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Abstract of “Quantum Dots (QDs): Syntheses, Photo-Switching, Photocatalysis, and
Spectroscopy” by Yucheng Yuan, Ph.D., Brown University, May 2020

Semiconductor quantum dots (QDs) have garnered a significant amount of
research effort for not only scientific advances but also a range of technological
applications including bioimaging and labeling, solar energy harvesting, light-emitting
diodes, and next-generation displays. In this dissertation, I report four different aspects

for QDs, including syntheses, photo-switching, photocatalysis, and spectroscopy.

First, controlling the particle morphology and fabrication of QDs with emission
covering a wide spectral region are vital in regulating the photophysical properties and
the application potential of the QDs. Accordingly, for the first time, we have synthesized
pyramidal shaped CdSe-CdS core-shell QDs with high morphological uniformity and
epitaxial crystallinity through a two-step shell growth method. Then we report the
synthesis of CdZnSe-CdZnS core-shell alloy QDs through a Cu-catalyzed solid solution
alloying strategy starting from CdSe-CdS core-shell QDs. The resulting alloy QDs
exhibit emission profiles covering a wide wavelength range of 470—650 nm while

maintaining high PL QYs.

Second, the combination of QDs and light-responsive organic switches can
generate novel photo-switchable materials for diverse applications. We established a
highly reversible dynamic hybrid system by mixing dual-color emitting Mn-doped CdS-
ZnS QDs with photo-switchable diarylethene molecules. The emission color switching
between blue and pink of the system can be induced mainly by selective
quenching/recovering of the Mn- PL of the QDs due to the switchable absorbance of the

molecule.

Third, most recently, QDs have attracted tremendous attention in the field of
X



photocatalysis, owing to their superior optoelectronic properties for photocatalytic
reactions. Herein, we demonstrate a series of stereoselective C-C oxidative homocoupling
reactions of a-aryl ketonitriles using the zwitterionic-capped CsPbBr3 perovskite QDs

under the illumination of visible light.

Fourth, reliable quantification of the optical properties of QDs is critical for their
photochemical, physical, and biological applications. We experimentally quantify the
photon scattering, absorption, and on-resonance-fluorescence activities of CdSe-CdS
QDs as a function of the shell sizes and geometries. Effects of shell size and geometry on

optical properties for both of cores and shells are discussed.
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Chapter 1
Introduction to QDs

Portions of this chapter are adapted and/or reprinted from the following works. Copyright
belongs to the publisher.

Wang, J.; Yuan, Y.; Zhu, H.; Cai, T.; Fang, Y.; Chen, O.*, Three-Dimensional
Macroporous Photonic Crystal Enhanced Photon Collection for Quantum Dot-Based
Luminescent Solar Concentrator. Nano Energy 2019, 67, 104217.



1.1 General Introduction to QDs

Colloidal semiconductor nanocrystals (NCs), also known as quantum dots (QDs),
are tiny crystalline particles that commonly considered to have dimensions in the range of
1-100 nm, depending on the exciton Bohr radius (the distance between an electron and a
hole) of different materials. Numerous efforts have been devoted to QDs since they were
first discovered in 1981." Colloidal QDs are composed of an inorganic core and an
organic outer layer of surfactants, and they typically are referred to as ligands (Fig.
1.1¢).2 When excitation occurs, an electron in the valance band is transferred to the
conduction band, leaving an orbital hole in the valence band. The electron-hole pair is
called an exciton, and one typical relaxation process occurs when the excited electron
goes back to the valance band, which is accompanied by the emission of a photon, a
process that is known as radiative recombination. While bulk semiconductors have
composition-dependent band gap energy (Fig. 1.1a)> which is the minimum energy
required to excite an electron from the valence band to the conduction band, QDs display
unique optical and electronic properties. Due to their small size, the excited electrons are
confined inside the particles, and when the radius of a QD is smaller than the exciton
Bohr radius, the charge carriers become spatially confined and their energy raises.
Consequently, the band gap energy increases as the size of the QDs decreases, and,
concurrently, more energy is released after excitation (Fig. 1.1b).* As a result, the emitted
color can be tuned simply by changing the size of the QDs. Fig. 1.1d shows an example
of CdSe QDs, the absorption and photoluminescence (PL) of which can by tuned by the
size of the dots.? It has been shown that the PL of CdSe QDs can be tuned throughout the
visible spectrum, making them appropriate candidates for applications in biological

imaging and optoelectronic devices. Also, this material exhibits large extinction

2



coefficients and broad absorption spectra, which cannot be obtained from organic
chromophores. To date, the PL quantum yield (QY) (the ratio of the number of photons
emitted to the number of photons absorbed) of QDs has been engineered to near unity at

room temperature, which is not possible for bulk materials.> ¢
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Fig. 1.1: (a) Electronic energy levels of selected III-V and II-VI semiconductors, reprinted from
ref' 3. VB = valence band, CB = conduction band. (b) Splitting of energy levels in QDs due to
the quantum confinement effect, semiconductor band gap increases with decrease in size of the
nanocrystal, reprinted from ref 4. (c) Schematic illustration of a colloidal QD, reprinted from
ref 2. (d) Absorption (upper) and fluorescence (lower) spectra of CdSe QDs showing quantum
confinement and size tunability, reprinted from ref 2. AU = arbitrary units.

Because of the unique properties of QDs, efforts have been made to synthesize

them with uniform sizes, different shapes, high PL QYs, and tunable and narrow



emission spectra. Also, efforts have been made to apply QDs in diverse areas, including
biology, medicine, photocatalysis (e.g., the generation of Ha, the reduction of COg,
organic syntheses, and others), harvesting solar energy, next-generation displays, and
others. The methods used to synthesize QDs and some of their applications are discussed
in Sections 1.2 and 1.3, respectively.

1.2 Methods Used to Synthesize QDs

Basically, chemists’ approach to the synthesis of QDs is the “bottom-up” strategy,
which is the process that utilizes ionic or molecular precursors to react in solution to
produce NCs.” The hot injection method introduced by Murray et al. (1993) made it
possible to obtain monodisperse spherical and highly-crystalline QDs of cadmium
chalcogenides (CdSe, CdS, CdTe).® Subsequently, the chemistry involved in the synthesis
of colloidal QDs has been developed rapidly, and currently it includes group II-VI QDs
(i.e., CdSe, CdS, CdTe, ZnSe, ZnS, and ZnTe), group III-V QDs (i.e., InP and InAs), and
group IV-VI QDs (i.e., PbS and PbSe).

Because of their intrinsically high surface area-to-volume ratio, QDs can be very
unstable in solution, causing them aggregate because of the high surface energy. Thus, to
stabilize QDs by minimizing the surface energy, capping ligands are always involved in
the synthesis process. The system that is most often used is the formation of QDs in
organic solvent that contains dissolved surfactants, which results in particles that are
coated by surfactants. The commonly wused capping ligands include
trioctylphosphine/trioctylphosphine oxide (TOP/TOPO), oleylamine (OAm), oleic acid
(OLA), octadecylphosphonic acid (ODPA), and hexylphosphonic acid (HPA). After the
colloidal QDs are formed, the polar groups of the ligands attach to the surface of the

particles, and the long, hydrophobic carbon chains protrude into the nonpolar organic
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solvents (e.g., toluene, hexanes, chloroform). By replacing the ligands with two polar
head groups (e.g., 11-mercaptoundecanoic acid (MUA) and 4-mercaptobenzoic acid
(MBA)) or by coating with another layer with hydrophilic moieties (e.g., polyethylene
glycol (PEG)-thiol, PEG-carboxylic acid (PEG-AA), Poly(acrylic acid) (PAA)), the
colloidal QDs can be transferred to the aqueous phase. Also, the ligands can also
conjugate with biomolecules for bio applications, which will be discussed Section 1.3.
Since the crystals are extremely small, there are many atoms on the surface that
are not completely bonded within in the crystal lattice, resulting in “dangling orbitals” on
the atoms. The lower coordinated surface atoms may cause localized electronic states or
highly reactive sites, which are susceptible to the surrounding conditions. Thus, these
core-type QDs typically exhibit surface-related trap states that act as non-radiative
exciton recombination channels that reduce PL QY, which is detrimental for QD-based
optoelectronic applications. To solve this problem, one significant strategy is to engineer
the core QDs with a shell of a second semiconductor, resulting in high PL efficiency and
improving both the photo stability and chemical stability. In addition, by engineering the
core-shell structure, it is possible to tune the optical properties of QDs in a larger spectral

window.

Typel Type ll Type ll Reverse Type |

Fig. 1.2: Schematic representation of the energy-level alignment in different core-shell systems
realized with semiconductor NCs to date. The upper and lower edges of the rectangles
correspond to the positions of the conduction- and valence-band edge of the core (center) and
shell materials, respectively, reprinted from ref 3.

There are three types of core-shell structures that can be engineered based on the

bandgaps and the relative positions of electronic levels of the core and shell
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semiconductors that are involved (Fig. 1.2).° For type I alignment, the conduction band
energy level of the shell material is higher, while valance band energy level is lower than
the core material, resulting in both the electrons and the holes being confined in the core.
For type II alignment, only electrons or holes are confined in the core, resulting in spatial
separation of the holes and electrons in the core-shell structure. For a reverse type I
system, depending on the thickness of the shell, both the electrons and the holes are
partially or completely confined in the shell. Since the growth of the heterostructure can
generate strain and defect states at the interface, one should consider a small lattice
mismatch for the core and shell materials when designing a core-shell structure. The

material parameters of selected bulk semiconductors are listed in Table 1.1.

Table. 1.1: Material parameters of selected bulk semiconductors, reprinted from ref 3.

Material Structure Type  Egap Lattice Density
[300K] [eV] parameter [A] [kg m~7]
ZnS Zinc blende II-VI  3.61 5.41 4090
InSe Zinc blende 1I-VI  2.69 5.668 5266
InTe Zinc blende 1I-VI  2.39 6.104 5636
Cds Wurtzite 1=Vl 2.49 4.136/6.714 4820
CdSe Wurtzite H-vi  1.74 4.3/7.01 5810
CdTe Zinc blende 1I-VI  1.43 6.482 5870
GaN Wurtzite M-V 3.44 3.188/5.185 6095
GaP Zinc-blende  lI-V  2.27 5.45 4138
GaAs Zinc blende llI-V  1.42 5.653 5318
GaShb Zinc blende llI-V  0.75 6.096 5614
InN Wurtzite n-v 0.8 3.545/5.703 6810
InP Zinc blende llI-V  1.35 5.869 4787
InAs Zinc blende llI-V  0.35 6.058 5667
InSb Zinc blende llI-V  0.23 6.479 5774
PbS Rocksalt V=Vl 0.41 5.936 7597
PbSe Rocksalt V=Vl 0.28 6.117 8260
PbTe Rocksalt V-Vl 0.31 6.462 8219

The most studied core-shell systems are type I systems, as they can increase the
PL QYs and improve the stability by the shell passivation. The first established system is
CdSe-ZnS QDs, in which ZnS shell was grown by injection of a mixture of the

organometallic precursors diethylzinc (ZnEt;) and hexamethyldisilathiane ((TMS),S) at
6



300 °C.> 1% Growth of the ZnS shell also accompanied by a small red shift (5-10 nm) of
both excitonic peak in the UV-Vis absorption spectrum and the PL peak, which is
attributed to a partial leakage of the exciton into the shell material. Later, CdSe-CdS core-
shell system was established and studied more because of its high tunability. Compared
to CdSe-ZnS system, epitaxial growth is favored for CdSe-CdS, benefitting from their
less lattice mismatch (4% compared to 7%). Moreover, in the CdSe-CdS heterostructure,
the band structural alignment is strongly confined holes with loosely confined electrons,
thereby electrons can delocalize in the entire core-shell structure, indicated by the
continuous PL red shifting upon CdS shell growth. Instead of using pyrophoric
dimethylcadmium (CdMe;) and toxic (TMS).S, air-stable precursors, cadmium oleate and
elemental sulfur dissolved in 1-octadecene (ODE) were used for the CdS shell growth.!!
Successive ion layer adsorption and reaction (SILAR) method was exploited in the CdS
shell synthesis, which was carried out by injection of cationic and anionic precursors
alternatively into the core QDs monolayer by monolayer. The SILAR method has been
extended to the synthesis of “giant” CdSe-CdS QDs, which could suppress the blinking
of QDs by fully isolating the excited carriers from the QD surface (see detailed
discussion in Section 2.2).!% '3 The breakthrough for the CdSe-CdS core-shell QDs
synthesis was the compact growth reported by Bawendi’s group in 2013.> Octanethiol
(OCT) was chosen as the sulfur precursor in this strategy, the low reactivity of which
ensured the slow epitaxial shell formation with a high crystallinity at high temperature
(310 °C). During the CdS shell growth, the PL line widths decreased to 67.1 meV (full
width at half-maximum, FWHM ~20 nm), the PL QYs increased to near unity, and
monodispersity of the particles was maintained throughout the entire reaction (size
distribution of ~ 4%) ( Fig. 1.3 a—h). The compact high-quality core-shell QDs showed
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significantly suppressed blinking (94% “on” time fractions) (Fig. 1.3i—j), and the
blinking statistics aging induced ensemble luminescence photodarkening was eliminated
(Fig. 1.3k).!* Owing to the significant improvement of the CdSe-CdS core-shell QDs
synthesis, synthesis of hexagonal pyramidal and bipyramidal CdSe-CdS core-shell QDs
and synthesis of CdZnSe-CdZnS alloy QDs applied similar strategy, which are discussed

in Ch. 2 and Ch. 3, respectively.!> ¢
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Fig. 1.3: Temporal evolution of (a) PL, (b) absorption, and (c) PL QYs. The green square shows
the original PL QY of CdSe QDs and (d) FWHM of the PL peak of CdSe-CdS core—shell QDs
during shell growth reaction. WL = wavelength. Transmission electron microscopy images of (e)
4.4 nm CdSe core and (f-h) CdSe-CdS core—shell QDs with a CdS shell thickness of 0.8 nm, 1.6
nm, and 2.4 nm, respectively. Scale bar is 50 nm. (i) Representative PL blinking trace of a single
CdSe-CdS core—shell OD. The histogram shows the distribution of intensities observed in the
trace. (j) Histogram of the blinking “on” time fraction. The average “on” time fraction is 0.94.
(k) The normalized (Nor.) PL intensity trace obtained from a collection of ODs. The inset shows
the Nor. PL intensity trace obtained from a collection of QDs synthesized through the
conventional method, reprinted from ref 14.

Another well-established type I core-shell system is CdS-ZnS core-shell structure.
Using zinc stearate and elemental sulfur as ZnS shell precursors, monodispersed CdS-

ZnS QDs could be achieved emitting in the range of 410-480 nm (FWHM ~15-18 nm)



with QYs of 35-45%.!7 This system has further been used as a host matrix for Mn
doping, see detailed discussion in Section 4.3.1823

Due to the toxicity and thus low acceptability for practical applications of Cd-
based QDs materials, InP is considered as the environmentally benign alternative as its
bandgap can be tuned throughout the visible and near-infrared range by changing the
particle size. However, InP QDs are much less developed compared to Cd-based QDs
since the synthetic research started ~26 years ago.?* 2> The properties of InP-based QDs
did not approach those of CdSe-based QDs until Peng’s group reported that InP-ZnSe-
ZnS core-shell-shell QDs possess PL QY of 93% and narrow PL line width (FWHM ~42
nm) by introducing stoichiometry control with both core and shell.?® Then Jang’s group
was able to prepare InP-ZnSe-ZnS QDs with almost-unity QY and even narrower PL line
width (FWHM ~35 nm) by adding hydrofluoric acid to etch out the oxidative InP core
surface, which is suspected to cause the poor optical properties of InP, followed by high-

temperature ZnSe shell growth (340 °C).?’

CdSe Cds CdSe@CdS
. . Pprecursors

Fig. 1.4: Evaporation-mediated self-assembly of CdSe-CdS NRs prepared by seeded growth. (a)
Sketch of the seeded growth approach. b—f) TEM images of self-assembled CdSe-CdS NRs. Small
AR rods (b—d) tend to form locally ordered 2D smectic phases, while longer rods form either
disordered assemblies, ribbons, or locally ordered 2D nematic phases. Average rod diameters
and lengths, as determined by HRTEM, are: b) 4.9 x 19 nm; c¢) 4.2 x 35 nm, d) 3.9 x 53 nm; e)
3.8 x 70 nm; f) 3.8 x 111 nm. All scale bars are 50 nm long. Reprinted from ref 28.
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In addition to isotropic QD, anisotropic colloidal semiconductor nanorods (NRs)
with elongated structures exhibiting an attractive set of emergent properties such as a
large degree of fluoresce anisotropy, have received great attention in the past decade. So
far, the most established system is the seeded growth of CdSe-CdS core-shell NRs, which
was reported by Talapin et al. and Carbone et al. independently in 2007, both using
preformed spherical semiconductor CdSe QDs as seeds (Fig. 1.4a).2® 2 Carbone’s
method employed co-injected preformed spherical CdSe nanocrystal seeds and sulfur in
TOP as precursor to the decomposed CdO in the presence of a mixture of TOPO, HPA
and ODPA at a temperature of 350 °C—380 °C. Since the activation energy for
heterogeneous nucleation is much lower than that for homogeneous nucleation, CdS
tends to grow on the CdSe seeds rather than form self-nuclei in solution. NRs can be
formed with a narrow distribution of lengths and diameters as the NCs undergo almost
identical growth conditions. By tuning various parameters for this synthesis, including
the diameter of the seeds, the growth temperature, and the amount of precursors and
seeds, the morphology of the resulting NRs can be controlled (Fig. 1.4b—f). The aspect
ratio (AR) of the NRs attained can go up to 30:1. PL QYs of the core-shell rods in
solution for short AR rods are 70—75% and decay to about 10% for the largest AR rods in
their syntheses. At the same time, Talapin et al. reported the seeded growth of CdSe-CdS
NRs with only a slight difference that n-propylphosphonic acid (PPA) instead of HPA
was used as one of the surfactants.?’ By changing wurtzite-CdSe cores to zinc blende-
CdSe cores, nanotetrapods were obtained with QY ~50%.%

In addition to classical QDs, there are extremely rapid advancements in both of
syntheses and device applications for perovskite NCs in the past few years,?® since the
prominent work of a colloidal synthesis of monodisperse CsPbX3 (X = Cl, Br, 1) was

10



reported by Protesescu et al. in 2015.3! A hot injection method was employed to produce
perovskite NCs, which exhibit remarkable properties, including high QYs (up to 90%),
narrow PL peak width (FWHM < 100 meV), and tunable PL by simply changing the
halides ratio.’! In addition, the peculiar property of metal halide perovskite is defect-
tolerant, as a result of that the defect states tend to be either localized in the valence band
and conduction band, or to be essentially “inert”, resulting in perovskite QDs with high
PL QYs. However, one of the most weakness for perovskite NCs are their poor stability
under ambient conditions, which limit their practical use.*?> According, a lot works have
been done to address this issue.>* One of the strategies is to cap the particle surface
with zwitterionic molecules, which can bind strongly on the surface, improving the
stability.>* We also found that the zwitterionic ligands capped CsPbBr; QDs show

superior efficiency for photocatalytic organic synthesis, which will be discussed in Ch. 5.

1.3 Applications of QDs

With the advances of synthetic chemistry of QDs, they have been engineered in

diverse practical applications including solar energy harvestings (Fig. 1.5),°**? biological

imaging and labelling,*** light-emitting diodes (LEDs) and next generation displays.>’->

N

Colloidal Quantum Dots

CO, reduction

Luminescent solar concentrators

Fig. 1.5: Schematic illustration of colloidal QDs for solar technologies, adapted from ref 49.
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Fabrication of QD solar cells (QDSC) is one strategy to convert solar energy to
electricity via the creation of exciton.*’ Theoretically, the power-conversion efficiency
(PCE) can be 45% in a single-junction QDSCs and 66% in multiple-junction QDSCs,
which is higher than the Shockley-Queisser 1imit.%* Along with the possibility of full-
spectrum solar harvesting and easy fabrication conditions, QDSCs have drawn a lot of
attentions over the past decades.***! However, due to the poor long-term stability, limited
PCE (state-of-art, ~12%),°' and small active area, a lot of issues should be addressed
before the QDSCs to be commercialized. Currently, researchers are focusing on

improving the PCE and improving the long-term stability of QDSCs.
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Fig. 1.6: Schematic representation of the QD-based PC-LSC device (bottom), and the zoomed-in
schematic illustration of the top PC surface and the associated photon trapping mechanism (top
left). TIR = total internal reflection. Photographs of a PC-LSC device (dimensions: 2.8 cm X 1.5
cm % 0.1 cm) illuminated under room light and UV light at 365 nm (top right).

Luminescent solar concentrator (LSC) another technology as a platform for solar
energy harvesting. LSC is a photon managing device that can harvest, direct and

concentrate solar light to small areas that are coupled with photovoltaics for solar energy
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conversion.’>%* However, the intrinsic photon loss through the so-called escape cone of
the LSCs significantly limits their light harvesting and concentrating performance.5>-¢’
Recently, our group introduced a facile and low-cost approach for the fabrication of
three-dimensional (3D) macroporous photonic crystal (PC) filter as efficient photon
reflector, which can be coated on QD based LSC devices (Fig. 1.6).*> We demonstrated
that by controlling the PC reflection band to match the emission profile of the QD
emitters, the light trapping efficiency of the PC coated LSC (PC-LSC) can be
significantly improved from 73.3% to 95.1% as compared to the conventional PC-free
LSC due to the reduced escape cone photon loss. In addition, we have developed
simulation model with the consideration of PC reflector effect. Both experimental and
simulation results show that the enhancement in LSC device performance induced by the
PC reflector increases with increasing the dimension of the LSC. A maximum of 13.3-
fold enhancement in external quantum efficiency (EQE) and concentration factor (C
factor) of the PC-LSC can be achieved in our simulation when using ideal QD emitters
and enhanced PC reflector. Moreover, the simulation result offers the relationship
between photon output efficiencies and geometrical design of the PC-LSC. Our study
sheds light on future design and fabrication of LSC devices with enhanced photon
collection and concentrating efficiencies through novel and wavelength selective photon

reflectors.

In addition to solar cell and LSC, QDs can also be used in photocatalysis,

70, 71 72,73

including photocatalytic H. generation,®® % CO, reduction, and photoreforming,

which will not be detailed discussed in this dissertation. And most recently, QDs have

74-76

been exploited as good photocatalysts for organic reactions, which will be discussed

in Section 5.1.
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Fig. 1.7: Schematic presentation of QDs bioconjugation using various methods of coupling
reactions and interactions, reprinted from ref 48.

Researchers have been investigating QDs as new probes for molecular, cellular,
biosensing and in vivo imaging ever since the first example of using QDs for biological
application was reported.”’ Typically, QDs as probes can be divided into two types
regarding their specificity in the bio application: non-targeted and targeted probes. As
non-targeted probes, colloidal QDs are engineered with an organic protective layer,
commonly polymers, suppressing macrophage recognition and improving
biocompatibility.® It is more complicated to fabricate targeted probes, which are QDs
functionalized with biological molecules, for instances streptavidin, peptide, aptamer,
antibody, and protein, which present specificity and selectivity to direct QDs to reaching
effectively the diseased site (Fig. 1.7).*% 7 As illustrated in Fig. 1.7, there are various
crosslinking molecules (e.g., 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and

4-(N-maleimidomethyl)cyclohexane carboxylic acid N-hydroxyl succinimide ester
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(SMCC)) can be used for QDs conjugation via covalent linkage, adsorption, hydrophobic
interaction, and electrostatic interaction.”” Then the prepared QD-biomolecules are ready
to use in the bioimaging. However, there are still several significant issues should be
addressed before QDs can be practically used in bio, including biocompatibility which
may be caused by toxicity of Cd-based QDs, surface chemistry to stabilize the conjugate

under in vivo conditions, and targeting efficacy, efc.
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Fig. 1.8: (Top) Illustration and cross-sectional TEM image of the QD-LED device structure
(scale bar, 50 nm). (Bottom) EQE—luminance profile. Inset, photographs of four-pixel QD-LED
and text-patterned QD-LED, adapted from ref 27.

QDs are also ideal for LEDs and displays because of their color purity, high
efficiency, and cost-effectiveness, therefore, intensive efforts have been done to improve
the efficiencies of red-, green, and blue-emitting LEDs, the state-of-art EQEs for which
are 20.5,%° 24%,%" and 19.8%,% respectively.’*> And recently, by dedicated design and
synthesis of ZnCdSe-ZnSe-ZnS QDs with high QY (> 95%), the fabricated LEDs can
exhibit peak (597 nm) EQE up to 30.9%.% Furthermore, as mentioned above, the quality

of Cd-free InP-ZnSe-ZnS QDs (QY ~100%) have been largely improved recently, and
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the EQE of LED produced from these QDs could be optimized up to 21.4% (Fig. 1.8).?’
The Cd-free QD-LEDs from this work could be fabricated in the next-generation displays
for commercial use.

Chemists have made intensive efforts to improve the quality of QDs in order to
make it possible for engineers and biologists to use these unique materials in various
practical applications. In this thesis, four different aspects of QDs that I have evaluated in
my PhD study are discussed. First, for the synthesis of QDs, CdSe-CdS core-shell QDs
were synthesized with exclusive shape control (i.e., hexagonal pyramid, HP, and
hexagonal bipyramid, HBP), high morphological uniformity, and epitaxial crystallinity
through a two-step, shell-growth method. Also, we synthesized CdZnSe-CdZnS core-
shell alloy QDs with highly tunable emission (470—650 nm) through a Cu-catalyzed solid
solution alloying strategy starting from CdSe-CdS core-shell QDs. Second, we
established a highly-reversible, dynamic hybrid system with high fatigue resistance by
mixing dual-color emitting, Mn-doped CdS-ZnS QDs with photo-switchable diarylethene
molecules. Photo-switching between blue and pink of the system can be induced mainly
by selective quenching/recovering of the Mn-PL of the QDs. Third, we demonstrated a
series of stereoselective C-C oxidative homocoupling reactions of a-aryl ketonitriles
using the zwitterionic-capped CsPbBr3 perovskite QDs illuminated by visible light.
Fourth, we experimentally quantified the photon scattering, absorption, and on-
resonance-fluorescence (ORF) activities of CdSe-CdS core-shell QDs as a function of the
shell sizes and geometries. I believe our future work will result in more discoveries on
QDs for various applications. Overall, with the research I have done and, of course, the
excellent work that has been done by other researchers, there will be novel concepts for
applications in different fields.
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Chapter 2

Monodisperse Hexagonal Pyramidal and
Bipyramidal Wurtzite CdSe-CdS Core—Shell
Nanocrystals

Portions of this chapter are adapted and/or reprinted from the following works. Copyright
belongs to the publisher.

Tan, R.; Yuan, Y.; Nagaoka, Y.; Eggert, D.; Wang, X.; Thota, S.; Guo, P.; Yang, H.;
Zhao, J.; Chen, O.*, Monodisperse Hexagonal Pyramidal and Bipyramidal Wurtzite
CdSe-CdS Core-Shell Nanocrystals. Chem. Mater. 2017, 29 (9), 4097-4108.
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2.1 Core-Shell QDs

As discussed in Ch.1, QDs materials exhibit exceptional properties, including
high absorption cross sections, tunable absorption and emission profiles, high PL QY
and stable PL output against photo- and physical- degradations, making them great
candidates for a range of applications, such as new-generation displays, lasers,
photodetectors, biological sensing, tracking and imaging. To realize these properties and
utilize them in potential applications, QDs with a core-shell hetero-structure have proven
to be not only beneficial, but necessary.!” Ever since the first report of the synthesis of
high-quality monodispersed CdSe-CdS core-shell QDs by Alivisatos et al. in 1997,* this
particular system has been emerging arguably as one of the most studied model systems
among all the known hetero-structural QDs (hetero-QDs). This could be due to the
established syntheses and extensive knowledge in CdSe QD materials,’” and the common
crystal structures (i.e., wurtzite, WZ and zinc-blende, ZB) with a minimal crystal lattice
mismatch (3.9%) between CdSe core and CdS shell materials.* ® The core-shell QDs are

mostly fabricated using a two-step procedure: first synthesis of core QDs, then the growth

il
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Fig. 2.1: Two—step synthesis of core-shell NCs, adapted from reference 3.

of shell with the purified core QDs (Fig. 2.1). Moreover, given by the band gap of bulk
CdSe (~1.74eV) and the quasi-Type-II band structural alignment (strongly confined “hole”

and loosely confined “electron”) between the CdSe core and CdS shell,’ the tunable
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emission color of the CdSe-CdS hetero-QDs covers a large portion of the visible
spectrum. The dramatically different exciton dynamics (electron vs hole) fuel additional

interests for this hetero-QD system.
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Fig. 2.2: Schematic presentation of quasi-Type-1I band structural alignment of CdSe-CdS core—
shell ODs, reproduced from ref 9.

Discoveries made in this system have played important roles in the hetero-QD
field over the past two decades. For example, the SILAR technique was first introduced
to the field for growing CdS shell on CdSe core by a layer-by-layer manner.'® This
SILAR concept has later been applied to a variety of hetero-QD syntheses.!!'!
Additionally, shape-controlled syntheses for hetero-QDs taking advantage of the different
crystal symmetry characteristics were pioneered using CdSe-CdS QDs as a model

system. !>

2.2 Blinking of QDs

Fluorescence intermittency (also known as blinking) is a property that under
continuous excitation, single-QDs exhibit switching between bright (ON) and dark (OFF)
states randomly, which was discovered in 1996 (Fig. 2.3)." It has long been recognized

as a potential limitation of QDs in applications at not only the single-QD level but also at

25



Counts
. ;5
——_

Time (s)

Fig. 2.3: Fluorescence intensity versus time trace of a single ~21-A-radius CdSe nanocrystal,
recorded using a multichannel scaler with a 40-ms sampling interval and an excitation intensity
of ~0.52 kW/cm’. Reproduced from ref 19.

ensemble scales.” ! More recently, despite the controversy on the physical origin
(Auger effects, surface trap states, or defects at interface) of PL “blinking”, the chemical
synthetic strategies designed for the core-shell system to overcome this intrinsic property
limitation were developed.® 2> 2* These seminal discoveries, along with yet to be fully
understood make studying the CdSe-CdS core-shell QDs persistently intriguing.
Furthermore, within the hetero-QD family, “giant” core-shell QDs (g-QDs), typically
defined as the QDs with a shell thickness equals to or larger than 15-monolayer (ML) of
the shell material, have gradually developed into a distinct category of QD materials
since their first demonstration.?>2* Many unique and interesting properties of g-QDs have

22-25

been discovered including suppressed single-QD blinking, reduced Auger

26,27 28-30

recombination, efficient multi-exciton generation, unusual dual-band emission,*"

3334 and etc. These advanced photophysical properties enable g-QDs

32 Jarge stokes shift,
to have superior performances in applications such as light-emitting diodes and
luminescence solar concentrators.”® -3 However, due to extremely large shell volume
deposition, synthesizing g-QDs simultaneously exhibiting high particle uniformity,
narrow emission profile with minimized inhomogeneous linewidth broadening and high

PL QYs remains a challenge. Additionally, to date, most developments have been

focused on studying g-QDs with a spherical or quasi-spherical shape. Bals et al. showed
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a very recent example of synthesizing CdSe-CdS g-QDs with a bullet shape.’¢
Unfortunately, in their study, very limited ensemble and no single-particle optical data
were provided.

2.3 Synthesis of Characterization of HP- and HBP-QDs

In order to form atomically flat crystal facets for the final core-shell QDs, three
major factors have been taken into consideration for the experimental design: 1)
precursors with relatively low reactivity (i.e., Cd-oleate and OCT as Cd and S sources)
are needed to ensure a slow epitaxial shell formation with a high crystallinity; 2) in
contrast to the spherical core-shell QD synthesis using the same combination of the shell
precursors, neither oleic acid addition nor further high temperature thermal annealing
should be performed, both of which will round the developed flat atomic facets and lead
to a thermodynamically favored spherical shape as reported previously;® 3* 3) to form
large core-shell QDs with flat crystal facets, an intermediate purification step is necessary
to remove the unreacted precursors and by-products accumulated during the shell growth
reaction. This intermediate purification step has been found to be critical for the
formation of high-quality HBP-QDs. Indeed, the core-shell QDs synthesized without the

intermediate purification step showed poly-dispersed sizes and shapes (Fig. 2.4).
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Fig. 2.4: A TEM image and size distribution of the CdSe-CdS core-shell QDs synthesized
without the intermediate purification step shows poly-dispersed sizes and shapes of the sample.

On the basis of the above considerations, we have designed a two-step shell
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growth method separated by an intermediate purification step for synthesizing pyramidal-
shaped core-shell QDs (see Method for the detailed procedure). The entire shell growth
reaction was monitored by absorption and PL spectroscopies. During the reaction, the
absorption features and the PL peak shifted to a longer wavelength region (Fig. 2.5a—c)
as a result of the quasi-Type-II band structure alignment (weak exciton confinement with

largely delocalized electron) of the CdSe-CdS hetero-QDs.* !° The large increase of the
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Fig. 2.5: (a) Absorption and (b) PL spectral evolution during the shell growth reaction. (c)
Variations of Absorption peaks (blue diamond), PL peaks (blue circle) and PL QYs (red square)
during the shell growth reaction, empty markers indicate the 2" growth after purification. TEM
images of CdSe-CdS HP-QDs (d) and CdSe-CdS HBP-QDs (e). Distributions of three
characteristic dimensions of HP-QODs (f) and HBP-ODs (g). High-resolution TEM (HR-TEM)
images of HP-QDs (h) and HBP-QDs (i) in [1011] projection labelled with three characteristic
dimensions.

absorbance in the wavelength range below 500 nm during the 2"%-growth step indicated a
thick CdS shell formation (Fig. 2.5a), consistent with the band-edge of CdS bulk material
(2.42eV, ~512 nm).% 1° Interestingly, the high energy photon absorbance for the samples
synthesized here is dramatically stronger than their spherical counterparts containing the
same core and shell volumes (Fig. 2.6a, b). The PL excitation measurement ruled out the
possibility of non-emissive organic ligands contribution, indicating the particle shape (i.e.,
the shape of the CdS shell) was at play (Fig. 2.6 a, b). The PL QY measurement showed

a monotone increase during the 1%-shell-growth reaction, followed by a slight decrease
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during the 2"-shell-growth process (Fig. 2.5¢). The PL QYs for the samples obtained
from the 1%- and 2"-shell-growth reactions are 94% and 73%, respectively. In addition,
the PL decay measurements showed an ensemble lifetime of 49.7 ns for the first-shell-
growth sample and 242 ns for the second-shell-growth sample (Fig. 2.6¢, d). Both PL
decays were dramatically slower than that of the spherical QDs with the same core and

shell volumes (Fig. 2.6c, d).
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Fig. 2.6: Comparisons of absorption (solid lines), PL excitation (dotted lines) and PL emission
spectra of (a) HP-QDs vs Spherical ODs (Spherical-ODs) of the same volume, (b) HBP-QDs vs.
Spherical-QDs of the same volume. (c) Ensemble PL lifetimes of HP-ODs and the Spherical-
ODs with the same particle volume. (d) Ensemble PL lifetimes of HBP-QODs and the Spherical-
ODs with the same particle volume.

TEM images show that the resultant core-shell QDs displayed two-dimensional
(2D) outlines of a combination of triangular/truncated triangular (rhombus) and
hexagonal shapes after the 1%-shell-growth (2"%-shell-growth) reaction (Fig. 2.5d, e).
Considering the different 2D outlines observed in TEM images are from different
projections of the 3D QDs, we proposed the most possible 3D shapes of the obtained

core-shell QDs after the 13- and 2"-shell-growth reactions are hexagonal pyramid (HP)
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and hexagonal bipyramid (HBP), respectively (Fig. 2.5d and e, insets). The verifications

Table 2.1: Comparison of the three dimensions measured and calculated for both HP- and
HBP-QDs:

Hexagonal Measured Calculated Hexagonal Measured Calculated
Pyramid NCs (nm) (nm) Bipyramid NCs (nm) (nm)
a 9.6+0.6 - d 16.4+0.8 -
d 10.1+0.7 10.4+0.6 a 22.2+1.2 23.6+1.2
[ 8.9+0.6 9.1+0.6 / 13.7+0.6 14.4+0.7

for the HP and HBP shapes, as well as atomic facet determinations of the obtained core-
shell QDs are discussed in greater detail in the following section. Unlike spherical QDs,
the size and size distribution of the HP and HBP hetero-QDs were determined by
measuring three characteristic dimensions: d, diagonal of the hexagonal base; /, the
projection of side length (the length between one corner of hexagonal base and the
pyramid apex) for the QDs with one of the triangular faces lying on the TEM substrate;
and a, slant height for the HP-QDs, or the projected distance between two apexes for the
HBP-QDs (Fig. 2.5h, i, and Methods). Distributions of these three dimensions of the HP-
and HBP-QDs are shown in Fig. 2.5f, g and Table 2.1, demonstrating high uniformities
with typical standard deviations of 5~7% for all measured dimensions for both samples
(Table 2.1). The calculated individual particle volumes of HP- and HBP-QDs are 189 +
27 nm® and 1480 + 170 nm?, respectively (Table 2.2). It is worth mentioning that the shell
volume of the HBP-QDs (~1450 nm?) is equivalent to a thickness of ~16-ML of CdS
shell when converted to a spherical core-shell QD. Given this large shell volume, the
HBP core-shell QDs can be classified as g-QDs, but with a HBP shape and high

morphological uniformities.?* 3’
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Table 2.2: Volumes of small spherical, HP, large spherical, and HBP QDs:

NC d¢ a g® Volume Surface area
(nm) (nm) ®) (nm’) (nm?)
Hexagonal ) 57 96106 62.842.5 189+27¢ 212421¢
Pyramid

Spherical 1 7.1£0.4 - - 187432 158+18
Hexagonal 0\ 0¢ 200410 608414 1481+1714 7174547
Bipyramid

Spherical 2 14.1£0.7 - - 1468219 643462

“: diagonal of the hexagonal base for HP- and HBP-QDs; diameter for spherical QDs.
b. @ is the included angle between (0001) and (1011) crystal planes, theoretical value of
61.92°.

¢: Applying a and d in the HP model: Vyp = 33—2 d3tand ;

where:
rand V16a? — 3d?
anf = ——
V3d
then,
V3
— 22 32 [1602 — 2,2
Vyp 32 d“y/16a? — 3d
3v3 3
_ 2,2
Syp = 3 d ;l— > ad
4. Applying a and d in the HBP model: Vyzp = P d3tan® ;
where:
V2a? + 2aVa? + 342
tanf =
V3d
then,
V6a? + 6avaZ + 3d2 5
Vipp = 16 d

3
SHBP == Zd\/zaz + 3d2 + Zav a2 + 3d2

To verify the core-shell hetero-structure of the HP- and HBP-QDs, high-angle
annular dark-field scanning TEM (HAADF-STEM) was used to map out the atomic

distributions of Cd, S and Se atoms. The elemental mapping results clearly show that the
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Fig. 2.7: HAADF-TEM images, elemental mapping and line-scan for a HP (a, ¢) and a HBP (b,
d) CdSe-CdS core-shell hetero-QD.

Cd and S atoms are distributed in the entire QD, while Se atoms are only located at the
center of the particle (Fig. 2.7a, b). The line-scans show that the Se atoms distribute
across a distance of ~ 3.8 nm for both samples (Fig. 2.7¢, d), in good agreement with the
CdSe core diameter of 3.9 nm used for the shell growth reactions. This result indicates an
epitaxy rather than alloying was formed in the core-shell QDs, consistent with continuous
red-shifts of both absorption and PL features (Fig. 2.5a, b) and a relatively short reaction
time. However, slight inter-diffusion of anions at the core-shell interface, which is
difficult to identify, may still occur during the high temperature (i.e., 310 °C) reactions
performed here.

The crystal structures of the final HP and HBP hetero-QDs were determined by
XRD measurements (Fig. 2.8). For comparisons, the XRD patterns of two spherical QD
samples with the same CdSe core size and CdS shell volumes as the HP- and HBP-QDs
were also measured (Fig. 2.8). The XRD spectra unambiguously show that all four
samples possess a WZ crystal structure with the fingerprint Bragg peaks of (1012) and
(1013) (Fig. 2.8a), consistent with a WZ crystal structure of the starting CdSe cores,

demonstrating epitaxial CdS shell formation in all cases. Notably, the (0002) Bragg peaks
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Fig. 2.8: (a) XRD spectra of the HP, HBP and the corresponding spherical CdSe-CdS core-shell
ODs with the same particle volumes. The green and blue stick patterns show the positions of
standard XRD peaks for bulk WZ-CdSe and WZ-CdS, respectively. (b) The zoomed-in XRD
spectra for the highlighted area in (a) to show the (1010), (0002) and (1011) peaks. Red
lines: XRD spectra, Black dotted-lines: fitted XRD spectra; Blue lines: fitted peaks.

for both samples are narrower than the peaks for spherical QD samples with the same
particle volumes, suggesting larger domain sizes in (0002) direction for both the HP- and
HBP-QDs These results reveal that the fastest growth direction of the HP- and HBP-QDs
is along the (0002) direction (Z-direction of the WZ crystal structure), consistent with

previous reports for WZ nanorod growth.'3!7- 38

Fig. 2.9: Images of the reconstructed volumes via electron tomography for a HP CdSe-CdS
core-shell QD (a) and an HBP CdSe-CdS core-shell QD (b) along three different viewing
directions.
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Regular TEM images only display 2D projection outlines of the 3D QDs. In order
to accurately determine the 3D shape of the QDs, volume reconstructions were carried
out using electron tomography techniques. For the 3D electron tomography, a set of TEM
images was acquired by tilting the specimens over an angle range of +£65° at a 1°
increment. The 3D volume reconstructions were performed using the sequential iterative
reconstruction technique (SIRT) algorithm and visualized using a Bitplane Imaris

software (see details in Methods). As shown in Fig. 2.9, the 3D shapes of the QDs

Fig. 2.10: TEM images of HP-QDs at various magnifications showing a high particle uniformity
in size and shape.

resulted from the first-and second-shell growth reactions were unambiguously
determined to be HP and HBP, respectively. These reconstructed 3D geometries show a
high consistency with the particle shape 2D outlines observed in the regular TEM images
(Fig. 2.5d, e, and Fig. 2.10 and 2.11). In order to fully understand the shape, crystal
facets, and atomic orientations of these core—shell QDs, detailed crystallographic
analyses based on a series of high-resolution TEM (HR-TEM) measurements have been
performed and discussed as follows.
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Fig. 2.11: TEM images of HBP-ODs at various magnifications showing a high particle
uniformity in size and shape.

HR-TEM measurements of the HP-QDs clearly demonstrate the existence of
different particle projections (Fig. 2.12). Statistical analysis shows that only ~5% of the
HPQDs display the projection with a hexagonal-shaped outline, while the majority of the
QDs display a truncated-triangular outline (Fig. 2.5d, h). The center of Fig. 2.12 shows
the proposed HP-QD model with four defined directions (i.e., al, a2, a3, and Z, Fig. 2.12,
center left) and a computer generated atomic model of the HP WZ crystal with one
hexagonal (0002) facet as a base and six equivalent {1011} facets on the lateral sides
(Fig. 2.12, center right). Each of the four panels in Fig. 2.12 (Fig. 2.12a—d) is composed
of a representative HR-TEM image of an individual QD with a certain projection (left),
the corresponding fast-Fourier transform (FFT) pattern (right top), the atomic model
(right bottom), and its simulated electron diffraction pattern (right middle) after a one- or
twostep rotation along the Z and X axes from the central atomic model.

Fig. 2.12a shows a clear hexagonal outline and atomic cross-fringes with a

measured d-spacing of 3.6 A, which is associated with the {1010} planes of WZ CdS
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Fig. 2.12: HR-TEM images for core-shell HP-QDs. Center models define the shape (left) and
atomic orientation (right) of the HP-QDs. The [1120] projection (viewing along the green
arrow in center left model) is set as the starting point of rotations. Each of the four panels (a-d)
is composed of one representative HR-TEM image (left image) for an individual QD with a
certain projection, the corresponding FFT pattern of the HR-TEM image (top right), and the
computer generated atomic model (bottom right) and its corresponding simulated electron
diffraction pattern (middle right) after a one- or two-step rotation from the center atomic model.
The detailed rotations are indicated by the red and blue arrows along the Z axis and X axis (the
axis normal to both Z and a: axes), respectively. (a)-(d) show the HP QDs viewed along [0001],
[1101], [?373], and [505?] zone axes, respectively.

material, suggesting that the particle is viewed along the [0001] zone axis. When viewed
along the [1101] zone axis (Fig. 2.12b), the particle instead shows characteristic
rectangular cross-fringes from its (1120) and (1104) plane families with measured d-
spacings of 2.1 and 1.5 A, respectively. Both the outline of the HR-TEM image and the
corresponding FFT pattern perfectly match the computer-generated atomic model (Fig.
2.12b). Furthermore, we also observed a low population (~4%) of QDs with high-order
projections (Fig. 2.12¢, d). For example, Fig. 2.12¢ shows the particle viewed along the
[2575] zone axis, displaying the (1101) and (1013) planes. The cross-fringes in this

projection exhibit an angle of 80.6° (Fig. 2.12¢), which is in good agreement with the
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theoretically calculated value of 80.50° between the (1101) and (1013) planes. In
addition, Fig. 2.12d shows the particle viewed from the [505?] projection with the
characteristic cross-fringe angle of 117.2°, matching well to the theoretical value of
117.32° between the (1103) and (1210) planes. The measured d-spacings of 1.9A and
2.1A match the d-spacings of (1103) and (1210) planes perfectly. These results
unequivocally validate the 3D HP shape, as well as crystal facets and atomic orientations
of the CdSe-CdS core-shell QDs synthesized from the first-shell-growth reaction.

Similar crystallographic analyses have been applied to the HBP-QDs. The model
was generated by cutting a bulk WZ CdS crystal into an HBP-shape with 12 equivalent
{1011} surfaces merging into two apexes (Fig. 2.13, center). Most of the HBP-QDs seen
on the TEM substrate display a rhombus outline, while only a low population (~1%)
show hexagonal outlines (Fig. 2.13g). Fig. 2.13 shows a series of HR-TEM images of the
HBP-QDs and the corresponding computer simulated atomic models. The particles with
three common projections viewed along the [1100], [1101], and [0001] zone axes are
shown in Fig. 2.13b, c, g, respectively. The atomic fringes, FFT patterns, as well as the
measured lattice distances can all be precisely matched to the model (Fig. 2.13, center)
after completing certain rotations (Fig. 2.13b, ¢, g). For example, the [1101] projection
model can be achieved by rotating 30° along the Z axis, followed by a rotation of 25.11°
along the X axis from the center model (Fig. 2.13¢). In this projection, (0112), (1012)
and (1120) planes can be seen with d(0112) = d(1012) = 2.5A, and d(1120) = 2.1A.
The cross-fringe angles of 126.2° between (0112) and (1120) planes and 107.6°
between (0112) and (1012) planes match well with the theoretical calculated values of
126.32° and 107.36°, respectively. The HBP-QDs projected from [1011] and [1011]

directions can also be frequently seen in HR-TEM images (Fig. 2.13d, h).
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Fig. 2.13: HR-TEM images for core-shell HBP-ODs. Center models define the shape (left) and
atomic orientation (vight) of the HBP-ODs. The [1210] projection (viewing along the green
arrow in center left model) is set as the starting point of rotations. Each of the eight panels (a-h)
is composed of one representative HR-TEM image for an individual QD with a certain
projection, the corresponding FFT pattern of the HR-TEM image, and the computer generated
atomic model and its corresponding simulated electron diffraction pattern after a one- or two-
step rotation from the center atomic model. The detailed rotations are indicated by the red and
blue arrows along the Z axis and X axis (the axis normal to both Z and a axes), respectively.
(a)-(h) show the HBP-QODs viewed along [4313], [1100], [1101], [1011], [0447], [2425],
[0001], and [1011] zone axes, respectively.

Furthermore, we have also observed a low population (<5%) of the HBP-QDs
viewed from high-order projections (Fig. 2.13a, e, f). For example, in Fig. 2.13a, the

(1013) and (0111) planes with d(1013) = 1.9 A, d(0111) = 3.2 A were observed with
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a measured cross-fringe angle of 81.4° (theoretical calculated angle of 81.48°),
suggesting the [4313] projection. The coexistence of the orthogonal planes of (0112)
and (2110) in Fig. 2.13e and the (1102) and (1010) planes with an angle of 70.3° in
Fig. 2.13f were observed for the particles viewed along the [0447] and [2425] zone
axes, respectively. The particles with these unusual high-order projections are likely due
to squeezing by nearby particles or laying on an uneven surface of the TEM substrate.>**!

Taken together, 2D projection outlines, atomic lattice fringes, and the
corresponding FFT patterns of the HR-TEM images for individual core—shell hetero-QDs
can all be perfectly matched to the computer generated atomic models and the
corresponding simulated electron diffraction patterns at different viewing projections
(Fig. 2.12 and 2.13). These results explicitly prove the correctness of the proposed
models shown in Fig. 2.12 and 2.13, demonstrating a high degree of agreement between

the proposed models and the shape, facet, and atomic orientation of the obtained hetero-

QDs.

2.4 Ligand-Induced Particle Shape Evolution during the Shell Growth

The complete characterization and analysis of the crystal facets and atomic
orientations of the HP- and HBP-QDs allowed us to suggest a mechanism and reconstruct
the particle shape evolution. Fig. 2.14 shows a scheme of the formation mechanism for
HP- and HBP-QDs in the two-step growth procedure (Fig. 2.14a) and the TEM images of

the QD samples collected at the corresponding growth stages (Fig. 2.14b—f).
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Fig. 2.14: (a) Mechanism of the HP and HBP shape evolutions of the CdSe-CdS core-shell QDs
during the shell formation process. (b-f) The corresponding TEM images of the QD samples at
different shell-growth stages: (b) starting CdSe cores, (c) HP-QDs after the Ist-shell-growth
step, (d-f) QD samples taken at different time points during the 2nd-shell-growth step, 20 min
(d), 120 min (e), and 180 min (f).
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Fig. 2.15: FTIR spectra of CdSe core QDs, HP-QDs, the sample took at the early stage of 2"-
shell-growth reaction (Spherical QDs), and final HBP-QODs. (a) Full FTIR spectra; (b-d)
Zoomed-in rectangular area in (a).

It is known that Cd-chalcogenide QDs can be well-passivated by efficient

bonding ligands such as ODPA, OLA, and OAm through the interactions with surface
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Cd-sites.*** Particularly, the CdSe cores used in this study are surface-coated by ODPA
ligands (Fig. 2.15).!” During the first-shell-growth reaction, the Cd-rich (0002) facet was
stabilized by strong ODPA bonding to Cd** cations,'> %> % which led to a slow shell
deposition that consequently developed into an atomically flat hexagonal base (Fig.
2.14a—c). In contrast, the less stable chalcogenide-rich (0002)facet exhibited a fast-
epitaxial shell growth that subsequently developed to an apex (Fig. 2.14a—c).
Concomitantly, Cd-rich {1011} facets, which were stabilized by oleate ligands (from the
Cd precursor) through covalent chelating bidentate interactions (Fig. 2.15), emerged on
the lateral sides of the particle (Fig. 2.14, Step 1).*>*7 The overall growth fashion led to
a HP particle shape during the first-shell-growth (Fig. 2.14a—c). The coexistence of OA
and ODPA ligands on the HP-QD surface was also proved by 'H (nuclear magnetic
resonance) NMR and 3'P NMR (Fig. 2.16a, ¢). Unlike CdSe-CdS nanorod or nanobullet
syntheses,!>!7-3¢ the absence of the {1010} and {1120} facets indicates their instability
as compared to the {1011} facets under the present growth conditions. Next, an
intermediate purification step is essential for the following development of the HBP
shape as it removes the excess ODPA ligands from the reaction solution (Fig. 2.16d). In
the second shell-growth reaction, a particle shape conversion from HP to sphere was
observed at the initial stage (Fig. 2.14a, d). A similar QD shape conversion has been

observed recently by Peng et al.*

s Importantly, during this shape conversion associated
with surface atom rearrangement processes, the remaining surface-bonded ODPA ligands
from the first-step were totally removed due to the presence of a large excess of fresh
OAm (solvent) and the addition of Cd-oleate and OLA in the shell precursor solution

(Fig. 2.15). As a result, the QDs’ surface was covered by both oleate and OAm but no

ODPA as proved by the FT-IR measurements (Fig. 2.15). In contrast to the first-shell-
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Fig. 2.16: (a, b) '"H-NMR and (c, d) *'P-NMR for HP-, HBP-QDs. The 'H-NMR spectra show
broad peaks between 5~6 ppm which correspond to the proton of double bond in OLA molecule,
proving the existence of oleate as the surface passivating ligand (The small sharp peak is
associated to the double bond proton from solvent ODE); in the meantime, *' P-NMR spectrum of
HP-QDs shows a broad peak at ~36 ppm, which is associated to the bonded ODPA on HP-OD
surfaces. 3'P-NMR spectrum of HBP-ODs shows no obvious phosphonate peak from ODPA.
Both the 'H-NMR and *' P-NMR results are consistent with the proposed model.

growth reaction, the absence of the surface ODPA ligands and the presence of excess
OAm and OLA diminished the growth preference between the (0002) and (0002)
directions (Fig. 2.15 and 2.16).** *® Thus, the CdS shell grew simultaneously in both
directions during the second-shell-growth (Fig. 2.14). At the same time, the oleate
stabilized {1011} facets gradually dominated the particle surface, resulting in first a
hexagonal bifrustum shape (Fig. 2.14a, e) and finally a HBP shape (Fig. 2.14a, f).

Evidently, the Fourier-transform infrared-spectroscopy (FTIR) characterizations and NMR
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Fig. 2.17: TEM images of the CdSe-CdS core-shell ODs synthesized with additional ODPA
during the 2nd-shell-growth reaction. It shows that the final QDs maintain the HP shape instead
of HBP shape due to the presence of extra ODPA.

measurements show that the final HBP-QDs’ surface is solely passivated by bidentate
oleate ligand without OAm and ODPA (Fig. 2.15 and 2.16), consistent with the proposed
mechanism. Moreover, if additional ODPA was added to the second-shell growth
solution, instead of developing into the HBP shape, particles preserved the HP shape
(Fig. 2.17). This result strongly supports the proposed mechanism of ligand-induced

particle shape evolution.

2.5 Optical Properties of HP-HBP- Core-Shell QDs

To further study the optical properties of these HP and HBP core—shell QDs, we
monitored the PL line width and the global Stokes shift evolutions during the CdS shell
growth (Fig. 2.18a, b). Both the ensemble PL line width (FWHM) and global Stokes
shift decreased, respectively, from 86.6 to 65.6 meV and 41.2 to 33.6 meV during the
first-shell-growth. The PL measurements at the single-QD level show that the PL line
width of single-HP-QDs fluctuated around the ensemble PL line width (Fig. 2.18¢c, d).
This suggested the PL line width narrowing effect was due to the minimization of
inhomogeneous broadening with improved particle uniformities in size and shape, shell

crystallinity, as well as surface passivation.® However, during the course of second shell-
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growth reaction while developing the HBP shaped QDs, both the PL line width and the
Stokes shift increased significantly from 65.6 to 101.5 meV and 33.6 to 66.2 meV,
respectively. The PL line width of the final HBP-QDs is ~23% larger than that of the
spherical QDs with the same core size and shell volume (101.5 meV vs 78.2 meV, Fig.
2.6). Single-HBP-QD PL measurements revealed nearly overlapped PL profiles (Fig.
2.18e) and almost identical PL line widths for the single-HBP-QD and the ensemble
sample (Fig. 2.18f). These results lead to the conclusion that the PL broadening effect
during the second-shell-growth step was solely due to the homogeneous broadening of

the average single-QD PL line width rather than the inhomogeneous broadening caused
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Fig. 2.18: Temporal evolutions of the PL linewidth (a) and Stokes shift (b) of the CdSe-CdS
core-shell QDs during the shell growth reactions. The ensemble and single-QD PL spectra of
the HP- (c) and HBP-QDs (e). The distributions of single-QD PL linewidth (FWHM) of HP- (d)
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from losing particle uniformity.> # Given the minimal excitonic fine structure
contribution (< 8 meV) to line width changes an negligible spectral diffusion on
submillisecond time scales at room temperature,’® 3! this homogeneous broadening can
be attributed to two major factors that are directly related to the thick HBP CdS shell: (1)
enhanced longitudinal optical (LO) phonon coupling with excitons through increased
Frohlich interactions induced by reduced electron—hole wave function overlap during the
CdS shell formation;** > (2) a strong internal electrical field and large dipole moment
induced by a spontaneous polarization of a WZ crystal structure and the HBP particle
shape.’*7 In addition, a ~43% larger Stokes shift (66.2 meV vs 46.3 meV) was
measured for the HBP-QDs than for spherical QDs with the same particle volume

(~1480 nm3, Fig. 2.19 and Table 2.2), further providing strong indication of increased
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Fig. 2.19: TEM images of the spherical CdSe-CdS core-shell QDs with the same core size and
shell volumes to the HP- and HBP-ODs and the corresponding histograms of size distributions.

net exciton—phonon coupling for the HBP-QDs.”® Because of the lack of direct
experimental evidence and characterization tools, other factors that may affect the single-
QD PL line width changes cannot be completely ruled out, such as localized charges,

surface reconstruction, and the piezoelectric effect on local electrical fields.*6- 5% 6
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To further characterize our HP- and HBP-QDs as single-emitters, we studied

single-QD blinking behavior of both samples. Fig. 2.20 shows representative PL blinking
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Fig. 2.20: Single particle PL blinking traces, histogram of PL intensity distributions, “On” time
fraction distribution and lifetimes of the HP-QDs (a-c) and HBP-ODs (d-f).

traces, histograms of PL intensity distributions, and the “On” time fraction distribution of
the measured HP- and HBP-QDs. The average “On” time fraction is 80% for HP-QDs
and 96% for HBP-QDs. More than 50% of the HBP-QDs we measured were completely
nonblinking (Fig. 2.20). Such high “On” time fractions for the HBP-QDs can be
attributed to the thick and highly crystalline CdS shell, proven by the XRD and TEM

measurements (Fig. 2.8, 2.12, and 2.13) and also in good accordance to previous studies
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Fig. 2.21: Excitation-intensity-dependent single-QD lifetimes of HBP-QD.
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with similar growth conditions for spherical core—shell QDs.®

In addition to the high “On” fraction, we also measured the PL decay of single
HP- and HBP-QDs. A representative decay profile is shown in Fig. 2.20c, f. The PL
decays of single HP-QDs can be fitted to a single exponential function with an average
single-QD lifetime of ~36.0 ns, which is consistent with the ensemble measurements
(Fig. 2.20c¢). In contrast, the PL decay curve of single HBP-QDs clearly contains two
components and can be well-fitted to a double exponential decay function (Fig. 2.20f).
The slow component is attributed to the radiative recombination of single excitons, which
is consistent with the slow PL decay from ensemble PL lifetime measurements (~242 ns,
Fig. 2.6). The fast decay component has an average lifetime of ~6 ns, which is ascribed
to the PL decay of biexciton (BX). Since the HBP-QDs have a thick shell and, therefore,
high absorption cross section, there is high probability of generating BX in the QD even
under low power excitation (40 nW).2% ¢! Moreover, this fast decay component showed
an excitation intensity dependence (Fig. 2.21), further proving its origin is due to BXs.
This long BX decay lifetime indicates a strong suppression of the Auger recombination,
which has been previously observed in spherical g-QDs (Fig. 2.20d).% ©* Additionally,
this suppression of Auger recombination should result in a high BX QY of the QDs.
Previously, Nair et al. showed that the BX QY of a single-QD can be determined from
the size of the 0-time feature in the second order photon correlation function (g?)) of the
QD.% The g® function of a single-HBP-QD showed a high O-time feature (Fig. 2.22),
suggesting the HBP-QDs have a high BX QY. A high BX QY has also been observed in
conventional g-QDs.?> % In all, the thick and high crystalline CdS shell prevents the
electron/hole from reaching to the QD surface, thus limiting their accessibility to the

defect and surface-related nonradiative pathways in the HBP-QDs. Furthermore, the
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reduced spatial overlap due to the large HBP CdS shell formation also results in a
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Fig. 2.22: Representative g data for HBP-QDs.

suppressed nonradiative Auger recombination.®* Both factors contribute to the observed

high QY and long lifetime of BXs in this HBP-QDs.

2.6 In Vitro Biological Study

Recent discoveries reveal that the shape of nanomaterials is an important
parameter when interacting with living biological systems (e.g., living cells, organisms,
tumors).%>” To demonstrate the shape effect of pyramidal QDs on in vitro cellular uptake
and intracellular imaging, samples of spherical QDs (SQDs, as a reference sample) and
HBP-QDs underwent the same ligand exchange reaction with methoxy-polyethylene-
glycol thiol (PEG-SH, MW5000) (details in the Methods). After ligand exchange, both
samples were successfully transferred into aqueous solutions and showed similar
hydrodynamic diameters of ~26.7 nm and ~25.8 nm for the PEGylated HBP-QDs (PEG-
HBP-QDs) and SQDs (PEG-SQDs), respectively, suggesting no aggregations in aqueous
solution.®® ® No measurable variations in absorption and PL spectral profiles of the QDs
were observed after the ligand exchange reaction (Fig. 2.23). A ~30% PL QY decrease

was measured for both PEG-HBP-QD and PEG-SQD samples, consistent with the
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reported PL quenching effect caused by a monothiol group.’®7?

The obtained water-soluble QDs were incubated with three different cell lines:
Non-neoplastic human mammary epithelial MCF10A cells and two types of human
breast cancer cells (MDA-MB-231 and MCF7). Minimal cell toxicities for all three cell
lines were detected for both QD samples, indicating robust surface protection with

sufficient PEG coating (Fig. 2.24).%° To quantify the amount of QD cellular uptake,
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Fig. 2.24: Cytotoxicity and cell uptake tests for HBP-ODs and Spherical QDs. Cell line: MDA-
MB-231 and MCF7 are human breast cancer cells;, MCFI0A is a non-neoplastic human
mammary epithelial cell.

confocal fluorescence imaging was carried out and the relative amount of cell uptaken
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QDs were determined based on the fluorescence intensity quantification method.
Interestingly, we found that the PEG-HBP-QDs uptake was ~3 times as much as the
PEGS-QDs under the same experimental conditions for all three cell lines tested here
(Fig. 2.25, p < 0.02 with Student’s t test, n = 3). This is likely caused by a slightly higher
hydrodynamic AR and a dramatically increased contacting curvature (i.e., sharp apexes
of the HBP-QDs) of the PEG-HBP-QDs compared to the PEG-S-QDs.%% 7> 7% When
attached on the cell surface with the apex, the PEG-HBP-QDs could readily “puncture”

into the lipid bilayer and break the integrity of the cell membrane, leading to a significant
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increased cellular internalization.
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Fig. 2.25: Cellular uptake of PEG-HBP-QDs and PEG-SQDs. Representative confocal
fluorescent microscope images show the cellular uptake of PEG-S-QDs (a, d, and g) and PEG-
HBP-ODs (b, e, h) in MCF104, MCF7, and MDA-MB-231 cells, respectively. Quantified
amount of uptaken PEG-S-QDs and PEG-HBP-QDs in MCF10A4 (c), MCF7 (f), and MDA-MB-
231 (i) cells. (p < 0.02 with Student’s T-test, n=3).
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The results provided here manifest potential applications of these HBP-QDs in
cellular internalization processes and provide further insights for drug deliveries,
therapeutic design, and intracellular activities under fluorescence imaging and tracking.
Moreover, the largely prolonged emission lifetime and significantly suppressed single-
dot PL blinking of the HBP-QDs can further enable more characterization dimensions
(e.g., fluorescence lifetime imaging microscopy, single-particle sensing and tracking) for
biological imaging down to the single-molecule scale both in vitro and in vivo.””

In summary, we have demonstrated, for the first time, the syntheses of HP and
HBP CdSe-CdS core-shell hetero-QDs. Through detailed crystallographic analyses using
HR-TEM as well as the volume reconstruction via electron tomography, we have
unambiguously identified the HP and HBP shapes as well as the atomic facets of the
obtained hetero-QDs. While the HP-QDs contain one (0002) hexagonal base and six
equivalent low-index {1011} facets on the lateral sides, the HBP-QDs’ surface is
dominated only by twelve equivalent {1011} facets, which merge into two apexes at the
(0002) and (0002) directions. We attributed this pyramidal shape development to a
ligand-induced growth model during the CdS shell formation process. The resultant HP
and HBP core-shell hetero-QDs exhibit high morphological uniformity, perfect epitaxial
WZ crystallinity, and superior optical properties including high PL QYs, minimal
inhomogeneous PL linewidth broadening, significantly suppressed single-QD blinking,
and prolonged ensemble and single-QD PL lifetimes as compared to spherical QDs with
the same core and shell volumes. Given the large CdS shell volume (~1450 nm®, ~16 ML
equivalent CdS shell for spherical core-shell QDs), the HBP-QDs can be categorized as
conventional g-QDs, but with flat atomic facets and high morphological uniformity.

Furthermore, the HBP-QDs were successfully transferred to an aqueous solution without
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aggregation while retaining their optical properties. The obtained water-soluble HBP-
QDs showed low-cytotoxicity and greatly enhanced cellular uptake for different cell-
lines, demonstrating their potentials in biological intracellular labeling and imaging
applications.

Methods

Chemicals:

Cadmium oxide (CdO, 99.998%), 1-octadecene (ODE, 90%), trioctylphosphine
oxide (TOPO 99%), trioctylphosphine (TOP, 97%), oleylamine (OAm, 70%), 1-
octanethiol (> 98.5%), were obtained from Sigma Aldrich. Selenium powder (99.999%),
oleic acid (OLA, 90%) were purchased from Alfa Aesar. Octadecylphosphonic acid
(ODPA, 99%) were purchased from PCI Synthesis. Methoxy-polyethylene-glycol thiol

(PEG-SH), MW 5k was purchased from Creative PEGWorks.

Synthesis of CdSe core QDs:

The synthesis of CdSe core QDs is followed by a hot-injection method as
previously reported.® Typically, 120 mg CdO (99.998%), 560 mg ODPA (99%) and 6 g
TOPO (99%) were loaded to a 100 mL flask. The mixture was degassed and heated to
150 °C for 1 hour under vacuum. The reaction solution was then heated to 360 °C under
nitrogen to form a colorless clear solution. After adding 4.0 mL TOP (97%), the
temperature was brought up to 380 °C and a freshly prepared Se/TOP (120 mg Se in 1.0
mL TOP) solution was swiftly injected into the flask. The reaction was quenched by
removing heating mantle and blowing cool air when a desired CdSe core size was

reached. The resulting CdSe core QDs were diluted in hexane as stock.

Synthesis of CdSe-CdS core-shell pyramidal-shaped ODs:
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In a typical synthesis of HP QDs, 100 nmol of CdSe cores (purified one time by
acetone) were loaded into a 100mL 3-neck flask with a solvent mixture of 2 mL ODE and
2mL OAm. The reaction mixture was degassed under vacuum at room temperature for 1
hour and 120 °C for 10 min to remove hexane, water and oxygen. The reaction mixture
was then heated to 310 °C under nitrogen for shell growth. When temperature reached
240 °C, a desired amount (typically calculated 6 monolayer CdS shell equivalent) of Cd-
oleate (0.1M, balanced by ODE, w/Vix = 6mL) and 1.2 equivalent of 1-octanethiol
balanced by ODE w/Vit = 6mL were injected dropwisely into the reaction mixture
simultaneously by a syringe pump with an injection rate of 2mL/hr. Aliquots were taken
during the reaction for absorption and photoluminescence characterizations. The reaction
was stopped by removing the heating mantle and cooled down to room temperature after
finishing the injection. The synthesized CdSe-CdS core-shell HP-QDs were purified by
three rounds of precipitation and redispersion using acetone/methanol and hexane. The
particles were finally suspended in ~2 ml hexane as stock.

HBP QDs are achieved by a 2"%-shell-growth step using the purified HP QDs. In a
typical synthesis, the purified HP QDs were loaded in a 100 mL 3-neck flask with a
solvent mixture of 2 mL ODE and 2 mL OAm. The reaction mixture was degassed under
vacuum at room temperature for 1 hour and 120 °C for 10 min to remove hexane, water
and oxygen, and then heated to 310 °C under nitrogen for the 2"%-shell-growth. The
amount of shell precursors (Cd-oleate and 1.2 equivalent of 1-octanethiol) were
determined by calculating the desired CdS shell volume. The desired amount of Cd-
oleate and 1-octanethiol were balanced with ODE into the same total volume of 6 mL
(typically, the next 7%-12" monolayer equivalent amount of cadmium-oleate and 1-
octanethiol were used to achieve hexagonal bipyramid NPs). When the temperature
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reached 240 °C, the precursors were injected into the reaction solution simultaneously
using a syringe pump with an injection rate of 2 mL/hr. Aliquots were taken during the
reaction for absorption and photoluminescence characterizations. After the injection was
completed, the reaction was stopped by removing heating mantle and allowed to cool to
room temperature. The synthesized CdSe-CdS core-shell HBP-QDs were purified by
three rounds of precipitation and redispersion using acetone/methanol and hexane. The

particles were finally suspended in ~2 mL hexane as stock.

UV-Vis absorption measurements of HP and HBP QDs:
UV-Vis absorption spectra were measured using an Agilent Technologies Cary
5000 UV-Vis Spectrophotometer. HP- and HBP-QDs were dissolved in hexane for the

measurements.

PL, lifetime and QY measurements of HP and HBP QDs:

The solution PL, lifetime and QY measurements were performed on an Edinburgh
Instruments Fluorescence Spectrometer FS5. The HP- and HBP-QDs were dissolved in
hexane for measurements. The PL lifetime were measured with excitation at 360 nm,
with an average acquisition time of 15 min. The PL QYs were measured by FSS5

Spectrometer with a built-in integrating sphere.

TEM measurements of HP and HBP QDs:

TEM measurements were performed on a JEOL 2100F operated at 200 kV. The
QDs were diluted in hexane after purification, then drop cast on a 300-mesh copper TEM
grid and dried at ambient condition before TEM measurements. High angle annular dark
field-scanning transmission electron microscopy (HAADF-STEM) images, energy dispersive X-

ray (EDX) elemental mapping data were acquired using a Thermo Fisher Scientific -Talos
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microscope operated at an accelerating voltage of 200 kV. The high-resolution STEM (HR-
STEM) imaging and STEM-EELS mappings were performed on a Hitachi-2700C aberration

corrected STEM at 200 kV with a cold-field emission gun in Brookhaven.

Powder X-ray diffraction (XRD) measurements:

XRD spectra were obtained on a Bruker D8 Discovery 2D X-ray diffractometer
equipped with a Vantec 500 2D area detector operating with Cu Ka (1 = 1.541 A)
radiation. Samples were drop-casted on glass slides and the solvent evaporated under

room temperature.

FTIR Measurements:
FTIR measurements were performed on a Jasco FT/IR 4100 with attenuated total
reflectance (ATR) attachment. Dried samples were directly placed on the ATR crystal for

measurements.

Preparation for water-soluble ODs:

The CdSe-CdS core-shell spherical QDs and HBP-QDs solutions (1 nmol in 100
pL chloroform) was added to a freshly prepared chloroform solution of PEG-SH (60 mg
in 100 pL). The solution mixture was stirred at room temperature for ~10 hrs. The QDs
were precipitated by adding hexane solution. After centrifuging for 2 min at 300 rcf, QDs

were then re-dissolved in 2 mL of PBS buffer solution and stored at 4 °C.

Cell culture:

Human breast cancer cells (MDA-MB-231 and MCF7) and non-neoplastic human
mammary epithelial MCFI0A cells were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA), and cultured in DMEM (MDA-MB-231 and

MCF7) and DMEM/F12 media with supplements, respectively. All cells were maintained
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at 37 °C in a humidified incubator with 5% COx.

In vitro cytotoxicity test:

In vitro cytotoxicity of PEG-HBP-QDs and PEG-S-QDs were evaluated using a
cell viability assay. 5,000 cells (MDA-MB-231, MCF7 and MCF10A) were seeded in
each well of a 96 well plate and incubated for 24 h. Then cells were treated with sample-1
or sample-2 at different particle concentrations of 0, 12.5 25, 50, 100 and 200 pg/mL for
24 hours. Cell viability was determined by a Dojindo cell counting kit using the protocol

from the manufacturer (Rockville, MD, USA).

In vitro cell uptake test:

10,000 cells (MDA-MB-231, MCF7 and MCF10A) were seeded in each well of a
96 well plate and incubated for 24 h. Then cells were treated with PEG-HBP-QDs or
PEG-S-QDs at a concentration of 100 pg/mL in DMEM with 10% FBS for 4 hours. Cells
were rinsed with PBS twice to remove free QDs, and the fluorescence intensity of cell
uptaken QDs was quantified using a Synergy H4 Microplate reader (Winooski, VT,

USA) at excitation/emission wavelengths of 400 and 632 nm, respectively.

Fluorescent cell imaging:

100,000 cells (MDA-MB-231, MCF7 and MCF10A) were seeded in each well of
Nunc Lab-Tek II Chamber Slide system (4 wells) and incubated for 24 h. Then cells were
treated with sample-1 or sample-2 at a concentration of 100 pg/mL in DMEM with 10%
FBS for 4 hours. Cells were rinsed with PBS twice to remove free QDs, and fixed with
4% paraformaldehyde solutions for 15 min. Fixed cells were rinsed with PBS, and DAPI
dye solution was applied to stain cell nucleus, and dried overnight in the dark The
fluorescent cell images were taken using a Leica TCS SP5 confocal fluorescent
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microscope (Buffalo Grove, IL, USA).

Electron tomography:

Tilt series were acquired in 1 degree increments from -65 to + 65 degrees on a
transmission electron microscope (Tecnai G2, FEI company, Eindhoven, The
Netherlands) using an acceleration voltage of 200 KV. Tilt series were acquired at
magnifications of 29,000 x and 50,000 x. A bottom mounted 4K CCD camera (Eagle 4K,
FEI company) was used for image acquisition.

The Inspect 3D Xpress software package (v. 3.0.0.3478, FEI company) was used
for image alignment and reconstruction of 3D datasets from the tilt series. The
reconstructions were performed using the sequential iterative reconstruction techniques
(SIRT) algorithm with 20 iterations computed on a graphics processing unit (QUADRO
5000, NVIDIA Corporation, Santa Clara, CA, USA).

Rendering of 3D datasets was performed in the image analysis and visualization
software package Bitplane Imaris (v. 8.2.1., Bitplane AG, Zurich, Switzerland) using a

combination of automated thresholding and manual segmentation.

Single-QODs optical property measurements:

All the single particle measurements were performed with a home-built confocal
fluorescence microscope. The samples for single particle study were prepared by spin-
coating highly diluted QD solutions in hexane on No 1.5 glass coverslip to make the
density of QDs on glass low enough to observe isolated QDs under microscope. QDs
were excited with a supercontinuum laser (SOLEA, Picoquant) at 530 nm with a
repetition of 2.5 MHz. Fluorescence signal was collected by an avalanche photodiodes (t-

SPAD, Picoquant) with appropriate bandpass filter. The PL decay was measured by a
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single photon counting module (Picoharp 300, Picoquant) with a time resolution of 32 ps.
The PL intensity time traces and time-dependent PL decays were collected at an
excitation power of 40 nW. The single-QD emission spectra were collected by a
spectrograph (Isoplane SCT 320, Princeton Instruments) equipped with a CCD camera
(PIXIS 1024 BR, Princeton Instruments). All measurements were performed under

ambient conditions.
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Chapter 3

Cu-Catalyzed Synthesis of CdZnSe-CdZnS Alloy
QDs with Highly Tunable Emission

Portions of this chapter are adapted and/or reprinted from the following works. Copyright
belongs to the publisher.

Yuan, Y.; Zhu, H.; Wang, X.; Cui, D.; Gao, Z.; Su, D.; Zhao, J.; Chen, O.*, Cu-
Catalyzed Synthesis of CdZnSe-CdZnS Alloy Quantum Dots with Highly Tunable
Emission. Chem. Mater. 2019, 31 (7), 2635-2643.
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3.1 Limit of Current Synthetic Methods of QDs

Semiconductor QDs exhibit unique properties including high absorbance cross
section, broad excitation spectrum, tunable emission profile, high PL QY's and superior
photo-chemical/physical stabilities."" > These properties offer QDs great potential in
diverse practical applications including solar energy harvestings,>® biological imaging
and labelling,”!® light-emitting diodes (LEDs) and next generation displays.'** As a
result, synthesizing QDs with uniform size, different shape, high PL QY, and tunable and
narrow emission spectrum has been a long-lasting active research topic and largely
investigated in the past three decades.?**’ One of the most profound discoveries towards
improving the optical properties of QDs is through epitaxial deposition of shell
semiconductor materials, especially with a wider bandgap than that of the core QDs (also
known as type-I core-shell QDs)." 3% To date, various type-I core-shell QD systems
have been synthesized and reported,* among which CdSe-ZnS, CdSe-CdS and CdS-ZnS
core-shell QDs are arguably the most studied ones with great synthetic control and
superior optical performance.> 3! 52 However, due to the intrinsic properties of the core
and shell materials, those core-shell systems either can only emit photons covering a

limited range of the visible spectrum (i.e., CdSe-CdS and CdS-ZnS systems),*” 5% 33

or
possess a large lattice mismatch between core and shell materials (i.e., CdSe-ZnS system)
which usually limits the morphological uniformity and optical properties of the obtained
core-shell QDs.>">* To this extent, alloying core and/or shell compositions of QDs has
later been realized as an efficient mean to enlarge spectral coverage as required in many
of their potential applications.’> °® In addition, by choosing appropriate alloy

compositions, the bandgap alignment and lattice mismatch between core and shell

materials can be widely tuned and optimized for desired optical properties.’’%” To date, a
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variety of alloy QD systems has been reported through either simultaneous injection of

55, 58, 61, 62, 64 56, 63, 65

the required precursors or post-core-synthetic cation exchanges.
Especially, it is known that when CdZnSe alloy QDs serving as cores, a wide range of
spectral tunability from deep blue to dark red can be achieved by altering the ratio of Cd
and Zn compositions.®* ® However, unlike CdSeS alloy QDs which are relatively easy to
fabricate due to minimal lattice mismatch (3.9%), the synthesis of CdZnSe QDs has
proven challenging due to its relatively large crystal lattice mismatch (8.0%) between
CdSe and ZnSe materials, and unbalanced reactivities of commonly used Cd and Zn

precursors.>> 3¢

3.2 Cu-Catalyzed Alloying Method to the Synthesis of Alloy QDs

In this work, we report a new synthetic paradigm for the fabrication of CdZnSe-
CdZnS core-shell alloy QDs through a Cu-catalyzed solid-solution alloying strategy.
Taking advantage of the high mobility of Cu cation, we demonstrate that Zn component
can be transported into the starting CdSe-CdS core-shell QDs even using a relatively less
reactive Zn precursor (i.e., Zn-oleate). We show that the obtained CdZnSe-CdZnS alloy
QDs can emit at a wide range of wavelength with the peak center covering nearly full
visible spectral region (470-650 nm) while maintaining high PL QYs (> 50%). By
monitoring the reaction process, we propose a new alloying mechanism highlighting the

unique “catalytic” role Cu cations played in the process. In addition, we demonstrate

that the surface defects caused by the remaining Cu cations in the CdZnSe-CdZnS alloy
QDs can be effectively removed through a post-synthetic treatment with
trioctylphosphine (TOP) based on hard and soft acids and bases (HSAB) theory. Finally,
this approach can be easily adapted to the synthesis of CdZnSe-CdZnS alloy nanorods

system, suggesting its generality.
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Fig. 3.1: Absorption (a) and PL (b) spectral evolution during the synthesis of starting CdSe-CdS

core-shell ODs. (¢) TEM image of starting CdSe-CdS core-shell QDs, inset: a HR-TEM image of
starting QDs.

The starting CdSe-CdS core-shell QDs were synthesized following a previous
reported method with minor modification (see Methods and Fig. 3.1).* For the typical
synthesis of alloy QDs (see Methods), 10 mg (~11.5 nmol) CdSe-CdS core-shell QDs,
2.5 mL 1-octadecene (ODE) and 2.5 mL OAm were treated with 0.1 mL 0.5 mM
Cu(acac)2/OAm (~ 4 Cu per QD) at 240 °C for 20 min, followed by a slow injection of

Zn-oleate (0.1 M in ODE) and 1-dodecanethiol (0.1 M in ODE) with a rate of 0.4 mL/hr
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Fig. 3.2: (a) Absorption spectral evolution during the synthesis of CdZnSe-CdZnS core-shell
alloy ODs. Inset: zoomed-in spectra showing the blueshift of core absorption feature (solid line)
and the corresponding photoluminescence excitation (PLE) (dashed line). (b) The PL spectral
evolution during the synthesis. Inset: photograph of the aliquots taken during the synthesis under
UV light illumination. (c) Peak position (red open square) and full width at the half maximum
(FWHM, blue open circle) of the PL profile as a function of reaction time.

at 330 °C, simultaneously. The alloying process was monitored by absorption and PL
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spectroscopy measurements. During the process, the first absorption feature (PL peak)
continuously blue-shifted from 600 nm to 493 nm (610 nm to 509 nm) (Fig. 3.2a, b),
indicating an increase of the bandgap of QDs, which was attributed to the incorporation
of Zn** cation into the CdSe-CdS core-shell QDs. The decrease (increase) of absorbance
in the wavelength range of 400-500 nm (below 400 nm) indicated the incorporation of
ZnS with a larger bandgap (i.e., 3.91 e¢V) in the CdSe-CdS QDs. While the PL QY of the
QDs remained above 50% (Table 3.1), the FWHM of the PL peak increased from ~22
nm (~74 meV) to ~28 nm (~122 meV) and then decreased to ~23 nm (~113 meV) (Fig.
3.2¢). The initial increase of the PL FWHM was unlikely due to inhomogeneous

broadening effect as a high morphological uniformity of the core-shell QDs was

Table 3.1: PL QYs of the CdZnSe-CdZnS core-shell alloy QDs before and after TOP treatment.

Time | Original QY | QY after TOP treatment
(min) (%) (%)

0 24 63
30 43 61
90 44 68
180 47 57
330 57 61

preserved during the entire alloying process evidenced by both transmission electron
microscopy (TEM) and PL excitation measurements (Fig. 3.2a, inset and Fig. 3.3a-f).>*
% Accordingly, we attribute this PL broadening effect to the homogeneous broadening
caused from Cu-induced defects (e.g., crystal defects, unbalanced charges) inside the
particles, as well as enhanced internal electrical field and enlarged dipole moment caused
by a spontaneous polarization of the Wurtzite (WZ) crystal structure while developing
particle shape anisotropy (discussed below).

To further confirm the alloying process and characterize the final QDs, X-ray
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diffraction (XRD) measurements were performed. The QDs unambiguously showed a

WZ crystal structure with the fingerprint Bragg diffraction peaks of (1012) and (1013),
demonstrating the epitaxial incorporation of ZnS (Fig. 3.3g). However, all Bragg peaks
red-shifted to higher angles during the growth, indicating a continuous shrinkage of the
unit cell lattice (Table 3.2), consistent with the smaller WZ lattice parameters (a = 3.82 A,
¢ = 6.26 A) of ZnS. In addition, the (0002) diffraction peak became narrower during the
reaction (Fig. 3.3h), indicating the preferential growth along the [0002] direction 3?32 7°
The ZnS growth was further confirmed by the increase of particle size from 7.7 + 0.6 nm
for the starting QDs to 11.9 £ 0.9 nm for the final particles determined by the TEM
measurements (Fig. 3.3a-f and 3.4). Instead of retaining the spherical shape, the particles

became elongated with an AR of ~1.2 for the final obtained QDs (Fig. 3.3f), in

206 (degree) 206 (degree)
20 25 30 35 40 45 50 55 24 26 28 30 32

zns |

|‘| I‘CJSeI/Cds

Fig. 3.3: TEM images of starting CdSe-CdS core-shell ODs (a) and CdZnSe-CdZnS core-shell
alloy ODs (b-f) with different amount of Zn precursor addition (b, 0.02 mmol; ¢, 0.06 mmol; d,
0.10 mmol; e, 0.12 mmol; f, 0.22 mmol). Insets are high-resolution TEM (HR-TEM) images of
these ODs. (g) XRD spectral evolution during the synthesis of CdZnSe-CdZnS alloy ODs. The
green and purple sticks show the positions of XRD peaks for the starting CdSe-CdS QDs and
bulk WZ-ZnS, respectively. (h) Zoomed-in XRD spectra of the rectangular area in (g) to show to

show (1010), (0002) and (1011) peaks with the fitted constituent peaks.

accordance with the favored [0002] growth direction. To verify the alloy core-shell

structure of the QDs, high-angle-annular dark-field scanning TEM (HAADF-STEM) was
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employed to map out the atomic distributions of Cd, S, Se, and Zn atoms. The EDX
elemental mapping result clearly showed that Cd and S atoms were distributed in the
entire QDs, while Se atoms were located at the center of the particles throughout the
alloying process, suggesting an intact anionic core-shell framework (Fig. 3.5, Table
3.3).”! Interestingly, unlike traditional core-shell growth, Zn atoms were also distributed
in the entire particles and not only at the outer layer as a shell (Fig. 3.5e). These results

unambiguously led to the conclusion that a Zn alloying process instead of epitaxial shell

Table 3.2: Fitting results of the XRD patterns (Fig. 3.3) of CdZnSe-CdZnS core-shell alloy ODs.
Unit cell parameters are determined by:

1 _4h2+hk+k2+l2
d2, 3 a? c?

tmwiwim [0 |30 [ Lo | m [ e

e GLELDNE R 24.828 25.030 25.538 25.750 25.907 26.250 26.914

d (1010) (A) 3.583 3.555 3.485 3.457 3436 3.392 3310
a (1010) (A) 4.138 4.105 4.024 3.992 3968 3917 3.822
P HEEPIE B 43.624 43915 44700 45309 45.364 46.169 47.561
d (1120) (A) 2.073 2.060 2.026 2.000 1.998 1.965 1.910
a (1120) (A) 4.146 4120 4.051 4.000 3.995 3.929 3.821
average a (A) 4.142 4112 4.038 3.996 3.982 3923 3.821
% of Zn 0.000 9.202 32.456 45.593 50.019 68.254 100.000
AN EERODDPAREE 26.303  26.595 27.094 27.359 27.491 27.782 28.500
d (0002) (A) 3386 3.349 3.288 3.257 3242 3209 3.129
¢ (0002) (A) 6.771 6.698 6.577 6514 6484 6417 6.259
% of Zn 0.000 14.252 37.891 50.090 56.078 69.076 100.000

ANaeriaai s 0.000 11.727 35.173 47.842 53.049 68.665 100.000

growth took place during the reaction. This conclusion was in accordance to the

continuous blueshift of both absorption and PL features as shown in Fig. 3.2a, b.
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Fig. 3.4: Size distribution histograms of CdZnSe-CdZnS core-shell alloy QDs with different
amount of Zn precursor addition corresponding to the QODs shown in Fig. 3.3. (a-d) Size
distributions for particles shown in Fig. 3.3a-d, respectively. (e-f) Long (e) and short (f)
dimension distributions for the particles shown in Fig. 3.3e. (g-h) Long (g) and short (h)
dimension distributions for particles in Fig. 3.3f.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) and EDX
were employed to further determine the atomic percentages of Cd and Zn components for
the core-shell QDs. As shown in Fig. 3.6a, the atomic percentages of Cd and Zn
measured by ICP-AES and EDX showed a high consistency. ICP data showed an

increase of Zn percentage from 0% to ~74.3%, and a corresponding decrease of Cd
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Fig. 3.5: High-angle-annular dark-field scanning TEM (HAADF-STEM) images and
corresponding elemental mapping images for a CdSe-CdS QD (a), and CdZnSe-CdZnS QODs (b-
e) at different reaction time of 30 (0.02 mmol), 90 (0.06 mmol), 180 (0.12 mmol), and 330 (0.22
mol) min after Zn and S precursors injection.

Table 3.3: EDX Elemental mapping data for Fig. 3.5:

ot |0 [ | o0 w0 [
- 51.31 3528 2482 18.59 13.29
- 0.00 15.57 26.89 3343 36.73
[Norm. at%]
“ 4.00 3.65 2.45 1.95 1.14
n 44.69 4550 4584 46.03 48.84
(Cd+Zn)/(S+Se) 1.05 1.03 1.07 1.08 1.00

percentage from unity to ~25.7% as reaction progressed (Fig. 3.6a). To evaluate if the

final particles were homogeneous or gradient alloys, the experimentally determined Cd
and Zn atomic percentages were compared with the calculated values from the

corresponding XRD patterns (Table 3.2) on the basis of Vegard’s law.””> The percentage
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Fig. 3.6: (a) Cd (red dotted lines) and Zn (blue dotted lines) atomic percentage evolutions based
on EDX (open square), ICP (open triangle), XRD (open circle) analyses. See detailed analysis
data in Method. (b) Zn-alloying degree evolution in the CdZnSe-CdZnS alloy QDs as a function
of reaction time.

offsets between the calculated and the experimentally-determined values indicated that
the core-shell QDs were not a homogenous cationic solid-solution, but a partial gradient
alloy of Zn component instead (Fig. 3.6a). To quantify the partial alloying level, we
express the cation alloying degree (4) of CdZnSe-CdZnS QDs as: 4 =
(Xzo/Xcd)/(Zn/Cd)nom, Where, Xzn and Xcq are the percentages of Zn and Cd atoms
calculated based on the XRD data, and (Zn/Cd)nom is the atomic ratio of Zn and Cd
obtained from ICP-AES measurements.”> Note that the core and core-shell interface
effects were ignored due to the relative small volume of the CdSe or CdZnSe cores (less
than 5% of the total particle volume). Based on this calculation, the alloying degree of the
CdZnSe-CdZnS QDs increased from 44.4% after 30-min injection of Zn and S precursor
injection, to 72.8% of the final core-shell QDs. This increase of alloying degree can be

ascribed to the high temperature (i.e., 330 °C) and long-time annealing effect during the

course of the reaction (Fig. 3.6b).”*
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Fig. 3.7: The CdZnSe-CdZnS core-shell alloy QDs emitting at different wavelength synthesized
from the CdSe-CdS QDs with different CdSe core size and CdS shell thickness.

We then applied this Cu-catalyzed alloying method to the synthesis of alloy QDs starting
from the CdSe-CdS QDs with different CdSe core sizes and CdS shell thicknesses. A wide
spectral coverage from 470-650 nm (for the center of the PL peaks) with high PL QY (50-80%)
of the obtained CdZnSe-CdZnS core-shell alloy QDs was achieved by tuning the amount of Zn
and S precursors (Fig. 3.7 and 3.8).

3.3 Mechanism Study

It is> very interesting that unlike conventional core-shell QD growth,* 52 a
concurrent alloying process occurred during the addition of Zn and S precursors in our
reaction system. The obvious difference as compared to the reaction conditions for
conventional core-shell growth was a Cu precursor treatment of the starting core-shell

QDs (see Methods). Therefore, it is straightforward to hypothesize that Cu cations play
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Fig. 3.8: Photograph image (top) and PL spectra (bottom) of the CdSe-CdS core-shell QDs and

CdZnSe-CdZnS core-shell alloy QDs showing the fully coverage of the visible spectral range
from 470 nm to 650 nm.
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Fig. 3.9: Absorption (a) and PL (b) spectral evolution of the control reaction without an addition
of Cu source. Inset: zoomed-in absorption spectra. (c) PL peak position (red square) and FWHM
(blue circle) evolutions as a function of the reaction time.

the vital role of the observed alloying process. To confirm the necessity of Cu cations in
the reaction, a control experiment without adding the Cu precursor was carried out while
maintaining other reaction conditions for the growth of ZnS (see details in Methods). No
obvious Zn-alloying effect was observed during the reaction as proved by both optical
and TEM measurements (Fig. 3.9 and 3.10). The emission blue-shifted 18 nm (609 nm to

591 nm) and then red-shifted to 605 nm, while the FWHM kept broadening, indicating
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the poor quality of generated QDs (Fig. 3.9b,¢), which also was confirmed by the TEM

images (Fig. 3.10).

Fig. 3.10: (a-d) TEM images of the ODs synthesized in the control experiment without an
addition of Cu source at different reaction time of 0, 90 (0.06 mmol), 150 (0.10 mmol), and 210
(0.14 mmol) min after Zn and S precursors injection.
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Fig. 3.11: The EPR spectra of Cu-doped CdSe-CdS ODs (a) and obtained CdZnSe-CdZnS alloy
ODs (b) showing complete silence of signal.

It was remarkable that only about 4 Cu per CdSe-CdS QD in average could make

such a difference in achieving the CdZnSe-CdZnS core-shell alloy QDs, which
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stimulated us to further investigate the mechanism of this alloying process. First, the
sample kept electron paramagnetic resonance (EPR) silent throughout the entire reaction
(Fig. 3.11), suggesting that Cu*" was quickly reduced to Cu" in the presence of electron-
rich solvent and ligand (i.e., ODE and OAm) under the synthetic condition used in this
study.”8% These Cu™ cations can occupy Cd-sites substitutionally in the CdSe-CdS QDs
rather to be in interstitial positions.”” Second, the effective ionic radius of Cu® (77 ppm) is
nearly identical to the Zn*" (74 ppm) and is ~ 20% smaller than the radius of Cd** (95
ppm), suggesting a possible two-step process of Cd-to-Cu followed by Cu-to-Zn
exchanges.®! Last, the diffusion coefficient of Cu+ ions in CdS single crystal can be

calculated based on the Equation (1):”’
D =2.1 x10-3e-(0.96 eV/KT) cm2/s Equation (1)

Where, k is Boltzmann constant, 8.617 x 10-5 eV/K, and T is temperature. At the
reaction temperature of 330 °C, the diffusion coefficient of Cu ion was calculated to be
~2,000 nm?/s. The sizes of our QDs are of d = 7.7-11.9 nm, so the time for Cu” ions
diffuse across the entire QDs, t = d?/4D = (7.4~17.7) x 107 s. This calculated result
suggested that Cu" ions can diffuse across the entire QDs in only ~7 milliseconds (ms)
for the initial CdSe-CdS QDs (a diameter of 7.7 nm) and ~18 ms for the final CdZnSe-
CdZnS alloy QDs (a diameter of 11.9 nm) under the reaction condition. Meanwhile,
When T =25°C =298.15K, D=1.2 x 10" cm?/s = 1.2 x 10 nm?/s, which is about 8
orders of magnitude smaller at room temperature than at the reaction temperature (i.e.,
330 °C). Accordingly, the time for for Cu" ions diffuse across the entire QDs is 8 orders
of magnitude longer at room temperature, which implies the need of the high reaction

temperature.”’ All the statements listed above lead us to hypothesize a possible Cu-
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Fig. 3.12: Schematic illustration for Cu-induced alloying process during the synthesis of
CdZnSe-CdZnS core-shell alloy QDs.

catalyzed solid-solution alloying mechanism for the formation of CdZnSe-CdZnS core-
shell alloy QDs (Fig. 3.12). In this process, initially, a small amount of CuxS can grow on
the surface of CdSe-CdS QDs (Fig. 3.12 i), followed by the growth of a layer of ZnS (Fig.
3.12 ii). Subsequently, Cu ions can diffuse into the particles through Cd-to-Cu cation
exchanges (Fig. 3.12 ii), followed by the occurrence of Cu-to-Zn cation exchange (Fig.
3.12 iii). In this two-step cation exchange process, the Cu ions served as transporting
agents to continuously transport Zn ions across the entire core-shell QDs, germinating the
alloying process (Fig. 3.12 iv). By repeating this process, Zn component can be
transferred into the CdS shell and then CdSe core eventually. This core alloying process
(from CdSe to CdZnSe) was in line with the fact that the final positions of first absorption
feature (493 nm) and PL peak (509 nm) were located at shorter wavelengths than those of
the starting CdSe QDs (absorption: 539 nm, and PL at 550 nm). We did not observe any
noticeable Cu-impurity emission in the alloy QDs, which was likely due to the minimal
amount of Cu addition (~ 4 Cu per QD),”> 7% and commonly observed “self-purification”
mechanism in QD systems owing to their finite particle size, thus the increased formation
energy of substitutional impurities.”” So the Cu ions can “self-purify” and be expelled to
the surface of QDs during the cooling process after the reaction.’® Therefore, overall, Cu

ions paly as catalysts in this alloying process.
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Fig. 3.13: (a) Cu amounts determined by ICP-AES in the as-synthesized alloy QDs before and
after TOP treatment. (b) Absorption and PL spectra of the CdZnSe-CdZnS QODs before (solid
line) and after (dashed line) TOP treatment. (c) Decay curves of PL lifetimes of the CdZnSe-
CdZnS alloy ODs before and after TOP treatment.

To prove the existence of Cu atoms in CdZnSe-CdZnS core-shell alloy QDs, ICP-
AES measurement was performed to quantify the Cu amount in the final alloy QDs after
purification (see details in Methods). The ratio between Cu and Cd accessed from ICP-
AES was 0.074%, which approximately equaled to the feeding ratio of 0.090%,
suggesting the preservation of Cu in the QDs (Fig. 3.13a). As Cu’ ion is soft acid
(absolute hardness, # = 6.28 eV) compared to Cd*" (3 = 10.29 eV) and Zn** (y = 10.88
eV) cations,” it could be expected that Cu would be removed by employing soft bases,
such as TOP (7 = 6 eV),3"8! relying on Pearson’s HSAB theory.”® %% To examine this
speculation, the final CdZnSe-CdZnS QDs were treated with TOP at 250 °C for 5 min
(see Methods).>” As expected, the amount of Cu in the CdZnSe-CdZnS alloy QDs after
the treatment decreased drastically to nearly background level (Fig. 3.13a, Table 3.4).
This result further supported our hypothesis that Cu ions self-purified to the surface of the
QDs.”” The absorption spectrum of CdZnSe-CdZnS QDs showed nearly no change after
TOP treatment, indicating the intact structural integrity of the QDs (Fig. 3.13b). While
the PL peak position remained the same, its intensity increased by ~ 7% (the PL QY

increased from 57% to 61%), which can be attributed to the reduced trap states by
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removing Cu impurities (Fig. 3.13b). This removal of defects was further evidenced by
the prolongated PL lifetime of the QDs (from 23.1 ns to 28.3 ns) after the TOP treatment

(Fig. 3.13¢ and 3.14).

Table 3.4: ICP-AES-determined Cd, Zn, and Cu percentages of CdSe-CdS and CdZnSe-CdZnS
ODs before and after TOP treatment.

Time Cu atom | Cd atom | Zn atom |Cu atom (%
(min) &) &) &) of Cd)

0.000 99919  0.081 0.000
3000055 71223 28722 0.077
00 0028 46017 53955  0.061
Original 15 0026 38156  61.818 0.073

180 0.019 35.862 64.119 0.050
330 0.022 25.652 74.326 0.086

0 0.000 99.919 0.081 0.000
30 0.000 91.460 8.540 0.000
After
TOP 90 0.000 47.554 52.446 0.000
Treatment

150 0.000 40.113 59.887 0.000
180 0.000 37.994 62.006 0.000
330 0.005 28.078 71.922 0.018

3.4 Cu-catalyzed alloying method to the synthesis of alloy NRs
To further explore the generality of the Cu-induced alloy synthesis, CdSe-CdS

core-shell NRs were also examined.** A sample of CdSe-CdS NRs with an AR of 9.4 and
emitting at 602 nm was successfully converted to CdZnSe-CdZnS alloy NRs with a
reduced AR of 6.2 and blue-shifted PL peak centered at 534 nm (Fig. 3.15a).
Correspondingly, absorption features of NRs blue-shifted to shorter wavelength region,

accompanied by the decrease of absorption for CdS and increase of absorption for ZnS
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Fig. 3.14: PL lifetime evolution of CdZnSe-CdZnS QODs at different reaction time.

(Fig. 3.15a, b). TEM and XRD measurements indicated the preservation of shape,

uniformity, and WZ crystal structure of the NRs (Fig. 3.15¢-g). HR-STEM images

showed cross-fringes of (1010) and (0002) planes with d-spacings of 3.4 A and 3.2 A,
respectively (Fig. 3.15f). The slightly smaller lattices were caused by Zn alloying into the
CdSe-CdS NRs, in good agreement with the XRD data showing red-shifted Bragg
diffraction peaks (Fig. 3.15g). Additionally, the formation of CdZnSe-CdZnS alloy NRs
was confirmed indisputably by STEM-electron energy-loss spectroscopy (EELS)
elemental mapping results, showing that Zn atoms were fully distributed in the entire
NRs (Fig. 3.15h). Time-resolved PL measurements showed that the average PL lifetime
increased from 18.7 ns for CdSe-CdS NRs to 30.2 ns for CdZnSe-CdZnS alloy NRs, in
line with the increased average volume of single NRs from ~3,900 nm? to ~6,700 nm?
(Fig. 3.15i). The successful employment of CdSe-CdS NRs suggested that this Cu-
induced alloying process is independent of the shape of the starting QDs.
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Fig. 3.15: (a) Absorption (solid lines) and PL (dashed lines) spectra of the starting CdSe-CdS
nanorods (NRs, red) and CdZnSe-CdZnS alloy NRs (blue). (b) Zoomed-in spectrum to show the
first absorption peak shift comparing the CdSe-CdS NRs to the CdZnSe-CdZnS alloy NRs. (c-f)
HAADF-STEM images of the final CdZnSe-CdZnS alloy NRs at different magnifications. (g)
XRD spectra of CdSe-CdS NRs and CdZnSe-CdZnS alloy NRs. The green and purple sticks show
the positions of XRD peaks for starting CdSe-CdS NRs and bulk WZ-ZnS, respectively. (h)
HAADF-STEM image and the corresponding STEM-EELS elemental mappings for Cd, Zn and S
atoms. (i) Decay curves of PL lifetimes of CdSe-CdS NRs and CdZnSe-CdZnS NRs.

In conclusion, we demonstrate a new way of fabricating CdZnSe-CdZnS core-
shell alloy QDs by using Cu cations as transporting catalysts to effectively transfer Zn
component into CdSe-CdS core-shell QDs. The morphological uniformity, core-shell
structure, and crystal phase can be well-preserved from the starting CdSe-CdS QDs
during the synthesis. By employing this methodology, high-quality core-shell alloy QDs
with high PL QY's and narrow emission profiles covering nearly the full range of visible

spectrum have been synthesized. The mechanistic investigation attributes the alloying
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process to highly diffusive Cu ions acting as alloying catalysts to transfer Zn component
across the whole CdSe-CdS QDs. Moreover, we show that the remaining surface Cu can
be removed with TOP treatment based on the HSAB theory, affording QDs with less
surface defects, thus higher QYs. Finally, we demonstrate this approach can be easily
adapted to the synthesis of CdZnSe-CdZnS NRs, suggesting a generality of this alloying
process. Our study sheds light on a new synthetic paradigm of generating various alloy
nanocrystals with desired properties through Cu-catalyzed ion diffusion and solid-

solution alloying processes.

Methods

* (for synthesis of CdSe core QDs, CdSe-CdS core-shell QDs see Ch. 2)

* (for UV-Vis absorption measurements, PL, lifetime and QY measurements, TEM measurements, and
XRD measurements, see Ch.2)

Chemicals:

Cadmium oxide (CdO, 99.998%), 1-octadecene (ODE, 90%), trioctylphosphine
oxide (TOPO 99%), trioctylphosphine (TOP, 97%), oleylamine (OAm, 70%), 1-
octanethiol (> 98.5%), 1-dodecanethiol (> 98%), and Cu(acac), (> 99.9%) were obtained
from Sigma Aldrich. Selenium powder (99.999%), oleic acid (OLA, 90%) were
purchased from Alfa Aesar. N-octadecylphosphonic acid (ODPA, > 99%) and n-

hexylphosphonic acid (HPA, > 99%) were purchased from PCI Synthesis.

Synthesis of CdSe-CdS core-shell NRs:

CdSe-CdS NRs were prepared following previous published seeded growth
approach with minor modification.*? Typically, CdO (91 mg) was mixed in a flask
together with TOPO (3 g), ODPA (290 mg), and HPA (80 mg). After pumping under

vacuum for about 1 hour at 150 °C, the resulting solution was heated to 350 °C under
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nitrogen, followed by injection of 1.5 g of TOP. After which the temperature could
recover to 350 °C, then a solution of 200 nmol CdSe/120 mg S/1.5 mL TOP was quickly
injected into the flask. The NRs were allowed to grow for 8 minutes after the injection
(see Table 1 and Table 2), after which the heating mantle was removed. Purification of

CdSe-CdS NRs is same as for CdSe-CdS QDs as mentioned above.

Synthesis of CdZnSe-CdZnS alloy ODs and NRs:

In a typical synthesis of CdZnSe-CdZnS alloy QDs, 10 mg of CdSe-CdS QDs
(~11.5 nmol for a diameter of 7.7 nm) were loaded into a 50 mL 3-neck flask with a
solvent mixture of 2.5 mL ODE and 2.5 mL OAm. The reaction mixture was degassed
under vacuum at room temperature for 1 hour and 120 °C for 10 min to remove hexane,
water and oxygen. The reaction mixture was then heated to 240 °C under nitrogen,
followed by injection of 0.1 mL 0.5 mM Cu(acac)/OAm dropwise. The reaction mixture
was maintained at the same temperature for 20 min. Then Zn-oleate (0.1 M in ODE) and
I-dodecanethiol (0.1 M in ODE) were injected dropwise with a rate of 0.4 mL/hr into the
reaction mixture simultaneously using a syringe pump. At the same time, the temperature
was increased to 330 °C. It was started to count time zero at the starting point of injection
of Zn and S precursors. 0.2 mL of OLA was injected to the reaction mixture every 15 min
starting from 30 min. Aliquots were taken during the reaction for absorption and PL
characterizations. The reaction was stopped by removing the heating mantle and cooling
down to room temperature after finishing the injection. The synthesized CdZnSe-CdZnS
core-shell alloy QDs were purified by three rounds of precipitation and redispersion using
acetone/methanol and hexane. The particles were finally suspended in ~4 mL hexane as
stock. CdZnSe-CdZnS NRs were prepared using the same conditions starting from CdSe-

CdS NRs.
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TOP treatment:

Cu residual in synthesized CdZnSe-CdZnS QDs was removed by treatment with
TOP as a soft base.?” Typically, CdZnSe-CdZnS alloy QDs in hexanes were dispersed in
5 mL of TOP in a 25 mL three-neck flask, then the resulting mixture was degassed at
room temperature for 1 hr and at 80 °C for 20 min. Then the solution was increased to
240 °C under N and maintained for 5 min at this temperature. After cooling down, the

alloy particles were purified used the same purification methods as mentioned above.

Control experiment without the addition of Cu precursor:
Control experiments were done at the same conditions for synthesis of CdZnSe-

CdZnS except without the addition of Cu(acac), precursor.

ICP—AES measurements.:

For ICP—AES analysis, the dried QDs were digested in warm nitric acid (~70 °C,
overnight) to ensure their complete dissolution into the acid. The solution was then
diluted with 2% HNOs3 solution. The measurements were carried out on a Thermo
Scientific iCAP 7400 DUO ICP—AES equipped with a Teledyne ASX-560 240 position

autosampler.

EPR measurement:
EPR spectrum was measured using a Bruker EMX Premium-X EPR spectrometer.
Measurements were taken at room temperature with a 9.86 GHz microwave frequency

and a power of 2 mW. Sample was dissolved in hexanes for the measurement.

Cu diffusion rate calculation:
The diffusion coefficient was obtained in the previous paper studying on Cu

diffusion in bulk CdS single crystals.”* The equation of Cu diffusion coefficient is:
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D =21 x 10361096 eVAT) o2/
In which, k£ = 8.617 x 10 eV/K. When T = 330 °C = 603.15 K, D = 2.0 x 10"
cm?/s =2.0 x 10° nm?%/s.
The sizes of our QDs are of d = 7.7-11.9 nm, so t = d*/4D = (7.4~17.7) x 107 s.
When T =25 °C =298.15 K, D =12 x 10" cm?/s = 1.2 x 10° nm?%s, t = d>/4D =

(1.2~3.0) x 10° s.
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Chapter 4

Reversible Photo-Switching of Dual-Color
Fluorescent Mn-Doped CdS-ZnS QDs Modulated
by Diarylethene Molecules

Portions of this chapter are adapted and/or reprinted from the following works. Copyright
belongs to the publisher.

Yuan, Y.; Zhu, H.; Nagaoka, Y.; Tan, R.; Davis, A. H.; Zheng, W.; Chen,
0O.*, Reversible Photo-Switching of Dual Color Fluorescent Mn-Doped CdS-ZnS
Quantum Dots Modulated by Diarylethene Molecules. Front. Chem. 2019, 7, 145.
(Invited to Special Theme of Frontiers in Chemistry: Rising Stars)
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4.1 Dynamic Materials

Dynamic materials have attracted attention of chemists in the past two decades
owing to their potentials to be used for generating responsive materials for various
applications.!”* Meanwhile, there is comprehensive development in the syntheses of
nanocrystals with controlled size, shape, structure and compositions in various material
systems (Fig. 4.1).*” Combining organic molecular switches with inorganic nanocrystals
can therefore afford dynamic hybrid systems with switchable properties.®!! Compared to
static counterparts, dynamic materials exhibit intriguing advantages including selectively
reversible properties with external stimuli, and thus potential applications in various

fields including self-erasing paper!'? or self-healing coating,!® bio-imaging etc.'*

Fig. 4.1: examples of nanoparticles that have been functionalized with molecular,
supramolecular, or mechanically interlocked switches (from left to right, top to bottom):Au, Ag,
Pd, Pt, FePt, Fe;0s, Fe;Oy, CdSe-ZnS, SiO:, and mesoporous (MS) SiO:. Reproduced from ref 8.

4.2 Photo-Switchable Molecules

Among diverse stimuli, light has been favored as an external input to tune the
state of materials on account of its non-chemical contaminations, convenient delivery and

specificity of desired wavelengths. As a result, a variety of photo-switchable molecules

5

such as azobenzenes,! spiropyrans,'¢ dithienylethenes,!” '8 stilbene!®, coumarins® etc.
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(Fig. 4.2) have been employed to functionalize different nanomaterials® 2! to construct

12,23, 24 metal oxide

light-responsive systems spanning from metal nanocrystals,
nanocrystals,?> 2 to quantum dots (QDs)*’*°) and metal-organic frameworks (MOFs).*!
Upon irradiation of UV light, the switchable molecules can change from one isomer to
another (azobenzenes and dithienylethenes) or undergo photodimerization (coumarins)

and photocleavage (spiropyrans); while upon absorption with visible light, the molecules

can undergo reverse process.

uv

Azobenzenes QNIN@
Vis

Soi uv
piropyrans Vs
Dithi leth Al
ithienylethenes -
I\ 7\ Vis

Coumarins uv
Vis

Fig. 4.2: Chemical structures of some typical examples of molecular switches.

4.3 Doping in QDs

In materials science, doping is a process that intentionally introduces impurity
atoms as dopants to host lattices, thus providing unique properties inaccessible to
conventional materials.>> In this regard, doping in semiconductor QDs may exhibit

improved optical, magnetic and electronic properties as compared to their undoped

counterparts. 3** For example, when introducing transition metals or rare earth elements
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Fig. 4.3: The scheme shows two-step synthesis of Mn-doped CdS-ZnS core-shell QDs. (a)
Normalized PL spectra of Mn-doped CdS-ZnS core-shell QDs with different doping levels. These
core-shell ODs have a CdS core diameter of 3.1 nm (¢ ~6%), ZnS-shell thickness is 1.5 nm
(~4.8 ML), and the Mn dopants are located at 1.6 ML in the shell. (b) A typical TEM image of
the Mn-doped core-shell QDs. Reproduced from ref 38.

to the QDs, a new emission band may emerge, resulting a dual-color emission property
with two tunable non-overlapping PL peaks.*! To this extent, Mn-doped CdS-ZnS QDs
have been extensively studied as a model system for both fundamental understanding of
host-to-dopant energy transfer processes and practical applications that are utilizing their
dual-color emission properties.*® 26 The intensity of Mn PL can be controlled by tuning
doping level of Mn atoms in the CdS-ZnS QDs. Fig. 4.3 shows a well-established
strategy that can afford high quality of Mn-doped CdS-ZnS core-shell QDs, in which Mn
PL increases with the increase of Mn doping level.*® The Mn PL position is strongly
dependent on Mn radial positions inside the CdS-ZnS. With increasing ZnS shell

thickness before deposition of Mn atoms, Mn PL keeps blue shifting (Fig. 4.4).>°
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Fig. 4.4: Lefi: blue-shifting of the Mn PL for CdS-ZnSwi-Mn-ZnS75-xm with x increasing from
0 to 6. Right: emission of undoped CdS-ZnS (7.5 ML). Reproduced from ref 50.

4.4 Energy Transfer Caused Photo-Switching in Mn-Doped CdS-ZnS QDs and
Diarylethene Molecules Hybrid System

Taking advantages of the dynamic switchable absorbance of diarylethene
molecules and the dual-color emission property of Mn-doped CdS-ZnS QDs, in this
work, we demonstrate a photo-switchable hybrid system by selectively
quenching/recovering the Mn dopant emission. The quenching process is shown to
include FRET from Mn-PL to closed isomer of diarylethenes as well as reabsorption
processes. Three diarylethene switches with different electron-withdrawing groups were
exploited to examine the performances of the photo-switching process. We demonstrate
that the switch diarylethene molecule with substituent of 3,5-bis(trifluoromethyl)phenyl
(switch 1) afford the best fatigue-resistant performance. PL color switching between blue
and pink can be obtained by sequential illumination of UV (365 nm) and visible (590 nm)
light. This switchable dual-color dynamic system could be potentially useful in a broad

range of applications.
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Fig. 4.5: (a) Chemical structures and photoisomerization of diarylethene 1 (Vis = visible). (b)
UV-Vis absorption spectra of 1 at open (lo) and closed (Ic) forms. Inset: photographs for the
THF solution of 1o (left) and 1c (right).

We have synthesized diarylethene switch molecule featuring with electron
withdrawing group of 3,5-bis(trifluoromethyl)benzene (1) as shown in Fig. 4.5a. The
ring-open isomer (10) and ring-closed isomer (1¢) can be interconverted by illumination
with UV and visible light showing drastically different absorption feature. Specifically,
compared to the open form (10), whose z-conjugation is restricted to each half of the
molecule, the closed form (1c¢) possesses extended z-conjugation across the entire
molecule. This extended conjugation places the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of the molecule closer, thus
allowing the absorption profile red-shift correspondingly.*’ UV-visible absorption spectra
of the open and closed isomers (10 and 1¢) of diarylethene 1 are shown in Fig. 4.5b. The
open form (10) as prepared shows the absorbance in the wavelength range of shorter than
380 nm and negligible at longer wavelength. After illumination with UV light, the
molecule turns into the closed isomer (1¢) and a pronounced absorption peak appears in

the visible range (420 - 650nm). It should be noted that there is minimal absorbance from
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both isomers (Fig. 4.5b), indicating a nearly transparent window in the range of 400-420
nm. This photo-switchable absorption feature motivated us that a dynamic emitting
architectural construct can be achieved when modulated with appropriate dual-color
emitting fluorophores.

As mentioned above, high-quality dual-color emitters can be obtained by doping
transition metals or rare earth elements in QD lattices. Among them, Mn-doped CdS-ZnS
QDs have been robustly synthesized and extensively studied.* 4*#+ 4 When excited with
high energy photons, an electron-hole pair (an “exciton”) is created and confined inside
the Mn-doped QD. This exciton can be radiatively deactivated through either
recombination at the CdS-ZnS core-shell QD band edge to give a corresponding blue
bandgap (BG) emission, or energy transfer to Mn dopants and subsequently emit a lower

energy photon from the *T; to %A states of the Mn ions (Fig. 4.6).*> % Most importantly,

Fig. 4.6: Scheme (a) and energy diagram (b) of proposed mechanism for the selective Mn-PL
quenching between Mn-doped CdS-ZnS core-shell ODs and diarylethene 1 molecules.
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their dual-color emission bands can be adjusted to match the dynamic absorption
windows of the diarylethene 1 (Fig. 4.5).* ** 5% Therefore, we hypothesize that when
mixing the well-designed Mn-doped CdS-ZnS core-shell QDs and the photo-switchable
diarylethene molecules together, FRET from the excited state (i.e., “T1) of Mn to the
switches can be turned on and off in the closed (1¢) and open (10) forms, respectively
(Fig. 4.6). Thus, the system would show a combined color of both BG- and Mn-PL of the
QDs while the diarylethene 1 stays at the open form (10) and show the emission color
mostly from BG-PL when the diarylethene 1 turns into the closed form (1c¢) (Fig. 4.6).
This color switching process could be simply modulated by illuminating with UV or
visible light.

To test our hypothesis, we designed and synthesized Mn-doped CdS-ZnS core-
shell QDs with desired emission bands to match with the absorption profiles of the
diarylethene 1. In particular, the BG-PL centered at 413 nm with a FWHM of 16 nm (PL
QY of 38.5%) was achieved by controlling the CdS core size and ZnS shell thickness (see
Methods for details) (Fig. 4.7a). This BG-PL lays in the transmission window of the
switch molecule disregarding to the open or closed form (Fig. 4.5b). Meanwhile, in order
to achieve a large spectral overlap between the Mn-PL and absorption feature of the 1ec,
Mn-PL centered at 592 nm (PL QY of 30.0%) was accessed by doping Mn ions closer to
the surface of the QDs, thus minimizing the local strain of Mn impurities (Fig. 4.7a).>°
The Mn-to-BG PL intensity ratio was determined to be 0.24 (Fig. 4.7a). TEM
measurements showed the resultant QDs exhibited a spherical shape and a high
morphological uniformity with an average diameter of 7.4 = 0.6 nm (Fig. 4.7b and c).

HR-TEM image showed (111) plane with d-spacing of 3.2 A (Fig. 4.7d).
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Fig. 4.7: (a) Absorption (blue) PL (pink) spectra, and (b) TEM image of Mn-doped CdS-ZnS
core-shell ODs. (c) Size distribution histogram of Mn-doped CdS-ZnS core-shell QDs. (d) HR-
TEM image for a Mn-doped CdS-ZnS core-shell OD.

The prepared Mn-doped CdS-ZnS QDs and diarylethene 1 were employed to test
the photo-switching property. It is shown that while both the BG- and Mn-PL are disjoint
from the absorbance of 10, the BG-PL locates at the absorbance depression area and most
of the Mn-PL overlaps with visible-range absorbance of 1¢ (Fig. 4.8a). We first tested the
Mn-doped CdS-ZnS QDs under illumination of either UV or visible light without mixing
with diarylethene 1 switches. Both BG- and Mn-PL intensities remained without any
variation, indicating the robustness of the QD samples under light illumination. However,
when mixing the same QDs with 1o at a molar ratio of 1:500 in THF, the QD solution
showed a pink color from the intact emission due to a minimal spectral overlap between

the QD emission and the 1o absorbance (Fig. 4.8a, b). When illuminated with UV light
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Fig. 4.8: (a) Overlay of the PL spectrum of the Mn-doped CdS-ZnS QDs with the absorption
spectra of the 1o and Ic. (b) PL spectra of the mixture of Mn-doped CdS-ZnS QDs with 1o
(pink) and Ic (blue). Inset: photographs for the mixture solution under UV light after UV (right)
and visible (left) light illumination. (c) The ratio of Mn/BG PL intensity during repetitive
switching cycles with sequential UV (blue open circle) and visible (pink open circle) light
illumination. (d) The PL intensity (solid lines) and integrated Mn PL intensity (dotted lines) and
(e) the corresponding Mn-PL lifetime changes during one switching cycle. (f) BG-PL lifetime
decays after UV (blue) and visible (pink) light illumination.

(365 nm) for 90 seconds, a strong absorption feature arose in the visible range (420-650
nm, Fig. 4.9a), accompanying the decrease of the ratio of Mn/BG PL intensities from
0.24 to 0.02, corresponding to a change of the emission color from pink to blue (Fig. 4.8b

and Fig. 4.9b). The change of the PL intensity ratio is largely due to the dynamic Mn-PL
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Fig. 4.9: Absorption (a) and PL (b) spectral evolution at different time in one cycle of mixture of
Mn-doped CdS-ZnS QDs (BG-PL of 413 nm, Mn-PL of 592 nm) and diarylethene 1 in solution
of THF under UV irradiation (365 nm).

quenching and recovering effect when the switch molecule alternates between closed (1c,
quenching) and open (1o, recovering) forms (Fig. 4.8b). Importantly, this observed
photo-switching process is highly reversible. Ten photo-switching cycles were carried out
to test the fatigue resistance of the switch molecule (i.e., diarylethene 1), and the stability
of the entire system. During these cycles, both the absorption spectra and the intensity
ratios of the Mn/BG PL peaks showed excellent reversibility (Fig. 4.8c and 4.10),
indicating a reliable photo-switching property of our designed system.

Two possible Mn-PL quenching/recovering mechanisms are attributable to the
observed photo-switching property: 1) FRET from the excited state (i.e., “T1) of Mn
dopant ions to the 1¢ non-radiatively; 2) radiated photons of Mn-PL can be reabsorbed by
the surrounding 1c. To explore the origin of the observed Mn-PL quenching effect and
their contributions, time-resolved PL lifetime measurements were carried out at different
stage of the photo-switching process. When the integrated intensity of the Mn-PL
decreased 60.1% of its initial value, the Mn-PL lifetime decreased from 5.99 ms to 5.16
ms, indicating that a 13.9% of the Mn-PL quenching can be attributed to FRET for the

Mn-PL to the switch 1¢ molecule in the measuring conditions (Fig. 4.7a, and 4.8 d, e).°"
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5% Consequently, the rest 46.2% of Mn-PL quenching can be explained by the radiative
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Fig. 4.10: Evolution of absorption and PL properties of mixture of Mn-doped CdS-ZnS QDs
(BG-PL of 413 nm, Mn-PL of 592 nm) and diarylethene 1 in solution of THF for ten cycles. (a)
Absorption and (c) PL spectra during repetitive switching cycles consisting of alternating UV
(365 nm, 90 s) and visible irradiation (590 nm, 25 min). (b) Evolution of absorbance at the
wavelength of 550 nm. (d) Evolution of PL at wavelength of 413 nm (open circle) and 592 nm
(open square).

photon reabsorption by surrounding 1¢ molecule. A 31.0% of BG-PL integrated intensity
decrease was also observed which again was contributed to the photon reabsorption due
to the slight increase of the absorbance from the switch molecule (from 1o to 1c¢). No
variance in PL lifetime (~ 21 ns) of the BG-PL further confirmed the reabsorption
process (Fig. 4.8f and 4.11) without influencing the radiative photon recombination
dynamics.>! It is known that the efficiency of FRET process is strongly sensitive to the
distance between donors and acceptors (inverse sixth power of the distance between
donor and acceptor, typically within 1-10nm).>> FRET process can happen only when the

1¢ molecules reach to a close proximity (less than 10 nm) of the QD surface, which is in
103



| Samples | (ns) | Rel% | x* |Average (ns)|
° 150  16.27
VHe.5Fi 6.85 4159 1.08  21.78
4435  42.13
1.40  17.99
676 4229 112 2037
43.46  39.72
B 1.40 17.58
= OIS 684 4218 114 20.89
S 4413 40.24
g 146  18.44
S AU 680 4091 1.18  21.53
4545  40.66
151  19.26
A0S 699 4036 1.1 20.65
43.44 4037
1.45  17.99
A0S 690 4091 1.6 21.81
4557 41.10

Fig. 4.11: BG-PL lifetime evolution at different time in one cycle of mixture of Mn-doped CdS-
ZnS QDs (BG-PL of 413 nm, Mn-PL of 592 nm) and diarylethene 1 in solution of THF under UV
irradiation.

line with our experimental observation that only a small portion (13.9% of the total
quenching) of the Mn-PL quenching is caused by FRET. Moreover, given the size of the
QDs (i.e., 7.4 nm) and the doping radial location of the Mn dopants inside the QDs (at the
interface between the 5 and the 6™ monolayer of the ZnS shell), the distances between
the photo-generated exciton (electron-hole pair, the exciton center is determined at the
center of core-shell QDs) and the 1¢ is 3.2 nm larger than that between the Mn ion and
the 1¢.*® This larger distance will dramatically decrease the FRET efficiency between the
exciton and 1¢ as compared to that from Mn ion to 1c. This again agrees well with the
fact that the decrease of BG-PL was mostly attributable to the photon reabsorption

Processes.
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Fig. 4.12: Chemical structures of 20 (a) and 3o (c). The ratio of Mn/BG PL intensity of the
mixture of Mn-doped CdS-ZnS QDs with 20 (b) or 30 (d) during repetitive switching cycles with
sequential UV (blue open circle) and visible (pink open circle) light illumination.

Recently, it was reported that a series of diarylethene switch molecules with
electron withdrawing substituents on the adjacent phenyl rings could provide fatigue
resistance due to minimized formation of annulated isomers.’® According to the study,
two other diarylethene-based switches terminated with electron withdrawing groups of

pyridine (diarylethene 2) and 4-benzoic acid (diarylethene 3) were synthesized and tested
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Fig. 4.13: Evolution of absorption property of mixture of Mn-doped CdS-ZnS ODs (BG-PL of
414 nm, Mn-PL of 600 nm) and diarylethene 2 in solution of THF for four cycles. (a) Absorption
spectra during repetitive switching cycles consisting of alternating UV (365 nm, 90 s) and
visible irradiation (590 nm, 25 min). (b) Evolution of absorbance at the wavelength of 559 nm.

in our system (Fig. 4.12). Diarylethene 2 was mixed with Mn-doped CdS-ZnS core-shell
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QDs possessing BG- and Mn-PL peaks at 414 nm and 600 nm, respectively. The
absorption spectral evolution clearly indicated fatigue effect over only 3 cycles (Fig.

4.13). Accordingly, the BG- and Mn-PL were quenched after visible light illumination
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Fig. 4.14: Evolution of PL property of mixture of Mn-doped CdS-ZnS QDs (BG-PL of 414 nm,
Mn-PL of 600 nm) and diarylethene 2 in solution of THF for four cycles. (a) PL spectra during
repetitive switching cycles consisting of alternating UV (365 nm, 90 s) and visible irradiation
(590 nm, 25 min). (b) Evolution of PL at wavelength of 414 nm (open circle) and 600 nm (open

square).

whereas the quenching effect was reduced after UV irradiation after cycles (Fig. 4.14).
Since the BG-PL was more affected by the fatigue of diarylethene 2, the ratio of Mn/BG

intensity increased with 3 cycles (Fig. 4.12b). Diarylethene photo-switch 3, which
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Fig. 4.15: (a) Absorption spectral evolution for diarylethene 3 at different time of UV
irradiation (365 nm). (b) Absorption spectral evolution for the mixture of Mn-doped CdS-ZnS
ODs (BG-PL of 414 nm, Mn-PL of 600 nm) and diarylethene 3 at different time of UV
irradiation (365 nm).

possesses carboxylic groups at the para position of the phenyl rings, was expected to
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attach on the surface of QDs covalently. This direct attachment of the switch 3 molecules
would significantly reduce the mean distance between QDs donor and switch acceptor,
thus facilitate the FRET from QD to the 3 molecules. However, our result showed that
while 3o itself can be isomerized to the closed form (3c¢) under UV illumination, it
irreversibly stays at its open form (30) mostly after mixing with Mn-doped CdS-ZnS QDs
(Fig. 4.15). It is shown that while the Mn/BG PL intensity decreased with 40 s of UV
illumination, it increased back with further UV illumination (Fig. 4.12d). This
phenomenon can be ascribed to the direct attachment of switch 3 to the surface of the
QDs through the carboxylate functional group, thus leading to a close proximity of switch
3 to the QD surface constantly rather than a dynamic on-and-off process as for switches 1
and 2 cases. In this case, the visible Mn-PL of the QDs can trap the switch molecule 3 in
its open form (30), preventing them from turning into the closed form (3¢). Consequently,
no reversible photo-switching phenomenon can be observed as shown in Fig. 4.12d, in
good agreement with our experimental observations.

To conclude, we demonstrate a photo-switchable hybrid system with a reliable
dual-color performance. This system combines photo-switchable diarylethene 1 molecule
functionalized with strong electron withdrawing group of  3,5-
bis(trifluoromethyl)benzene, and Mn-doped CdS-ZnS QDs with dual-emission band.
Selective quenching/recovering of Mn-PL was achieved effectively, resulting in a pink
and blue dual-color switching behavior under UV and visible light illumination. This
photo-switching process is highly reversible and shows superior fatigue-resistance for at
least ten switching cycles. The mechanism studies using both steady-state and time-
resolved PL spectroscopy reveal the PL quenching contributions from both FRET and

photo-reabsorption processes. Moreover, we show that the involvements of other electron
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withdrawing functional groups (i.e., pyridine and carboxylate groups) limit the photo-
switching property by significant molecular fatigue or irreversible optical effects. Our
study sheds light on the fabrications of highly dynamic and photo-switchable hybrid
systems that hold the potential in a broad range of applications spanning from self-
erasing paper, biological-imaging to single molecule sensing/tracking and super-

resolution imaging/localization microscopy.

Methods

* (for UV-Vis absorption measurements, PL, lifetime and QY measurements, TEM
measurements, see Ch.2)

Materials:

All chemicals were used without further purification. 2-Chloro-5-methylthiophene
(> 96.0%) was purchased from TCI Chemicals. Tributyl borate (98%) was purchased
from Strem Chemicals. 1-Bromo-3,5-bis(trifluoromethyl)benzene (99%), n-butyllithium
(1.6 M solution in hexanes, AcroSeal), zinc dust (98+%), and tetrahydrofuran (THF,
99.9%, extra dry, stabilized, anhydrous, SC, AcroSeal) were purchased from Acros
Organics. Tetrakis(triphenylphosphine) palladium(0) (Pd(PPhs)4, 99%), glutaryl chloride
(97%), TiCls (99.9% trace metals basis), sulfur powder (99.999%), 1-octadecence (ODE,
tech. 90%), and oleylamine (OAm, tech. 70%) were purchased from Aldrich. Manganese
acetate tetrahydrate (99%), sodium carbonate (99.8%), and all the solvents were
purchased from Fisher Scientific Company. Ethyl 4-bromobenzoate (98+%), AICI3
(anhydrous, 99.985%), cadmium acetate hydrate (99.999%), cadmium oxide (99.998%),
zinc stearate (count as ZnO% = 14%), oleic acid (OLA, 90%) and selenium (200 mesh,
99.999%) were purchased from Alfa Aesar. Nitric acid (> 69.5%, TraceSELECT) was
purchased from Fluka. 4-bromo-pyridine hydrochloride (98%) was purchased from

Matrix Scientific. Cadmium myristate was self-made according to the literature method.>’
108



Synthesis of diarylethene molecules:
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The synthesis of 1,2-Bis(5-chloro-2-methylthiophen-3-yl)cyclopent-1-ene followed
previous reported method with minor modifications 3. To an ice-cooled mixture of 2-chloro-5-
methylthiophene (298 mmol) and glutaryl dichloride (150 mmol) in CS,, AICl; (360 mmol) was
added under vigorous stirring. Then the mixture was stirred for 2 hrs at room temperature.
Afterwards, ice-cold water (100 mL) was added to the reaction mixture and the resulting solution
was extracted with CH>Cl» (3 X 150 mL). The combined organic layer was washed with brine
(100 mL) and then dried over Na;SO4. Then the solvent was evaporated to yield 1,5-Bis-3-(2-
chloro-5-dimethylthienyl)-1,5-pentadione as a brown tar and used for next step without further
purification.

THF (50 mL) and Zn dust (38 mmol) were added to a three-neck flask under N»
flow. Then TiCls (29 mmol) was injected cautiously with syringe. The solution turned
yellow and was reflux for 45 min. After cooled using an ice bath, 1,5-Bis-3-(2-chloro-5-
dimethylthienyl)-1,5-pentadione (19.2 mmol) was added and the reaction mixture was

reheated and refluxed for 4 hrs. 10% K2COj solution (50 mL) was added to the mixture
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followed by filtration over Celite and washing with EtOAc (3 X 20 mL), and the filtrate
was dried over anhydrous Na>SOs. After the solvent was evaporated, the crude product
was purified by column chromatography (silica, pure hexanes) to afford 1,2-Bis(5-chloro-
2-methylthiophen-3-yl)cyclopent-1-ene as a white solid.

Diarylethenes were synthesized using a previous established route with minor
modifications.’® The reactions were carried out using Schlenk line under dry N, flow. n-
Butyllithium (1.6 M in hexane, 1.3 mL) was added to a solution of 1,2-bis(5-chloro-2-
methyl-3- thienyl)cyclopentene (1.0 mmol) in THF (15 mL) at room temperature. After
stirring for 15 min, tributyl borate (3.0 mmol) was added and followed by stirring for
another 1 hr. In another flask, DMSO (25 mL) was added and degassed, then 1-bromo-
3,5-bis(trifluoromethyl)benzene (2.2 mmol) and Pd(PPhs)s (0.02 mmol) were added.
After stirring for 15 min, aqueous Na,CO3 (2 M, 5 mL) and ethylene glycol (0.5 mL)
were added. The mixture was heated up to 60 °C after stirring for 15 min, then was added
the above prepared solution. The resulting mixture was stirred at 80 °C overnight.
solution of the borylated bisthienylcyclopentene were added and the mixture was stirred
at 80 °C for 16 h. After cooling to room temperature, 50 mL of water was added and the
mixture was extracted with 20 mL of ethyl acetate three times. The combined organic
phases were washed with brine, dried over NaSO4 and evaporated. Purification by flash
column chromatography afforded compound 1,2-bis(5-(3,5-bis(trifluoromethyl)phenyl)-
2-methylthiophen-3-yl)cyclopent-1-ene (10) (32 %) as a pale white solid *¢. 'H-NMR
(400 MHz, CDCl3): 6 (ppm) = 7.86 (brs, 4 H, CHa), 7.71 (brs, 2 H, CHar), 7.14 (s, 2 H,
CHmw), 2.88 (t, Jun = 7.4 Hz, 4 H, CH>), 2.14 (p, Jun= 7.2 Hz, 2 H, CH>), 2.06 (s, 6 H,
CH3). Compound 1,2-bis(2-methyl-5-(pyridin-4-yl)thiophen-3-yl)cyclopent-1-ene (20)
was prepared by exchanging 1-bromo-3,5-bis(trifluoromethyl)benzene with 4-bromo-
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pyridine hydrochloride . 'H-NMR (400 MHz, CDCls): 6 (ppm) = 8.53 (d, Jun = 6.0 Hz,
4H, CHw), 7.39 (d, Jum = 6.4 Hz, 4H, CHu), 7.25 (s, 2H, CHm), 2.86 (t, Juu = 7.4 Hz,
4H, CH>), 2.12 (m, 2H, CH>), 2.03 (s, 6H, CH3). Compound 4,4'-(cyclopent-1-ene-1,2-
diylbis(5-methylthiophene-4,2-diyl))dibenzoic acid (30) was obtained by switching 1-
bromo-3,5-bis(trifluoromethyl)benzene to ethyl 4-bromobenzoate to perform the Suzuki
reaction and followed by hydrolysis with 4 M NaOH aqueous solution in dioxane >
'H-NMR (400 MHz, CDCl3): 6 (ppm) = 7.99 (d, Jurn = 8.8 Hz, 4 H, CHar), 7.53 (d, Juu
=8.8 Hz,4 H, CHu), 7.14 (s, 2 H, CHw), 4.37 (q, Jun = 7.2 Hz, 4 H, CH;CH0), 2.85 (t,
Jur =174 Hz, 4 H, CH>), 2.10 (p, Jun = 7.4 Hz, 2 H, CH>), 2.01 (s, 6 H, CH3), 1.39 (t,
Jur = 7.2 Hz, 6 H, CH;CH,0). '"H NMR (400 MHz, DMSO-d®): J (ppm) = 12.86 (s,

2H), 7.92 (d, Juu = 8.0 Hz, 4 H, CHa), 7.67 (d, Juu = 8.0 Hz, 4 H, CHa,), 7.48 (s, 2H,

CHu), 2.84 (t, Juu=7.6 Hz, 4 H, CHy), 2.07 (m, 2H), 1.92 (s, 6H).

Synthesis of Mn-doped CdS-ZnS core-shell QDs:

Mn-doped CdS-ZnS core-shell QDs were prepared following the reported method
with minor modifications *2. First, CdS core QDs were prepared using a direct heating-up
method. In a typical synthesis, cadmium myristate (1.0 mmol), sulfur (0.5 mmol), and
ODE (50 mL) were added to a 100 mL-flask. The resulting mixture was degassed at room
temperature for 10 min, and then was heated to 240 °C under N> flow. The reaction was
stopped by removing heating mantle and cooling to room temperature. The resulting CdS
QDs were precipitated with addition of acetone, following by centrifugation and then
were redispersed in hexane. A small amount of OLA can be added to assist QDs to
disperse in hexane. The CdS QDs were dispersed in hexane as a stock after purified for
three times. Second, ZnS shells were grown on the CdS cores using a layer by layer

injection method. Typically, CdS cores (100 nmol) were mixed with ODE (3 mL) and
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OAm (1 mL), and the resulting mixture was degassed for 1 hr at room temperature and
then heat up to 220 °C under N flow for ZnS growth. Zinc-stearate in ODE (0.1 M) and
sulfur in ODE (0.1 M) were injected simultaneously for each monolayer growth of ZnS
shell. The reaction time was 10 min after each injection. The growth for first two
monolayers ZnS shells was at 220 °C and then was at 280 °C for later growth. Third,
dopant growth was performed in the same pot with ZnS shells growth. Freshly made
Mn(OAc), solution (5 mM) was injected after five monolayers of ZnS shells growth,
accompanying the injection of sulfur precursor for the six monolayer. Dopant growth was
allowed for 20 min and was followed by the growth of two more ZnS shells. Finally,
zinc-stearate solution for the last monolayer ZnS shell growth (0.1 M, 2 mL) was injected
and then the QDs were annealed at 240 °C for 30 min. The resulting Mn-doped QDs were

purified by three precipitation-redispersion cycles using acetone and hexane.

Calculation of FRET efficiency and Reabsorrtion:

The simple model of the Mn-doped CdS-ZnS QDs is as illustrated above. Without
mixing with diarylethene molecules, there are two processes occurring in the Mn
relaxation, which are radiative decay with the rate constant kg, and non-radiative decay
with the rate constant Ang. The Mn-PL QY (QY1) and lifetime (z1) can be expressed as

the following equations:
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QY1 = (1)

oo @)

When mixed with diarylethene molecules, a new nonradiative transfer (i.e. FRET)
occurs, with the rate constant krrer. The corresponding Mn-PL QY (QY2, note the QY

here is without considering reabsorption) and lifetime (z2) can be expressed as:

kr
QYy=—r—r—— 3)
kr+kNr+KFRET
1
n=-——"-—— 4
kr+kNr+KFRET )
The FRET efficiency (Drrer) can be expressed as:
QY; KFRET
Opprer=1—"F=—7"" — (5)
QY1  krt+knr+KFRET
It can also be expressed as:
T k 5.16 ms
Oprpr=1—2=—TFREL___—1 22 —=139% (6)
T1 kr+KNR+KERET 5.99 ms

In the real case, the FRET process is accompanying with the reabsorption process,
the measured QY decrease (60.1%) is a combination of @rrer and reabsorption. So, the

reabsorption fraction can be calculated as 60.1% — 13.9% = 46.2%.
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Chapter 5

Stereoselective C—C Oxidative Coupling Reactions
Photocatalyzed by Zwitterion Ligands Capped
CsPbBr; Perovskite Nanocrystals

Portions of this chapter are adapted and/or reprinted from the following works. Copyright
belongs to the publisher.

Yuan, Y.; Zhu, H.; Hills-Kimball, K.; Cai, T.; Shi, W.; Wei, Z.; Yang, H.; Candler, Y.;
Wang, P.; He, J.; Chen, O.*, Stereoselective C—C Oxidative Coupling Reactions
Photocatalyzed by CsPbBr3 Perovskite Nanocrystals. In preparation.
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5.1 QDs as Catalysts in Organic Synthesis

Semiconductor QDs have been exploited in diverse practical applications
including solar energy harvesting,"> 2 biological imaging and labeling,>” light-emitting

diodes, and next-generation displays,®!!

owing to their unique properties such as high
absorbance cross sections, broad excitation spectra, tunable emission profiles, high PL
QYs and superior photochemical/physical stabilities, etc.'>!> Most recently, QDs have
shown potential as good photocatalysts for organic reactions such as oxidation, reduction,
and redox reactions, taking advantages of their high photo-stabilities, high absorption
coefficients and long photo-generated carrier lifetimes (Fig. 5.1).1%3* Compared to metal
complexes and organic dyes as photocatalysts, colloidal QDs exhibit several advantages.
Firstly, colloidal QDs can act as both photosensitizers and catalysts simultaneously,
surpassing conventional photocatalytic systems where photosensitizers and catalysts are
usually separated.®® Secondly, unlike conventional Ru or Ir complexes, QDs (i.e., CdS,
CdSe, InP QDs, or perovskite NCs do not contain precious metals. Thirdly, the surface
ligands of the QDs can be easily engineered without altering the redox potentials and the
absorption profiles of the QDs, in contrast to coordination compounds whose electronic
structure is greatly coupled with ligand identity. Finally, the bandgap of QDs can be
customized for different catalytic reactions through tuning the size and/or composition of
the QDs. To date, conventional metal chalcogenide (e.g., CdSe and CdS) QDs have been
heavily investigated and demonstrated as efficient photocatalysts for a series of organic
reactions including C-C couplings,'®-20-21:30.31.34 dehalogenations,® *? oxidations, %2> 2
39 polymerizations,*® and cyclizations.!” ¥ In contrast, due to their young age as well as

commonly reported instability issues, perovskite QDs have been less explored in

photocatalytic reactions.’” Successful examples include degradations of organic dyes,®
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2427 and polymerizations.>® Given the

thiol coupling?’ and C-H activation reactions
superior photochemical and optoelectronic properties of perovskite QDs, their full

potentials in the utilizations as unique and efficient photocatalysts still need to be further

investigated while resolving the major stability drawback.
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Fig. 5.1: Schematic illustration for different types of organic reactions photocatalyzed by
semiconductor QDs. Adapted from ref 35.

Herein, we demonstrate that CsPbBr; perovskite QDs can successfully
photocatalyze the stereoselective C-C oxidative homocoupling of a-aryl ketonitriles
under visible light (435-445 nm) illumination. Through the surface modification of
CsPbBr; perovskite QDs with zwitterionic ligands, benefiting from the strong ligand
chelated binding and low ligand coverage density on the particle surface, the NC stability
and homocoupling reaction rate can be dramatically increased, and the stereoselectivity
can be significantly improved. Our further investigation of reaction scope shows that
electron-donating groups (EDGs) or large conjugated m system are necessary for the
dimerization. Moreover, the resulting stereoselected dl/-isomer cannot be readily
accessible using other oxidants or catalysts.>>*° We propose that the reaction undergoes
through radical intermediated reaction pathway on the surface of the perovskite QDs, in

which a less steric hinderance leads to the favored dl-isomer. Our study suggests that
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perovskite QDs with proper surface modification are promising photocatalysts in organic
synthesis.

5.2 Optimization of Reaction Conditions
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Fig. 5.2: TEM images, absorption (black) and PL (red) spectra for CdSe (TOP, TOPO, ODPA)
(a, i), CdSe (oleate) (b, j), CdSe-CdS (oleate, OAm) (c, k), CdS (oleate) (d, 1), CdS-CdSe (oleate,
OAm) (e, m), CsPbBr; (oleate, OAm) (f, n), CsPbl; (oleate, OAm) (g, o), and CsPbBr;
(zwitterion) (h, p) ODs, respectively.

We synthesized eight types of QDs with different compositions (i.e., CdSe QDs,
CdSe-CdS core-shell QDs, CdS QDs, CdS-CdSe core-shell QDs, CsPbBr3; perovskite
QDs, and CsPblsz perovskite QDs) and capping ligands (including TOP, ODPA, TOPO,

oleate, OAm, and 3-(N,N- dimethyloctadecylammonio)propanesulfonate) to demonstrate
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the C-C oxidative coupling of a-aryl ketonitriles (See synthetic details in the Methods).
All the synthesized QDs were characterized using TEM, absorption and PL spectra (Fig.
5.2), showing high uniformities. In particular, the zwitterionic ligand-capped colloidal
CsPbBr3 perovskite QDs were synthesized following a previously reported method with
modifications.*! The prepared CsPbBr; perovskite QDs show a cubic shape and a high
morphological uniformity with an average edge length of 10.6 £ 1.2 nm shown in the
TEM images (Fig. 5.2h). The HR-TEM image shows orthogonal atomic lattice fringes
with a clear visualization of the (200) plane (d-spacing of 2.9 A) (Fig. 5.3a), indicating a
high crystallinity of the sample with a cubic structure. The cubic perovskite crystal phase
was further confirmed by the powder XRD measurement with all the Bragg diffraction
peaks matching the standard peak positions (Fig. 5.3b). The obtained CsPbBr3 perovskite
QDs exhibit a narrow PL peak centered at 515 nm with a FWHM of 78 meV (~ 17 nm),

similar to that of Oleate/OAm-capped CsPbBr3 perovskite QDs (Fig. 5.20, p).
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Fig. 5.3: Characterization of zwitterionic capped CsPbBr; perovskite QDs. (a) TEM image.
Inset: edge length distribution histogram. (b) HR-TEM. (c) Absorption and emission spectra. (d)
XRD patterns. The black bars show the positions of XRD peaks for bulk CsPbBrs3.

With different QDs in hand, we started with 2-(3,4-dimethoxyphenyl)-3-
oxobutanenitrile (1a) as model substrate to investigate the feasibility of the photocatalytic

coupling reactions with the QDs serving as photocatalysts. With two electron-donating
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methoxy groups on the phenyl ring, 1a has been reported to convert to benzo[b]furan via

oxidative intramolecular cyclization*

2

Table 5.1: Optimization of reaction conditions.

CN
MeO

MeO

1a

Entry Catalyst*

—_

CdSe QD
CdSe QD
CdSe-CdS
CdS QD
CdS-CdSe
CsPbBr;
CsPbl;
CsPbBr;

O 0 9 AN W B~ W

10 No

Catalyst

Zwitterion®

>
435-445 nm LED

THF/Toluene

Ligands of catalyst

TOP, TOPO,
Oleate
Oleate, OAm
Oleate
Oleate, OAm
Oleate, OAm
Oleate, OAm

Zwitterion

or to a dimer via oxidative intermolecular C-C

OMe
MeO ‘
O
MeO NC CNO
MeO O 2a
Time Yield®
44 99
15 99
63 94
10 89
40 95
1 95
1 97
0.2 99
70 20
70 20

Reaction conditions: 1a (0.05 mmol) in THF (0.2 mL) was added to a solution of ODs in toluene
(2.8 mL) in a 4 mL vial. “The OD of absorbance was 7.7 at 440 nm for all the catalysts used. For
CsPbBrs; NCs, the amount was 1.3 x 107 mol%. "High performance liquid chromatography
(HPLC) determined yields (Fig. 5.4). “0.6 mg (the calculated amount of ligand used in Entry §8).

coupling.®® 4% 43 When 1a was treated with CdSe QDs (with surface ligands of TOP,

TOPO, ODPA), 99% of the dimer (2a) product was obtained after 44 hr of irradiation

with a blue LED light source (435-445 nm). The reaction yielded a negligible amount of

benzo[b]furan (Table 5.1, Entry 1). Oleate-capped CdSe QDs could shorten the reaction
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Fig. 5.4: HPLC standard curve for product 2a. The signals were detected at 290 nm.

time to 15 hr, which can be attributed to the increased permeability of the ligand shell
(oleate compared to a combination of TOP, TOPO and ODPA) of the QDs (Table 5.1,
Entry 2). CdSe-CdS core-shell QDs exhibited less reactivity as expected, because the
photo-generated holes are largely confined in the CdSe core region due to the CdS shell
passivation, limiting their accessibility to the particle surface (Table 5.1, Entry 3).*% In
contrast, CdS QDs accelerated the reaction to 10 hr, while sacrificing the yield to 89%
(Table 5.1, Entry 4). Furthermore, a CdSe shell was grown on the CdS core to form a
reverse type-I structure, in which the electrons and holes generated in both CdS and CdSe
can be ejected to surface shell and improve the reactivity. However, the CdS-CdSe QDs
exhibited less reactivity compared to CdS QDs, which might be caused by the narrower
bandgap for the CdS-CdSe (Table 5.1, Entry 5). In this regard, Oleate/OAm-capped
CsPbX; (X = Br, and I) perovskite QDs showed a much higher reactivity compared to the
conventional Cd-based QDs (Table 5.1, Entry 6,7). However, the instability of the
CsPblz QDs resulted in a quick particle degradation and decomposition in the reaction
solution, limiting the performance of the QDs in a non-recyclable fashion. Although
CsPbBr3 QDs could survive in the reaction solution, we found that it is still non-feasible

to recycle the CsPbBr3 perovskite QD catalysts through precipitation upon addition of
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poor solvent (i.e. ethyl acetate) due to loss of particle stability after one round of
photocatalytic reaction. To overcome this stability issue, zwitterionic capping ligands

attracted our attention as these types of ligands can tightly coordinate to the surface

original
after 1t cycle
after 2™ cycle

Absorbance

Fig. 5.5: Stability test of zwitterion capped CsPbBr; NCs under the optimized reaction
conditions for the model reaction. (a) Absorption spectra for zwitterionic-capped capped
CsPbBr; NCs before reaction (black), after one cycle of reaction (red), and after two cycles of
reaction (blue). (b-d) TEM images for zwitterionic-capped CsPbBr; NCs before reaction (b),
after one cycle of reaction (c), and after two cycles of reaction (d).

cations and anions of the perovskite QDs simultaneously.*! Commercially available
zwitterionic compound 3-(N,N-dimethyloctadecylammonio)propanesulfonate was used as
the capping ligand for CsPbBr3 perovskite QDs, and the resulting QD constructs were
investigated for the catalytic ability. It is shown here that this zwitterionic-capped
CsPbBr3 QD catalyst can not only be recycled for at least three rounds of reactions
without losing the particle integrity but can also significantly reduce the reaction time to
merely 0.2 hr (Table 5.1, Entry 8 and Fig. 5.5). This highly enhanced reactivity can be
attributed to the lower surface ligand packing density (3.0/nm? compared to 5.4/nm? for

Oleate/OAm-capped CsPbBr3;, see Methods for detailed characterization) and thus the
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increased substrate permeability (Fig. 5.6, 5.7). Control experiments with the addition of
only zwitterionic molecules did not show any catalytic effect, similar to control the
reactions run without the addition of catalyst in the reaction system (Table 5.1, Entry

9,10), confirming the catalytic role played by the CsPbBr3 perovskite QDs.
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Fig. 5.6: FTIR spectra of zwitterion (green) and OLA/OAm (blue) capped CsPbBrs; NCs. (b)
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Fig. 5.7: TGA spectra of zwitterion (blue) and OLA/OAm (yellow) capped CsPbBrs; NCs. The
ligand density is ~21% for zwitterion capped CsPbBr; NCs and 24% for OLA/OAm capped

CsPbBr; NCs. The calculated ligand coverage is 3.0/nm’ and 5.4/nm’ for zwitterion and
OLA/OAm capped CsPbBrs NCs, respectively.

To unravel the catalytic role of the CsPbBr3; perovskite QDs play in the coupling

reaction, the reaction order was examined by monitoring the concentration evolution of
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product 2a using high performance liquid chromatography (HPLC). The concentration of
2a increased linearly with an increase of reaction time at a reaction rate constant of 1.167
x 10 M/s during the first 10 min of the reaction and remained at 7.4 x 10> M after

complete consumption of the starting material (1a) (Fig. 5.8). This result indicates that
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Fig. 5.8: HPLC-determined concentration of product 2a vs time for the reaction under
optimized reaction conditions.

the reaction is a zeroth order with respect to 1a and demonstrates that the reaction rate is
independent of the concentration of the starting substrate, thus validating the catalytic
nature of this reaction (Fig. 5.8). It is importantly noted that all of the QDs
photocatalyzed reactions studied here showed a stereoselectivity of d/ isomer, in contrast
to a mixture product of d/- and meso- isomers (dl : meso =5 : 3, the two isomers were
identified by '"H NMR spectroscopy, which will be discussed later) for the reactions
without addition of QDs (see NMR data in Methods). This stereoselectivity is consistent
with a previous report that the d/- isomer is thermodynamically more favorable than the
meso isomer, likely caused by the attractive interaction between gauche cyano groups.*®
5.3 Investigation of Reaction Scope

To explore the generality and scope of the photocatalytic reaction, various a-aryl

ketonitriles with different R! and R? groups were examined as substrates under optimized
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conditions using zwitterionic ligands capped CsPbBr; perovskite QDs, and the results are

summarized in Fig. 5.9. As EDGs and conjugated m systems can stabilize free radical

intermediates,*’ we investigated the photocatalytic reactions using the substrates with
R
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Fig. 5.9: Oxidative dimerization of a-aryl ketonitriles photocatalyzed by zwitterionic-capped
CsPbBr; NCs. General conditions: substrate 1 (0.05 mmol) in a THF (0.2 mL) was added to a
solution of CsPbBr; NCs in toluene (2.8 mL, OD at 440 nm = 7.7) in a 4 mL vial, and the
resulting mixture was irradiated using a blue LED (435-445 nm) light source at room
temperature.

different substituents on the benzene ring (Fig. 5.9). The substrates bearing EDGs on the
para-position of the benzene ring could produce corresponding dimers efficiently (Fig.
5.9, 2a-c), whereas no desired products were generated when EDGs were on the ortho- or
meta-positions (Fig. 5.9, 2d, e). The less electron-donating effect from the methoxy
group at meta-position could explain the failure of dimerization, revealing a necessity of
sufficient electron-donating effect for the reaction to occur (Fig. 5.9, 2d). Although the
methoxy group on the ortho-position was supposed to facilitate the reaction due to a
stronger electron-donating effect, the consequently induced steric effect as the ortho-
methoxy group is close to the benzylic position may hinder the reaction that was

130



responsible for the production of negligible amount of dimers (Fig. 5.9, 2e). For the
substrates with electron-withdrawing bromo group on the meta-position of the benzene
ring, the dimerization reaction rate was reduced with a reaction yield of 85% dimer
products (dl/meso = 80:20) for a course of 2.5 hours reaction time (Fig. 5.9, 2f). For
substrates with a weaker EDG (methyl group) on the para-position or without functional
groups on the aromatic ring, no desired dimer products were obtained, confirming the
requisite of strong EDGs on the benzene ring for the reaction to occur (Fig. 5.9, 2g.h).
Expansion of the conjugated m-system of the substrate can also generate desired dimer
products (dl/meso = 67:33) with a yield of 85% in a 4h reaction time (Fig. 5.9, 2i). We
expand the reaction scope further by altering the R? from methyl group to an aryl or
methoxy group (Fig. 5.9, 2j-1). In both cases, dimerization reaction occurred and resulted
in the corresponding products with reasonable yields (Fig. 5.9, 2j-l1). Regarding

stereoselectivity, all of the successful dimerization products studied here showed a
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Fig. 5.10: Variable temperature 'H NMR experiment for product 2c. At high temperature (> 10
°C), two conformations of meso isomer exchange slower than NMR timescale, showing a broad
peak for COCH;s and the peaks of Harom merge together with the dl isomer. With the decrease of
temperature, COCH3s peaks of the two conformations split to two peaks (shown in the two right
rectangular areas) and Huom peaks are shown in the two left rectangular areas.

131



favored dl-isomer stereoselectivity, especially for the substrates with large substituted

groups on the aromatic ring, in which cases solely d/-isomers were obtained (Fig. 5.9, 2a,
b, j).

'HNMR
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Fig. 5.11: Heteronuclear single quantum coherence spectroscopy (HSQC) NMR spectrum of
product 2c at -40 °C. The correlations of carbon and hydrons are labelled as pink for the dl
isomer and as blue for the meso isomer in the 2D plot.

In the cases where a mixture of the two isomers was obtained, the two isomers
could be distinguished using NMR spectroscopy. For example, in product 2¢, new peaks
appeared around 2.35 ppm in the "H-NMR spectrum for the methyl group protons in the
R? position for the meso isomer. This peak is very broad as it consists of two
conformations of the meso isomer that exchange more slowly than the NMR time scale.

The other peaks of the meso isomer in both the 'H-NMR and '3C-NMR spectra merged
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with all of the d/ isomer peaks at room temperature. Variable temperature NMR spectra
were run for 2¢, and all of the peaks for meso-2¢ can be identified at -40 °C (Fig. 5.10).
The heteronuclear single quantum coherence spectroscopy (HSQC) spectrum of 2¢ at -40

°C further confirmed the characterization of meso-2¢ (Fig. 5.11).

5.4 Mechanism Study and Proposed Mechanism
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Fig. 5.12: Mechanism study of photo-induced oxidative coupling of 2-(3,4-dimethoxyphenyl)-3-
oxobutanenitrile. (a) Comparison of bond cleavage energies of the C-HI1 and C-H2 bonds of 2-
(3,4-dimethoxyphenyl)-3-oxobutanenitrile. (b) Reaction schemes showing the generation of
DMPO-superoxide and DMPO-substrate species upon addition of radical trapping agent
DMPO. (c) EPR spectrum of a toluene/THF (2.8 mL/0.2 mL) solution of CsPbBr; NCs (OD @
440 nm = 7.7), DMPO (0.05 mmol) and 2-(3,4-dimethoxyphenyl)-3-oxobutanenitrile (1a, 0.05
mmol) after irradiation for 20 min.

As mentioned above, a-aryl ketonitriles can be converted to benzo[b]furans or
dimers under oxidative conditions. However, in the current reaction system, only the
dimerization products were obtained for all the substrates inspected. To scrutinize the
underlining mechanism, density functional theory (DFT) calculations were performed to
obtain the bond dissociation energy for the C-H1 and C-H2 bonds of 1a to form the
corresponding radicals, which are the intermediates for the two possible product, i.e.

dimer and benzo[b]furan. (Fig. 5.12a and Methods). The DFT calculations show that the

133



C-H1 bond possesses a smaller bond dissociation energy of 71 Kcal/mol than that for the
C-H2 bond (115 Kcal/mol), making the C-H1 bond easier to break when treated with an
oxidative reagent (Fig. 5.12a). As a result, only dimerization occurs in the current
reaction conditions. To further elucidate the mechanism and confirm the presence of the
tertiary carbon radical formed from C-HI bond cleavage (1a-1), EPR spectroscopy
measurements were carried out using 5,5-dimethyl-pyrroline N-oxide (DMPO) as a
radical scavenger.”® It was found that with an irradiation for 20 min, a DMPO-superoxide
adduct was generated in the presence of CsPbBr; perovskite QDs (Fig. 5.13). When
substrate 1a was added in the reaction system simultaneously, two sets of splitting peaks
were obtained in the EPR spectrum, which were assigned to DMPO-superoxide species
(any = 12.6, ay = 12.2) and DMPO-substrate species (ay = 9.4, ay = 32.6) (Fig. 5.12b, ¢).2°
The EPR results proved that the formation of radicals and our proposed radical pathway

discussed below.

— DMPO-O;"
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Fig. 5.13: EPR spectrum of toluene/THF (2.8 mL/0.2 mL) solution of CsPbBrs3 (OD (@ 440 nm =
7.7), DMPO (0.05 mmol) after irradiation for 20 min.

Based on the reaction results and mechanistic study, a proposed mechanism
describing the reaction process is illustrated in Fig. 5.15. Upon visible light irradiation,
one electron is excited from the valence band to the conduction band in CsPbBr3

perovskite QDs, which will further react with O to form a superoxide radical.
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Meanwhile, the hole left in the valence band of the CsPbBr3 QDs oxidizes the substrate to
form a radical intermediate, two of which then come together to form a dimer. In addition,
X-ray photoelectron spectroscopy (XPS) analysis shows the coexistence of Pb-Br bond

and Pb-zwitterion bond, indicating that the CsPbBr3; perovskite QDs possess a Pb-rich

—o— Cs raw data b
Cs fitting data|
3d5/2
—~ -~ &
S = &%
© © 99
& L 3dy, It
= 2 8 5%
@ 7} o9 | J)
c c ?Q ¢ o
) o) 69 |
£ z 8% g9
N = g ¢ {3
g8 $ 3
€
A AN
800 600 400 200 0 745 740 735 730 725 720
Binding energy (eV) Binding energy (eV)
—o— Pb raw data C —o— Brraw data d
—— Pb-Br 4f — Br fitting data
—— Pb-zwitterion S
. Pb Fitting data 9% - 3dy,
S A 3
s A S| wy f
§
= IS = 2 9
@ 1 7] 09 |
. & c )
0] o j Y
c z P o
= RN Y E
Py
. @
IE———— R
146 144 142 140 138 136 134 78 76 74 72 70 68 66 64 62

Binding energy (eV) Binding energy (eV)

Fig. 5.14: (a) An XPS survey spectrum of the zwitterionic ligand capped CsPbBr; NCs. (b) Cs
3d spectrum. (c) Pb 4f spectrum. (d) Br 3d spectrum.

surface, agrees with previous reports (Fig. 5.14).* Thus, we propose that the oxygen
atom of the carbonyl group of the radical intermediate can serve as a L-type of ligands
and dynamically attach on surface Pb atoms through donating a lone pair electrons of
oxygen (Fig. 5.15). Consequently, d/- or meso-isomers can be formed depending on the
relative configuration of the two radical intermediates. In this case, the trans-arrangement
of the two radicals exhibits less steric hinderance from the large aryl groups during the C-
C bond-formation process, making the d/- configuration more favorable compared to the
meso-isomer (Fig. 5.15). This proposed mechanism explains well the stereoselective

dimerization reaction observed in our experiments (Fig. 5.9). To validate the proposed
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mechanism and prove that the hole, rather than the superoxide formed during the reaction,

meso dl
i

O R2 9’ R2 R2~Q

Fig. 5.15: Proposed mechanism for the stereoselective dimerization of o-aryl ketonitriles
photocatalyzed by zwitterionic-capped CsPbBrs perovskite NCs.

is acting as the oxidative reagent for the dimerization, substrate 1a was directly treated
with superoxide, resulting, however, no detectable desired dimer products (see Methods
for reaction details). This control experiment result further supports our proposed free-
radical based reaction pathway.

In conclusion, we demonstrate the stereoselective C-C oxidative dimerization of
a-aryl ketonitriles photocatalyzed by various QDs under visible light illumination. Upon
optimization of reaction conditions, zwitterionic ligand capped CsPbBr3 perovskite QDs
are chosen as the desired photocatalyst, exhibiting high stability and reactivity. Kinetic
study shows a zeroth order reaction with respect to substrate concentration, indicative of
the catalytic capability of the CsPbBr3 perovskite QDs. By employing zwitterionic-
capped CsPbBrs; NCs as photocatalysts, various starting materials with different
substituents on the aryl ring and varied functional moieties were investigated, showing
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EDG (OMe) on the para-position of the aryl ring or an extended conjugated © system is
necessity for dimerization under current reaction conditions. Mechanistic studies through
both DFT calculations and EPR measurements prove a free-radical based dimerization
reaction pathway for this photocatalytic reaction. We propose that the observed
stereoselectivity is attributed to the steric hinderance effect from the large aryl groups of
the applied substrats during the dimerization process on the QD surface. Our study shows
that Pb-halide perovskite QDs with an optimized surface modification hold the potential
to bring a series of new insights in a range of photochemical synthesis.

Methods

* (for UV-Vis absorption measurements, PL, lifetime and QY measurements, TEM measurements, and
XRD measurements, see Ch.2)

Chemicals:

All chemicals were used without further purification unless otherwise specified.
Chemicals for syntheses of QDs: Cadmium oxide (CdO, 99.998%), 1-octadecene (ODE,
technical grade, 90%), trioctylphosphine oxide (TOPO 99%), trioctylphosphine (TOP,
97%), oleylamine (OAm, technical grade, 70%), l-octanethiol (> 98.5%), selenium
dioxide (SeO2, > 99.9% trace metal basis)sulfur powder (99.98%), cesium carbonate
(Cs2COs3, 99.9%), lead(ll) bromide (PbBr, 99.999%) and  3-(N.NV-
dimethyloctadecylammonio)propanesulfonate (> 99.0%) were obtained from Sigma
Aldrich; selenium powder (Se, 99.999%), oleic acid (OLA, technical grade, 90%), and
lead(Il) iodide (Pbly, 98.5%) were purchased from Alfa Aesar; n-octadecylphosphonic
acid (ODPA, > 99%) was purchased from PCI Synthesis. Chemicals for syntheses of
organic compounds: (3,4-dimethoxyphenyl)acetonitrile (98%), 3-
methoxyphenylacetonitrile (99%), 4-methoxyphenylacetonitrile (97), 4-methylbenzyl

cyanide (98%), benzyl cyanide (98%), 2-naphthylacetonitrile (97%), dimethyl carbonate
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(ReagentPlus, 99%), sodium hydride (60 % dispersion in mineral oil), and potassium
superoxide (KO, power) were obtained from Sigma Aldrich; 3-bromo-4-
methoxyphenylacetonitrile (99%), and ethyl benzoate (99%) were purchased from Alfa
Aesar; 2-methoxyphenylacetonitrile (98%) and tetrabutylammonium perchlorate (TBAP, >
98%) were purchased from TCI Chemicals; tetrahydrofuran (THF), ethyl acetate (EtOAc),
and toluene were purchased from Fisher Scientific. THF and toluene were sparged for 20
min with dry Ar and dried using a commercial two-column solvent purification system

(LC Technologies).

Synthesis of CdSe (TOP, HPA, ODPA capped) core ODs:

CdSe core QDs were synthesized by a hot-injection method as previously
reported.'? Typically, CdO (120 mg, 0.934 mmol), ODPA (560 mg, 1.674 mmol) and
TOPO (6 g) were loaded into a 100 mL flask. The resulting mixture was heated to 150 °C
and was degassed for 1 hour under vacuum with stirring. The reaction solution was then
heated to 360 °C under nitrogen to form a colorless clear solution. After adding 4.0 mL
TOP, the temperature was increased to 380 °C and a freshly prepared Se/TOP (120 mg
Se (1.520 mmol) in 1.0 mL TOP) solution was swiftly injected into the flask. The
reaction was quenched by removing the heating mantle and by blowing cool air after 90

seconds. The resulting CdSe core QDs were diluted in hexane as stock.

Synthesis of CdSe-CdS core-shell QDs:

Synthesis of CdSe-CdS core-shell QDs was carried out following previous a
procedure with minor modifications.** Typically, 200 nmol of CdSe (TOP, HPA, ODPA
capped) core QDs (purified one time by acetone) were loaded into a 50 mL 3-neck flask

with a solvent mixture of 2 mL ODE and 2 mL OAm. The reaction mixture was
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degassed under vacuum at room temperature for 1 hour and 120 °C for 10 min to remove
hexane, water and oxygen. The reaction mixture was then heated to 310 °C under
nitrogen for shell growth. When temperature reached 220 °C, a desired amount of Cd-
oleate (0.1 M in ODE) and 1.2 equivalence of 1-octanethiol (0.12 M in ODE) were
injected slowly into the reaction mixture simultaneously using a syringe pump with a rate
of two monolayers of CdS shell per hour. The reaction was stopped by removing the
heating mantle and cooling down to room temperature after one hour. The synthesized
CdSe-CdS QDs were purified by three rounds of precipitation and redispersion using

acetone/methanol and hexane. The particles were finally suspended in toluene as stock.

Synthesis of CdSe (oleate capped) core OQDs:

Oleate capped CdSe core QDs were synthesized by a heating-up method as
previously reported.*” Cadmium myristate (0.1 mmol) and SeO: (0.1 mmol) were added
to ODE (6 mL) in a three-neck flask. The resulting mixture was pumped for 5 min at
room temperature and then heated to 240 °C, at which temperature the reaction stayed for
20 min. The reaction was stopped by removing the heating mantle. After cooling down to
room temperature, the resulting NCs were purified by three rounds of precipitation and
redispersion using acetone/methanol and hexane. 1 mL of OLA was added to help
dissolve and stabilize the NCs in the second round of purification. The particles were

finally suspended in toluene as stock.

Synthesis of CdS core QDs:
CdS core QDs were prepared following a previously published approach with
minor modification.® Typically, CdO (12.9 mg 0.1 mmol) and OLA (508.4 mg, 1.8

mmol) were mixed with ODE (4.4 mL) in a 25 mL three-neck flask. The resulting
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solution was pumped for 10 min at room temperature and then was heated to 260 °C
under N to dissolve CdO completely. After that, 1 mL sulfur/ODE (0.05 M) was injected
into the solution, and the reaction solution was kept at 230 °C for 7 min. The rection was
stopped by removing the heating mantle. The unreacted precursors were separated by
extraction of the reaction mixtures dissolved in hexanes with methanol for 3 times. After
reaction, the CdS NCs were precipitated with acetone and then redispersed in toluene for

shell growth.

Synthesis of CdS-CdSe core-shell QDs:

CdS-CdSe core-shell QDs were synthesized following a previously published
approach with minor modification.>® CdS core QDs (50 nmol), ODE (3 mL) and OAm (1
mL) were loaded into a 50 mL three-neck flask. The resulting solution was pumped at
room temperature for lhr and 120 °C for 10 min to remove the hexanes and air. Then the
reaction mixture was heated to 220 °C under N> for the shell growth layer by layer. Cd-
oleate (0.2 M in ODE) and selenium (0.2 M in ODE, suspension) were injected into the
reaction solution simultaneously, and the reaction time was 20 min after each injection.
Two monolayers of CdSe were grown in this reaction. The synthesized CdS-CdSe QDs
were purified by three rounds of precipitation and redispersion using acetone/methanol

and hexane. The particles were finally suspended in toluene as stock.

Syntheses of CsPbX3 (X = Br, 1) perovskite QDs:

CsPbX3 perovskite QDs were synthesized following a modified literature
procedure.’! ODE (5 mL), OAm (0.5 mL), OLA (0.5 mL) and PbX; (0.188 mmol, 70.0
mg PbBr; or 86.7 mg Pbly) were loaded into a 25 mL three-neck flask and the reaction

mixture was pumped at 120 °C for 1 hr. Then the temperature was raised to 180 °C and
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0.4 mL of a Cs-oleate solution (0.125 M in ODE) was injected swiftly and the reaction
mixture was cooled by an ice-water bath. The prepared NCs were separated by
centrifugation. After centrifugation, the supernatant was discarded and the perovskite

NCs were redispersed in toluene as stock.

Synthesis  of  3-(N,N-dimethyloctadecylammonio)propanesulfonate  capped
CsPbBr3 QDs:

The zwitterionic ligands capped colloidal CsPbBr; QDs were synthesized
following a previously reported method with minor modification.*! For the typical
synthesis, Cs-oleate (2.4 mL, 0.4 M), Pb-oleatse (3.0 mL, 0.5 M), 3-(V,N-
dimethyloctadecylammonio)propanesulfonate (252 mg, 0.6 mmol), and ODE (30 mL)
were added to a 100 mL three-neck flask, the resulting mixture of which was purged
three times and then heated to 160 °C under N, at which temperature, TMS-Br (380 uL,
2.9 mmol) was injected. The resulting crude solution was immediately cooled-down to
room temperature by immersion in an ice-water bath. The impurities were centrifuged
down while the supernatant was collected and was purified by addition of EtOAc and

centrifugation. The prepared NCs were re-dispersed in toluene for further use.

General procedure I for the syntheses of a-aryl ketonitriles (1a-1j):

O CN

e
£ -
NaH/THF

1

The syntheses of a-aryl ketonitriles followed a previously reported method.>
Generally, NaH (13 mmol) was added to a solution of substituted cyanide (10 mmol) in
dry THF (30 mL) slowly under flowing N> with stirring in an ice-water bath. The ice-

water bath was removed after the addition of NaH and the reaction mixture was stirred at
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room temperature for lhr, followed by addition of carboxylic ester (12 mmol). The
resulting mixture was then heated to 60 °C and kept at this temperature until full
consumption of the substituted cyanide occurred. After, the reaction was cooled to room
temperature and the insoluble salts were collected on a Buchner funnel and washed with
ethyl acetate, and then were dissolved in cold water (100 mL) with vigorous stirring.
Then, HCI solution (I mmol/L in water) was added to the solution to precipitate the a-
aryl ketonitriles. The precipitate was collected on the Buchner funnel and washed with
water (3 x 15 mL). The residual water was removed by pumping at 45 °C overnight, and
the products could be used without further purification. In cases where no insoluble salts
were generated, the reaction mixture was dissolved in cold water (50 mL), followed by
addition of 1 N HCI solution dropwise under vigorous stirring until the solution was
neutral. EtOAc (3 x 30 mL) was then used to extract the a-aryl ketonitriles. The organic
layers were combined and dried with anhydrous Na>SOs, followed by evaporation to
remove the solvent under vacuum. The residues were purified by flash column

chromatography.

General procedure Il for the syntheses of a-aryl ketonitriles (2k, 21):

O CN

CN MeO)l\
o8 - ®
NaH/toluene

1

Compounds 2k and 21 were synthesized following a previous reported method
with minor modification.>® NaH (20 mmol) was slowly added to a solution of substituted
cyanide (10 mmol) and dimethyl carbonate (50 mmol) in dry toluene (20 mL) under
vigorous stirring in an ice-water bath. Then the resulting mixture was heated to 80 °C and

was kept at this temperature for 5 hr. After cooling to room temperature, 1N HCI solution
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was added dropwise to the reaction mixture to dissolve the solid formed during the
reaction. Then the product was extracted with EtOAc (3 x 30 mL). The combined organic
extracts were dried over anhydrous Na>xSO4 and concentrated under vacuum. The residues

were purified by flash column chromatography.

General procedure for the dimerization of a-aryl ketonitriles photocatalyzed by
ODs:

A solution of QDs in toluene (2.8 mL, absorbance at 440 nm= 7.7 AU) was added
to a solution of a-aryl ketonitrile 1 (0.05 mmol) in a THF (0.2 mL) in a 4 mL vial. The
resulting solution was irradiated under stirring using a micro photochemical reactor (blue
LED lights, 435-445 nm, Sigma Aldrich, ALDKIT001-1EA,) until the TLC indicated that
the total consumption of the a-aryl ketonitrile 1. Six vials of same reaction were usually
run simultaneously. After consumption of the substrate completely, the mixtures in the
six vials were combined and 18 mL of EtOAc was added to the mixture to precipitate
QDs. QDs were recycled by centrifugation with a speed of 6000 rpm for 5 min. The
product in supernatant was treated with water (30 mL) and then extracted with EtOAc (3
x 30 mL). The organic phase was combined and washed with brine (1 x 30 mL), then
dried over anhydrous Na>SOs. The desired pure product was obtained by silica gel

chromatography using a mixture of hexanes and EtOAc as eluent.

Rection with superoxide:

KO; salt was used as the source for the generation of superoxide, with the
addition of TBAP to increase the solubility of KO,.>* The reaction was run in the
glovebox. KO (0.05 mmol) and TBAP (0.3 mmol) were added to MeCN (3 mL) in a 4

mL vial, generating a clear solution, followed by addition of substrate 1a (0.05 mmol)
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with stirring. After 30 min, the reaction mixture was taken out of the glovebox and
diluted with DMSO, then was treated with a dilute HCI solution. There was only

substrate and no desired product detected with TLC.

XPS measurement of zwitterionic ligand capped CsPbBr; QDs:

XPS spectra were measured on a Thermo Scientific KAlpha+ instrument
operating on Al Ko=1486.6 eV radiation with a spot size of ~ 200 um. Sample dispersed
in toluene was dropped on silicon wafers and the toluene was allowed to evaporate with

gentle heating.

TGA of CsPbBrs QDs:

The ligand density of CsPbBr; NCs was measured by a thermogravimetric
analyzer (TA Instruments model Q500) under a nitrogen atmosphere. The samples were
first dissolved in hexane and were then transferred to a TGA platinum pan and dried in
air. In order to totally remove the residual solvent, the samples were first heated up to
80 °C at a heating rate of 10 °C/min and kept isothermal for 60 minutes. The weight loss

of the samples was then recorded by heating up to 600 °C with a rate of 6 °C/min.

DFT calculations:

DFT calculations were performed with Vienna ab initio Simulation Package
(VASP) code™ ¢ with the projector augmented wave (PAW) potentials method®’ to
describe the electron-ion interaction. The generalized gradient approximation (GGA) in
the scheme of Perdew—Burke—Ernzerhof (PBE) was used to describe the exchange and
correlation interactions.’® The plane-wave cut-off energy was set to 520 eV, and a I'-
centered k-point mesh with 7 x 7 x 1 was employed for sampling the Brillouin zone. The
lattice parameters and atomic positions were fully relaxed until the force on each atom
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was smaller than 0.01 eV/A, the convergence threshold of energy for the self-consistent
was 10 eV.
The cleavage energy (E.) of the hydrogen ions was determined by using
following equation,
E.=Ey_yg+ Eyq — Ey
where Ey_y, Ey, and Ey; are the total energies of removing a H atom from M,

one H atom, and a M molecule.

NMR spectroscopy:

'"H and *C NMR spectra were acquired on 400 or 600 MHz Bruker NMR
instruments at 25 °C unless otherwise specified. NMR chemical shifts are reported in
ppm and are referenced to the residual solvent peak for CDCl; (6 = 7.26 ppm, 'H NMR; ¢
= 77.16 ppm, 3C NMR) as an internal standard. Data are reported as follows: chemical
shift, multiplicity (s = singlet, d = doublet, t = triplet, dd = doublet of doublets, m =

multiplet, br = broad). Coupling constants (J) are reported in Hertz (Hz).

HRMS measurements:
HRMS was obtained on a Q-TOF micro spectrometer equipped with an

electrospray (ESI) ionization source.

HPLC measurements:
HPLC data were acquired on Agilent 1260 Infinite LC. This system consisted of a
quaternary pump, autosampler, thermostatted column compartment, diode array detector

(190-950 nm), and fraction collector.

Ligand density calculations:
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Mparticle X%
my; % : ligand
_tgand . ¢ 07 %1023 /mol ~ —RArticle
Mligand

. Miigand
Density = = 2
A A

x 6.02 x10%3 /mol

In which, miigand 1s the mass of ligand per nanoparticle, Miigand 1s the molar mass of
ligand, mparticle 1S the mass of per inorganic CsPbBr; particle, %oparticle and %oligand are the
percentage of inorganic core and organic ligand shell, and 4 is the surface area for one
nanoparticle.

Mparticle = p X V = 4.42 g/em® x (10.6 nm)* =526 x 1078 g

A=10.6 nm x 10.6 nm = 674.16 nm?

526x10 18 ¢g
79% X 6.02 X1023 /mol

. - l 2
Density i = —_419718/mo =3.0/nm
Yzwitterion 674.16 nm”"2

X 21%

526x10 18 g
76% X 6.02 x1023 /mol

. - l 2
Densit _ 274.98 g/mo =5.4/nm
YOLA/OAm 674.16 nm"2

X 24%

NMR Characterization Data

2-(3.4-Dimethoxyphenyl)-3-oxobutanenitrile (1a)%

CN
MeO : ,L
MeO

1a

Following the general procedure I, 1a was obtained after drying. Yield: 90%, 1.9 g, white solid.
'H NMR (400 MHz, CDCl3) Enol: 6 6.95 (dd, J= 8.2, 1.9 Hz, 1H, Harom), 6.91 (d, J= 8.2 Hz, 1H,
Harom), 6.89 (d, J = 1.9 Hz, 1H, Hawom), 6.27 (s, 1H, OH), 3.90 (s, 3H, OCH3), 3.90 (s, 3H, OCHa),
2.32 (s, 3H, COCHa).

2-(Benzo|d][1.,3]dioxol-5-y1)-3-oxobutanenitrile (1b)*
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CN

<Zm

1b

Following the general procedure I, 1b was obtained after drying. Yield: 85%, 1.7 g, white solid.
'"H NMR (400 MHz, CDCls) Enol: § 6.85-6.83 (m, 3H, Hawom), 6.33 (s, 1H, OH), 6.00 (s, 2H,

OCH;0), 2.31 (s, 3H, COCHs). Keto: ¢ 6.85-6.83 (m, 3H, Haom), 6.01 (s, 2H, OCH>0), 4.57 (s,
1H, CH), 2.26 (s, 3H, COCH3).

2-(4-Methoxyphenyl)-3-oxobutanenitrile (1c)%!

CN

1c

Following the general procedure I, 1c was obtained after drying. Yield: 92%, 1.7 g, white solid.
"H NMR (400 MHz, CDCls) Enol: 6 7.35-7.29 (m, 2H, Harom), 6.97-6.94 (m, 2H, Harom), 6.27 (s,
1H, OH), 3.82 (s, 3H, OCH3), 2.32 (s, 3H, COCH3). Keto: 7.35-7.29 (m, 2H, Harom), 6.97-6.94 (m,
2H, Harom), 4.61 (s, 1H, CH), 3.82 (s, 3H, OCH3), 2.24 (s, 3H, COCH3).

2-(3-Methoxyphenyl)-3-oxobutanenitrile (1d)*

CN

MeO : ,L

1d

Following the general procedure I, 1d was obtained after drying. Yield: 91%, 1.7 g, white solid.
'H NMR (400 MHz, CDCl;) Enol: ¢ 7.36 (t, 1H, J = 8.0 Hz, Harom), 6.99 (d, J = 7.6 Hz, 1H,
Harom), 6.96 (s, 1H, Harom), 6.99 (dd, J = 8.4, 2.2 Hz, 1H, Harom), 6.58 (s, 1H, OH), 3.82 (s, 3H,
OCHz), 2.34 (s, 3H, COCHa).

2-(2-Methoxyphenyl)-3-oxobutanenitrile (1e)
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OMe CN

1e

Following the general procedure I, 1e was obtained after drying. Yield: 86%, 1,6 g, white solid.
'"H NMR (400 MHz, CDCl5) Keto: 7.41-7.35 (m, 2H, Harom), 7.03 (td, J = 7.6, 1.0 Hz, 1H, Harom),
6.95 (d, J = 8.3 Hz, 1H, Hawom), 5.01 (s, 1H, CH), 3.88 (s, 3H, OCH3), 2.23 (s, 3H, COCHa). 1*C
NMR (150 MHz, CDCls) ¢ 197.0, 156.4, 131.0, 129.8, 121.6, 119.2, 116.5, 111.4, 55.9, 45.8,
27.6.

2-(3-Bromo-4-methoxyphenyl)-3-oxobutanenitrile (1f)*?

CN
MeO

1f

Following the general procedure I, 1f was purified by silica gel chromatography (EtOAc/hexanes
= 1/2). Yield: 84%, 2.2 g, white solid. '"H NMR (600 MHz, DMSO-ds) Enol: 6 11.78 (s, 1H, OH),
7.83 (d, J = 2.3 Hz, 1H, Haom), 7.54 (dd, J = 8.8, 2.3 Hz, 1H, Hawom), 6.89 (d, J = 8.8 Hz, 1H,
Harom), 3.84 (s, 3H, OCH3), 2.31 (s, 3H, COCH3).

3-0Ox0-2-(p-tolyl)butanenitrile (1g)%*

CN

Y

19

Following the general procedure I, 1g was purified by silica gel chromatography (EtOAc/hexanes
= 1/2). Yield: 90%, 1.6 g, white solid. "H NMR (400 MHz, CDCl;) Enol: 6 7.31 (d, J = 8.0 Hz,
2H, Harom), 7.25 (d, J = 8.0 Hz, 2H, Hawm), 6.35 (s, 1H, OH), 2.37 (s, 3H, CHzs), 2.33 (s, 3H,
COCHa3).

3-0x0-2-phenylbutanenitrile (1h)%
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CN

Y

1h

Following the general procedure I, 1h was purified by silica gel chromatography (EtOAc/hexanes
= 1/3). Yield: 91%, 1.4 g, white solid. 'H NMR (400 MHz, CDCls) Enol: § 7.45-7.33 (m, 5H,
Harom), 6.44 (s, 1H, OH), 2.35 (s, 3H, COCHs). Keto: 7.45-7.33 (m, 5H, Harom), 4.68 (s, 1H, CH),
2.27 (s, 3H, COCH3).

2-(Naphthalen-2-yl)-3-oxobutanenitrile (1i)*

CN

SOR

1i

Following the general procedure I, 1i was purified by silica gel chromatography (EtOAc/hexanes
= 1/3). Yield: 80%, 1.7 g, white solid. '"H NMR (400 MHz, CDCl;) Keto: 7.92-7.87 (m, 4H,
Harom), 7.57-7.55 (m, 2H, Harom), 7.43 (dd, J = 8.6, 1.8 Hz, 1H, Harom), 4.84 (s, 1H, CH), 2.29 (s,
3H, COCHa).

2-(3.4-Dimethoxyphenyl)-3-0x0-3-phenylpropanenitrile (1j)

CN
MeO : ,L
MeO

1j

Following the general procedure I, 1j was purified by silica gel chromatography (EtOAc/hexanes
= 1/2). Yield: 82%, 2.3 g, white solid. "H NMR (600 MHz, CDCl;) Enol: 6 7.87 (d, J = 7.0 Hz,
2H, Harom), 7.51-7.47 (m, 3H, Harom), 7.14 (dd, J= 8.3, 1.2 Hz, 1H, Harom), 7.07 (s, 1H, Harom), 6.95
(d, J=8.3 Hz, 1H, Harwom), 6.45 (s, 1H, OH), 3.92 (s, 3H, OCH3), 3.91 (s, 3H, OCH3). Keto: 0 7.94
(d, J = 7.4 Hz, 2H, Harom), 7.38-7.33 (m, 3H, Harom), 7.29 (d, J = 7.6 Hz, 1H, Harom), 6.89 (s, 1H,
Harom), 6.84 (d, J = 8.4 Hz, 1H, Hawom), 6.77-6.71 (m, 1H, Harom), 5.53 (s, 1H, CH), 3.86 (s, 3H,

OCHs), 3.85 (s, 3H, OCH3). '*C NMR (150 MHz, CDCls) Enol: 6 164.1, 150.1, 149.6, 131.4,
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128.8,128.3,123.8, 121.4,120.1, 112.0, 111.9, 89.0, 56.1, 56.1, 46.5. Keto: 0 189.2, 134.5, 133.1,
130.9, 1294, 129.1, 128.7,122.2,121.1, 112.6, 111.3, 110.9, 56.1, 56.0, 55.7.

Methyl 2-cyano-2-(3.4-dimethoxyphenyl)acetate (1k)*

CN
MeO : ,L
MeO

1k

Following the general procedure II, 1k was purified by silica gel chromatography
(EtOAc/hexanes = 1/2). Yield: 80%, 1.9 g, light yellow oil. '"H NMR (400 MHz, CDCl3) Keto:
6.98 (dd, J = 8.3 Hz, 2.1 Hz, 1H, Hawom), 6.91 (d, J = 2.1 Hz, 1H, Harom), 6.85 (d, J = 8.3 Hz, 1H,
Harom), 4.67 (s, 1H, CH), 3.88 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 3.78 (s, 3H, COOCH3).

Methyl 2-cyano-2-(4-methoxyphenyl)acetate (11)

CN

MeO~ :

11

Following the general procedure II, 11 was purified by silica gel chromatography (EtOAc/hexanes
= 1/3). Yield: 81%, 1.7 g, light yellow oil. "H NMR (600 MHz, CDCls) Keto: § 7.36 (d, J = 8.4
Hz, 2H, Harom), 6.92 (d, J = 8.4 Hz, 2H, Hawom), 4.68 (s, 1H, CH), 3.80 (s, 3H, OCH3), 3.78 (s, 3H,
COOCH;3). *C NMR (150 MHz, CDCls) 6 165.9, 160.3, 129.3, 121.8, 115.9, 114.8, 55.5, 53.9,
42.8.

2.3-Diacetyl-2,3-bis(3.4-dimethoxyphenyvl)succinonitrile (2a)
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OMe
MeO

g

)
N
MeO © CNO

MeO l

2a

Following the general procedure for dimerization photocatalyzed by QDs, 2a was purified by
silica gel chromatography (EtOAc/hexanes = 1/2). Yield: 99%, 130 mg, white solid. '"H NMR
(400 MHz, CDCl3) dl: 6 6.82 (d, J =8.5 Hz, 1H, Harom), 6.65 (dd, J = 8.5, 2.2 Hz, 1H, Harom), 6.48
(d, J = 1.8 Hz, 1H, Harom), 3.89 (s, 3H, OCH3), 3.70 (s, 3H, OCH3), 2.48 (s, 3H, COCH3). meso
(observed when no QDs added): ¢ 7.14 (dd, J =8.4, 2.2 Hz, 1H, Hawom), 6.95 (d, J= 2.2 Hz, 1H,
Harom), 6.91 (d, J = 8.4 Hz, 1H, Harom), 3.90 (s, 3H, OCH3), 3.89 (s, 3H, OCH3), 2.32 (s, 3H,
COCH3). *C NMR (100 MHz, CDCls) di: § 197.9, 150.5, 148.9, 121.9, 120.1, 117.2, 111.9,
111.0, 65.2, 56.1, 560, 27.8. HRMS (ESI) m/z calculated for C2sH23N306 [M + NH4"] 454.1973,
found 454.1956.

3.4-Dimethoxybenzoic acid

O
M
MeO
3,4-Dimethoxybenzoic acid was generated in dimerization of 1a with O,. 'H NMR (400 MHz,

CDCls) 9 9.73 (br's, 1H, OH), 7.87 (dd, J= 8.4, 2.1 Hz, 1H, Hurom), 7.52 (d, J = 2.1 Hz, 1H, Hurom),
7.02 (d, J = 8.4 Hz, 1H, Hurom), 4.02 (s, 3H, OCHs), 3.96 (s, 3H, OCH).

2.3-Diacetyl-2,3-bis(benzo|d][1.3]dioxol-5-yDsuccinonitrile (2b)
X
NC CNO
SO

2b
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Following the general procedure for dimerization photocatalyzed by QDs, 2b was purified by
silica gel chromatography (EtOAc/hexanes = 1/2). Yield: 90%, 109 mg, white solid. '"H NMR
(600 MHz, CDCl3) dl: 6 6.77 (d, J = 8.8 Hz, 1H, Harom), 6.58-6.57 (m, 2H, Harom), 6.03 (d, J=1.0
Hz, 2H, CH,), 2.46 (s, 3H, COCH3). *C NMR (150 MHz, CDCls) dl: 6 197.7, 149.4, 148.4,
123.6, 121.4, 117.0, 109.3, 108.6, 102.1, 65.0, 27.8. HRMS (ESI) m/z calculated for C2H20N30s
[M + NH4"] 422.1347, found 422.1348.

2.3-Diacetyl-2.3-bis(4-methoxyphenyl)succinonitrile (2¢)
MeO

g

O
NC”| CN
@)

MeO :

2c

Following the general procedure for dimerization photocatalyzed by QDs, 2¢ was purified by
silica gel chromatography (EtOAc/hexanes = 1/2). Yield: 95%, 107 mg, white solid. '"H NMR
(400 MHz, CDCls) dl: ¢ 6.95 (d, J = 9.2 Hz, 2H, Harom), 6.85 (d, J = 9.2 Hz, 2H, Harom), 3.82 (s,
3H, OCHa), 2.45 (s, 3H, COCHzs). meso: 6 6.95 (d, J=9.2 Hz, 2H, Harom), 6.85 (d, J=9.2 Hz, 2H,
Harom), 3.82 (s, 3H, OCH3), 2.33 (br s, 3H, COCH3). *C NMR (100 MHz, CDCl;) dI: 6 198.0,
161.0, 130.5, 119.8, 117.1, 114.4, 64.9, 55.5, 27.8. meso: ¢ 198.0, 160.9, 130.5, 119.8, 117.1,
114.4,64.9, 55.5, 27.8. '"H NMR (-40 °C, 600 MHz, CDCl3) dI: 6 6.89 (br s, 2H, Harom), 6.84 (d, J
= 8.3 Hz, 2H, Hawom), 3.82 (s, 3H, OCH3), 2.46 (s, 3H, COCHzs). meso: 6 7.71 (d, J = 8.7 Hz, 2H,
Harom), 6.97 (d, J = 8.7 Hz, 2H, Harom), 3.83 (s, 3H, OCHz), 2.53 (s, 3/4H, COCH3), 2.12 (s, 9/4H,
COCH3). *C NMR (40 °C, 150 MHz, CDCl;) dI: 6 198.3, 160.5, 130.2, 119.1, 116.9, 114.2,
64.4, 55.5, 28.0. meso: 6 195.5, 160.5, 130.9, 130.7, 120.3, 117.3, 114.4, 113.8, 63.3, 55.6, 27.4.
HRMS (ESI) m/z calculated for C2;H24N304 [M + NH4"] 394.1761, found 394.1759.

2.3-Diacetyl-2,3-bis(3-bromo-4-methoxyphenyl)succinonitrile (2f)
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Br
MeO

g

O
NC
Br. CNO

MeO l

2f

Following the general procedure for dimerization photocatalyzed by QDs, 2f was purified by
silica gel chromatography (EtOAc/hexanes = 1/2). Yield: 85%, 136 mg, white solid. 'H NMR
(400 MHz, CDCl3) dl: 6 7.11 (d, J= 2.4 Hz, 1H, Harom), 6.99 (dd, J = 8.8, 2.4 Hz, 1H, Harom), 6.89
(d, J= 8.8 Hz, 1H, Harom), 3.94 (s, 3H, OCH3), 2.48 (s, 3H, COCH3). meso: 0 7.11 (d, J = 2.4 Hz,
1H, Harom), 6.99 (dd, J = 8.8, 2.4 Hz, 1H, Haom), 6.89 (d, J = 8.8 Hz, 1H, Haom), 3.94 (s, 3H,
OCHa), 2.37 (br s, 3H, COCH3). *C NMR (100 MHz, CDCls) dI: 6 197.4, 157.7, 134.0, 129.2,
120.9, 116.4, 112.5, 111.8, 64.3, 56.6, 27.9. meso: 6 197.4, 157.5, 134.0, 129.2, 120.9, 116.4,
112.5, 111.8, 64.3, 56.6, 27.9. HRMS (ESI) m/z calculated for C,,H»Br:N3O4 [M + NH4']
549.9972, found 549.9963.

2.3-Diacetyl-2.3-di(naphthalen-2-yl)succinonitrile (2i)

e

0O
NC”| CN
(0]

L

2i

Following the general procedure for dimerization photocatalyzed by QDs, 2i was purified by
silica gel chromatography (EtOAc/hexanes = 1/2). Yield: 85%, 96 mg, light yellow solid. 'H
NMR (600 MHz, CDCls) dl: ¢ 7.85 (d, J = 8.2 Hz, 2H, Hawom), 7.76 (d, J = 8.7 Hz, 1H, Harom),
7.70 (d, J = 8.2 Hz, 1H, Harom), 7.60-7.51 (m, 2 H, Harom), 7.05 (d, J = 7.9 Hz, 1H, Harom), 2.54 (s,
3H, COCH3). meso: ¢ 7.86 (d, J = 8.2 Hz, 1H, Harom), 7.60-7.50 (m, 6 H, Harom), 2.34 (br s, 3H,
COCH3). 3C NMR (150 MHz, CDCls) di: 6 197.8, 133.6, 132.7, 129.6, 129.0, 128.8, 128.1,
127.7, 127.3, 125.4, 125.2, 117.0, 65.5, 28.0. meso: ¢ 197.8, 133.6, 132.7, 129.6, 128.9, 128.8,
128.1, 127.7, 127.2, 125.4, 125.2, 117.0, 65.5, 28.0. HRMS (ESI) m/z calculated for C23sH24N30;
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[M + NH4"] 434.1863, found 434.1861.

2.3-Dibenzovl-2,3-bis(3.4-dimethoxyphenyl)succinonitrile (2{)

OMe

g

O
NC
MeO CNO

MeO l

2j

MeO

Following the general procedure for dimerization photocatalyzed by QDs, 2j was purified by
silica gel chromatography (EtOAc/hexanes = 1/2). Yield: 50%, 84 mg, white solid. '"H NMR (600
MHz, CDCL) dl: 0 7.81 (d, J = 7.6 Hz, 2H, Hawom), 7.55 (t, J = 7.0 Hz, 1H, Harom), 7.38 (t, J = 7.5
Hz, 1H, Harom), 6.85 (d, J = 8.1 Hz, 1H, Harom), 6.78 (s, 1 H, Harom), 6.58 (s, 1 H, Harom), 3.90 (s,
3H, OCHj3), 3.67 (s, 3H, OCHj3). C NMR (150 MHz, CDCls) dI: § 190.6, 150.4, 148.9, 134.1,
133.8, 130.5, 128.6, 122.6, 121.5, 118.1, 112.5, 111.1, 64.4, 56.1, 56.0. HRMS (ESI) m/z
calculated for C34sH3:N3O06 [M + NH4"] 578.2286, found 578.2281.

Dimethyl 2.3-dicyano-2.3-bis(3.4-dimethoxyphenyl)succinate (2k)

OMe
MeO

g

O
N
MeO C CNO

MeO E

2k

Following the general procedure for dimerization photocatalyzed by QDs, 2k was purified by
silica gel chromatography (EtOAc/hexanes = 1/2). Yield: 80%, 112 mg, white solid. '"H NMR
(400 MHz, CDCls) dI: 6 6.81 (d, J= 8.5 Hz, 1H, Harom), 6.74 (dd, J = 8.5, 2.4 Hz, 1H, Harom), 6.54
(d, J=2.4 Hz, 1H, Harom), 3.95 (s, 3H, COOCH3), 3.88 (s, 3H, OCH3), 3.69 (s, 3H, OCH3). meso:
0 6.81 (d, J= 8.5 Hz, 1H, Harom), 6.74 (dd, J = 8.5, 2.4 Hz, 1H, Harom), 6.54 (d, J = 2.4 Hz, 1H,
Harom), 3.89 (s, 3H, OCH3), 3.82 (s, 3H, COOCH3), 3.77 (s, 3H, OCH3). *C NMR (150 MHz,

CDCl3) 0 166.9, 150.6, 148.6, 121.6, 120.9, 115.7, 111.9, 110.8, 60.4, 56.1, 56.0, 54.9. HRMS
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(ESI) m/z calculated for C24H,sN305 [M + NH4*] 486.1871, found 486.1867.

Dimethyl 2.3-dicvano-2.3-bis(4-methoxyphenvyl)succinate (21)

g

O
NC”| _CN
(@)

MeO :

2|

MeO

Following the general procedure for dimerization photocatalyzed by QDs, 21 was purified by
silica gel chromatography (EtOAc/hexanes = 1/3). Yield: 75%, 92 mg, white solid. "H NMR (600
MHz, CDCls) dl: 6 7.02 (d, J = 8.9 Hz, 2H, Hawom), 6.83 (d, J = 8.9 Hz, 2H, Harom), 3.94 (s, 3H,
COOCHz), 3.82 (s, 3H, OCHz3). meso: 6 7.31 (d, J = 8.6 Hz, 2H, Harom), 6.86-6.82 (m, 2H, Harom),
3.82 (s, 3H, COOCH3), 3.82 (s, 3H, OCH3). *C NMR (150 MHz, CDCl;) dI: d 167.0, 161.0,
130.2, 120.6, 115.7, 114.1, 60.1, 55.5, 54.9. meso: 6 167.0, 161.0, 130.9, 120.6, 115.7, 113.8,
60.1, 55.5, 54.6. HRMS (ESI) m/z calculated for C2H24N3O¢ [M + NH4'] 426.1660, found
426.1656.
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Chapter 6

Quantification of the Photon Absorption,

Scattering, and On-resonance Emission Properties
of CdSe-CdS Core-Shell Nanocrystals

Portions of this chapter are adapted and/or reprinted from the following works. Copyright
belongs to the publisher.
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6.1 Background of Quantification of NCs Optical Properties
Fluorescent QDs have demonstrated their diverse applications in bioimaging,'

5 0

lasing,* 3 optical devices® 7 and energy conservations®!® owing to their exceptional
fluorescence properties. Understanding the optical properties of fluorescent
nanomaterials is important for rational material design and applications. However,
reliable quantifications of fluorophore photon absorption, scattering, and fluorescence
activities can be challenging due to the complex interplay of the photon absorption,
scattering, and emission. As an example, the UV—Vis spectrophotometric measurements
quantify the sample total photon extinction, the combined contributions by material
photon absorption and scattering. It is, however, a widespread practice for researchers to
explicitly label or interpret the experimental UV—Vis extinction spectra as absorbance
spectra. This approach can be highly problematic for nanoscale materials whose light
scattering is likely significant.!!"!® In cases where light scattering was considered, some
researchers assume that fluorescent NPs are Rayleigh scatterers in the long wavelength
region and then compute the fluorophore scattering activities in the short wavelength by
assuming its scattering cross-section linearly-proportional to A™*.!7 The validity of this
approach has not been examined, to our knowledge. Indeed, light scattering is a universal
material property because all materials have nonzero polarizability.'® ! Furthermore,
only nonabsorbing materials with sizes significantly smaller than excitation wavelengths
can be approximated as Rayleigh scatterers.?’ Resonance light scattering can occur for
light-absorbing materials in the wavelength region where the sample absorbs.!” Such
resonance light scattering has been extensively demonstrated in nanoscale fluorophore
aggregates such as self-assembled porphyrins.>!>> While there are many analytical

techniques for detecting sample light scattering intensity, scant information is available
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on material scattering cross-sections. As an example, light scattering cross-section spectra
of common organic solvents have been made available only very recently.?® Compared to
solvents, most of which are approximately pure scatters with no significant photon
absorption and emission in the UV—Vis region, quantification of optical properties of
fluorescent materials is drastically more difficult. A series of challenges must be
simultaneously addressed in order to reliably determine their light scattering cross-section
spectra. The first is the sample inner filter effect (IFE) induced by the sample photon
absorption.?”> 28 The second is the interference of light scattering by solvent and sample
holders. The third is the under-sampling issue arising from the fact that a
spectrofluorometer collects only a small fraction of the scattered and/or emitted photons
that are distributed in the three-dimensional space.?’ Critically, the fraction of the
collected photons versus the total number of scattered or emitted photons depends not
only on the instrument setups (e.g., acceptance angle, detection geometry, detection
polarization bias) but also on the sample light scattering and fluorescence depolarization.
Indeed, one must quantify the material light scattering and fluorescence depolarization in
order to determine its light scattering and fluorescence activities.”” The fourth is the
interference of fluorophore fluorescence on light scattering detection. Such fluorescence
interference arises from the fact that, when excited in the wavelength region it both
absorbs and emits, a fluorophore can produce both fluorescence emission and light
scattering under resonance excitation and detection conditions.?-3!

A recent advance in the experimental quantification of the material optical
properties is the polarized resonance synchronous spectroscopic (PRS2) technique (Fig.
6.1).% 32 Like the conventional resonance synchronous spectroscopic (RSS) method,

PRS2 spectrum is also acquired with spectrofluorometers under resonance excitation and
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detection conditions. Unlike the RSS method that uses plane polarized light (also
commonly referred to as collimated nonpolarized light) for excitation and detection,
however, the excitation and detection photons in PRS2 measurements are both linearly
polarized.? For nonfluorescent materials, the IFE-corrected sample PRS2 signal is due
completely to sample light scattering.”’ However, the IFE-corrected PRS2 spectra of
fluorescent samples can contain both fluorescence and light scattering.?’ Therefore, one
needs to decompose the fluorophore PRS2 spectra into its PRS2 scattering and
fluorescence component spectra before quantification of the fluorophore light scattering
and fluorescence cross sections and depolarizations.
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Fig. 6.1: Schematic illustration of PRS2, adopt from ref 32.

Understanding the origin of the light scattering signal in PRS2 spectra is
straightforward. However, identifying the sources of the fluorescence signal in the
sample PRS2 spectrum has proven challenging. As an example, beguiled by the fact the
PRS2 is acquired under resonance excitation and detection conditions, we attributed the
fluorescence signal in the PRS2 spectrum all to the fluorophore ORF in our initial PRS2
work.?’ Later on, we discovered that the fluorescence signal in the PRS2 spectrum is
proportional to the square of the excitation and detection monochromator bandwidth
while the light signal in the PRS2 spectrum is linearly proportional to the monochromator
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bandwidth.>? This observation leads to the realization that off-resonance fluorescence
must also contribute to the fluorescence signal detected under the resonance excitation
and detection conditions.>?> Unfortunately, however, we attributed such off-resonance
fluorescence completely to fluorophore Stokes-shifted fluorescence (SSF).*? The possible
contribution by the fluorophore anti-Stokes-shifted fluorescence (ASSF) to the
fluorescence signal in the PRS2 spectra has not been studied.

Using a new polarized anti-Stokes-shifted, on-resonance, and Stokes-shifted
(PAOS) spectroscopic method developed in this work, we provide direct visual evidence
that, besides ORF and SSF, fluorophore ASSF also contributes to its PRS2 fluorescence
signal. An individual PAOS spectrum is acquired by keeping the excitation wavelength
fixed but varying the detection wavelengths from the anti-Stokes’ side to the Stokes side
of the excitation wavelength. As will be shown later in this work, by acquiring a set of
PAOS spectra as a function of excitation wavelength, one can reconstruct the fluorophore
PRS2 spectrum and the fluorophore PRS2 light scattering and PRS2 fluorescence
component spectra. While the PAOS spectral acquisition enables visual examination and
facile separation of the fluorophore fluorescence and light scattering signal detected
under resonance excitation and detection conditions, it can be time-consuming if the
PAOS spectral acquisition is implemented crossing the entire UV—Vis spectral region. To
resolve this issue, we devised a divide-and-conquer approach so that relatively tedious
PAOS spectral acquisition is limited to the fluorophore emission wavelength region. This
divide-and conquer strategy divides a fluorophore UV—Vis spectrum into a blue and a red
wavelength region. The blue wavelength region spans from 300 nm to the blue-edge of
the fluorophore SSF peak. The fluorophores in this wavelength region are simultaneous

photon absorbers and scatterers, but not emitters under the resonance excitation and
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detection conditions. The fluorophore red-wavelength region spans from the blue-edge of
the fluorophore SSF peak to the red-edge of its SSF peak. In this region, the IFE-
corrected PRS2 spectrum can contain fluorophore ASSF, ORF, and SSF emission and

light scattering features, as will be demonstrated later.

6.2 Quantification of Fluorescent Nanomaterials in Solutions

The five model fluorophores used in this work comprise three NP fluorophores:
fluorescence polystyrene NPs (fPSNP), rod-shaped fluorescent quantum dots (RQD),
spherical fluorescence quantum dots (SQD), and two molecular fluorophores: Rhodamine
6G (R6G) and Eosin Y (EY). These fluorophores differ significantly in their light
scattering, absorption, and ORF activities. Therefore, they serve a representative set of
model analytes for testing the utility of the designed methods. For discussion simplicity,
all PRS2 and PAOS spectra will be represented as PRS2 XD and PAOS XD,
respectively. The first letter X indicates the polarization direction of the excitation linear
polarizer, while the second letter D stands for the detection polarizer. Both X and D can
take values “N,” “V,” and “H,” where “N” indicates no linear polarizer is used; “V”
represents that the light is wvertically polarized, i.e, the electrical field of the
electromagnetic wave is perpendicular to the spectrofluorometer plane defined by the
excitation lamp, sample chamber, and detector; and “H” indicates the linear polarizer is
parallel to the instrument plane.

Dividing fluorophore UV-Vis spectra into its blue and red wavelength regions is
straightward on the basis of the experimental UV-Vis extinction and SSF spectrum (Fig.
6.2f—j). The wavelength region below the blue-edge of the SSF peak (highlighed in light
blue) is the blue wavelength region. The spectral region covering SSF emission

wavelengths is referred to as red-wavelength region (highlighted red in Fig. 6.2f—j).
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Fig. 6.2: Structures, UV—Vis, fluorescence, and PAOS spectra obtained with (Ist column)
fPSNP, (2nd column) ROD, (3rd column) SOD, (4th column) R6G, and (5th column) EY. (Ist
row; a) SEM images of fPSNP. (1st row, b, and ¢) TEM images of ROD, and SOD, respectively.
(d and e) R6G and EY molecular structures, respectively. (2nd row; black) UV—Vis extinction
and (red) SSF spectra. The dashed lines divide the blue and red wavelength regions shadowed
with blue and pink, respectively. (3rd row and 4th row): Example PAOS spectra obtained with
an excitation wavelength in the (3rd row) blue- and (4th row) red-wavelength region. The
spectra in red and black are the as-acquired sample and solvent PAOS spectrum, respectively.
The solvent PAOS spectra in p—t is scaled by a factor of 10. The inset in P is the zoom-in of the
data showing the fPSNP fluorescence signal.

In their blue wavelength region, the NP fluorophores fPSNP, RQD, and SQD are
simultanously photon absorbers and scatterers but not emitters, while the two molecular
fluorophores R6G and EY are predominantly light absorbers with no signficant photon
scattering or emissions under the resonance excitation and detection conditions. The light
scattering of the NP fluorophores is evident from the intense sharp peak centered at
detection wavelength with zero Stokes-shift from excitation wavelength (the red curve in
Fig. 6.2k—m). This peak shares the same shape with the solvent light scattering peak but
with drastically higher intensity. In contrast, there is no detectable fluorophore light

scattering in the AOS spectra obtained with R6G and EY in their respective blue
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wavelength regions (Fig. 6.2n—0). The light scattering peaks in these two sample
solutions are due almost entirely to light scattering from the solvent and sample-holder
background. In their red wavelength region, NP fluorophores are all simultaneous photon
absorbers, scatterers, and fluorescence emitters (Fig. 6.2p—r), while the R6G and EY are
simultaneous photon absorbers and emitters with, again, no significant photon scattering
(Fig. 6.2s,t). The absence of detectable photon scattering by R6G and EY is not
surprising because of their small sizes. For these two molecular fluorophores, their
UV-Vis extinction cross-section spectra were directly taken as their respective

absorption cross-section spectrum.
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Fig. 6.3: Decomposition of NP fluorophore UV—Vis extinction cross-section spectra into the
absorption and scattering component spectra for (Ist column) fPSNP, (2nd column) RQOD, and
(3rd column) SQOD in their blue wavelength region. (1st row) As-acquired PRS2 (black) VV and
(red) VH spectra of the sample solutions. (2nd row) Fluorophore-specific PRS2 (black) VV and
(red) VH spectra. (3rd row) UV—Vis (green) extinction, (red) absorption, and (black) scattering
cross-section spectra. (4th row; red) the fluorophore scattering-to-extinction ratio (SER) and
(black) scattering depolarization spectrum.
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For the NP fluorophores, however, their photon scattering contribution to their
UV—Vis extinction spectra should be considered in quantification of their photon
absorption activities. In other words, one needs to decompose the NP UV—Vis extinction
spectra into its absorption and scattering component spectra. The fluorophore PRS2
spectra obtained in their blue wavelength region are due exclusively to the fluorophore
light scattering with no fluorescence contribution (Fig. 6.2k—0). As such, one calculates
the fluorophore light scattering depolarization spectrum and, subsequently, its scattering
cross-section spectra using the experimental PRS2 VV and VH spectra (Fig. 6.3). The
procedures for converting the as-acquired solution PRS2 VV and VH spectra (Fig.
6.3a—c) to their respective fluorophore-specific PRS2 spectra (Fig. 6.3d—f), the
calculations of the fluorophore light scattering depolarization spectra (Fig. 6.3j—1), and

cross—section spectra (Fig. 6.3g—i) are shown in earlier works.?* % After quantification of

the fluorophore extinction cross-section spectra (Fig. 6.3g—i) on the basis of the
fluorophore UV—Vis extinction spectra (Fig. 6.2f-h), the fluorophore UV—Vis
absorption cross-section spectra (Fig. 6.3g—i) were obtained by subtracting the scattering
cross-section spectrum from the fluorophore UV—Vis extinction cross-section spectrum.
Several observations are worth noting: First, with only the exception of the fPSNP
that is predominantly a photon scatterer in its blue wavelength region, the QD and
molecular fluorophores are all strong photon absorbers in their respective blue
wavelength regions. The highest scattering-to-extinction ratio is more than 80% for
fPSNP (Fig. 6.3g) but 8% (Fig. 6.3h) and 2% (Fig. 6.3i) for RQD and SQD, respectively.
These indicate that the examined QDs are predominant photo absorbers. Second, the
fPSNPs can be approximated as Rayleigh scatterers, and their experimental cross-section

spectra can be treated approximately as (1) = a4 * where a is a constant. However,
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neither RQDs nor SQDs are Rayleigh scatterers as assumed in earlier work.34 Third, the
light scattering depolarization of the RQD is significantly higher than both SQDs and
fPSNPs. This phenomenon is consistent with the observations that the rod-shaped solvent
molecules and gold NPs (AuNPs) invariably have higher light scattering depolarization
than their respective spherical counterparts.?% 43

Comparing and contrasting the RQD depolarization spectrum with that for rod-
shaped molecule CS; and AuNPs is instructive. The scattering depolarization of CS: is
totally wavelength-independent, and it is 0.5 crossing the entire UV—Vis region,?® while
the scattering depolarization of gold nanorods is strongly wavelength-dependent,* so is
that of RQD (Fig. 6.3K). However, the peak scattering depolarizations of the rod-shaped
AuNPs and QDs are vastly different. The peak scattering depolarization is 0.4 in a gold
nanorod with an AR as small as 3.% In contrast, the peak scattering depolarization of the
RQD is only 0.05 even when its AR is as large as 16.8 (Fig. 6.2B and Fig. 6.3K). The
fundamental mechanism governing the QD light scattering depolarization features is
currently unclear. Nonetheless, the data obtained with the RQDs and SQDs provide
further evidence that light scattering depolarization is sensitive to the scatterers’
geometries.

Consistent with what has been observed in their blue wavelength regions, the
UV—Vis extinction spectra of molecular fluorophores R6G and EY in their red
wavelength region can also be directly taken as their respective absorbance spectrum
since there are no detectable scattering features in the R6G and EY PAOS spectra
obtained in their red wavelength regions (Fig. 6.2S,T). In contrast, PAOS spectra (Fig.

6.2P—R) obtained with the NP fluorophores contain both fluorophore light scattering and

fluorescence signals. This conclusion is further supported by the PAOS spectra obtained
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for all the model fluorophores in their red wavelength regions (Fig. 6.4).

Comparing and contrasting the fluorophore PRS2 and PAOS spectra (Fig. 6.4) is
instructive. The experimental PRS2 spectra overlap nearly perfectly with that of the
reconstructed PRS2 (Fig. 6.4). The reconstructed PRS2 spectra (blue dots in the plots in
Fig. 6.4) were obtained by taking the PAOS spectral intensities at each excitation
wavelength as the intensity of the reconstructed PRS2 spectrum. The excellent agreement
between the experimental and reconstructed PRS2 spectra highlights the reproducibility

of the PRS2 and PAOS measurements.
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Fig. 6.4: Comparisons of (1st row) as-acquired PAOS NN and PRS2 NN spectra, (2nd row)
PAOS VV and PRS2 VV spectra, (3rd row) PAOS VH and PRS2 VH spectra for (1st column)
fPSNP, (2nd column) ROD, (3rd column) SQD, (4th column) R6G, and (5th column) EY in their
red wavelength region. The solid blue line is the experimental PRS2 spectrum, and the blue dots
are the PRS2 spectra reconstructed by taking the PAOS intensity at each excitation wavelength
as the intensity of the reconstructed PRS2 spectrum at the resonance excitation and detection
wavelength.

The PAOS-based PRS2 reconstruction method holds two key advantages over the
direct experimental PRS2 acquisitions. First, the PAOS spectra used for the PRS2
reconstruction provide direct visual evidence that both light scattering and fluorescence

can contribute to the fluorophore PRS2 spectra. In contrast, one can deduce the
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fluorescence and light scattering contribution to PRS2 signal through only indirect
evidence either by the difference in the depolarization between fluorescence and light
scattering* or by the difference in intensity dependence on the monochromator
bandwidth between the fluorescence and light scattering signal.> Second, the PAOS
spectra enable one to directly separate the light scattering and fluorescence contribution
to the experimental PRS2 spectrum and subsequently reconstruct the fluorophore PRS2
light scattering and fluorescence component spectra (Fig. 6.5). This light scattering peak
is invariably centered at excitation wavelength and with a peak shape identical to the
scattering peak observed in the PAOS spectra obtained with a pure scatterer such as the
solvents and PSNP (Fig. 6.2k—o0). The decomposition of the fluorophore PAOS spectrum
into its polarized fluorescence and light scattering component spectra (Fig. 6.5) was
performed by subtracting the scaled PSNP PAOS spectra from fluorophore PAOS
spectrum. The criterion for determining the scaling factor is that the resulting difference
spectrum should contain no residual sharp peak on top of a broad fluorescence peak.
Since there are no detectable light scattering features in the PAOS spectra obtained with
R6G and EY (Fig. 6.4), their experimental or reconstructed PRS2 spectra are their PRS2
fluorescence spectra. Third, the PAOS spectra offer direct evidence that when excited in
the wavelength region the fluorophore both absorbs and emits; light scattering, ASSF,
ORF, and SSF can all concurrently occur (Fig. 6.2p—t and Fig. 6.4).

The relative fluorescence and scattering contribution to the PRS2 spectra of the
NP fluorophores depends strongly on the excitation and detection polarization (Fig. 6.5).
The scattering/fluorescence intensity ratio decreases from PRS2 VV, PRS2 NN, and then
to PRS2 VH (Fig. 6.5). This observation is consistent with the fact that fluorescence

depolarization for fluorophores in solution is usually very high, close to unity for most
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small molecular fluorophores,27 but the light scattering depolarization is commonly very
small, as shown in Fig. 6.3. The absence of a detectable scattering feature in the SQD

PAOS VH is also consistent with spherical scatterers usually having negligible light

scattering depolarization.?% #°
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Fig. 6.5: (Black) PRS2 fluorescence and (red) scattering component spectra derived from the
experimental (blue) PAOS spectra for (Ist column) fPSNP, (2nd column) RQOD, (3rd column)
SOD, (4th column) R6G, and (5th column) EY. The data in the first, second, and third rows are
derived from the PAOS spectra acquired with excitation and detection polarization of NN, VV,
and VH, respectively.

The fluorophore PRS2 fluorescence spectra and fluorophore PRS2 scattering
spectra are shown in Fig. 6.5, the light scattering and ORF cross-section spectra were
quantified for the three NP fluorophores (Fig. 6.6). The fluorophore absorption cross-
section spectrum is quantified by subtracting the fluorophore light scattering cross-
section spectrum from its extinction cross-section spectrum (Fig. 6.6a—c). The
fluorophore ORF quantum yield spectrum (QY) is determined using the equation ORF
QY1) = o"®(1)/6™™()), the ratio between the fluorophore ORF fluorescence cross-
section spectrum versus absorption cross-section spectrum in the wavelength region that

the fluorophore both absorbs and emits. Since the signals of R6G and EY PRS2 spectra
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are completely dominated by the fluorescence feature, their IFE- and solvent-
background- corrected PRS2 spectra were used directly for calculating the fluorophore
ORF depolarization, cross-sections, and QY. The fluorophore ORF and light scattering

depolarization spectra (Fig. 6.6g—i) are computed.
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Fig. 6.6: Optical constants of (Ist column) fPSNP, (2nd column) RQD, and (3rd column) SOQD
in their respective red wavelength region. (Ist row) UV—Vis (green) extinction, (red)
absorption, and (black) scattering cross-sections. (2nd row) ORF emission (blue) cross-sections
and (black) ORF quantum yield (QY) spectrum. (3rd row) (red) scattering and (black) ORF
depolarization. The spectra, axis, and name for each optical parameter are encoded with the
same color.

Several observations from Fig. 6.6 are worth noting. fPSNP has drastically higher
extinction, scattering, and absorption and ORF emission cross-sections than their
respective counterparts for the QDs (Fig. 6.6). The scattering cross-section of fPSNP at
500 nm excitation wavelength is more than 4 orders of magnitude higher than that for the

RQD and SQD (Fig. 6.6a—c), which is due most likely to the fact that fPSNP is much

195



larger than both RQDs and SQDs. The average ORF depolarization of the RQDs in its
OREF active region is 0.6 £ 0.06 (Fig. 6.6h), which is significantly smaller than that of
other model fluorophores including the SQDs (Fig. 6.6i). The ORF depolarizations for
the other fluorophores are all close to unity crossing their entire ORF-active region.
Fluorescence depolarization is related to the fluorophore mobility and fluorescence
lifetime.®*37 A detailed reason why RQDs have such a small ORF depolarization is
currently unclear. However, this result suggests that the fluorescence depolarization can
be an effective spectral marker for differentiating RQDs and SQDs. The fact that the
RQDs have higher light scattering depolarization than both SQDs and fPSNPs (Fig.
6.6g—i) in their red wavelength region is consistent again with the fact that rod-shape
scatterers have higher scattering depolarization than the spherical ones.

Up to date, we have presented three methods for differentiating and separating
light scattering and fluorescence contributions to the sample PRS2 spectra. The first is the
spectral subtraction method that works only under the assumption that the fluorophore
PRS2 VH features are due entirely to its fluorescence. This assumption is valid only for
well-dispersed molecular fluorophores that have no detectable light scattering features in
their PRS2 VH spectrum, but it is unreliable for the NP fluorophores used in this work.
The second is the recent bandwidth varied-PRS2 (BV-PRS2) method. While the BV-
PRS2 technique is a self-sufficient method enabling one to compute light scattering and
ORF cross-sections and depolarization regardless of the fluorophore fluorescence and
light scattering depolarization, it provides no insights to the origins of the fluorescence
detected in the PRS2. The third, which is the current PAOS-based approach, is also a
self-sufficient method. The key advantage of this PAOS-based method is that it enables

direct visualization and separation of the light scattering and fluorescence contribution to
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fluorophore PRS2 spectra. This visualization has been critical for revealing the fact that
the fluorescence in the PRS2 spectra comprises ASSF, ORF, and SSF contributions, not
just ORF in the initial PRS2 technique, or only ORF and SSF assumed in the BV-PRS2
technique.

6.3 Quantification of the QD Optical Spectra

A total of eight CdSe-CdS core-shell fluorescent QDs, four spherical and four
rod-shaped, are employed as the model QDs. All SQDs have the same spherical core (4.3
nm in diameter), but with varying shell thicknesses that result in QD diameters of 5.6 nm,
7.4, 9.2, and 10.8 nm, respectively. For the sake of discussion convenience, these SQDs
are referred to as SQDS5.6, SQD7.4, SQDY.2, and SQD10.8, respectively. The CdSe core
used for the preparation of the rod-shaped QDs (RQDs) are also spherical, but with a
smaller diameter (3.0 nm in diameter). The four RQDs all have the same width (4.4 nm)
but with different lengths that result in different AR. These RQDs are referred to as
RQD4.8, RQDY.3, RQD12.8, and RQD16.8, respectively, where the number specifies the
AR of the RQDs.

The TEM images of the CdSe-CdS core-shell QDs are shown in Fig. 6.7. Based
on the structural analyses of seeded-grown QDs performed in previous works,*® % the
CdSe cores are located at the center in SQDs while at one end in the. The width of all
RQDs are essentially the same based on their TEM images (Fig. 6.7) and the thermal
gravimetric analysis (TGA) (Fig. 6.8). The percentage mass losses due to the ligand
evaporation in the TGA thermograms are approximately the same for all RQDs (Fig.
6.8b), which indicates the surface-to-volume ratios are very similar for the RQDs and is
consistent with the fact that the RODs have the same width but different lengths (Table

6.1). In contrast, the ligand evaporation-induced mass loss for the SQDs decreases with
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increasing QD diameter (Fig. 6.8a), which is again consistent with the fact that for SQDs,

their surface-to-volume ratios decrease with increasing particle sizes (Table 6.1) .

Fig. 6.7: TEM images of (a) SQD5.6, (b) SOD7.4, (c) SODY.2, (d) SODI10.8, (¢) ROD4.8, (f)

RODY.3, (g) ROD12.8, and (h) RODI6.8.
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Fig. 6.8: TGA thermograms of (a) SODs and (b) RODs. The weight loss range highlighted with

blue dashed lines are ligand loss percentages for SODI10.8 in (a) and RQDI16.8 in (b) as
examples.
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Table. 6.1: Summary of QD dimensions and calculation of QD Molarity.

Corelshell

Sample e Di:lon':tsr Vco:::le Voume |Shetimass | COreetel| - masst obnp.:um
) ) (mg) (mg) (mg)

SQD5.6 593 429 41 241E-16 56 91 50 2.41E-16 4.82E-16 71.8% 6.71E-16 1.49E+15 30 7.42E-06
SQD7.4 593 429 41 2.41E-16 74 212 170 8.19E-16  1.06E-15 74.3% 1.43E-15 7.02E+14 0.94 1.09E-06
SQD9.2 593 429 41 241E-16 92 407 366 1.76E-15 2.00E-15 78.2% 2.56E-15 391E+14 0.98 6.37E-07
sSQD10.8 593 429 41 2.41E-16 108 659 617 297E-15 3.21E-15 83.4% 3.85E-15 2.60E+14 55 2.37E-06
RQD4.8 549 3.02 14 839E-17 222:46 369 354 1.71E-15 1.79E-15 78.1% 2.29E-15 4.36E+14 597 4 33E-06
RQD9.3 549 3.02 14 8.39E-17 39.2;42 543 528 254E-15 263E-15 76.1% 3.46E-15 2.89E+14 391 1.88E-06
RQD128 549 3.02 14 839E-17 565;44 858 844 4.07E-15 4.15E-15 76.5% 542E-15 1.84E+14 460 1.41E-06
RQD16.8 549 3.02 14 8.39E-17 738;44 121 1107 534E-15 5.42E-15 76.5% 7.08E-15 141E+14 7.89 1.85E-06
R core 549 3.02 14 8.39E-17 N/A N/A N/A N/A N/A 57% 1.48E-16 6.76E+15 13.78 1.55E-04
S core 593 429 41 2.41E-16 N/A N/A N/A N/A N/A 58% 419E-16 2.39E+15 17.83 7.07E-05

The shell geometry has enormous impact on the QD fluorescence depolarization
or fluorescence anisotropy. Fluorescence depolarization and anisotropy can be readily
converted into each other.*® We choose to use fluorescence depolarization instead of
anisotropy because depolarization is far more commonly used in light scattering
literatures. Currently fluorescence depolarization or anisotropy has been mostly
investigated using a single excitation or emission wavelength. We devised in this work a
total fluorescence depolarization method to probe how the fluorescence depolarization
varies as a function of the excitation and detection wavelengths (Fig. 6.9a, b,). Evidently
the RQD fluorescence depolarization depends strongly on the RQD sizes and the
excitation wavelengths (Fig. 6.9¢), while the SQDs have near unity fluorescence
depolarization regardless of the SQD sizes and the excitation and detection wavelengths

(Fig. 6.9d).
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Fig. 6.9: (a) and (b) show example total fluorescence depolarization (P*) spectra of RODI16.8
and SQDI10.8. (c) and (d) show fluorescence excitation depolarization spectra of SOQDs and
RQDs. (e) and (f) are fluorescence lifetime data of SODs and RQODs, respectively. The circles
are experimental data and the black traces are exponential fitting, which follows the two-
exponential decay model.

The difference between RQDs and SQDs in their fluorescence depolarization is
most likely due to rotational diffusion rate. Fluorescence depolarization is a function of
fluorophore rotational correlation time and the fluorescence lifetime.*! When the
fluorophore rotational correlation time is much shorter than its fluorescence emission
lifetime, the fluorescence emission diploes can adopt any angle related to the excitation
polarization after fast fluorophore rotations. In this case, the fluorescence emission is
isotropic, which results in unity of fluorescence depolarization (P = 1). In contrast, if
the fluorophore rotational correlation time is longer than fluorescence lifetime, the
polarizations of the emitted photons will mostly remain oriented towards emission dipole

direction, leading to anisotropic emission (Pf # 1). Since RQDs and SQDs have similar
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fluorescence lifetimes (Fig. 6.9e and f), the fact that RQDs, especially the ones with large
ARs, deviate significantly from unity strongly suggests that RQDs have longer rotational
correlation time than SQDs.

The scattering depolarizations of both RQDs and SQDs are negligibly small at the
QD emission wavelength region, which is manifested by the fact that no observable light
scattering signal in the PAOS VH spectra obtained with the QDs (Fig. 6.10q—t). Since
the fluorescence depolarizations of SQDs are unity, the efficient PRS2 method is directly
applicable for decomposition of the SQD PRS2 spectra into their scattering and ORF
component spectra, and subsequently the SQD UV-Vis extinction spectra into their
absorption and scattering extinction component spectra.*’ In contrast, the PAOS spectra
is necessary for quantifications of RQD light absorption, scattering, and ORF activities in
its ORF active region because the RQD fluorescence depolarization is strongly excitation
wavelength dependent (Fig. 6.9). The wavelength region where PAOS analysis is
necessary can be readily identified by comparing UV-Vis, SSF, and PRS2 VH spectra of
individual RQD samples (Fig. 6.10a—d). PRS2 VH refers to the PRS2 spectra taken
under condition where the excitation polarization is vertical (V), but the detection
polarization is horizontal (H) to the plane defined by the excitation source, sample
chamber, and the detector. Only the wavelength region where all three spectra overlap
can ORF occurs, and thereby PAOS spectral acquisitions are required. The PAOS VV
spectra acquired in the ORF-active wavelength region contain both light scattering, and
anti-stokes-shifted fluorescence, on-resonance fluorescence, and stokes-shifted
fluorescence (Fig. 6.10 e—h). In contrast, the PAOS VH spectra are dominated by the
RQD fluorescence with relatively small light scattering contribution (Fig. 6.10m—p).
Using the method described in the PAOS publication,*> the RQD PRS2 VV and PRS2
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Fig. 6.10: (Ist row) (black) ROD UV—Vis extinction (Ext) spectra, (red) Stokes’s Shifted
Fluorescence (SSF) spectra, and (green) PRS2 VH spectra of (a) ROD4.8, (b) RODY.3, (c)
RODI2.8, (d) RODI16.8. (2nd row) PAOS VV spectra in the ORF-active region for (e) ROD4.8,
(f) ROD9Y.3, (g) RODI12.8, (h) RODI16.8. (3rd row) Separation of scattering and ORF component
in the PRS2 VV spectra with PAOS in the ORF-active wavelength region for (i) ROQD4.8, (j)
RODY.3, (k) ROD12.8, (I) RODI16.8. (4th row) PAOS VH spectra in the ORF-active region for
(m) ROD4.8, (n) RODY.3, (o) RODI2.8, (p) RODI16.8. (5th row) Separation of scattering and
ORF component in the PRS2 VH spectra with PAOS in the ORF-active wavelength region for
(q) RODA4.8, (r) RODY.3, (s) RODI12.8, (t) RODI16.8.

VH spectra are decomposed into their respectively ORF and light scattering component

spectra. (Fig. 6.10i-1, and Fig. 6.10q-4t).
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6.4 Effect of Shell Sizes and Geometries on Shell Scattering and Absorption Cross-

sections
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Fig. 6.11: Optical constant spectra of (upper row) RQODs and (bottom row) SQDs and their
respective cores. (a, f), (b, g), and (c, h) are the QD total extinction, scattering, and absorption
cross-section spectra, respectively. The insets in (c) and (h) are the zoomed-in in the longer
wavelength region highlighted in blue in (c) and (h). (d) ROD (blue dots) scattering cross-
sections and (red dots) absorption cross-sections as a function of shell volume at the excitation
wavelength of 400 nm. (i) SOD (blue dots) scattering cross-sections and (red dots) absorption
cross-sections as a function of shell volume at the excitation wavelength of 400 nm. Both
scattering cross-sections are fitted quadratically and absorption cross-sections linearly.
Scattering depolarization spectra of (e) RODs and (j) SODs.

The UV-Vis extinction spectral features of CdSe-CdS core-shell QDs below 500 nm are
dominantly contributed from the CdS shell, while those above 500 nm are predominantly from
the CdSe core.* It has been known that QD photon extinction increases with increasing the shell
volume, but the fractional contributions by the shell light scattering and absorption have not been
investigated. By decomposition of the QD UV-Vis extinction spectra into their absorption and
scattering component spectra, this work enables us to systematically evaluate the shell size and
geometry to the QD absorption and scattering activity. There are several notable observations.
First, while all QDs exhibit relatively high scattering intensity in the wavelength region attributed
to the CdS shell (Fig. 6.11b and g), the QDs are predominant light absorbers in this wavelength
region since their absorption cross-sections are two orders of magnitude higher than their

scattering cross-sections (Fig. 6.11 b, ¢, g and h). Second, none of the QDs can be approximated
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Fig. 6.12: (dashed lines) Curve fitting with an empirical equation c=a)™ for (solid lines) the
experimental scattering cross-section spectra of (a) RODs and (b) SQODs. (dashed lines) Curve
fitting with an empirical equation o=al® for (solid lines) the experimental scattering cross-
section spectra of (c) RODs and (d) SODs. The a values of 6=al™® for each QD are highlighted

in the graphs. (e) Polynomial fitting of a values from oc=al® for (hollow square) SQDs and
(filled square) RODs as a function of shell volume with the highest power of 2.

as Rayleigh scatterers (6=a/™) (insets in Fig. 6.11b, g, and Fig. 6.12a, b) as assumed in a recent
work,* despite they are all in the Rayleigh scattering size domain with dimensions significantly
smaller than the excitation wavelengths from 300 to 800 nm. This observation is in sharp contrast
to the small polystyrene nanoparticles (100 nm in diameter) and solvent molecules that can all be
approximated as Rayleigh scatterers.** Instead, the wavelength dependence of SQD and RQD
scattering cross-sections can be approximated with the equation of 6=a/® (Fig. 6.12¢, d) where
the fitting coefficient a increases quadratically with increasing particle sizes. Third, regardless of
their geometry, the absorption cross-section of CdS shell on the SQD and RQD is linearly
proportional to the shell volume, while their light scattering cross-section increases quadratically
with the latter (Fig. 6.11d and i).

The most surprising observation is the remarkably small light scattering depolarization
(P5¢? < 0.1) of the RQDs (Fig. 6.11e). Earlier works performed with the rod-shaped (CS.) and
spherical shape (CCls) molecules,** as well as the spherical and rod-shaped gold nanoparticles
(AuNPs)* revealed that light scattering depolarization is very sensitive to scatterers’ shapes.

While the spherical scatterers have negligibly small light scattering depolarization (PS¢¢ < 0.02),
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the scattering depolarization of the rod-shaped scatterers can be as high as 0.5. As an example,
the light scattering depolarization for the rod shaped CS, molecular is 0.5 from 400 nm to 600 nm
region, while the peak light scattering depolarization of the rod-shaped AuNP increases with
increasing AR.**% The peak scattering depolarization of the gold nanorod with an AR of 3.2 is
0.45. While the similar trend is observed for the spherical and rod shaped QDs that the light
scattering depolarizations of the SQDs are smaller than that of the RQDs, the peak RQD
scattering depolarizations remain very small. The maximum light scattering depolarization is 0.04
for the RQD with an AR as large as 16.8. Computational simulations of the QD depolarizations

agree well with the experimental results (Fig. 6.13).
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Fig. 6.13: Computational simulation of scattering depolarization spectra of (a) RQDs and (b)
SOD:s.

6.5 Effect of Shell Sizes and Geometries on the Core Optical Properties

The QD spectral features above the 500 nm are due predominantly to the CdSe
core. Earlier work established that shell coating enhances core UV-Vis extinction and
fluorescence emission.*® However, the enhanced UV-Vis extinction can be due to the
increased photon absorption, scattering, or both, while enhanced fluorescence emission
can be due to the increased QD photon absorbance, fluorescence quantum yield, or both.
The quantitative decomposition of the QD UV-Vis extinction spectra into their
absorption extinction (absorbance) and scattering extinction spectrum enabled us to
pinpoint the physical origins of the increased core UV-Vis and fluorescence intensity

caused by the shell coating.
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Fig. 6.14: Optical properties in QD core region (500—700 nm). Absorption cross-section
spectra of (a) RODs and (b) SODs. The gray curves represent data of the corresponding cores.
ORF cross-section spectra of (¢c) RODs and (d) SQODs. ORF QY spectra (ORF QY(4) =
0ORF(1)/aAbs(2) x 100%) of (e) RODs and (f) SODs.

The shell coating enhances UV-Vis absorption (Fig. 6.14a, b) and ORF (Fig. 6.14
¢, d) cross-sections of the CdSe cores in both RQDs and SQDs QDs. However, despite
all their large difference in their shell volumes, all RQDs have approximately the same
UV-Vis cross-sections, ORF cross-sections, and ORF fluorescence quantum yields (Fig.
16a, c, e). In contrast, both the absorption and ORF cross-sections of the CdSe cores
inside SQDs increase with increasing shell volume. These results indicate that only the
initial layer of CdS shell on the CdSe core in RQDs is effective in enhancing the core
photon absorption and on-resonance fluorescence. Once the CdS thickness on the RQDs
surpasses a critical volume, further growing the CdS shell has no impact on either CdSe
photon absorption or ORF activities. In contrast, absorption and ORF activities of the

CdSe cores inside SQDs monotonically increases with increasing CdS shell thickness.
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This trend is observed even when the thickness of the shell is as large as 3.3 nm in

SQD10.8, which is equivalent to 9.6 monolayers of wurtzite CdS.
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Fig. 6.15: Absorption cross-sections of the 1st absorption peak of SODs as a function of shell
(a) monolayers and (b) thickness. The monolayers are calculated based on wurtzite CdS using
relationship of “0.3378 nm thickness =1 monolayers”. The red line is linear fitting of the 1st
absorption peak intensity of SODs as a function of shell monolayers or thickness. The data
points at 0 shell thickness are data of the CdSe core. (c) Peak wavelengths of the 1st absorption
peak of SODs as a function of shell thickness.

The difference in the shell volume dependence of the CdSe core optical properties
between the RQDs and SQDs can be explained by their different shell geometric
characteristics. On the RQDs, only the initial CdS shell grows three-dimensionally
surrounding the CdSe (Fig. 6.14a), further CdS elongation at one end of the rod is
essentially zero dimensional. Therefore, only the initial three-dimensional CdS coating,
which is the same for all RQDs with different ARs, is effective in enhancing the CdSe
core photon absorption and fluorescence activities, the subsequent CdS coatings that
define the AR of the RQDs have no significant effect on the optical property of the core.
As such, the CdSe core photon absorption and emission properties are the same in all
RQDs despite of their difference in the AR and the shell volume.

The quantifications of the UV-Vis absorption and ORF cross-section enable us to
determine the QD ORF QY spectrum, which is the ratio between the QD ORF and absorption

cross-section at the same excitation wavelengths. Comparing and contrasting the shell thickness

dependence of the core UV-Vis absorption cross-section, ORF cross-section, and ORF QY for the
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SQDs is revealing. The peak UV-Vis absorption cross-section of the core increases linearly with
further shell coating (Fig. 16.4b and Fig. 16.5), but the peak ORF cross-section increases most
effectively with the initial CdS coating. Further increasing the CdS shell thickness has no
significant effect on the RQD ORF cross-section (Fig. 16.4d). The ORF QY of the CdSe core in
SQDs increases significantly with the initial CdS coating. However, further increasing the
thickness of the shell reduces the core ORF QY (Fig. 16.4f). The data for SQDs indicate only the
initial thin layer CdS shell coating are effective in enhancing both the core UV-Vis photon
absorption and ORF QY. Further increasing the shell thickness can more effectively increase the
SQD photon absorption but be less effective in increasing their ORF emission due to the reduced
ORF QY. While the fundamental mechanism for this experimental observation will be subjected
to further investigation, the finding is important for optimizing QD fluorescence QY by design.
Fluorescent QDs are among most optically complicated materials because they
can simultaneously absorb, scatter, and emit photons under resonance excitation and
detection conditions. This work quantified for the first time a series of fundamental
optical constant spectra for a series of RQDs and SQDs that include their scattering,
absorption and ORF cross-section spectra, scattering and ORF depolarization spectra, and
ORF QY spectra. The QD shell scattering cross-section follows, empirically, c=a\®
where the value of coefficient a increases quadratically as a function of shell volume,
while the shell absorption cross-section increases linearly with the shell volume for both
the RQDs and SQDs. The shell geometry has significant impact on the QD fluorescence
depolarization. All SQDs of different sizes all have negligible light scattering
depolarization, but unity fluorescence depolarization in the entire UV-Vis region. The
RQD fluorescence and light scattering depolarization depends strongly on the shell size
and the excitation wavelengths. Furthermore, varying CdS shell size has no significant

effect on the core light absorption, scattering, and ORF fluorescence activities for the
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investigated RQDs, but increasing the shell thickness introduce systematic change in the
optical property of the core in SQDs. Besides providing quantitative insights to the
optical properties of CdSe/CdS core/shell nanoparticles, the methodology such as the
total fluorescence depolarization measurements, PRS2, and PAOS techniques presented
in this work should be important for a wide range of material characterization

applications.

Methods

* (for CdSe and CdSe-CdS core-shell QDs synthesis, see Ch. 2)
* (for CdSe-CdS core-shell NRs synthesis, see Ch. 3)

UV-Vis, fluorescence, PRS2, and PAOS spectral acquisitions:

The UV-Vis extinction spectra were measured with a Thermo Scientific Evoltion 300
UV-Vis spectrometer, while the SSF, fluorescence excitation, PRS2, and PAOS spectra were
acquired with a Horiba FluoroMax-4 spectrofluorometer equipped with an excitation and
detection linear polarizer. Detailed PRS2 and PAOS spectral acquisition and analysis has been
demonstrated before.*’ Unless indicated otherwise, all the spectrofluorometer-based spectra were
acquired with an intergration time 0.3 s, and a slit width 2 nm for both the excitation and
detection monochromators. The normailzed spectra were used where the signal intensity was
normailzed by the signal from the sample detector and reference detector (S1/R1) to eliminate

light source fluctuations.

Computational simulations:
The QD scattering depolarization spectra were computational simulated by the Kramers-

Kronig transformation method *3 %

combined with the Discrete Dipole Approximation (DDA)
method. 33! Kramers-Kronig transformation method was used to calculate the index of refraction
of QDs, with the experimentally measured absorption spectra, concentrations, and volumes of the

QDs. Since the index of refraction of the QD is significantly different from its environment,

herein we consider the wavelength change of the incident light due to the index of refraction of
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QD itself instead of pure solvent in the Kramers-Kronig transformation method. Discrete Dipole
Approximation (DDA) method was then used to calculate the scattering depolarization spectra
based on the QD geometric parameters.
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Chapter 7

Conclusions and Perspectives
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In this research, colloidal QDs were investigated from four different perspectives.
Considering the synthesis methodologies, inspired by the formation of compact spherical CdSe-
CdS core-shell QDs, anisotropic HP and HBP CdSe-CdS core-shell QDs were prepared for
the first time by manipulating the surface passivation. Compared to their spherical
counterparts, high multi-exciton emission, prolonged ensemble, and single-QD PL
lifetimes, and high cellular uptakes associated with low cytotoxicity were observed. In
addition, a Cu-catalyzed solid solution alloying strategy was explored to fabricate
CdZnSe-CdZnS core-shell alloy QDs and NRs. The resulting emission profiles covered
the entire visible spectral range while maintaining uniformity and high QYs. With the
advancements for the Cd-based QDs, our next step is Cd-free QDs (Fig. 7.1).! The recent
synthesis of high-quality InP-based QDs also was based on high-temperature shell
growth,? similar to the Cd-based system. I believe that non-toxic QDs with optical
properties comparable to those of the Cd-based QDs can be synthesized based on the

experience that was gained from the study of Cd-based QDs.

Biophotonics . Nanomedicine

Characterization
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Fig. 7. 1: New Generation Cadmium-Free QDs for Biophotonics and Nanomedicine, reprinted
from ref 1.

In terms of photo-switching, a highly-reversible, dynamic hybrid system with
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excellent fatigue resistance was established by mixing well-designed, dual-color emitting,
Mn-doped CdS-ZnS QDs with photo-switchable diarylethene molecules. Photo-switching
of the system between blue and pink can be induced mainly by selective
quenching/recovering of the Mn-PL of the QDs. I expect that this type of “smart”
dynamic materials could be used in various practical applications, such as self-erasing

paper and super-resolution fluorescence imaging.

Regarding photocatalysis, zwitterionic-capped CsPbBr3 perovskite QDs were
used with a series of a-aryl ketonitriles, which were converted into their dimers under the
illumination of visible light, with a stereoselectivity of d/-isomers. As a new member of
the solar energy harvesting family, there are ample opportunities as well as challenges for
photocatalysis using QDs. First, more comprehensive understandings of the catalytic
process and the physical properties of QDs are needed. Second, future studies should
focus on optimizing ligands to ensure permeability, solubility, colloidal stability, and
selective interaction with co-catalysts. Third, CO; reduction or H» generation may be
integrated to fully use both the electrons and holes with the photocatalytically oxidative
organic reactions. In this case, plastic wastes are one possible choice for the oxidative

half path, which can feed two birds with one scone.

With respect to spectroscopy, we experimentally quantified the photon scattering,
absorption, and ORF activities of CdSe-CdS core-shell QDs as a function of the shell
sizes and geometries. The future design, characterization, and applications of QDs will be
guided by the differentiating and detailed analysis of their complicated optical properties.
In addition, the methodology presented in this work is directly applicable for quantifying
the optical activities of optically complex materials for which the common UV-vis

spectrometry and fluorescence spectroscopy are inadequate.
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Overall, with all of the efforts that have been made during the past four decades, a
lot has been accomplished. However, QD technology is still young, and new,
imaginative. Discoveries and applications of QDs continue to emerge. There is still much
work to be done in this field in the future, and cooperative work with researchers in other
fields also is likely to be beneficial and productive.
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