over the intensity of chiroptical features is essential, as CD

intensity has been shown to be a good predictor of certain electronic properties of chiral
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materials.® Chiral imprinting is the transfer of chirality from a chiral species to an
achiral partner, resulting in chiroptical signals from the previously achiral object.
Signatures of chiral imprinting in optical rotatory dispersion (ORD) and CD spectra
have even appeared in studies of chiral species dissolved in achiral solvents. For
example, chiral imprinting was predicted and found to induce ORD and CD originating
from the solvent when (S)-methyloxirane was dissolved in benzene,® and chiral
imprinting was predicted for nano particles as well.#” Indeed, the CD and ORD
signatures of small molecules can change qualitatively as chiral species selfassemble.® It
was also found that the ORD signals of chiral species in solution can change sign as a
result of chiral imprinting on the solvent.®*® Theory has been used to assess the physical
origins of chiral imprinting at nanoparticle surfaces, and computational tools enable
dissection of the molecular origins for experimentally observed chiroptical signatures.-
%1 Since the seminal work of Gun’ko and co-workers on the synthesis of chiral CdS
nanoparticles,” considerable effort has focused on understanding the origins of
chiroptical properties in semiconductor nanoparticles (NPs). One of the following
strategies is typically invoked to induce chiroptical properties in NPs: (i) chiral materials
may be produced from a stereogenic unit or a chiral crystal structure,®** (ii) ligands may
induce chiral surface features®>* derived from ligand—NP interactions,” and (iii) chiral
supramolecular structures may be formed through self-assembly, or within a chiral

matrix.” The size, shape, composition, and ligand structure of a NP can contribute to the
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observed chiroptical signature.®!® In most cases, the chiroptical features in a CD
spectrum can be approximated by computing the derivative of a Gaussian line shape for
each exciton transition of the nanoparticle’s absorbance spectrum, and this characteristic
CD spectrum is associated with the interaction between the NP electronic states and
those of the ligand.!*12 These chiral imprinting interactions were later framed within
the context of a nondegenerate coupled oscillator model®” and may explain many of the
remarkable properties of chiral NPs. For example, NPs with the same ligand shell, but
different crystal structures, show CD signals with the opposite signs.>1% NPs coated
with ligands of the same handedness, and similar chemical structure show inverted NP
CD spectra,'™ and nonlinear changes in CD intensities are produced as a function of
ligand coverage.' As well as enhancing our understanding of chiral imprinting,
extensive studies of chiral semiconductor NPs have created a foundation that motivates
the exploration of new chiral nanomaterials, namely chiral perovskites. Chiral molecules
were first incorporated in hybrid organic- inorganic perovskites in 2006 by Billing and
Lemmerer;”” however, studies of the chiroptical properties of perovskites did not begin
until 2017 with the studies of Ahn and co-workers.” They reported the synthesis of
layered lead iodide perovskite thin films with chiral organic cation spacers, which
generated structural chirality within the perovskite crystal lattice and produced mirror-
image circular dichroism spectra for cations of opposite handedness.” Other chiral

imprinting methods for perovskite materials have been reported since, including the use
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of chiral ligands to synthesize materials with a noncentrosymmetric space group,””
sol-gel techniques using chiral gelators, and nanoparticle-ligand electronic
interactions.”?7% While recent studies suggest that a combination of structural and
electronic interactions is responsible for the generation of chiroptical signatures,%
identifying the mechanisms of chirality transfer in perovskite materials is an open
challenge. Our study aims to further advance the understanding of how the chiroptical
properties of colloidal nanomaterials arise from surface passivation with chiral
adsorbates. In this study, imprinting of chirality onto the electronic states of
methylammonium lead halide perovskite nanoplatelets (NPLs) is realized by
encapsulating the NPLs with a mixed layer of achiral and chiral ammonium ligands. A
nonlinear relationship was found between the fraction of chiral versus achiral adsorbed
ligands and the CD signal. That is, the intensity of the CD signal from the lowest energy
exciton transition saturates as the fraction of chiral surface ligands grows. We use a
charge perturbed particle-in-a-box model to describe the chiral imprinting and to
understand the observed saturation of the experimental CD intensity as a function of the
chiral-to-achiral adsorbate ratio. Chiral ligands can imprint chirality onto nanomaterials
by inducing electrostatic or structural changes. In our analysis, we assume that the
perovskite atomic positions are unperturbed by adsorption. In this approximation, the
mechanism for electronic imprinting depends on the size of the NPL exciton and the

density of the chiral ligands, as well as the ligand orientation on the NPL surface.
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4.2 Method

The experimental methods are provided in Appendix C. Major experimental

results are included to facilitate the interpretation of the computational results.

4.2.1 Particle-in-a-Box model for chiral imprinting

We modeled the wave functions and CD spectrum of perovskite NPLs using an infinite
3D particle-in-box model.** This model was successfully used to study chiral imprinting
on gold clusters. In this model, the electron and hole wavefunctions are treated separately
with their own effective mass, m;, = 0.24m,, m;, = 0.17m,, where m,, is free electron
mass. The effective mass was obtained by taking the second derivative of the energy
dispersion relation E (k) at band edge from the band structure calculation, and the
computed effective mass is consistent with other calculations.>* >*

We assume that surface ligand induced NPL chirality arises from the electrostatic
perturbation of the surface ligand to the wave function of the NPL. We approximate the
surface ligand as a set of point charges arranged according to the stereochemistry. The
partial charge of R-PEA is modeled from the ground state DFT calculation using
Gaussian® with b3lyp°® functional and 6-31g** basis set. All hydrogen charges except
from one bonded to the chiral center are absorbed in heavy atoms to make a coarse-
grained charge model. Only the four atoms (2 C, 1 N and 1 H) connected to the chiral

center and the chiral center itself were used to perturb the box wavefunction. The charge

perturbation is detailed in equation 1,
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where g; is the point charge for the adsorbates, g; is 1 or -1 for hole and electron,
(xi,yi, z;) 1s the cartesian coordinate of the point charge.

The perturbation matrix element is V,,,,, = (¢m|l7charg |¢n) where ¢,,, and ¢,, are the
unperturbed wavefunctions of the electron or hole state. The perturbed wavefunctions v’
are obtained by diagonalizing the Hamiltonian H = Hy + V, where H; is the unperturbed
Hamiltonian with eigen energy on its diagonal.

We chose the nodeless (nx,ny,nz)= (1, 1, 1) state to represent the valance band and the
double degenerate 1 node states (2, 1, 1) and (1, 2, 1) for conduction band to compute the
optical properties, to reflect the s and p orbital composition of valance band edge and
conduction band edge. The electric transition dipole moment ¢ and magnetic transition

dipole moment m were computed between the valance band and conduction band
w= || Wiastibton drdvaz (42)

m = [[[ ramiston dxdyaz 43)
where l =e(X+J+2)andm =7 X p.

The oscillator strength f and rotatory strength R are

2
f= EAEH U (4.4)
R=Im(u-m) (4.5)

The NPL is modelled by a N-by-N grid where each grid point is a unit cell. We assume

the exciton size is much smaller than the size of NPL, and the chiral adsorbates outside of

49



exciton have no contribution to the CD signal. The rotatory strength is computed between
hole ground state (1,1,1) and electron second and third excited states (2,1,1) and (1,2,1).

The computed rotatory strength shows mirror image for ¢, (1,1,1) = Pe,(2,1,1) and
Pn,1,1,1) = Pe,1,2,1)> Which is consistent with the bisignate CD signals for chiral

imprinted perovskite. We explored different exciton sizes, from 3 by 3 to 5 by 5 unit cell,
i.e. 1.8 nm to 3 nm. We assume the PEA ligands have very little interaction between
themselves and thus all have same binding mode. The rotatory strength is sensitive to the

configuration of chiral PEA on the surface, as predicted by TD-DFT calculations. For m

n2l

2
PEA on an n-by-n grid exciton, there are (n ) = unique configurations. The
m

m!(n2—-m)!
rotatory strength of certain number of PEA m on the exciton rot,, is averaged over all

configurations. For PEA:OA ratio x, there are lf—x N? PEA on a NPL of N2 grid, thus the

[ . . n2 N2 — le
probability of m PEA on the exciton is p,,(x) = (m) (x/(l +X)N? — ‘m) /

N? . .
(x /(1 + %) NZ)' The overall rotatory strength is the sum over all possible number of

PEA on the exciton rot(x) = Zﬁ:o 170t Pm(x). When the NPL size N is much larger
than the exciton size, increasing the NPL size N has no influence on the averaged rotatory

strength. We take N=100, i.e. 60 nm for our calculations.

4.2.2 TD-DFT calculations on perovskite cluster

The halide terminated 3 X 2 X 1 unit cell (2.4nm X 1.7nm X 1.2nm) CsPbBr3

perovskite clusters are built from the optimized unit cell. Hydrogen atoms are used to cap
50



surface halide. We used the simplified Tamm-Dancoff approximated (sSTDA)*’ to
compute the absorption and CD spectra. The ground state wavefunctions were obtained
from the Gaussian package with CAM-b31yp>® density functional and def2-SVP>’ basis
set. The sSTDA method is tested and compared with TD-DFT methodona 2 X 1 X 1
cluster with chiral ligands. The computed results show that TDDFT computed absorption

spectrum and rotatory strength can be well reproduced by the sSTDA method.

4.2.3 DFT calculations on bulk perovskite

We build MAPbBI3 unit cell with lattice parameter a=5.9A.%°62 We performed density
functional theory (DFT) calculation using the Vienna ab initio simulation package
(VASP)® to investigate the geometry, band structure, and the density of states of bulk
perovskite and nanoplatelets. We used the linearized augmented-plane-wave (LPAW)
method®*  with the Perdew-Burke-Ernzerhof revised for solids (PBEsol)®® exchange-
correlation functional. The plane-waves were expanded with kinetic energy cut-off of 300

eV. A k-point mesh of 11x11x11 was used for the sampling of the Brillouin zones.
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4.3 Result

4.3.1 Influence of halide composition on the chiroptical properties
of NPLs.

Figure 16: Schematic representation of the methylammonium lead halide
perovskite NPL structure with chiral S-PEA ligands and achiral OA ligands. X
denotes Cl- or Br- anions, shown in red. The gray spheres denote the position of Pb?
anions and methylammonium cations are shown as teal spheres. The lead halide
octahedra are shown in gray.

Methylammonium lead halide (X=Br or Cl) perovskite NPLs with a thickness of
n = 2, where n is the number of lead halide layers in the structure, were synthesized
using previously reported procedures.* The ligand shell comprises a mixture of achiral
octylamine (OA) and chiral ligands, either S-/R-phenylethylammonium (S- or R-PEA),
S/R-naphthylethylammonium (S- or R-NEA), or S/R-2-octylammonium (S- or R-OA).

The structures are represented in Figure 16.
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Figure 17: Optical properties of NPLs. Circular dichroism (A, B, D, E) and
absorption (C, F) spectra for NPLs with different halide and ligand compositions.
Panels A-C show circular dichroism (A, B) and absorbance (C) spectra of
methylammonium lead chloride (blue) and bromide (green) NPLs coated with PEA
ligands. Panels D-F show circular dichroism (D, E) and absorbance (F) spectra of
methylammonium lead bromide NPLs capped with chiral OA (black) and NEA
ligands (red). The solid lines in the circular dichroism spectra denote S- chirality and
the dotted lines denote R- chirality. The spectra in panel A were collected on quartz
slides to avoid solvent interference; all other spectra were collected in toluene
solutions.

Figure 17 shows experimental absorption and CD spectra of hybrid organic-
inorganic NPLs with the structure CHsNHsPb2X7 (X=Cl, Br). Panels A (X=Cl) and B

(X=Br) show CD spectra for NPLs with S- or R-PEA ligands. Figure 17C shows the
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corresponding absorbance spectra for the X=Cl and X=Br NPLs. Figure C1 (appendix C)
shows absorption and CD spectra for NPLs prepared with a mixture of chloride and
bromide, which allows additional tunability of the chiro-optical features. The systematic
shift of the exciton transition from 433 nm to 351 nm as the halide composition is
changed from 100% Br to 100 Cl is consistent with findings of previous studies and
demonstrates that this optical transition arises from the perovskite rather than from the
adsorbed ligands. The CD spectra for each of the different types of nanoplatelets show a
bisignate line shape (with positive and negative lobes). The CD transitions occur at the
frequency of the lowest energy NPL electronic transition. Moreover, the signs of the CD
transitions are determined by the handedness of the PEA used during synthesis, the CD

transition change sign as the R- and S- adsorbates are interchanged.

4.3.2 Computed optical transitions and CD response in perovskite
NPLs.

DFT analysis of bulk MAPbX3 (Figure C2) indicate that the conduction band minimum
(CBM) comprises mainly Pb p atomic orbitals and that the valence band maximum (VBM)
comprises mainly Pb s and halide p orbitals, consistent with earlier studies.®”> °® The
perovskite electronic structure produces a direct bandgap and strong optical transitions.
% The energy separation between the two lowest-energy optical transitions in the
absorbance spectra for Br NPLs (Figure 17C) is consistent with the computed absorption
coefficients of the model perovskite NPL in vacuum (see Figure C3). For the Br NPLs, our

computed absorption coefficients show a lowest energy absorption at 534 nm, which is a
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longer wavelength than is measured for the NPLs. This difference may arise from solvent
effects that are neglected, or from errors introduced by the DFT functional.

CD spectra simulated with a cluster model for a single R- or S- PEA adsorbate are shown
in Figure C4, and they exhibit CD spectra with mirror image symmetry and a bisignate line
shape. This shape is characteristic of coupled chromophore CD transitions, as a single
chromophore (i.e., the chiral ligand alone) does not show bisignate CD features.® A second
feature is observed in the experimental CD spectra at a higher energy (~320 nm) and it is
weaker than the 433 nm transition (Figure 17A,B). TD-DFT analysis predicts that the
oscillator strength of the first exciton transition is ~10 times larger than the higher-energy
transition oscillator strength, so the corresponding transition dipole moment is larger while
the magnitude of magnetic dipole moments are similar for first exciton transition and
higher-energy transitions. Because the CD signal is proportional to the inner product of the
electric dipole and magnetic dipole transition moments, the high energy transitions, which
have smaller magnitudes of the electric transition dipole moments, also have smaller CD

rotational strengths.

4.3.3 Temperature-Dependent Studies of the NPL Ligand Shell and
CD Signal.

Temperature-dependent CD and 1 H NMR studies were performed on the chiral
perovskite NPLs to determine how the dissociation of chiral ligands from the NPL
influences the chiral imprinting. Figure 18A-C shows CD and 1 H NMR spectra,

collected for the same chiral NPL samples, at temperatures ranging from 20 to 80 °C.
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Significant changes in the CD spectra for X = Br NPLs arise upon heating. The CD
intensity at 20 °C is 10 times larger than at 80 °C, and the sign of the exciton’s bisignate
peak reverses at 50 °C; this inversion persists up to 80 °C. Upon cooling the sample back
to 20 °C, the CD intensity and bisignate shapes return nearly to those found initially.
Similar behavior, including the change in intensity and sign inversion, was also
observed for X = CI1 NPLs (Figure C5). Previous studies examining
temperaturedependent CD signals for chiral perovskites did not report a sign inversion;
however, these studies were performed within a smaller temperature range, and in the
presence of excess ligand in the solution, which can significantly affect the ligand
coverage on the NPL. To explore the temperature-induced changes in the NPL ligand
shell, variable temperature 1 H NMR experiments were conducted in deuterated toluene
(Figure 18B,C). The NPLs are intact in these studies, and most of the ligands (OA and
PEA) are expected to remain anchored to the NPL surface.'?”1% As such, the proton
signals arising from the ligands manifest in the spectra as weak and broadened peaks
(blue, green, red, and purple traces). For comparison, spectra of NPLs digested in
DMSO-dé6 (black), in which the NPL structure is destroyed and the ligands are free in
solution, exhibit sharp, narrow peaks. Figure 18B shows NMR resonances attributed to
OA protons, namely those on the terminal -CH3 group observed at 0.9 ppm and the 14
protons on the alkyl chain at 1.4 ppm. As the temperature increases to 50 and then 80 °C,

the peak intensities grow gradually for both OA resonances, suggesting that OA ligands
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detach from the NPL surface upon heating. This structural hypothesis is further
supported by the appearance of a new peak at 0.9 ppm with sharp features at 80 °C. This
new feature corresponds to a similar feature that is found in the digested NPL samples;
that is, the OA ligands in the system behave increasingly like free ligands as the
temperature is elevated. Upon cooling, resonances from OA become weak in intensity
and broadened once again, indicating that achiral ligand desorption is reversible. In
contrast, PEA proton resonances that arise from the protons adjacent to the ammonium
group (see Figure 18B) are relatively unchanged over the temperature range. Thus, we
postulate that the diminished CD signal strength and the sign inversion at higher
temperatures arise from orientational changes of the PEA ligands, rather than from any
significant detachment of PEA species from the surface. The temperature-dependent
NMR data suggest that the NPL ligand shell is less dense at elevated temperatures,
caused by a reversible shift in the equilibrium between free and NPLanchored OA
molecules. Although the absorbance of the samples does not change significantly, the
CD spectra show considerable weakening in their strength at elevated temperatures (see
Figure C6). The difference in temperaturedependent behavior between the achiral and
chiral ligands suggests that OA desorbs from the surface upon heating, whereas PEA
remains anchored, which is consistent with the difference of the linker group,
ammonium versus amines. Earlier theoretical studies indicated that cationic organic

ammonium adsorbates, such as PEA, form ionic bonds to the perovskite surface with a
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binding energy of ~1 eV,1071% while OA binds only half as strongly at 0.5 eV.1® The
strong binding affinity of the PEA cations, as compared to OA molecules, suggests that
PEA ligands are less likely to detach from the surface at elevated temperatures. The
decrease in neighboring adsorbed molecules may allow the PEA ligands to take on
geometries where the aromatic ring becomes more nearly cofacial with respect to the
NPL surface. Indeed, temperature-dependent reorientation of nanoparticle ligand shells
is reported in the literature, and it is understood to strongly influence a material’s

optical properties.!0111
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Figure 18: Temperature dependence on ligand coverage and CD spectra. Panel
A shows CD spectra at the first exciton transition as a function of temperature. The
plots from top to bottom show the process of heating a sample of S-PEA-NPLs to 80°C
and then cooling it back down to 20°C. Panel (B) and (C) show 1H-NMR peaks
associated with OA and S-PEA ligands, respectively, from a NPL sample dissolved in
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toluene-d8 over the same temperature cycle: 20 (blue) 50 (green) and 80 (red) and 20°C
(purple). A 1TH-NMR spectrum of digested S-PEA-NPLs in DMSO-d6 is shown in
black in panel B.

4.3.4 Role of chiral ligand orientation in chiral imprinting

TD-DFT calculations were performed to explore how ligand reorientation may give rise
to an inversion of the CD response. The effect of phenyl ring geometry on the CD response
of the chiral NPL system was modeled by varying the angles between a perovskite cluster
and a chiral PEA ligand. Ligands with a 120° orientation yielded a computed rotatory
strength of - 10x10*° cgs, while a 180° orientation gave +11.8x10° cgs, suggesting that
ligand orientation can influence not only the strength of the chiro-optical transition, but its
sign as well. Figures 19A and 19B illustrate how the rotatory strength can invert with
different chiral ligand orientations. That is, the transition electric dipole and transition
magnetic dipole moments rotate with ligand orientation, causing their dot products to
change signs. Thus, the imprinted CD signal of the perovskite is sensitive to the orientation
of the chiral ligands on the surface. These computational findings are consistent with the
observed experimental behavior of the NPLs, further suggesting that changes in ligand
orientation, triggered by differences in the ligand shell composition, may result in sign

inversions of the CD signal.
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Figure 19: Ligand orientation effect on CD signatures. Panel A and B show
unit vectors of electric transition dipole moments (red) and magnetic transition dipole
moments (blue) for a CsPbBrs cluster with one R-PEA ligand at the band edge
transition. Side view of the CsPbBrs cluster, angle between H-Br and H-N is 120° (A)
and 180°(B).

4.3.5 CD as a function of chiral ligand coverage.

The dependence of NPL chiroptical properties on the surface concentration of chiral
ligands was studied by synthesizing NPLs with varied S-PEA:OA ratios, ranging from 1:1
to 7:1, then collecting CD and 'H-NMR spectra for each sample. The CD intensity was
determined by subtracting the trough value (bisignate minimum) from the peak value
(bisignate maximum) at the exciton; these values are reported in the unitless quantity AA/A
(see Figure 20A). To determine the PEA:OA ligand ratio on the surface of the perovskites,
the NPLs were purified to remove excess ligand, then digested in DMSO-ds and studied
via proton NMR. Representative data and peak assignments are shown in Figure C7. The

surface ligand ratios were calculated using equation 4.6,
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where Irea and loa are the integrated peak areas of the PEA and OA resonances,
and nHrea and nHoa are the number of protons associated with each peak.
Representative CD and normalized absorbance spectra of S-PEA-capped X=Br NPL
samples synthesized with different PEA:OA ratios are shown in Figures 20A and 20B.
Ratios of PEA:OA as measured by 'H-NMR are indicated with a color map; low ratios
(as low as 0.05 PEA:OA) are shown in dark green, and high ratios (up to 0.35 PEA:OA)
in light green. The upper limit for the PEA:OA ratios was chosen to prevent changes in
the NPL thickness distribution triggered by large amounts of PEA, which manifest as a
red-shift of the exciton and absorbance peak broadening (see Figure C8); the X=Cl NPLs
show a greater tolerance for high chiral ligand concentrations, allowing for larger
amounts of PEA to be used in the synthesis before changes in the sample composition
are observed. The NPLs’ linear absorption properties remain constant within the
selected PEA:OA range, based on their normalized absorbance spectra (Figure 20B). The
CD intensity (Figure 20A) increases with an increase in the PEA:OA ratio, except for a
slight observed decrease for samples with ratios approaching 0.35. Samples with the
lowest accessible PEA:OA ratios (Figure 20A, dark green) can exhibit a CD signal

inversion at the exciton energy, with the bisignate trough appearing at higher
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wavelengths than the peak. CD inversion was not found for X=Cl NPLs in the accessible
PEA:OA range.

CD intensities are shown as a function of molar ratio data for X=Br and X=Cl NPLs in
Figure 20C. Both the chloride and bromide NPLs show a similar relationship between CD
intensity and PEA:OA ratio, with three distinct regions: small slope. (0-0.1 PEA:OA), large
slope (0.1-0.25 PEA:OA for Br and 0.1-0.3 PEA:OA for Cl), and a plateau region (above
0.3). These data indicate that the strength of chiral imprinting manifesting in the CD
intensity, while proportional to the PEA:OA ratio, is not directly proportional to the
fraction of chiral ligands in the shell. That is, a linear dependence of the CD intensity on
the ratio of chiral ligands is not observed. A nonlinear relationship between the chiral
ligand concentration and the CD intensity was reported previously for cysteine-capped
CdSe/CdS QDs and attributed to a change in the cysteine binding motif at different ligand
concentrations.’! Unlike cysteine, PEA has only one moiety available to bind to the NPL
surface. Thus, we posit that the nonlinear nature of the CD-PEA:OA relationship arises
from the averaging of the CD signal that is produced from NPLs with different PEA
configurations.

A chirally imprinted particle-in-a-box model®” was used to explore the
spectroscopic signatures of chiral imprinting on nanoparticles from a theoretical
perspective (see details in Section 4.2.1). We computed the dependence of the rotatory
strengths on the PEA:OA ratio using this model and the results are plotted in Figure 20D

for three different exciton sizes which are approximated by the number of unit cells over
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which the excitons can delocalize. Specifically, grid sizes of 3 x 3, 4 x 4, and 5 x 5 unit
cells (corresponding to 1.8, 2.4, and 3.0 nm lengths) in the x,y plane of the NPL are
considered. The exciton sizes employed in the computations are somewhat smaller than
the experimentally measured exciton size (ranging from 2 to 7.1 nm),>'3 due to the
large computational cost of large exciton. The absolute value of the rotatory strength for
the 1.8 nm exciton, see dotted line of Figure 20D, increases rapidly for small PEA:OA
ratios; the rotatory strength is 1x10-4 atomic units (a.u.) when PEA:OA =0.1. At higher
PEA:OA ratios, the rotatory strength increases steadily and reaches 4.5x10-4 a.u. for
PEA:OA =1. The 4 x 4 and 5 x 5 cases show a similar shape as a function of PEA:OA
ratio. For the 4 x 4 exciton (2.4 nm, dashed line), the rotatory strength variation has a
large slope at low PEA:OA ratios and then reaches a plateau when PEA:OA > 0.4. The
maximum rotatory strength of the 4 x 4 exciton is 5.4x10-4 a.u. at PEA:OA = 1. The
rotatory strength of the 5 x 5 (3.0 nm, solid line) exciton increases more slowly than the 4
x 4 exciton at low PEA:OA ratios. As the PEA:OA ratio increases, the rotatory strength
reaches a plateau with a rotatory strength of 4.6x10-4 a.u. The slope of the rotatory
strength vs. PEA:OA plot decreases for all three exciton sizes, with the two larger
exciton sizes showing the largest slope decrease (Figure C9). The rotatory strength
reaches a plateau at ratios greater than 0.5 for the 2.4 and 3.0 nm excitons.

While a difference in the position of the rotatory strength plateau is observed in

Figure 20D, all three exciton sizes produce similar computed rotatory strength
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magnitudes, suggesting that the size of the exciton does not dictate the magnitude of the
rotatory strength of the chiral imprint. Larger excitons can be perturbed by more PEA at
tixed PEA:OA ratios, but the exciton wavefunction is more spatially delocalized in a
larger potential well. Therefore, the magnitude of the rotatory strength is similar for the
three exciton sizes. The two larger excitons (2.4 nm and 3 nm) show a clear saturation of
rotatory strength as the PEA:OA ratio approaches 1, while the position of the saturation
point for the 1.8 nm exciton is less clear. When the exciton size is small (i.e., comparable
to the size of the chiral ligand), the asymmetric charges associated with the stereogenic
center are similar in size to the wavefunction of the confined exciton. The induced
rotatory strengths are large (compared to that from a large size exciton) and are strongly
dependent on the placement of chiral ligand asymmetric charges. Therefore, the rotatory
strengths produced by placing chiral ligands symmetrically with respect to the exciton
wavefunction inversion center, cannot be canceled. In contrast, for large excitons, the
induced rotatory strengths are relatively weak and less dependent on the chiral ligand
position with respective the exciton wavefunction inversion center. Therefore, the
asymmetric environment created by ligand placement is more likely to be averaged out
as the size of the stereogenic center of the chiral ligand is small compared to the spatial
extent of the wavefunction, and the rotatory strength quickly reaches a plateau at the
high PEA:OA ratio, consistent with the computed rotatory strength for large exciton

sizes (2.4 and 3 nm).
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Figure 20: Coverage dependence of chiroptical properties. Panel A shows CD
spectra and panel B shows absorbance spectra for toluene solutions of X=Br NPLs
synthesized with S-PEA:OA ratios between 0.05 (dark green) and 0.35 (light green).
Panel C shows the CD at the first exciton transition as a function of PEA:OA ligand
ratio for X=Br (green) and X=Cl (blue) NPLs fit by a Boltzmann function to guide the
eye. Panel D shows computational results for the dependence of rotatory strength on
the PEA:OA ratio and exciton edge length (dot - 1.8 nm, dash - 2.4 nm, and solid - 3.0
nm).

4.4 Conclusion

Chirally imprinted perovskite nanoplatelets were synthesized with different
halide and ligand compositions. The effect of the ligand shell’s composition on the
chiroptical signatures was investigated by using experimental and theoretical methods.
We establish a relationship between the CD spectra and the surface ligand’s orientation

as well as on the density of the chiral ligands on the NPL. A nonlinear dependence was
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found between the fraction of the chiral ligands and the measured CD intensity,
suggesting that chiral imprinting saturates at high chiral ligand concentrations.
Computational studies indicate that the point of saturation is determined by averaging
of ligand configurations on the NPL surface. We find that the CD intensity is dictated by
the perovskite exciton’s spatial extent in the NPL plane, as the number of possible ligand
binding orientations increases with exciton size. This study advances our understanding
of chiral imprinting in perovskite nanostructures and establishes a model to describe
ligand-induced chirality that can be applied to other ligand-capped NPL and NP
systems. An expanded understanding of the underlying mechanisms for chiral
imprinting should contribute to the continued development of novel chiral

nanomaterials and their applications.
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5. Control of Photoinduced Electron Transfer Yield
with Polarized Light

This chapter is adapted from: Zhendian Zhang, Ye Jin, Peng Zhang, David N.
Beratan. Control of Photoinduced Electron Transfer Yield with Polarized Light, in
preparation,

Sun, K., Fang, C., Kang, M., Zhang, Z., Zhang, P., Beratan, D. N, ... & Kim, J.
(2023). Quantum simulation of polarized light-induced electron transfer with a trapped-
ion qutrit system. arXiv preprint arXiv:2304.12247. Sun, Fang and Kang contributed to the

quantum simulation of the donor-acceptor model.

5.1 Introduction

Electron transfer reactions underpin energy conversion, ' signaling,'>1% and
catalysis in living and non-living systems,'" and these reactions access a diversity of
mechanisms.?*'? Bridge mediated superexchange,'”, flickering resonance, 22! adiabatic
electron transfer, and incoherent hopping are accessible electron transfer mechanisms,?
and new mechanisms continue to be uncovered in novel structures. For example,
interferences between cavity-mediated and superexchange coupling pathways for
electron transfer were recently predicted in polaritonic structures.'? The “elementary”

electron transfer steps in these reactions typically involve the coherent propagation of an
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electron from one site to another in an activated complex. As such, quantum
interferences among through-bond and through space electronic coupling pathways!?
are the norm: both chemical structure and fluctuations influence the interferences among
the coupling routes.’?-1° Earlier theoretical studies explored how the phase
relationships among orbital amplitudes in the initially prepared state may influence
electron transfer dynamics and yields, and how these phase relationships might be
conveyed on the nanoscale.’® 3! The nature of the initial electronic state can also
influence electron transport mechanisms as its energy becomes nearly resonant with

bridge localized excited states.!*

The effects of initial state preparation that we explore here arise from preparing a
superposition of two nearly degenerate electronic states, ¢, and ¢, to form the diabatic
donor state Wp (t) = c,(t)p4 + cp(t)dpg. The electronic state evolution from donor to
acceptor may involve constructive or destructive coupling-pathway interference,
depending on the mixing coefficients determined by the initial superposition
determined by the light polarization (c4(0) and c(0)) and the coupling interactions
between donor and acceptor. Here, we will explore how the initial state polarization,
determined by polarization of the excitation pulse, may alter electronic dynamics.

Earlier studies have explored how electron transfer yield differences depend

upon the phase relationships for the initially prepared state. The electronic dynamics
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and yields were computed for a tight-binding analogue of a particle-in-a-ring state.!
The phase relationship among tight-binding sites in the ring influences the yield of
electron transfer products. Further studies found that initial states with quantized linear
or angular momentum could convey the momentum to the product state.'*

Here, we build multi-state quantum dynamical models that include a ground
state, two orthogonally polarized donor excited states, and a charge-transfer product
state with energy above the ground state but below the donor excited states. We
examine the electronic dynamics following linearly or circularly polarized excitation.
The electron transfer yield is found to be sensitive to the light polarization, molecular
orientation and decoherence dynamics. We found that the yield of electron transfer can
be controlled by the donor initial state prepared by LPL and CPL through the
interference between two coupling pathways. The interference is found to be sensitive to
the light polarization, molecular orientation and decoherence dynamics.

Directing electronic dynamics by selecting the polarization of the initial
excitation is appealing for manipulating photoinduced electron transfer dynamics, 313
plasmonic chemistry,’¥” and artificial photosynthesis.’®-4 Circularly polarized excitation
has been found to influence electron transfer product yields in theoretical and
experimental studies,'3"41-14 and opportunities to use polarized excitation to direct
charge and spin at the nanoscale, especially in chiral structures, is particularly

Compelling'20,85,141,145—147
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5.2 4-state model for polarization-dependent photoinduced
electron transfer

We model the photoinduced ET using a 4-state effective Hamiltonian that
includes a ground state (D), two near-degenerate donor localized excited states (D, and
D,), and an acceptor state (4). The light field couples the ground and the donor
localized excited states; the donor excited states are coupled to the acceptor, and electron
density is drained from the acceptor as described by eq. 5.1 and shown schematically in
Figure. 21A.

Ep, () u(t) 0
()  Ep; 0 Vpia
H=1 u,(t) 0 Ep: Vpia |- (5.1
0 Vpia Vpia Es— %

The electric transition dipole operator that couples the ground and electronic
excited states is u(t) = e r - E(r), where E(t) is the time-dependent electric field and er
is the electric dipole operator. The excited state population is polarization dependent,
and their contributions may depend on the molecular orientation and polarization of the
electric field. As such, the system’s time evolution will depend upon the light
polarization and molecular orientation. Irreversible electronic dynamics is introduced by
introducing an imaginary diagonal term on the acceptor, -iI'/2, which drains density
from the acceptor on the time scale of #/T'. Assuming the light propagates along the z-

axis, and the electric field vector is in the xy-plane, the electric fields associated with

circularly polarized light (CPL) and linearly polarized light (LPL) are:
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Ecp.(t) = Eq(coswt, + sinwt, 0) (5.2)
E;p.(8,t) = Ey(cos wt cos B, cos wt siné, 0) (5.3)

E, is the field strength, w is the field’s angular frequency, and 6 defines the
orientation of the linearly polarized light, measured with respect to the x-axis.

The model Hamiltonian of eq. 5.1 resembles photoinduced electron transfer
between a metalloporphyrin donor (D) and a perylene-diimide acceptor (A). The 3D
structure of a noncovalent porphyrin-PDI co-crystal structure was used to compute the
electronic parameters of the DA assembly (see Appendix D) by time dependent density
functional theory (TD-DFT) analysis. Non-covalent assemblies that weakly break the
degeneracy of the porphyrin excited states are favorable for our studies. The computed
excitation energies are robust with respect to changing the density functionals (results
found with the wB97X-D3 and cam-b3lyp functionals produce excitation energies that
differ by 0.06 eV). The wB97X-D3 functional was used with the def2-SVP basis set, and
the computations were carried out uisng the Q-Chem program package!*®. The
computed transition dipole moments are r; = (4.58,0,0) a.u.and r, =
(—0.61,4.54,0) a.u. for the zinc tetraphenyl porphyrin and PDI pair. The ground state

energy Ep was set to 0, and the energies of the three other states are found in the TD-
DFT analysis are Ep: = 3.89 eV, Ep; = 3.93 eV and E4 = 3.01 eV, based on the structure

of an isolated DA pair taken from the crystal structure. Generalized Mulliken-Hush

analysis*1® was used to compute porphyrin excited state-PDI couplings of Vp:4 =
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0.074 eV and Vp;, = 0.020 eV which will be used in the simulation of ET dynamics
unless specified. Figure. 21 shows the DA structure and a schematic energy-level
diagram. Assuming a 8 u/ Gaussian line shape laser focused in a 1 mm area for 50 fs, the
field strength (E) is 4 x 108V /m, corresponding to peak donor ground state and excited
state coupling of 0.1 eV. We use a Gaussian line shape for the exciting polarized light
with pulse of 50 fs duration and 3.91 eV energy (the average of the two donor excited
state energies) was used. I' was set to 0.5 eV, much larger than the DA coupling, so little

electron returns to the donor after arrival on the acceptor.

=

Dy D, A

Polarized g
light Vp;a Y

Figure 21: (A) Schematic illustration of the 4-state model for photoexcited
electron transfer between two near-degenerate porphyrin excited state donor states
and the PDI acceptor species. The donor is photoexcited by circularly or linearly
polarized light, creating a superposition of the D] and D5 states. The two diabatic
donor photo-excited states are coupled electronically to the acceptor. An imaginary
term on the acceptor irreversibility removes electron density from the system. (B). The
structure of a porphyrin - perylene-diamide co-crystal determined by X-ray diffraction
was used to compute the relevant electronic state energies and couplings.

When the porphyrin excited state consists of an incoherent mixture of the D; and
D, states (the D1 and D2 interaction is much smaller than D-A coupling because their

wave functions are polarized in almost orthogonal directions), the time evolution is a
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simple sum of the two (independent) excited state time evolutions. The time evolution
of a coherently excited donor superposition state, however, can manifest quantum
interference effects as the wave function amplitude moved from the porphyrin to the
PDI species. The time dependent electron transfer yield is defined as the integrated

electron density that exits the system through the acceptor'!:

¢ 4
V(@) =T f pa()ds =1= Y pi(t) .4)
0 i

This yield corresponds, conceptually, to electron density that is trapped
irreversibly on the acceptor, or is moved irreversibly from the PDI. p,(s) in eq. 2 is the
acceptor’s time dependent electron density, and is computed by solving the quantum
Liouville equation using the Hamiltonian of eq. 5.1:

9
ma—’t) — [H,p] (5.5)

The ultrafast electron transfer yield depends on initial light polarization, because
the electron transfer yield is controlled by DA pathway interference which is determined
by donor state wave functions prepared by light polarization. The difference in the
time-dependent yields (Y; (t) and Y,(t)) produced by two different light excitation

polarizations is:

Y1 (1) — Yz ()

ACESAC) (56)

Yp () =
Yp(t) can vary from -1 to 1, reaching these limiting values when one of the yields

is zero and the other yield is equal to one. We compute Y (t) for left (L) and right (R)
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circularly polarized excitation (L-CPL vs R-CPL) in the porphyrin plane, and for LPL
with different polarization direction in the porphyrin plane.

We launched the quantum system from an initial excited state constructed from a
superposition of the two near-degenerate porphyrin electronic excited states. The
coherent superposition state of porphyrin locally excited states evolves into an
incoherent mixture of porphyrin-localized excited stated because of the interactions
between the molecule and its surrounding (condensed phase) environment. The
dissipation mainly includes relaxation and pure dephasing. The pure dephasing is the
leading term'5"152 that dampens the relative phase between excited state, we
approximate the effects of the decoherence by introducing pure dephasing with the

Lindblad operator to the quantum Liouville equation'15:
, ; * t_ Lot
p==-7 [H,p] + zj=1]/j (WJPW, - E{WJ WJP}> (5.7)

y; is the dephasing rate, and we assume these rates are the same for all three

excited basis states (corresponding to an electron on Dy, D;, or A). W; =1/

0 0 0 O 0 0 0 O 0 0 0 O
0100 _ 000 0 _ 00 0 0,

V2 0 0 0 0;W2—1/\/§ 00 1 0 and Wy = 1/32 000 0l The
0 0 0 O 0 0 0 O 0 0 0 1

quantum Liouville equation is numerically solved using the differential equation solver

NDSolve implemented in Mathematica 13'% for the zinc porphyrin-PDI assembly.
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5.3 Results
5.3.1 Polarization dependent excited states

The donor-to-acceptor electronic dynamics from the photoexcited state
(described in next section) depends on the relative phase and amplitude of the Di and D;
components. We first examine the influence of the excitation light polarization on
initially prepared donor states, while considering only the excitation process in isolation
from electron transfer processes. As such, we define metrics to characterize the relative
phase and amplitudes of the two donor-localized states. The excited state wave function

after excitation, but prior to evolution onto the acceptor, is (4 Dge_i‘p”g,

A D;e_i¢D§, A D;e_i%E, 0), where A Dy Ap:, Ap; are wave function amplitudes of the ground
state and of the two donor excited states. ¢ Dy ¢p; and ¢p; are the phases of the wave
functions. The relative phase of the degenerate excited states is ¢ = ¢p: — ¢p;, and the
electron amplitude ratio A = Ap:/Ap; . For simplicity, we use the above TD-DFT results
but assume that the two diabatic excited states are degenerate and have orthogonal
transition dipole moments with Epr = Ep; = 3.89 eV, ry = (4.58,0,0) a.u., 1, =
(0,4.58,0)a.u. That is, the zinc porphyrin diabatic state is not perturbed by the
surrounding crystal. Numerical simulations with full TD-DFT obtained parameters in

this paper will be discussed later.
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When the acceptor and the sink are not at present, the electron density oscillates
between the ground state and two excited states driven by the light. For circularly
polarized excitation, ¢ and A between two excited states oscillate with time (see Figure.
22A and 22B), depending on the handedness of the circularly polarized excitation. The
relative phase of the two excited states is centered at 7/2 and oscillates between 0 and =,
and the phase differences (¢) for L-CPL and R-CPL are mirror images with respect to the
line ¢ = m/2. Thatis, there is a phase difference of m between the relative phase of the
excited state wave functions for L-CPL and R-CPL, i.e., ¢ = ¢, + m where ¢y is the
relative phase excited by R-CPL and ¢, is the relative phase excited by L-CPL. This is
anticipated from the sign difference of the perturbing fields (eq. 5.2). The handedness of
the circularly polarized light has no effect on the electron amplitude ratio 4, since 1
evolves identically for right and left circularly polarized light, namely A = 1, (i.e., the
blue and orange curves overlap in Figure. 22B). In the non-covalent zinc porphyrin —
PDI structure, the donor excited state degeneracy is lifted somewhat by the environment
of the crystal. As such, the transition dipole moments are not orthogonal, their
magnitudes are not equal, and the relative phase ¢ and electron amplitude ratio A differs
from the degenerate case. To study the influence of non-degeneracy of donor excited
states on the wave function, the excitation energies for two excited states are taken from
the ZnP (in the ZnP —PDI pair) as 3.89 and 3.93 eV. Numerical simulations indicate that

the choice of light frequency near the excitation energy has no influence on ¢ for the
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ZnP-PDI for circularly polarized excitation (see Figure. D1). Therefore, we use the
average excitation energy (3.91 eV) in our simulations and drive excitation of ZnP
excited states. R- and L-CPL excitation establishes the relative phases and amplitudes
cospr = —cos¢; and A = A, (Figure. D1), as in the case of degenerate excited states.
We now examine how differences in the values of the transition dipole moments
to the near degenerate donor excited states influence the electronic dynamics following
photoexcitation. Our numerical simulations find that when the transitions moments are
different in magnitude (|ry| # |r;|), the phase relations between the two excited states
are the same as when the length of transition moments are equal (Figure. D3), i.e,
cos¢pr = —cos ¢, for circularly polarized excitation. Since the light-matter Hamiltonian
operator is the dot product of the electric field and the transition dipole moment, when
|ri| # |r;| the influence of circular polarized light on the system is equivalent to the
influence of elliptically polarized light on a system with degenerate transitions. That is,
more amplitude flows to the excited state with the larger transition dipole moment, but
Agr = A, relation remains (Figure. D3 B). Finally, we explore the values of 4 and ¢ when
the transition dipole moments associated with the two excited states are not orthogonal.
Defining the angle between the transition dipoles as 7, circularly polarized light
produces the phase relation (¢ + ¢,)/2 = n from numerical simulations (Figure. D4 A)

for the orthogonally polarized transition dipoles is the special case where n = g
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However, when the transition dipoles are not orthogonal, the 4 values for right and left
circularly polarized light are not equal (Figure. D4 B).

The porphyrin has x- and y- polarized electronic transitions, and we consider
excitation with linearly polarized light (LPL) oriented along one of these two directions.
As such, the two transition dipole moments are: p; = e|r,|E, cos 8 cos wt and p, =

Ir

e|r,|E, cos 0 cos wt (see eq. 5.3). The transition moment ratio is lr—l:cot 6, and is time
2

independent. This transition moment ratio suggests that the phase difference for the
excited states, ¢, and the electron amplitude ratio, 4, is time independent for the two
donor excited states. Linearly polarized excitation oriented as described populates either
x- and y-polarized excited states. When E (t)-ryand E (t) - r5 have the same sign, the
two electronic excited states enter the wave function with the same sign, that is cos ¢ =
1. When E(t) - i; and E(t) * i, have opposite signs, the excited state components have
opposite signs, that is cos¢ = —1. When the donor excited states are not degenerate, LPL
creates relative phase and electron amplitude ratios A that are both time dependent
(Figure. D2), and the values and oscillate around the values found when the donor
excited states are degenerate. Larger excited state energy mismatches cause ¢ and A to
deviate further from the degenerate case, making control of the relative phase and
amplitude ratios more challenging. The angle between the two transition dipole

moments 7 and the magnitude of two transition dipole moments determine the electron

amplitude ratio 4, where 1 = —<058_I"l Dye to the flexibility of choosing the LPL
cos(n=0) |rz|

78



polarization direction, the effect of donor transition dipole moments on electron transfer
yield difference produced by LPL can be canceled by tuning the LPL polarization
direction. In contrast, the angle between the transition dipole moments influences ¢,
which can alter the electron transfer yield for CPL excitation.

In summary, The CPL and LPL show the ability to tune the relative phase and
amplitude ratio between donor excited states. In the next section, we explore how to
maximize or minimize the electron transfer yield difference with the relative phase and
amplitude ratio. For degenerate donor excited states with equal transition dipoles and
orthogonal transition moments, circularly polarized light establishes excited states with
¢r + ¢, = mand Ay = 1;. For degenerate excited states with equal transition dipoles,
LPL establishes a time-independent relative phase and amplitude differences,
depending on the light polarization. The relative phase and amplitude ratio relations is
independent of the transition dipole magnitudes. If the angle between the donor
transition dipole moments (1) is not equal to /2, CPL creates donor excited states with
(pr + ¢1)/2 =n and Az # 4;, while the relative phase and amplitude ratio relations is
independent of 7 for linearly polarized light.

Breaking the degeneracy of the donor excitation energies does not change the
phase relation among the two states for CPL excitation. However, the relative phase and
amplitude ratio established by LPL is not time independent for non-degenerate excited

states. In general, for linearly polarized excitation, the relative phase and amplitude ratio
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can be tuned by changing the light polarization, which makes linearly polarized light an

appealing tool to tune the electron transfer product yield.
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Figure 22: Time evolution of the phase and amplitude ratio following
excitation of the degenerated donor excited states with CPL, at times prior to donor-
to-acceptor propagation.(A) The relative ¢ is shown as function of time for circularly

polarized excitation. Right and left circularly polarized light produce an excited states
with opposite values of cosd. (B) The electronic amplitude ratio r for the donor
excited states following circularly polarized excitation is identical for L- and R-CPL.

5.3.2 Time evolution of coherently excited states without
decoherence

Polarized excitation prepares and maintains the phase and amplitude ratios
among the near degenerate excited states, as described above. We now explore how
these superpositions influence donor-to-acceptor electronic propagation and electron
through pathway interference in coherent limit by computing analytically electron
transfer yields in the absence of decoherence (see Appendix D for detailed derivation).
We assume the photoexcitation is much faster than electron transfer and no electron

density left on the ground state, the initial wave function prepared by polarized light
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excitation is Y(t = 0) = (0,1, 1e'®,0)/V1 + 12, where the vector show the element in the
ground state, the two donor excited states, and the acceptor at time zero. We assume
that the donor excited states are degenerate for simplicity. We define 1,, ¢, and 1, ¢, as
the electron amplitude ratio and phase for two independent sets of dynamics (for
example, for 1;, ¢, may represent an excited state created R-CPL excitation and 4,, ¢, an
excited state created by L-CPL excitation, or 44, ¢, and 4,, ¢, may represent states
created by two LPL excitations with different polarizations). The yield difference

between these two sets of dynamics in the coherent limit is

—(A =AU + 1)) (2 — 1) — 2(1 + 13)A,x cos P, + 2(1 + A2 ) A x cos,
24+ 224+ (A5 4+ 25 + 22220 x% + 2(1 + A5)Ax cos ¢y + 2(1 + A3)A1x cose,

Yp(t) = (5-8)

The coupling ratio for the two donor-to-acceptor interactions is x = Vps4/Vpr4.
Eq. 8 indicates that the yield difference is independent of the acceptor state energy,
donor-acceptor coupling strength and the rate of electron removal from the acceptor
(). The yield difference depends on the phases (¢; and ¢,), electronic amplitudes
(41 and 1), and coupling ratio (x) for the two degenerate donor excited states. When the
relative phase equals 0 or m and the electron amplitude ratio (1) is 1/x for one of the
dynamics, the yield is zero because of destructive interference between the two coupling
pathways, leading to |Yp| = 1 when compared with dynamics with any other initial

relative phase and the electron amplitude ratio.
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As discussed above, circularly polarized excitation of degenerate donor excited
states that have cos ¢ = —cos ¢, and Ay = A;. This produces the yields Yz_cp; and

YL—CPL/ and eq. 5.9 gives

2 cos ¢p

1
XA

Yp(CPL) = (5.9)

+ xAg .

When xAp = 1, Y}, is the cosine of the phase angle, and Y}, reaches its maximum
and minimum values of +1 when ¢z = 0 and 7, respectively. Although CPL has the
potential to produce excited states with any phase and amplitude ratio, Figure. 2 shows,
however, that the relative phase oscillates around the value m/2 and rarely reach 0 and
for CPL excitation such that the yield difference predicted with eq. 9 is small. Producing
the maximum yield difference with circularly polarized light requires precise control of
the laser pulse duration, such that when the laser is turned off, the resulting phase factor
maximizes the electron transfer yield difference. If x is too large or too small (x > 1 or
x < 1), suggesting that one of the DA pathway is much faster than the other one and
two donor excited states are equally populated by CPL, i.e., Az = 1, the yield difference
becomes zero as only one pathway dominates the ET and the pathway interference is
negligible.

The time-independent ¢ and 4 values produced by LPL depend strongly on the
light polarization (@), in contrast to the case for circularly polarized light. Therefore, Eq.

8 cannot be simplified for LPL excitation. Tuning the light polarization provides fine
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control of the superposition created, i.e. any real value of 1 and ¢ = 0 or . Eq. 5.8
indicates that Y, varies from -1 to 1 for LPL excitation, depending on 6.

In the fully coherent regime, where the phase relationship between D and D; is
sustained, the largest possible value for the yield difference is 1 for both circularly and
linearly polarized excitation. However, destructive interference for specific polarization
direction can lead to no electron density arriving at the acceptor, thus halting electron
transfer. In practice, such dramatic destructive interference effects are likely to be
weakened by system-bath decoherence of the excited state superposition. In addition,
instead of sequential processes of excitation and electron transfer assumed in this
section, for the real molecule, the electron transfer starts when there is electron density
on the donor excited states, i.e., electron transfer and excitation happens simultaneously.
As the phase and amplitude ratio may vary during the excitation, especially for CPL,
electron transfer during the excitation process is likely to weaken the overall yield
difference. Breaking the degeneracy of donor excited states also affects the yield
difference. We next explore decoherence, non-degenerate donor exited states, and

simultaneous excitation and electron transfer effects on the dynamics.

5.3.3 Electron transfer driven by polarized light in a dissipative
environment

Our analysis finds that the relative phase and the electron amplitude ratio of the

prepared excited state largely determine the electron-transfer yield difference. We use
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the 4-state model for the ZnP-PDI system described above. We study the influence of
the dephasing rate, donor-acceptor coupling, and light polarization on the yield
difference for both CPL and LPL excitation. The absolute value of yield difference
decays to 0 at long time (all electron density eventually flows to the sink such that ET
yield is 1 for any excitation), we analyze the yield difference at 1 ps, which is accessible
in transient absorption experiments while remains considerable yield difference.’ (The
quantum superpostion of the donor states will survive for a relatively short time,
therefore this quantum effect impact the ET at short time and we short time ET.) We set
the dephasing times 7 = 1/y 20 fs and 100 fs, to compare fast and slow donor excited
state dephasing. For low temperature and in the crystal condition, these dephasing times
are accessible. Donor-acceptor couplings of 0.074 and 0.02 eV were computed from
GMH analysis as discussed above. We also computed the electron transfer yield
differences for DA couplings that were 10% of and 5-fold more than these values to
explore the DA coupling effect on the yield difference.

The electron transfer yield difference as a function of time for circularly polarized
excitation is shown in Figure. 23. When the dephasing time is 100 fs (20 fs), the electron
transfer yield difference is -1% (-0.56%) at 1 ps, which may not be detectable in
experiment (for example TA). The negative yield difference suggests that the L-CPL
excited electron transfer is slightly faster than R-CPL excited electron transfer. The yield

oscillates with time, while for short dephasing time, the oscillation of yield difference is
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dampened. Also, the yield difference is smaller with fast dephasing because of the
dephasing reduced two pathway inference.

With 100 fs dephasing time, when the donor-acceptor coupling decreases to 10%
of the computed value, the yield difference becomes -0.8% at 1 ps, which is 80% to the
yield difference with the original coupling strength. This small decrease of yield
difference as the donor-acceptor coupling is reduced in the limit where the electron
transfer is slow compared to excitation is qualitatively consistent with the analytical
analysis in eq.9 that the yield difference depends on the ratio of two donor-acceptor
coupling instead of the absolute coupling strength. The reason that the yield difference
has weak dependency on coupling strength in the numerical simulation is that the donor
excited states are not degenerate in the simulation while they are assumed degenerate
when deriving eq. 5.9. Also, the excitation and the electron transfer start simultaneously
in the simulation while the electron transfer is decoupled from the excitation in eq. 5.9.
When the donor-acceptor coupling grows by 5-fold stronger than the computed values
(i-e., Vp;a = 0.37eV and Vp;, = 0.1 eV), the electron transfer yield difference shrinks to
0.014% at 1 ps, which is only 1% of yield difference with the original DA coupling. The
reason that the yield difference drops quickly with 5-fold increased DA is that most
electron density enters the sink during the excitation process when the DA coupling is
too large. When the donor-acceptor couplings Vp:4 = 0.074eV and Vp: 4 = 0.02 eV,

electron density enters sink throughout 1ps, and when the DA coupling is reduced to
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10%, the electron transfer is slow such that less than 2% electron density enters the sink
at 1 ps. In contrast, when the DA coupling is increased by 5-fold, the electron transfer is
finished and the electron is removed to the sink before excitation ends, such that the

electron transfer yield excited by L-CPL and R-CPL has no difference.
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Figure 23: Electron transfer yield difference as a function of time for circularly
polarized excitation. Orange, blue, yellow, and purple represent dephasing time of 20
fs, 100 fs, 100 fs and 100 fs, with DA couplings (0.074 and 0.02 eV) multiplied by 1, 1,
0.1 and 5, respectively.

The yield difference arising from LPL can be computed as a function of
polarization. Figure. 24 shows the yield difference at 1 ps for two different LPL
excitation orientations, with polarization directions 6; and 6, with respect to the x axis
of the Zinc porphyrin ranging from 0 to 7. When the dephasing time is 20 fs, the

absolute value of yield difference reaches a maximum of 0.68 near 6; = 1.65 or 8, = 1.65
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(approximately /2). When the dephasing time increases to 100 fs, the yield difference
maximum is 85%. The dependence of the yield difference on 6; and 6, is similar to what
is found for short dephasing times, but the overall yield difference is larger. In the weak
donor-acceptor coupling regime, the maximum yield difference is 95%, while in the
large donor-acceptor coupling regime (5-fold larger than ZnP-PDI), the electron transfer
yield difference decreases compared to the values reported in Figure. 24. Except 6, or 6,
equal to 1.9, the yield difference at all other combinations of 8, and 6, is much smaller
than weak donor-acceptor coupling regime because the electron transfer is almost
finished during excitation. However, the maximum electron transfer yield difference is
75% when one of the LPL polarization direction § = 1.9, which is 88% of the yield
difference found for the ZnP-DPI donor-acceptor couplings. A large yield difference is
observed because when one of LPL has 6 = 1.9, due to the interference of two pathways,
a large portion of electron density (70%) remains on the ground states until 1 ps such
that the yield is small, while with all other 6 values, the electron flows to the acceptor
and the sink within excitation resulting electron transfer yield nearly 1. (see Figure. D5).
Therefore, when comparing the yield between 8 = 1.9 and all other 6, a large yield
difference is observed. Note that this specific 6 value (1.9) that stops excitation depends
on the donor excited states transition dipoles and donor-acceptor coupling ratio, and can
be determined by scanning LPL polarization direction through numerical simulations or

experiments.
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Figure 24: Electron transfer yield differences as a function of linear polarized

light orientations 6, and 6, .(A). 20 fs dephasing time (B). 100 fs dephasing time (C).

the DA coupling multiplied by 0.1, i.e., Vp;4 = 0.0074 eV and Vp;, = 0.0020 eV and

100 fs dephasing time (D). the DA coupling multiplied by 5, i.e., Vp: 4, = 0.37 eV and
Vpsa = 0.1 eV and 100 fs dephasing time. This figure shows the ability to achieve

high yield difference under strong dephasing environment and control yield
difference with LPL.

We computed the electron transfer yield differences for CPL and LPL excitation
using energy and coupling parameters for the ZnP-PDI systems, including the effect of
dephasing. Both LPL and CPL can produce electron transfer yield differences, but the

magnitude of the yield differences produced by LPL is more than 70-fold larger than is
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calculated for CPL due to the fine control of relative phase and amplitude difference of
LPL by polarization direction. LPL also produces quantum dynamics that is more
resistance to system-bath decoherence effect than is the case for circularly polarized
light. When the dephasing time is decreased from 100 fs to 20 fs, the maximum yield
difference of LPL is reduced from 85% to 68% which should be large enough to be
observed in the experiment. Large donor-acceptor coupling leads to fast electron
transfer during the excitation process, such that the yield of electron transfer for L-CPL
and R-CPL, or LPL nearly 1 at 1 ps results in a small yield difference. However, even
with large donor-acceptor couplings, there exists an LPL polarization direction that
causes the electron to remain on the donor ground state as the result of interference,
such that when compared with other polarization direction, the yield difference is still

significant. Overall, large donor-acceptor coupling does not favor the yield difference.

5.3.4 Yield difference dependence on molecular orientation

We assumed that the CPL and LPL electric field vectors and the donor transition
dipole moments are coplanar (in the xy plane) for the model system. Other relative
polarizations are accessible. We next examine the dependence of electron transfer yield
for CPL and LPL excitation as a function of the molecule-field orientation. We also
explore the effects of orientation averaging of this orientation on the yield difference.

The donor species orientation is described by an in-plane angle a and an out-of-plane
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angle . Assuming the light propagates along the z-axis, and the electric field vector is in
the xy-plane, the in-plane angle rotates the ZnP with respect to the z-axis, and out-of-
plane angle rotates ZnP with respect to the x-axis. When a = = 0, the electric field and
transition dipole moment vectors are colinear. We varied a and £ varied from 0 to ,
and the computed yield differences for CPL or LPL excitation, assuming a 20 fs
dephasing time (see Figure. D6). The electron transfer yield differences vary periodically
as a function of @ and B, and the results are even functions of @ and S.

Orientation averaged yield differences under CPL and LPL illumination are
shown in Table 4, assuming that @ and f are Gaussian distributed with zero mean and
standard deviation o. The standard deviation represents the randomness of molecule
orientation. The yield difference is independent of the in-plane distribution (angle a) for
CPL excitation, and the yield difference is the same for all 3 standard deviation values
studied. For CPL driven electron transfer, the yield difference decreases as the standard
deviation of the out-of-plane angle (f) distribution grows. For LPL driven electron
transfer, however, the yield difference decreases as the standard deviation for both of a
and B grow. This finding indicates that the yield difference created by CPL illumination
is independent to disorder of the in-plane light polarization, but is sensitive to the out of
molecular plane orientation distribution. The yield difference initiated by LPL depends
on both the in-plane and out-of-plane angle distribution functions as the in-plane and

out-of-plane angles affect the relative phase and electron amplitude ratio of donor
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excited states through the electric transition dipole operator in eq. 5.1. To achieve higher
yield difference, aligning the chromophoric species to narrow molecular orientation
distribution will be advantageous. Perfectly aligned molecules like in crystal would have
same performance as single DA pair with up to 80% yield difference, while for DA pairs
with Gaussian distributed orientation with 0.2 standard deviation, for example, DA
molecules on a film with some constrains aligning the molecules, the yield difference

would be less than 1%.
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Table 4: The total electron transfer yield difference for different distributions
of donor molecule orientations. Ep: = Ep; =3.89eV,E4 =3.01eV,Vp;y =
0.074 eV, Vp;4 =0.02eV,I' = 0.5 eV, T = 20 fs. 0 is the standard deviation for a
Gaussian distribution. The yield difference is averaged over the in-plane angle a and
the out-of-plane angle S respectively for circularly (CPL) and linearly (LPL) polarized

light.
Yield Difference
o CPL (a) CPL (B) LPL (@) LPL (8)
0.2 0.11% 1.1% 0.10% 0.78%
0.4 0.12% 0.6% 0.072% 0.31%
0.6 0.12% 0.073% 0.038% 0.18%

5.4 Discussion

We have explored the influence of polarized excitation on the electron transfer
dynamics in coupled donor-acceptor electron transfer systems. The analysis focuses on
donor structures with two near-degenerate donor excited electronic states. Interference
between amplitude propagating from the superposition of the two near-degenerate
excited depends on the polarization of the exciting light, its orientation with respect to
the molecular chromophore, the ratio of the donor-acceptor couplings for the two near-
degenerate excited states, and the dephasing rate. Left- and right-circularly polarized
excitation prepares complex conjugate excited states, while the linearly polarized light

prepares donor excited states with the same relative phase and time independent
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amplitude ratio between excited states. In the coherent regime, a specific combination of
relative phase () and electron amplitude ratio (the inverse of the DA couplings ratio),
accessible by LPL or CPL donor excitation can produce full destructive interference
among the electronic amplitude propagating form the two donor excited states, giving
zero electron transfer yield.

Since the relative phase and electron amplitude ratio of the two excited states
created by CPL oscillate with time, while the relative phase and amplitude ratio created
by LPL do not depend on laser duration and can be fine tuned by LPL polarization
direction, it is more challenging to employ CPL to lock the relative phase and electron
amplitude ratio that maximize yield difference, and our and numerical results find that
LPL is predicted to produce more than 70-fold larger yield differences compared to
circularly polarized excitation with left- or right-circularly polarized light in the case of
the Zn-PDI example. Dephasing relaxation destroys the phase relationship established
between the two donor excited states over time, thus weakening the coupling pathway
interference. The maximum of yield difference for the ZnP-PDI system with 100 fs
dephasing is 85% for LPL excitation, which is much larger than the yield difference
predicted for the electron transmission through chiral chains®! (up to 10%).

Orientation averaging the DA system is found to decrease electron transfer yield
difference for both LPL and CPL significantly, so large yield differences are expected to

be observed experimentally for well aligned DA ensembles. The largest electron transfer
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yield differences arise from: (1) degenerate donor excited states (for both CPL and LPL
excitation), (2) small dephasing rates (for both CPL and LPL), (3) weak donor-acceptor
couplings, (4) oriented DA structures (for both CPL and LPL excitation) (5) proper
choice of LPL polarization direction. Low temperature experiments are likely to reduce
dephasing rates so that the coherent pathway interference effects persist over time. Our
tindings indicate the possibility of directing photoinduced electron transfer by
manipulating the incident exciting light polarization, rather than by altering molecular
structure.

We also utilized a trapped-ion qutrit to mimic the dynamics of electron transfer
in a model molecular system. Our objective was to observe how the driving light's
polarization affected these dynamics. By employing a qutrit, we were able to simulate
the behavior of this three-level system using only single-qutrit operations on a single
ion. This approach eliminated the need for multiple two-qubit operations on multiple
ions, which would have been necessary with conventional qubits. Consequently, qutrit
simulations yielded greater accuracy in our simulations. Through the qutrit simulation,
we discovered that the process of photoexcitation and the population difference between
the two degenerate states were influenced by the polarization of the exciting light.
Additionally, we investigated the impact of phase differences between the two coupling
pathways of electron transfer on its efficiency. We observed that destructive interference

only occurred when the energy level difference was very small (<0.73%).
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6. Conclusions

This dissertation presents theoretical studies on charge transfer and triplet
energy transfer of QDs system through different medium, chiral imprinting on
perovskite nano platelets and light polarization controlled coherent electron transfer.

In chapter 2, we built a discrete variable representation (DVR) method to
numerically simulate the semiconductor nano particles. Using the DVR method, we
examined the electron transfer between two CdSe quantum dots linked by a molecular
linker. We constructed a model of quantum tunneling across interconnected quantum
dots (QDs) by taking into account various parameters, including distance between QDs,
QD size, the length and diameter of the bridge, the effective depths of potential, and
effective mass. Our findings revealed that electronic coupling elevates as the QD size
diminishes, given a constant edge-to-edge distance. The decay constant associated with
electron transfer (ET) coupling originates from a combination of decay coupling
occurring through the bridge and through the solvent. When it comes to a cylindrical
bridge, its radius compared to the QD is significantly smaller (0.1nm versus several nm),
leading to the dominance of through-solvent tunneling. The electron transfer occurring
through the bridge can be overlooked when the bridge's size is significantly smaller than

the QDs (where the ratio R_bridge/R_QD is less than 0.15). However, if the bridge is
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folded or multiple bridging chains exist between QDs, the contribution from the bridge
would increase.

In chapter 3, we examined the distance dependence of charge transfer and triplet
energy transfer. Different from chapter 2, that the QDs energy is independent on the
QD-QD distance, varying the shell thickness perturbs the QD energy as the wave
function has a non-negligible portion in the shell region (especially conduction band
energy because of semi type II alignment of CdSe/CdS core/shell QDs). The effect on the
reaction free energy should be considered. The experimental and computational results
are consistent for ET, while the experimentally measured HT shows a much softer decay
than calculated. The softness of measured HT rate may originate from the measurement
and analysis quality. The TET rate shows a non-exponential behavior. Fitting to
exponential resulted in a decay constant of 0.02 A~1. Our calculations shown that the
TET coupling decay constant is 0.5 A=, Using Marcus equation for TET, we found that
with reorganization energy of 0. 14 eV, the Frank-Condon factor exponentially increases
as the shell thickness increases due to the decay of activation energy, which canceled the
decrease of coupling. We also explored the dispersion effect of QD shell thickness. We
found that in the experiment the deviation of QD shell thickness increases as the mean
of shell thickness increases. For properties like electronic coupling that changes
exponentially with the shell thickness, this change in the deviation of shell thickness will

effectively soften the distance dependence of the coupling.
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In chapter 4, we modeled the chiral imprinting of perovskite nanoplatelets. The
influence of the composition of the ligand shell on chiroptical signatures was scrutinized
using both experimental procedures and theoretical methodologies. We identified a
correlation between the circular dichroism (CD) spectra and the orientation of the
surface ligand, as well as the density of chiral ligands on the nanoplatelet (NPL). We
observed a nonlinear association between the proportion of chiral ligands and the
measured CD intensity, which indicates that chiral imprinting reaches saturation at
elevated concentrations of chiral ligands. Computational examinations suggest that this
saturation point is defined by the average of ligand arrangements on the NPL surface.
We discovered that the intensity of the CD is regulated by the spatial extent of the
perovskite exciton in the NPL plane, given that the count of potential ligand binding
orientations escalates with exciton size. This research promotes our comprehension of
chiral imprinting in perovskite nanostructures and sets up a model to illustrate ligand-
induced chirality that can be extended to other ligand-encapsulated NPL and
nanoparticle (NP) systems. A broader understanding of the fundamental processes
behind chiral imprinting should benefit the ongoing development of innovative chiral
nanomaterials and their uses.

In chapter 5, We've examined how polarized excitation impacts electron transfer
dynamics in connected donor-acceptor electron transfer systems, with a particular

emphasis on donor structures featuring two nearly identical donor excited electronic
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states. The interference between amplitudes stemming from the superposition of the two
closely aligned excited states is influenced by the polarization of the light used for
excitation, its alignment with the molecular chromophore, the comparative donor-
acceptor couplings for the two excited states, and the dephasing rate. Considering that
the relative phase and electron amplitude ratio of the excited states produced by
circularly polarized light vary over time, whereas those produced by linearly polarized
light do not rely on laser duration and can be finely adjusted by changing its
polarization direction, using circularly polarized light to stabilize the relative phase and
electron amplitude ratio to maximize yield difference is more complex. According to our
numerical results, linearly polarized light is anticipated to generate more than a 70-fold
larger yield difference compared to circularly polarized excitation with left- or right-
circularly polarized light in the case of the Zn-PDI example. Dephasing relaxation and
orientation averaging the donor-acceptor system leads to a significant decrease in
electron transfer yield difference for both linearly and circularly polarized light, hence
large yield differences are likely to be experimentally observed for well-aligned donor-
acceptor ensembles, with minimal dephasing rate. Our numerical simulations show that
the yield difference produced by LPL is more resistant to dephasing than CPL. The most
substantial electron transfer yield differences result from: degenerate donor excited
states, minimal dephasing rates, weak donor-acceptor couplings, oriented donor-

acceptor structures, and appropriate selection of linearly polarized light polarization

98



direction. Low temperature experiments are anticipated to reduce dephasing rates,

thereby enabling coherent pathway interference effects to persist over time.
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Appendix A

of the envelop function is both ¥ (r) and

The effective mass changes across the heterojunction, so the boundary condition

1
*

d . o
— —rl[J(T) are continuous'®'%. The kinetic

operator becomes

1D

_ hza( 1 6) a1
2 0r\mr(r)or '

First, we consider 2N + 1 grid points equally spaced in the range from a to b in

x;=a+idx, i=1,..,2N+1 A2
where dx = (b —a)/(2N + 1) . A set of plane wave function is chosen as the basis

Pn(x) ! 2mn 5=g 1,..,2N+1 A3
n(x) = e -a, n=1,.., .
vb —a

The kinetic energy matrix element for DVR is

Jﬁi(#i)
2 dx\m*(x) 0x

h? <
=——)) (i
2 k!

j

a4 (e ) 21

Ti,j = <l

10 a .
="7 m;<l|ﬁ|"><"|ﬁ|f> A4
k

The first derivative is calculated by plugging the plane waves

N
<l. 9 |k>= dx Z Q2TniE ( 9 ez;:m%)
0x b—a d0x x=xp,

n=-N

100



SN +17
0 i=k
Substituting eq. 5 into eq. 4 leads to
2N+1
= ( s 72 1 1 e
(b — a)? my i—k k—j '
k#ij SN SING T

Here, b » w0 and a » —, so that 2N + 1 = % — oo, buti — j and dx are finite.

Eq. 6 becomes

2 o 2 1 1
T;; = lim ——(=1)"7 — m: i ]
LJ N-oo 2 ( (b_a)z "mkSln k Tl,'Sin k_J s
=y, IN+ 1 IN+ 1
= i hz( 1)/ : Zil B
= dx*@N + 1% Lo mic (= Rk =
LR Zf L1 A7
— lm —_—— YR EY N )
—00 2 X i — —J
N 2 dx & (i-Kk-))

The number of grid points is truncated to N,, which contains the system we are
interested in and the effective mass may vary in this region. The effective mass outside
of the region (0, (N, — 1) dx) is assumed to be constant, this will correspond solvent

with a free electron mass or surrounding semiconductor with its own effective mass.

Nx_1

h2 (— 1)1 j 1
Ti.j=—7 dx2 Z'(l Kk —)) Emk(l k)(k — 1) (1 k)(k )

101



Nx-1
h? (—1)"/ 1 1 1 o S o N Yo P PO R
- <;jm;(i_k)(k_j)+l.Tj(w°(Nx—z>—¢°(NX—J)—¢°<1+1>+1/)°(1+1)) i%)
A.8
hZ 1 Nx-1 1 1 o . . o . . o
e ;—m—z—(i_k)z+(¢ (N, =D =P +D) i=j

102



Appendix B

Synthesis of CdSe/CdS QDs and Preparation of CdSe/CdS QD-ACA,
CdSe/CdS QD-MYV and CdSe/CdS QD-PTZ Complexes

Cadmium oxide (CdO, 99.5%), selenium powder (Se, 100 mesh, 99.99%), Sulfur
powder (S, 99.98%), 9-anthracenecarboxylic acid (ACA, 99%), tri-n-octylphosphine oxide
(TOPO, 99%), tri-n-octylphosphine (TOP, 97%), oleic acid (OA, 90%), 1-octadecene
(ODE, 90%), 1-octanethiol (OctSH, 99%), methyl viologen dichloride hydrate (MV?,
98%) and phenothiazine (PTZ, 98%) and all other solvents were purchased from Sigma-
Aldrich. N-octadecylphosphonic acid (ODPA, 99%) was purchased from PCI Synthesis.
These chemicals were used without any further purification.

The synthesis of CdSe QDs was performed following the procedure reported in
previous literature. 60 mg CdO, 3 g TOPO and 280 mg ODPA were mixed in a 25 mL
three-neck bottle. After being vacuumed at 60 'C for 20 minutes, the mixture was heated
to 360 'C under Argon flow. 1 mL TOP was injected into the system after the mixture
became colorless solution. The temperature was raised back to 360 ‘C, and 0.5 mL Se
TOP solution with 60 mg Se was quickly injected into the Cd solution. Once the color of
the solution turned to orange, the reaction was quenched by intense cool air flow. After
the temperature was decreased to 100 C, methyl acetate was added to precipitate the

CdSe QDs. The QDs were further washed with hexane and methyl acetate for once and
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were finally dissolved in hexane with the concentration of 9.3x10-° M. The CdSe QD
solution was stored in a glove box with argon atmosphere for further use.

CdS shell was grown on CdSe QDs by the method reported in previous
literature. 0.2 M cadmium oleate (Cd(OA)2) in ODE was prepared as Cd precursor
solution. 257 mg CdO, 6.31 mL OA and 3.66 mL ODE were added to a 25-mL three-neck
bottle. The mixture was placed in vacuum at 60 C for 20 minutes and then in Argon
flow for 10 minutes, after which the temperature was raised to 230 C. After the solution
turned colorless, the temperature was decreased to and maintained at 110 C. 0.2 M
OctSH in ODE was prepared as S precursor solution by dissolving 0.347 mL OctSH in
9.653 mL ODE through ultrasonication. For the growth of CdS shell, 100 nanomoles
CdSe QDs solution was added to a 25-mL three-neck bottle with 5 mL ODE. Hexane and
oxygen in the mixture were removed by vacuum, after which the temperature of the
solution was raised to 240 “C. Desired amount of Cd and S precursor solutions in two
separate syringes were then slowly injected into the CdSe QDs solution at a rate of 3 mL
per hour by two syringe pumps. The amount of Cd and S precursor solutions used to
achieve growth of certain shell thickness was calculated by estimated CdSe QD core size
and the CdS shell lattice constant. After injection of Cd and S solutions, the temperature
was further increased to and maintained at 310 C for 10 minutes. Then the temperature
of the solution was decreased to 100 ‘C with cool air flow, and excess methyl acetate

was added to precipitate the CdSe/CdS QDs. The core-shell QDs were further washed
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with hexane and methyl acetate and finally dispersed in 10 mL hexane with
concentration of ~ 1x10*M. The core-shell QDs were stored in the glove box for further
use.

The CdSe/CdS QD-ACA, CdSe/CdS QD-MV? and CdSe/CdS QD-PTZ complexes
for TA experiment were prepared by adding 1 mg ACA/MV?*/PTZ powder into 1 mL
CdSe/CdS QDs so that the amount of acceptor was much larger than that of QDs. The
mixture was ultrasonicated for 2 hours, and excess undissolved powders were filtered
out. The solvents in the solutions were then removed by air flow, and the complexes
were re-dispersed in hexane in the glove box for experiments. For preparation of
CdSe/CdS QD-ACA, CdSe/CdS QD-MV? and CdSe/CdS QD-PTZ complexes for
determination of energy/electron/hole transfer rates with varying acceptor
concentrations, varying amount of ACA/MV/PTZ in toluene solutions (1x10-* M) was
added to 1 mL CdSe/CdS QDs solutions. Specifically, the concentration ratios of
ACA/PTZ to QDs were determined from UV-vis spectra of the solution, and the
concentration ratios of MV? to QDs were determined from the calculation of amount of
MV?* added to the QDs solution and amount of QDs in solution, considering that the
UV-vis spectra of MV?* cannot be well resolved in the spectra window. The solutions
were ultrasonicated for 2 hours, and the solvents were removed by air flow. Finally, the
complexes along with free acceptors were re-dispersed in hexane in the glove box for

TA/TRPL experiments.
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Transient Absorption Spectroscopy Setups

The femtosecond transient absorption (TA) setup was based on a regenerative
amplified Ti: Sapphire femtosecond laser system (Coherent Legend), which generates
800 nm fundamental pulse with pulse duration of 150 fs, repetition rate of 1 kHz and
pulse energy of 2 m]/pulse. The 800 nm pulse was directed through a 90:10 beam
splitter. The 10% was focused onto a 2 mm thick sapphire crystal or a 3 mm thick CaF2
crystal to generate the white light continuum as femtosecond TA probe. The spectra
windows of the probe were 380-650 nm for CaF: crystal and 440-900 nm for sapphire
crystal. The probe pulse was directed through a 70:30 beam splitter to generate the
signal and reference probe. 1 W of 800 nm fundamental pulse was directed to an optical
parametric amplifier (OPA). The signal output from the OPA was aligned with the
remaining 800 nm fundamental at a BBO crystal to generate the 520 nm pump pulse
through sum frequency generation. The remaining signal pulse and fundamental pulse
after the BBO crystal were filtered out with a band pass filter. The pump went through a
500 Hz chopper as a modulation to provide the sample signals with and without the
pump pulse excitation. A delay stage was applied for the pump pulse to adjust the time
delay between the pump and the probe pulse. The pump and probe pulses were focused
onto the sample with diameters of 400 um and 100 um, respectively. The power density
of the pump pulse on the sample was 160 uJ/cm?/pulse. The probe beams were finally

focused into optical fibers coupled with a visible spectrometer and a CMOS camera with
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1024 elements. The data was collected with the Helios system from Ultrafast Systems,
Inc. Instrument response function was fit to be a Gaussian function from the solvent
response. The time window of the femtosecond TA is up to 1.6 ns with 200 fs time
resolution.

For nanosecond TA experiments, the pump pulse from the femtosecond TA
setups was directed and focused onto the sample without going through the 500 Hz
chopper. The probe pulse was generated by a white light continuum laser (STM-2-UV,
Leukos) with pulse duration of 0.5 ns and repetition rate of 2kHz. The data was collected
by the EOS system from Ultrafast Systems, Inc.

The samples for the experiments were added to 1 mm thick quartz cuvettes

(Starna) and were constantly stirred during TA experiment.

Steady State Photoluminescence Setups

Steady state photoluminescence experiments were performed on a Fluoromax
fluorometer (Horiba Scientific). The excitation wavelength was set to be 400 nm for CdSe
core QDs and 510 nm for CdSe/CdS core-shell QDs. The photoluminescence quantum
yields of CdSe and CdSe/CdS QDs were determined with the method reported in
previous literature with Coumarin 153 and Rhodamine 6G as standards, respectively. 1

cm cuvettes were applied for measurements.

Time-resolved Photoluminescence (TRPL) Setups
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TRPL experiments were based on a mode-locked Ti:Sapphire laser (Tsunami
oscillator, Spectra Physics). The wavelength of the output pulse was tuned to be 920 nm.
The time duration of the pulse was 100 fs and the repetition rate was 80 MHz. The
repetition rate was reduced by a pulse picker (Conoptics) to 20 MHz, 10 MHz and 1.43
MHz for the detection time windows of 50 ns, 100 ns and 700 ns, respectively. The pulse
going through the pulse picker was directed to a BBO crystal to generate the 460 nm
excitation pulse through second harmonic generation. The remaining 920 nm pulse was
filtered out by band pass filters. The 460 nm pulse was directed to the sample, and the
emission was collected into a monochromator (Acton Series, Princeton Instruments), by
which the band edge exciton emission of the QDs was selected out. The emission going
through the monochromator was collected and amplified by a microchannel-plate-
photomultiplier tube (Hamamatsu R3809U-51) and analyzed by a time-correlated single
photon counting (TCSPC) board (Becker & Hickel SPC 600). The instrument response
function was measured to be a Gaussian function with FWHMSs of 62 ps, 110 ps and 626
ps for 50 ns, 100 ns and 700 ns detection time windows, respectively. The absorption at
460 nm, the data collection time and the excitation pulse intensity were controlled to be

the same for QDs with and without the acceptors.
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Appendix C
Experimental Methods
Materials

Toluene anhydrous 99.8%, N,N-Dimethylformamide anhydrous 99.8%, Lead (II)
Bromide 99.999%, Lead (II) Chloride 99.999%, Methylammonium Bromide >99%, and
Methylamine Hydrochloride >98%, (R)-(+)-a-Methylbenzylamine 99%+, (S5)-(-)-a-
Methylbenzylamine 99%+, (R)-(+)-1-(1-Naphthyl)ethylamine 99%+, (S)-(-)-1-(1-
Naphthyl)ethylamine 99%+ were purchased from Sigma-Aldrich. S-(+)-2-aminooctane
99%+ and R-(-)-2-aminooctane 99%+ were purchased from Thermo Scientific.

Synthesis of Precursor Salts

Chiral phenylethylammonium halide salts were synthesized by mixing
equimolar amounts of the desired chiral amine and HBr or HCI in 15 mL of absolute
ethanol. The reaction was stirred in an ice bath for 2 hours, then the solvent was
removed via rotary evaporation until crystals were formed. The crystals were collected,
recrystallized with chlorobenzene, and then vacuum filtered and washed several times
with toluene. The product was kept in a desiccator overnight, then transferred into an

Ar glove box.
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Synthesis of Chiral NPLs

NPL synthesis was performed in an Ar glove box at room temperature. Solutions
of each precursor were prepared in anhydrous DMEF. The concentrations were chosen to
reflect the desired ratio of reagents in the overall synthesis, for example 0.08M PbCl,
0.04M MACI, 0.36M S- or R-PEACI (octylamine was used as a neat liquid). Equal
volumes of PbXz and MAX solutions were added into a glass vial and mixed well.
Octylamine was added in an equimolar amount to the PbX2 added into the precursor
mixture. The amount of PEAX solution in the precursor mixture was varied for the
ligand concentrations studies, with PEA:OA molar ratios ranging from 1.6:1 to 6.75:1.
For a single batch, 20 uL of the precursor mixture were injected into 10 mL of anhydrous
toluene while agitating with a vortex stirrer for 30 seconds. The NPLs were purified via
centrifugation and resuspended in fresh anhydrous toluene to an optical density of
approximately one.

Characterization

The spectral data were collected in a 1-cm quartz cuvette, which was pretreated
with dimethyldichlorosilane to prevent adsorption of the perovskites onto the walls of
the cuvette. To study optical transitions occurring beyond the spectral window of
toluene, NPL suspensions in toluene were drop-cast onto clean quartz slides and dried
under a gentle Ar flow. The material was layered until the desired optical density was

achieved.
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Absorption spectroscopy was performed using a Model 8453 Agilent
spectrometer. CD spectra were measured using an Olis DSM 17 CD spectrometer with
an integration time of 3 s and a bandwidth of 1 nm. Toluene was used as the
background for all measurements.

For "TH-NMR measurements NPLs were centrifuged into a pellet, then dried in a
vacuum desiccator for 1 hour. The dry pellet was redispersed in toluene-d8 or dissolved
in DMSO-d6, depending on the experiment. Spectra were taken on a Bruker Avance 400
spectrometer at 400 MHz with chemical shifts reported in parts per million (ppm) on the
delta (0) scale. Solvent peaks were used as a reference value at 2.50 ppm and 2.30 ppm

for DMSO-d6 and toluene-d8 respectively.
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Figure C1. Absorbance (dashed line) and CD (solid line) of S-PEA-capped perovskite

NPLs synthesized with a 1:1 ratio of Br an Cl anions.
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Figure C5. Temperature-dependent CD spectra of X=Cl NPLs with S-PEA ligands.
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Figure C6. (A) Absorbance spectra of S-PEA capped X=Br NPLs with different
concentrations. (B) Photomultiplier (PMT) voltage measurements for the same
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Appendix D

3-state model for light-polarization dependent electron transfer (D7,
D; and A)

The Hamiltonian H (eq. 1) can be rewritten as

0 0 Vpu

p=| ° 0 Vb D.1
il
Vpia Vpsa A-— >

where D = D; = 0. The quantum Liouville equation (eq. 7) describing the time
evolution of the system has the solution (eq.8). Define a general initial wave function,

¥(0) = (1,7e'®,0)/V1 + 2, the initial density matrix p(0) is

1 rel®
r2+1 r2+1
p0) =| re-i¢ r? D.2
—_ 0
r2+1 r2+1
0 0 0
The time evolution operator is
iHt Upn Uiz Uss
U= e_T = U21 UZZ U23 D.3
Us; Usy, Uss
where the matrix elements are:
g;A , e—%it(\/m+0) e%it(m—q)
U11 - + 8VD A

P i Q(w/16P+Q2+Q)+16P_Q(w/16P+Q2—Q)—16P
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gert(V16P07-0) ge-1it(Vi6P+Q7+Q) 1
—_ + R
Q(Vi6P+Q?-Q)-16P Q(J16P+Q2+Q)+16P P

Uiz = Uz1 = Vp;aVbsa

4iVD;Ae‘%iQt sin (% tJ16P + QZ)
J16P +Q?

Uiz = Uz = —

Voia I u{/eeo)
“\o(VieP+ @2+ Q) +16P Q(J16P+0Q? Q) 16P

41Vpz0e 3% sin (+/16P + Q7)
J16P + Q2

Uz = U3z = —

(—gamma — 2ia) sin (% tm)
J16P + Q2

1, 1
Uss = e 7% cos (Z t\/16P + QZ) +

where P = Vg; 2t Vg; 4 @ = 2A —iT and we assume # = 1 in atomic unit.

Plugging e ™", we can get the electron density on the acceptor
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pat) =

416+ 0%\16P + ¢ (

|H+mw: 16P+ 2

I

1

—-1+e2

’ ;Ee;v ("Voza + Voiae'®) (Voja + 1Vpsae™®) exp A

I't

1

2

%

i(¢(V16P + Q2 +16P + Q7) + »evv

(r? + 1)(8a%(I2 + 16P) + 16a* + (T* — 16P)?)

D.10

The yield defined in the main text is thus
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Yo =

471 [T6P + Q7\16P + Q7 (Vs + Vprae®) (Vora + 1Vozae'®)

W.AN,?T,? = f1ors
o

S
. ]

1 = 1 =
AT Y WGA\M;A\N.: T6P + Q7 + /6P + Q Vv wéﬂwm:ﬁ\w:%%Lw%\ JT6P +Q vv
4rp —2il" +/16P + Q7 + {/16P + @~ —2iT + /16P + @ — {/16P + @~

20 +/16P + Q2 — /16P + @

20T+ T6P + Q2 +/16P + Q"

(2 + D(Ba(I” + 16P) + 16a* + (I — 16P))
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Lindblad equation for pure dephasing

We use the Lindblad equation to account for the pure dephasing effect due to the
interaction with the environment. The Lindblad equation can be vectorized and solved
numerically using differential equation solver:

x=A-x D.12
where A= —>(H® L, — L, @ HN) + B3,yW @ WT -2 W'Ww @ I + , @ W'w)), ®
is the Kronecker product, I5 is 3 by 3 identity matrix, and x is the vectorized density

matrix X = (011, P12, P13, P21 P225 P23, P31, P325 P33)
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