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ABSTRACT

Colloidal quantum dots (QDs) have great potential in many applications such as bioimaging, light
emitting diodes, solar cells and lasers. However, a great number of studies have been focused on
Cd based (11-VI) and Pb (IV-VI) based materials which are not suitable for mass production.
Therefore, alternative types of QD containing less toxic materials have been introduced, including
CulnSz QDs. This I-111-VI semiconductor nanocrystals also attract lots of attention due to their
large Stock shift, long fluorescence lifetime and high defect tolerance, making them attractive
emitters for applications in bioimaging, photovoltaics and light emitting diodes.

In the first project, we synthesized C1S/ZnS QDs using different concentration of Zn precursors.
the relationships of structure, elemental composition and photophysics of the QDs were thoroughly
investigated. As the concentration of Zn precursor increases up to 4 mmol the emitting centers CIS
get smaller and act as dopants in zinc blende ZnS lattices. Concurrent with this transition,
subpopulation blinking analysis shows a wide heterogeneity from QD to QD increased. Also, it
shows that the on time blinking statistics shift from inverse power law (or multiexponential) to
monoexponential behavior. We proposed a model where the different positions of CIS in ZnS is
the explanation for the wide heterogeneity in blinking behavior of the QDs. We anticipate these
results can be contributed to the design for a large-scale production of the QDs.

In the second project, we applied fast blinking CIS/ZnS QDs as fluorescence probes in single
particle localization super resolution imaging and compared the resolution of reconstructed images
with those using commercial CdSe/ZnS QDs. The results show that even CIS/ZnS QDs obtained
less precision in single molecule localization, the resolution in reconstructed images of f-actins

was comparable with those using commercial CdSe/ZnS QDs. This project provides some useful



insights to demonstrate that Cd-free and fast blinking C1S/ZnS QDs can be used as fluorescence

probes for super resolution imaging.
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Chapter 1. Introduction

1.1. Quantum dots

1.1.1. Quantum confinement in quantum dots

Quantum dots are nanoscale semiconductors with sizes usually less than ~10 nm. A material is
defined as a semiconductor when there is a low-to-moderately sized energy gap (< ~3eV)
separating the conduction bands from the valence bands. In a bulk semiconductor, the width of
this energy gap is a fixed parameter and is dependent only on the material. However, when the size
of a semiconductor becomes comparable to or smaller than the length of the excited electron-hole
pair separation (exciton Bohr radius), electronic excitations experience the presence of the particle
boundaries in all three dimensions (for spherical particles) and respond to changes in the particle
size by adjusting their energy spectra. This phenomenon is known as quantum confinement and
nanoscale particles that exhibit it are often referred to as quantum dots (QDs). As the QD size
decreases, the energy gap separating conduction bands and valence bands increases, resulting in a
decrease (blue shift) of the excitation and emission wavelengths (figure 1.1a). Moreover, because
of the quantum confinement, the continuous energy bands of the bulk semiconductor turn into
discrete, atomic-like energy levels for QDs. Thus, QDs are also known as artificial atoms. These
discrete energy levels of QD can be labeled using atomic-like notations (1S, 1P, 1D, etc.), as
illustrated in figure 1.1b.> The discrete structure of energy states leads to the discrete absorption
spectrum of QDs, which is in contrast to the continuous absorption spectrum of a bulk
semiconductor (figure 1.1c). Semiconductor QDs bridge the gap between cluster molecules and
bulk materials although the boundaries between molecular, QD, and bulk regimes are not well
defined and strongly depend on materials. In general, a material can be considered as QD when it

contains approximately from ~100 to ~10,000 atoms.
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Figure 1.1. (a) Emission wavelength of QDs can be tuned by adjusting the size of the QDs. (b) A
bulk semiconductor has continuous conduction and valence energy bands separated by a fixed
energy gap, Ego (left), while a QD is characterized by discrete atomic-like states with energies that
are determined by the QD (right). (c) A schematic representation of the continuous absorption
spectrum of a bulk semiconductor (curved line), compared to the discrete absorption spectrum of
a QD (vertical bars). Image is modified from ref.1 and https://www.sigmaaldrich.com/technical-
documents/articles/materials-science/nanomaterials/quantum-dots.html.

The Bohr radius of a QD is defined as
n

ag=& 4, (Eq. 1.1)

where ¢ is the dielectric constant of the material, m* is the mass of the particle, m is the rest mass
of the electron, and a, is the Bohr radius of the hydrogen atom. For a QD, it is convenient to
consider three different Bohr radii: one for the electron (ae), one for the hole (an), and one for the
exciton (electron—hole pair) (aexc). In the case of the exciton, the reduced mass of the electron—hole

pair is used for m*. When comparing the QD radius, a, with those three Bohr radii, three different



situations can be considered. First, when a is much smaller than ae, an, and aexc (i.e., when a < ae,
an, aexc), this is known as the strong confinement regime. Second, when a is larger than both a. and
an, but is smaller than aexc, (i.e., when ae, an < a < aexc), this limit is called the weak confinement
regime. Finally, when a is between ae and an (e.g., when an < a < &, aexc), this is the intermediate
confinement regime. Of course, the confinement regime depends on the material and size of the
QD. For example, the exciton Bohr radius of InAs is 36 nm, thus InAs QDs in the ~10 nm size
scale are in the strong confinement regime. In contrast, CuCl has an exciton Bohr radius of 0.7 nm
so that CuCl QDs of similar sizes are in the weak confinement regime. The Bohr radius of CdSe
is 6 nm so it can be in either the strong confinement or the intermediate confinement regime,
depending on the exact size of the QD.}

Based on the semiconductor material and its bulk bandgap, Brus developed an approximate

relationship between the size of QD and its bandgap.?

h? ( 1 1 )_ 1.8¢2 (Eq. 1.2)

EQD — Ebulk g -
- . 8mgr-

me* my* dmeger

E4°P is the theoretical bandgap of QD, E¢*" is the bandgap of the bulk material, h is Planck’s
constant, r is the radius of nanoparticle, mo is the mass of an electron, me* is the effective mass of
the electron, mn* is the effective mass of hole, e is the charge of electron, € is the permittivity of
free space, € is the permittivity of the material.

The first term is based on the properties of the bulk material, the second term is based on the
particle-in-a-box confinement of the exciton, and the third term is based on the Coulombic

attraction between the electron and the hole.



1.1.2. Photophysics of single quantum dots

Since they were first reported by Ekimov et al.® and Brus et al.,* QDs have been considered as a
versatile candidate in many applications, including solar cells,® bioimaging,®” and displays.®
However, in 1996 Nirmal et al. reported a blinking phenomenon of isolated CdSe QDs under
steady-state laser excitation conditions.® Blinking is a phenomenon in which, even under constant
illumination, single QD fluoresce intermittently and stochastically. The incoherency of such

blinking behavior of single QD would be averaged out and therefore undetectable in an ensemble

measurement.
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Figure 1.2. Blinking of single QD. (a) The time dependence of the PL intensity of a single CdSe
QD with a radius of 2.1 nm (upper panels) and CdSe coated with a seven-monolayer-thick ZnS
shell ( lower panel) under a continuous-wave excitation intensity of 0.7 kW cm™ as reported in
ref.. (b) Schematics of explanation for blinking in QDs. Optical excitation of the neutral QD leads
to PL with a radiative decay time trag ON the order of 10 ns; excitation of the charged QD leads to
fast non-radiative Auger recombination with a decay time tnrad On the order of 10-100 ps. Arrows



show the phenomena that control fluorescence trajectory measured in a single CdSe QD. (c)
Processes leading to QD ionization and neutralization. Image is modified from ref. 10.

Figure 1.2a shows the time-dependent PL intensity of a single CdSe QD with a radius of 2.1 nm
under continuous illumination.!® Obviously, the time dependence of PL intensity exhibits a
sequence of ‘on’ and ‘off ’periods. After the QD was coated with a seven-monolayer-thick ZnS
shell, the duration of the ‘on’ periods is longer than that for CdSe QD. Since this report, many
research groups have observed this effect at various temperatures in many types of QD and
nanowire. QD blinking dynamics is observed even down to very low temperatures (4 K), which
rules out thermally activated processes as the source. Given the excellent photophysical attributes
for QDs noted under ensemble conditions, blinking at the single-level QDs can limit their
applications when quantitative emission is required.

Currently, the most widely accepted explanation is that the blinking phenomenon arise due to
illumination-induced charging (on — off) followed by reneutralization (off — on) of the QD.*2
This occurs because, for a neutral QD, a photon excites an electron-hole pair (exciton), which then
recombines, emitting another photon and thus QD fluoresce (Fig. 2b), a process known as radiative
recombination. In the presence of an excess charge (or, more accurately, charge separation in a
neutral QD) a process known as non-radiative Auger recombination occurs, by which the
additional exciton energy is efficiently transferred to the extra electron or hole non-radiatively
(Fig. 2b). As a simple physical picture, one can think of the extra carrier as a third body that can
take away the excess energy of the exciton. Because the rate of Auger-assisted recombination can
be orders of magnitude faster than that of radiative recombination, the radiative emission can

therefore be strongly suppressed in charge-separated QDs.



The switching time between on and off states is stochastic and seemed to span multiple timescales.
When on or off event durations are plotted on a log-log scale, a negative linear dependence was
observed (figure 1.3b and c), and was interpreted as inverse power law behavior according to Eq.

1.3.8
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Figure 1.3. (a) Typical blinking trace of CdSe, (b) probability distribution of on-time durations
(log-log plot), (c) probability distribution of off-time durations (log-log plot), (d) physical model
of hot electron trapping (process 1) and quantum mechanical tunneling of electrons (process 2) or
holes (process 3) to external trap states underlying blinking, (e) distributed rates of QD charging
used to explain the inverse power-law dynamics of blinking shown in (b) and (c). Image is
modified from ref. 13.

In 2003 Kuno and Nesbitt reported the first model to explain the blinking phenomenon of QD,
indicating that external trap states in the ligand and/or substrate have stochastically time-varying
energy and distance from the QD (figure 1.3d and e).1* The stochastically-varying trapping rate of
external trapping/charging led to a power law behavior in the on-times, and a diffusive random
walk of the trapped external charge back to the charged QD led to power law behavior in the off

times. The value of the exponent, a, in a 1-D random walk model is 3/2, which agreed with most



experimental data at the time. On the other hand, some other studies noted a cutoff in the on times
that limited the maximum length of on events, modifying Eq. (1.3) to Eq. (1.4) for on events.'®
Py =At""exp(—t/7.) (Eq.1.4)
The dependence of the values of the power law exponent in Eg. (1.3) and (1.4) and of the
characteristic cutoff time in the exponential term, tc of Eq. (1.4) under different conditions has
been extensively examined over the years. For example, one of the early landmark studies by the
Bawendi group showed a truncation in the exponential cutoff time for the on states with increasing
QD size, excitation power and temperature or with ZnS capping, although the exact ZnS shell
thickness was not given.'®> Meanwhile Heyes et al. reported a negligible effect of ZnS shell
thickness on either power law exponent or exponential cutoff time.'® These inconsistencies
suggested that microscopic structural differences in the shells and/or core-shell interface may play
arole.
Two theoretical models were published by the Marcus group at approximately the same time that
provided alternative explanations to the power law blinking dynamics from that of figure 1.3d.1"
8 The first, proposed by Tang and Marcus, is not dissimilar to the model in figure 1.3d, but
interprets it as a photoinduced diffusion-controlled electron transfer (DCET) model between bright
and dark states based on the foundation of (Nobel prize winning) Marcus theory.!” The second,
proposed by Frantsuzov and Marcus, used a model in which a long-lived trap state hypothesis was
not needed, relying on a fluctuating resonance between hole trapping energy and electronic
excitation energy.!®
Since blinking can limit the potential application of QDs in various fields, there are many methods
have been developed to reduce blinking of QDs,**?° one of which is to encapsulate the core with

a “giant” epitaxial shell.?! During the shelling chemistry for core QD, one should consider the



difference bandgap and lattice mismatch of core and shell materials, since these factors have
significant effect on the blinking of final core/shell QDs. In fact, the Heyes group reported that a
balance between wavefunction confinement and induced lattice strain by a multishell structure of
CdSe/CdS/zZnS can be used to reduce blinking when the ZnS outer shell is thin. However, as the
thickness of the outer ZnS shell increases, blinking increases due to the formation of trap states at
the interface induced by the lattice strain, leading to a “Goldilocks effect” of finding just the right
shell thickness to reduce blinking while keeping the QD relatively compact.??> When toxicity is
less of an issue, complete or near-complete suppression of blinking has been reported for
CdSe/CdS core/shell QDs, which allows for epitaxial growth of very thick shells (12-15
monolayers) due to the low lattice mismatch between CdSe and CdS.2* This approach both reduced
interfacial trap states and isolated the QD from external trap states. Subsequently, through carefully
growing the shell with exceptionally high crystallinity by changing the shell precursor reactivities
and reaction conditions, non-blinking (or at least very low blinking) CdSe/CdS core/shell QDs
with thinner shells were reported.?

Depending on the bandgaps and the relative position of electronic energy levels of the involved
semiconductors, the shell can have different functions in core/shell QDs. Figure 1.4 provides an
overview of the band alignment of the bulk materials, which are commonly used in QD synthesis.
Three classes can be distinguished as demonstrated in figure 1.4.1% In type-I, the bandgap of the
shell material is larger than that of the core and both electrons and holes are confined in the core.
In type I, the bandgap of the shell material is smaller than that of the core and depending of the
thickness of the shell, the holes and electrons are separated between core and shell. In quasi-type

I1, either the valence-band edge or the conduction-band edge of the shell material is located in the



bandgap of the core, so that one charge carrier can be confined in the core and the other can

delocalize between core and shell. The bulk band gaps of various QDs are given in figure 1.4b.

quasi-
type | type Il type Il

99O

Figure 1.4. (a) Comparison of type I, type Il and quasi-type Il core/shell QDs. (b) The relative
band gaps and band edge offsets between different QD materials. The shaded region is the band
gap, so that the lower limit of the shaded region represents the valence band edge and the upper
limit of the shaded region represents the conduction band edge. Image is modified from ref. 13.
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1.1.3. CulnE2 QDs

Since the early reports for synthesis of QDs, there have been tremendous work focusing on
synthesis procedures, structural and optoelectric characterization for QDs.'% 23 Especially in the
case of binary materials, such as 1I-VI?*? or IV-VI?®*3 semiconductors, a vast amount of
synthetic procedures allowing for precise size and shape control has been developed and a number
of studies were conducted in recent years, which shed light on the underlying reaction mechanisms
of the nanocrystals formation and growth. The excellent and precisely controllable optical
properties of Cd and Pb-based nanocrystals have made them great types of QDs for fundamental
studies. However, because 1I-VI and IV—VI semiconductors usually contain the highly toxic
heavy metals of cadmium, mercury or lead, their large scale applications are greatly limited. Thus,

a great number of studies has been carried out focusing on other types of QDs with less toxic



materials but possessing similar optical properties.3* Copper indium disulfide CulnS; (CIS), for
instance, is a direct semiconductor with a bulk bandgap of 1.45 eV, high extinction coefficient in
the visible spectral range, exceptional radiation hardness, and pronounced defect tolerance.3>-3
Therefore, increasing activity in the field of the colloidal synthesis of CIS QDs has been observed
in the hope to develop alternative nanocrystalline materials for applications in solar energy
conversion, photodetectors, light-emitting devices, photocatalysis, or biomedical applications.®’

The Bohr exciton radius of CIS is 4.1 nm, thus quantum confinement effects can be observed in

CIS nanocrystals up to a size of about 8 nm. By changing the size of CIS QDs, their absorption

and emission can be tuned from the visible spectrum up to the near infrared.® In comparison with

the prototypical 11-VI QDs, some important fluorescent properties of I-111-1VV QDs are presented
in table 1.3
Table 1. Comparison in fluorescent properties of I1-VI and I-111-1V QDs.

Spectral tunable window UV-visible and NIR UV-visible and NIR
PLQYs > 50% >50%

FWHM 25-35nm 80-120 nm

Stoke shifts <100 meV 200-300 meV

PL lifetime ~20ns 100-300 ns

Bulk CIS has a chalcopyrite structure, but CIS QDs have been reported to crystallize in three
distinct crystal structures: chalcopyrite (CP), zinc blende (ZB), and wurtzite (WZ) (panels a, b,
and c of figure 1.5, respectively).® The microstructure of CP has been well-studied and has a
significant impact on the optoelectronic properties of CIS QDs with this structure. CP I-111-VI

materials exhibit cation ordering (Figure 1.5a) with each S atom surrounded by two In and two Cu

10



atoms. The different bond lengths (Rcu-s # Rin—s) cause anion displacement from a close-packed
arrangement, leading to a tetragonal distortion of the crystal lattice. The structural complexity of
[-111-VI> CP semiconductors results in a lower band gap energy and an abundance of intrinsic

defects, in comparison to the II-VI ZB analogues.
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Figure 1.5. Crystal structures of CIS QDs of (a) Chalcopyrite; (b) Zinc blende; (c) Wurtzite; (d)
XRD patterns of chalcopyrite, zinc blende and wurtzite. Image is modified from ref. 28.

Over the past several years, even though synthetic developments for CIS QDs have been
substantially refined in order to decrease ensemble size, shape, and composition distributions, a
sharp first absorption transition has not yet been observed and emission bands have remained
broad. Therefore, the exceptionally broad emission bands and essentially featureless absorption
spectra of colloidal CIS QDs cannot be explained by the heterogeneity of their size, shape and
composition, as is the case for binary 11-VI and IV-VI QDs.*° Furthermore, recent single-QD
measurements have shown that the PL fwhm of single CIS QD is only slightly narrower than that
of the ensemble (190—270 meV vs 300—400 meV, respectively),*! indicating that the broad
spectral bandwidths (and likely also the large Stokes shifts) of CIS QDs must originate from the
intrinsic characteristics of individual QDs.

To date, several models have been proposed to explain the intriguing characteristics of the radiative

recombination in CIS QDs, including donor—acceptor pair recombination (figure 1.6a);

11



recombination in which only one of the carriers is localized — either the electron (figure 1.6b) or

the hole (figure 1.6¢); and the exciton fine-structure model (Figure 1.6d).

a b C d
ff?t — - ,-.\—- - @
%_‘? ° LL‘ , N
/ \
1 / T %

Figure 1.6. Schematic representation of the different mechanisms proposed for the exciton
radiative recombination in CulnS; QDs. (a) Donor—acceptor pair recombination. (b) Localized
electron recombines with delocalized valence band hole. (c) Delocalized conduction band electron
recombines with localized hole. (d) Exciton fine-structure: absorption transition occurs to a higher-
energy hole state while emission takes place from a lower-energy hole state. Image is modified
from ref. 29.

Recently, many studies have agreed that the radiative recombination of a delocalized conduction
band electron with a localized hole is the most convincing mechanism that explains all the
observed PL characteristics for CIS QDs (i.e. broad PL bands with size-dependent spectral
positions but size-independent bandwidths, large and size-independent Stokes shift, long radiative
lifetimes and multiexponential PL decays).*® It was concluded by both Knowles et al.*? and Rice
et al.*® that radiative recombination requires Cu?*-centers, but there is still a question whether Cu?*
already exists prior to photoexcitation or if it is formed as a result of oxidization of Cu®™ by
localization of the photogenerated valence band hole.***® Not only is the formal charge of copper
ions in the QDs ground state still under debate, but also the nature of the Cu-centers at which
radiative recombination takes place. The Cu-center involved may be a Cu* ion with the intrinsic

CIS crystalline surrounding (figure 1.7b), or a Cu-related defect (for example, a Cu?" ion

neighboring a Cu vacancy or a Cu* ion in an antisite defect, figure 1.7d).%°
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Figure 1.7. (a) Recombination of a delocalized conduction band electron with a localized hole. The
green question mark highlights the remaining question on the nature of the hole-localization center.
(b—d) Proposed hole-localization centers: (b) Photogenerated hole localizes on a regular Cu™ ion.
(c) Photogenerated hole localizes on a Cu* ion, and there are also native holes present (i.e., Cu®*
ions). (d) Photogenerated hole localizes on Cu*-related native defects. Image is modified from ref.
29.

1.2. Super-resolution microscopy

1.2.1. Breaking the diffraction limit of light

An optical microscope is a lens system that produces a magnified image of a small object. Through
this lens system, light rays from a point source converge to a single point at the image plane.
However, because of the wave nature of the diffracted light, the image of the point source blurs
into an Airy disk. An Airy disk is the region enclosed by the first minimum of the airy pattern and
contains approximately 84 percent of the luminous energy, as depicted in figure 1.%¢ The three-
dimensional (3D) intensity distribution of the Airy disk is called the point spread function (PSF).
The size of the PSF determines the resolution of the microscope: two points reside within the full
width at half-maximum (FWHM) of the PSF will be difficult to resolve because their images
overlap substantially. Thus, image resolution is the smallest distance at which the two points can

still be seen as separate entities.
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Figure 1. (a) The formation of an Airy disk due to the diffraction of light. (b) PSF is a 3D intensity
of an Airy disk. (c) 84% of intensity enclosed within the first minimum of an airy pattern. Image
is modified from ref.1.
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Figure 2. The PSF of a common oil immersion objective with numerical aperture (NA) = 1.40,
showing the focal spot of 400 nm light in a medium with a refractive index n = 1.515. The lateral
and axial resolutions are 200 nm and 500 nm, respectively. Image is modified from ref.1.46

The formal expressions presented by Abbe in 1882 for lateral and axial resolution in the optical

microscope are:

Resolutiony, y= A/2(n.sin(a)) Resolution,=2/(n.sin(a))? (Eq. 1.5)
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where A is the wavelength of light (excitation in fluorescence), n represents the refractive index of
the imaging medium, and the combined term n.sin(a) is known as the objective numerical aperture
(NA). These equations were later refined by Lord Rayleigh in 1896 to give the Rayleigh criterion,
defined as the shortest distance at which two-point emitters can be distinguished as separate
objects: R =0.61A/NA. Therefore, the theoretical resolution limit at the shortest practical excitation
wavelength (approximately 400 nanometers) is around 200 nanometers in the lateral dimension
and approaching 500 nanometers in the axial dimension when using an objective having a

numerical aperture of 1.5 (figure 2).
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Figure 3. PSF and the resolution limit: (A) representative PSF profile for a wide-field or TIRF
microscope viewed in the xy-plane (scale bar 200 nm) and xz-plane (scale bar 600 nm); (B) two
particles at resolvable and unresolvable distances as seen in a microscope, red arrows demonstrate
when the centers of the particles are resolvable, green line is showed as the intensity profile, dotted
red and blue lines correspond to the profile of the upper and lower particles, blackline to the
summed profile of both particles.*’Image is modified from ref.2.

Thus, structures that lie within 200 nanometers cannot be resolved in the lateral plane using either
a widefield or confocal fluorescence microscope (figure 3).#” As many subcellular structures have

features much smaller than this size—including microtubules, actin fibers, ribosomes, transport
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vesicles, and the intramembrane organization of organelles, a microscopic technique that can be
both nondestructive and achieve nanometer resolution is highly desirable for biological research.

Over the past few decades, there are many new imaging techniques have been introduced that can
break the diffraction limit. It is clear that a short wavelength light source is able to produce a high-
resolution image (Eq.1.5). In 1931 M. Knoll and E.A.F. Ruska invented electron microscope (EM)
which is a very powerful imaging tool to visualize structures much smaller than 200 nm.*® The
electron beam plays a role of forming images of the specimen objects just similar to the light beams
in light microscopy. It provides a resolution under 1 nm because of the short wavelength of the
electron beam.*® However, EM has several practical issues that limit its usage in biological
imaging. The issues come from the substantially high energetic electron beam carries electron
charges, which as a result, damage or alter samples, requires a fixed, dehydrated and thin section
sample to be imaged in an extremely high vacuum. Therefore, EM is not suitable for live imaging
and multi-color imaging for biological samples. Besides the method of shortening the wavelength
to improve spatial resolution, near-field scanning microscopy (NSOM) has also been demonstrated
to address the diffraction problem by placing the imaging aperture close (within one wavelength
of light) to the sample, to obtain sub-diffraction resolution before the light spatially diverges.>*->
However, due to the need for the sample to be in the near field, this method is limited to the very
surface of a sample. On the other hand, far-field optical super-resolution microscopies have also
been rapidly developed since the first inventions occurred in the 1980s. These innovations can be
divided into three types. One of the strategies is based on increasing the effective NA of an optical
system to enhance the resolution. For instance, 4Pi-microscopy proposed by Stefan Hell who used
two opposing objective lenses for sample illumination by two coherent laser beams, and achieved

remarkable improvement in axial resolution by a factor of seven.> A similar approach, but with
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an additional illumination path named 1°M microscopy was later reported with five to seven fold
improvement in axial resolution compared to conventional microscopy.> However, these axial
interferometric techniques provided very little improvement in the lateral resolution (as also can
be seen from EQ.1.5), because improving the effective NA will improve axial resolution much
more than lateral resolution. Another type of resolution enhancement is based on pattern
illumination of samples. For example, in 1994 Stimulated Emission Depletion (STED) method
was developed by Stefan W. Hell and Jan Wichmann,> which suppresses the fluorescence
emission from the probes located off the center of the excitation by illuminating them with an extra
annular laser beam after a normal excitation laser beam, causing stimulated emission in these
regions upon reaching their saturation intensity. In this method, only fluorophores at the center of
the donut-shaped beam remain fluorescent, resulting in an extremely small fluorescence area
(figure 4).% With STED depletion, a smaller effective PSF size is obtained in the expression:

Aett =~ AI(1 + 1/15)2 (Eq. 1.6)
where A refers to the diffraction-limit size of PSF, | is the peak intensity of the donut shape beam,
and Is is the saturation intensity of fluorophores. In cases where | equals zero, equation 1.6 reduces
to the Abbe diffraction limit. Conversely, when I is much greater than the fluorophore saturation
intensity (i.e. the value of the square root increases), the PSF becomes very narrow and super
resolution is achieved. For example, when I/ls equals 100, the resolution improves by ten-fold.
Even though there is no theoretical resolution limit according to this formula, in practice
photodamage of the sample restricts the depletion light intensity at a safe value, particularly for

biological samples. Typical resolution in biological samples using STED is ~ 50 nm.%®
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Figure 4. The principle of stimulated emission depletion (STED) microscopy. (a) The process of
stimulated emission. A ground state (So) fluorophore can absorb a photon from the excitation light
and jump to the excited state (S1). Spontaneous fluorescence emission brings the fluorophore back
to the ground state. Stimulated emission happens when the excited-state fluorophore encounters
another photon with a wavelength comparable to the energy difference between the ground and
excited state. (b) Schematic drawing of a STED microscope. The excitation laser and STED laser
are combined and focused into the sample through the objective. A phase mask is placed in the
light path of the STED laser to create a specific pattern at the objective focal point. (c) In the xy
mode, a donut-shaped STED laser is applied with the zero point overlapped with the maximum of
the excitation laser focus. With saturated depletion, fluorescence from regions near the zero point
is suppressed, leading to a decreased size of the effective PSF. Image is modified from ref. 10.

Another microscopic technique using saturation process for super-resolution imaging is saturated
structure illumination microscopy (SSIM).%" In this method, the illumination beam is shaped by a
diffraction grating to create a sinusoidal-type illumination pattern directly in the sample. A series
of images is then acquired while varying the position and rotation of this pattern. Computational
reconstruction methods then yield a super-resolution image by exploring the additional frequency

information extracted from the acquired images. This method virtually doubles the NA of the

system, hence doubling the lateral resolution to around 100 nm (figure 5a).
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Figure 5. The principle of saturated structured-illumination microscopy (SSIM). (a) The generation
of the illumination pattern. The excitation beam is devided into two by placing a diffractive grating
in the excitation path. Their interference after emerging from the objective and reaching the sample
creates a sinusoidal illumination pattern with alternating peaks and zero points. (b) Resolving fine
structures with structured-illumination microscopy (SIM) and SSIM. When a sinusoidal
illumination pattern is applied to a sample, a moiré pattern at a significantly lower spatial frequency
than that of the sample can be generated and imaged by the microscope (SIM panel, lower part).
in the moiré pattern (SIM panel, upper part). SSIM introduces a high-frequency component into
the excitation pattern, allowing features far below the diffraction limit to be resolved. Imaged is
modified from ref. 10

In 2005, Gustafsson further improved the resolution for this imaging technique using nonlinear
structured illumination.®® Under intense illumination, the emission intensity can depend
nonlinearly on the illumination intensity. This nonlinearity causes the illumination pattern to
saturate at the high-intensity illumination region as indicated in figure 5b. With high illumination

intensity, the effective illumination pattern in figure 5b contains harmonics with spatial frequencies

that are higher than the original illumination spatial frequency. These higher spatial frequency
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components have provided a resolution of 50 nm on bright and photostable samples,*® 3D cell
imaging® and 3D live cell imaging.%

Another type of super resolution microscopy is single molecule localization microscopy, which
include photoactivated localization microscopy (PALM)® and stochastic optical reconstruction
microscopy (STORM).52 The main concept of this imaging technique is to label the imaging
sample with fluorescent probes that can switch between a fluorescent and a dark state. In this
approach, molecules within a diffraction limited region can be activated at different time points so
that they can be individually imaged, localized, and subsequently deactivated. The process is
repeated with thousands of cycles through wide-field imaging, so that there are enough coordinates
from many fluorophores that can be mapped and a super-resolution image subsequently
reconstructed.

Super-resolution imaging methods are able to achieve substantially high resolution (even down to
several nm). Figure 6 summarizes the approximate resolution of some widely used microscopy.
This significance of far-field super-resolution imaging techniques were recognized when the 2014
Nobel Prize for Chemistry was awarded to Eric Betzig, Stefan Hell and William Moerner for their

pioneering contributions to this field.
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Figure 6. Comparison of the spatial scales at which different microscopy techniques. Image is
modified from ref.5
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1.2.2. Single molecule localization microscopy

The principle of single molecule localization super resolution imaging relies on a combination of
two capabilities: the localization of single fluorophores with very high precision and imaging of
sparse subsets of photoswitchable fluorescent labels in time.

Because of the diffraction of light, the image of a single molecule captured through a conventional
optical microscope is much larger than the molecule itself and is often referred to as PSF. When
the molecule is isolated, it is possible to determine its position with very high precision by finding

the centroid of its PSF as illustrated in figure 7.54-6
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Figure 7. The basic concept of localization of single molecule. (left) wide field image of
fluorophores. (middle) wife field image of single fluorophore. (right) PSF and Gaussian fitting to
find the center position with very high precision of the single fluorophore. Image is modified from
ref. 21.

The localization precision mainly depends on the number of photons emitted by the molecule and
subsequently captured by the microscope, background noise, and pixel size.®* The localization
precision is described as:

0% = $?/N + a%/(12N) + 8ns?b?/(N?b?) (Eq. 1.7)

where s is the standard deviation (SD) of the PSF, a is the pixel size in the image, b is the

background noise, and N is the number of photons collected. Based on equation 1.7, the higher the

number of photons emitted by a fluorophore/collected by the microscope, the more precise the

21



localization accuracy. For example if a fluorophore emits 100 photons that are all captured by the
microscope, the localization precision of that fluorophores can approach 20 nm.
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Figure 8. The principle of single molecule localization super resolution imaging. In one cycle of
imaging, just a small subset of fluorophores is activated. Their positions can be localized with a
high precision. Then these fluorophores are turn off. Another subset of fluorophores is activated
and the imaging cycle is repeated many times so that there are enough positions of fluorophores
to reconstruct an image with resolution much better than diffraction limit.

Although the ability to precisely localize single molecules is powerful by itself, this concept alone
is not enough to break the diffraction limit when imaging densely-labeled samples. The resolving
power of an optical microscope is dependent on the ability to distinguish each fluorescent molecule
in close proximity, which is still limited by diffraction since the PSF of these molecules will
overlap when they are closer than the diffraction limit. Therefore, to transfer the single-molecule
localization concept to super-resolution imaging, it is important to be able to actively control the
density of fluorophores that are fluorescent at any point in time (the binning time of the detector)
to avoid overlapping fluorescent signals. This active control of fluorophore density was made
possible by the discovery of photoswitchable probes.®*: ¢

Photoswitchable probes can be cycled between bright and dark states (or between two different
spectral colors) using illumination. In particular, the majority of probes can be “switched off” to
allow only a very small fraction of them to be in the fluorescent state. Even in a densely-labeled
sample, the signals of the subset of activated probes will no longer overlap and therefore their
positions can be localized with high precision. Through many cycles of activation and deactivation,
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the positions of all the probes can be precisely determined, and these positions can then be used to
reconstruct a high-resolution image (figure 8). Two ground breaking studies for single molecule
super resolution microscopy from Betzig who used photoactivatable fluorescent protein (PA-FP)
molecules for PALM® and Zhuang used Cy3-Cy5 dye pair for STORM showed substantial
improvements in spatial resolution.®?

The spatial resolution in single molecule localization microscopy depends on several factors. First,
the precision by which each molecule can be localized, known as localization precision, which is
described above. Second, spatial resolution depends on the labeling density. Low-labeling
densities typically cause continuous structures to appear discontinuous, resulting in a loss of detail.
The effects of the labeling density on the spatial resolution can be quantified by the Nyquist
criterion,®® which states that structural features smaller than twice the fluorophore-to-fluorophore
distance cannot be reliably discerned. And the smallest resolvable feature size is determined as
followed equation:

Anyquist = 2/NVP (Eqg. 1.8)
where N is the labeling density calculated as the number of localizations per unit area or volume,
and D is the dimension of the structure to be imaged (2 for twodimensional (2D) and 3 for three-
dimensional (3D) imaging). According to equation 1.8, to achieve a 20-nm 2D (or 3D) resolution,
an extremely high labeling density of 10* per um? (or 108 per um?) is required in general. This
requires that only about 1 in several thousand fluorophores be active at any (binning) time point

to obtain a super-resolution image.
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1.2.2.1. Fluorescent probes for single molecule localization microscopy
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Figure 9. Common types of fluorophores in the bioimaging are (a) organic dye molecules
(tetramethylrhodamine (TMR) is shown), (b) fluorescent proteins (GFP is shown), (c) quantum
dots, and (d) dyed polymer particles. Image is modified from ref. 24.

Several fluorophore classes have emerged as candidates for labeling subcellular structures in
photoactivated single-molecule localization microscopy. These include genetically encoded
proteins, small-molecule synthetic dyes, quantum dots, and dyed polymer particles (figure 9).°
Each class of probe has its particular strengths and weaknesses, but no single class or individual
fluorophore can combine all the preferred characteristics of an ideal probe for single molecule
super resolution microscopy.® "* The principal property for fluorescent probes in this class is
that they must be capable of being photoactivated, photoswitched, or photoconverted by light of a
specific wavelength so that they can alter their spectral properties for the detection of selected
subpopulations.

Among the most desirable characteristics for single-molecule super resolution probes are very high

brightness and contrast levels, which are necessary to maximize the number of photons that can

be detected per molecule before it photobleaches or reverts to a dark state. Brightness is determined
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by the product of the molar extinction coefficient (gabs) and the fluorescence quantum yield (¢).”
In addition, these probes should be able to switch between fluorescent and dark state so that in a
given binning time, only a small subset of probes are fluorescent.

One of the biggest advantages of fluorescent proteins is that they are genetically encodable and are
straightforward for specific cellular structural labelling, such as lysosomes, and mitochondria.’
Nowadays, the fluorescent proteins family has been expanded to a wide range of derivative
products, with a wide range of optical and chemical properties. For example, photoactivatable
fluorescent proteins such as PA-GFP that can increase the fluorescence by 100 fold compared to
wild type GFP when excited at 488 nm®’; PA-mcherry has improved pH stability, faster
photoactivation and higher contrast;’® photoconvertible fluorescent proteins such as EosFP,
mEosfp, mEos2 can convert from one emission wavelength to another; and photoswitchable
fluorescent proteins such as Dronpa, which can switch to an on state after brief illumination at 405
nm and revert to a dark state when illuminated at 488 nm."?

Organic dyes have provided an alternative fluorescence labelling solution to fluorescent proteins,
in terms of their small structure, high QY (more than 90 %) which results in brighter probes with
higher numbers of photons per molecule and good photostability in cellular environments. Dyes
are small conjugated organic molecules such as Fluorescein, Quinine, Coumarin, Rhodamine,
Cyanines and Oxazines, which are usually 1-5 nm in size. Many advanced biofunctional
fluorescent dyes are commercially available and include derivatives from green-color-emitting
products such as Carboxyfluorescein, to orange-color-emitting products such as ATTO532, and
even red/near IR-color-emitting products such as Rhodamine B, Cy5, Cy7.5562.70

For single-molecule localization based super resolution microscopy, such as PALM and STORM,

the spatial resolution is limited by the number of photons, as indicated in equation 1.7. PALM or
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STORM collects the maximum number of photons emitted from each molecule, and the resolution
is determined by the number of photons detected. The number of photons a molecule can emit
before it is photobleached (or switched off) varies from molecule to molecule. For example, EosFP
used for PALM, can emit ~750 photons per molecule, and the switchable fluorophore pair Cy3—
Cy5 used for STORM can provide ~6000 photons per molecule per switching cycle and lasts ~200
switching cycles.”? Overall, photoswitchable dyes have larger numbers of collected photons per
molecule compared with fluorescence proteins. Quantum dots (QDs) offer excellent photostability
for long-term imaging (figures 10),”” and several applications of QDs for super resolution

microscopy have been demonstrated (Figure 11).78-8
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Figure 10. Comparison of photostability between QD and Alexa 488 dye. Image is modified from
ref. 32.
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Figure 11. Luminescent nanoparticles used in super-resolution microscopy imaging. a, lllustration
of the physical dimensions of dye molecules, carbon dots, quantum dots, upconversion
nanoparticles, dye-labeled IgG antibody, and polymer dots used in super-resolution microscopy.
b—f, QDots used in super-resolution imaging. b, Multi-color SOFI image of microtubules in HeLa
cells. ¢, 3B microscopy image of microtubules in HeLa cells. d, Ground-state depletion microscopy
followed by individual molecule return (GSDIM) image of the microtubular network in
mammalian PtK2 cells. e, STED imaging of vimentin fibers in REF cells. f,Two-color STORM
imaging of microtubles and mitochondria. g, UCNPs used in STED imaging of microtubules in
HeLa cells. h,i, CDots used in wide-field and STORM imaging of microtubules in HeLa cells. |,
PDots used in multicolor SOFI microscopy imaging of microtubules in HelLa cells. k, AIE dots
used in STED imaging of microtubules in HeLa cells. Image is modified from ref. 29.

Compared to traditional fluorophores, QDs have a broader absorption spectrum and a narrower

emission spectrum, which is beneficial for simultaneous multicolor imaging with the same
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excitation light.” QDs have been estimated to be up to 20 times brighter and 100 times more stable
than organic dyes such as rhodamine. However, for specific labeling, QDs must be conjugated to
biomolecules that provide binding specificity. While commercial Kits and established labeling
protocols are widely available for conjugating dyes to biomolecules, conjugating QDs to
biomolecules and specific binding of QDs to imaging samples still remains challenging.’ 7

QDs represent the first generation of inorganic fluorescent nanoparticles used for fluorescent
labeling. Compared with conventional dyes, they have a much larger absorption coefficient, with
comparable luminescent quantum yields, and, as a result, have greater brightness. QDs exhibit
narrow-band emission (spectral width < 50 nm), and their emission color can be tuned through
adjustments to their size (quantum confinement effect), which makes these particles ideal for
multicolor imaging applications and a range of super-resolution imaging modes (figure 11). The
commercially available CdSe/ZnS QD 705 nm (from Thermo Fisher), CdTe/ZnS QD 700 nm, and
CdTe/ZnS QD 720 nm (from PlasmaChem GmbH) are suitable for STED microscopy with spatial
resolutions of 85 nm for QD-705-stained microtubule networks in HelLa cells, and 106 nm for
vimentin filaments in fibroblasts.”® 8 The high stability of QDs allows for extended imaging
before they are bleached. The QDs blinking-based super-resolution was first reported in 2005 in
which the authors used Independent Component Analysis (ICA) to accurately localize two-point
fluorophores as a function of their separation.’”® Blinking CdSe QDs have been used to improve
spatial resolution with super resolution optical fluctuation imaging (SOFI).8? Wang et al.
introduced quantum dot blinking with three-dimensional imaging (QDB3) technique,®® in which
3D super-resolution imaging with blinking QDs is achieved by extracting the point-spread function
(PSF) of individual QDs by subtracting subsequent frames. Multicolor imaging has also been

presented using QDs as probes.? Upconversion nanoparticles (UCNPS) represent an entirely new
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class of multiphoton probes that rely on high densities of multiphoton emitters in small particles.®
Each particle contains thousands of doped lanthanide ions that form a network of photon
sensitizers and activators, which upconvert near-infrared photons into visible and ultraviolet ones.
Because of the large anti-Stokes spectral separation between excitation and emission, these probes
are highly useful in background-free and photostable bioimaging.®® Recent studies reported that
thousands of emitters per nanoparticle can be activated by microscopes, resulting in a brightness
that makes UCNPs suitable as single-molecule probes.®® As a result, a low saturation intensity of
~0.19 MW cm~ in upconversion STED microscopy was recorded, with a maximum resolution of
28 nm (A /36) for optical imaging of single 13-nm UCNPs. High-speed (100 ps dwelling time)
super-resolution imaging of cellular cytoskeleton protein structures with a resolution of 80 nm has
also been demonstrated (Fig. 11g).

Carbon dots (CDots) with diameter of 2-5 nm have attracted substantial attention as subcellular
targeting probes. CDots have different functional groups such as — OH, -NH3, and -COOH on the
surface for further conjugation to biomolecules. Recently, a couple of reports introduced
biocompatible carbon dots with burst like fluorescent for single molecule localization super
resolution imaging of microtubule networks®’ and fixed trout epithelial gill cells.®

PDots are particles that consist predominantly of © -conjugated polymers and have been shown to
have superior brightness compared with that of conventional QDs.% Very small PDots (10 nm or
less) were found to be suitable for fluctuation-based super-resolution technigques such as SOFI
(Fig. 11j).*° To functionalize the PDots, an optically inert polymer, poly(styrene-co-maleic
anhydride) (PSMA), has been added. The PSMA polymer also generates surface carboxyl groups,

which enables specific biomolecular conjugation through biotinylated antibodies. Their small size
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confers improved biocompatibility, and they were shown to be able to label a variety of subcellular

organelles such as mitochondria, the nuclear envelope, and microtubules.

1.2.2.2. Total internal reflection fluorescence (TIRF)

Background noise is significantly reduced when using TIRF. With this microscopy method,
incoming laser light whose incident angle is larger than a critical angle impinges on the glass-water
interface and is reflected back away from the interface. However, an evanescent field (which falls

off exponentially from the interface) is generated in the agueous medium

Buffer

Figure 12. Illustration of TIRF. The laser impinges on the water-glass interface with angle 6, which
is over the critical angle. An evanescent field is generated whose intensity exponentially decreases
away from the interface. Fluorescent dyes within penetration depth d are excited. The indexes of
refraction are all the same for the cover glass (gray), the index-matching immersion oil (brown).
Image is modified from ref. 47.

upon reflection of the laser beam, which enters the water through a glass coverslip/slide.
Consequently, only fluorophores near the glass-water interface are excited.®! The 1/e depth varies
with the incident excitation light, and is generally about 100 nm. (The index of refraction of water,
Nwater = 1.33; the index of refraction of glass, Ngiass = 1.518.)

Penetration depth d = M/(4m(n%glassSIN?0-N2water) %) (Eq. 1.9)%
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Other samples regions outside of this ~100nm are not excited (figure 12), thereby reducing the

background as compared to standard epi-fluorescence microscopy.

1.2.2.3. Labeling density

In super-resolution fluorescence microscopy, because the optical resolution often approaches the
distance between adjacent fluorescent probes in a sample, the labeling density could become a
limiting factor of the effective spatial resolution. This aspect applies to all super-resolution
fluorescence microscopy methods, including STED, RESOLFT, SSIM, as well as
STORM/PALM. When the labeling efficiency (fraction of target molecules labeled) of a sample
is not sufficient, artifacts can be observed in super resolution images, for example, causing
continuous structures to appear discontinuous.® "2 The effect of labeling density on the effective
resolution can be quantified by the Nyquist criterion as describes above in equation 1.8. For the
single-molecule localization approach, too high labeling density can also be disadvantageous
because the overlap of fluorophore signals prevents high-precision localization. The optical
properties of the fluorophore and the spatial properties of the object being imaged need to be

carefully matched to ensure maximum effectiveness of the super-resolution image.

1.2.2.4. Time resolution

The imaging speed of the single-molecule localization approach is limited by the time required to
accumulate a fluorophore localization density that is sufficient for a desired resolution given by
the Nyquist criterion, as described earlier. Because different subsets of fluorescent probes are
localized sequentially, the time resolution of single molecule localization super-resolution imaging

is intrinsically slower than conventional microscopy.
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The rate of accumulating localization points is limited by the switching kinetics of fluorescent
probes and the acquisition rate of the camera. Photoswitchable fluorophores have been reported to
exhibit an off-switching time on the order of 1 ms. At this high off-switching/acquisition rate of 1
kHz, probe molecules can be activated at a rate of ~1000 pum2s! without causing substantial
overlap between single-molecule images, giving a Nyquist-limited lateral resolution of about 60
nm at 1 s time resolution for homogenous structures in a 30 pm x 30 um region.>® 3D imaging at
60 nm Nyquist resolution ina 30 um x 30 um x 3 um volume can be performed at about 100 s per
frame. For biological samples, which are usually heterogeneous structures, a lower number of
localizations is typically needed to achieve the specified resolution, and the imaging speed will be

even faster.

1.3. Overview of dissertation

My dissertation is comprised of two complete projects which are shown in two chapters, chapter
2 and chapter 3.

Chapter 2: CulnS,-doped ZnS quantum dots obtained via non-injection cation exchange show
reduced but heterogeneous blinking and provides insights into their structure-optical property
relationships.

The study was carried out in order to shed light on the relationship of structures, elemental
composition and photophysics of single particle QDs.

The synthesis started with synthesis of CIS QDs cores which have a quantum yield of 12%. The
shelling of CIS with ZnS using different concentration (0.1; 1; 2 and 4 mmol) of zinc stearate
Zn(St)2 was used to encapsulate CIS cores, and to improve the optical properties. In the shelling

procedure zinc stearate was added to CIS cores at room temperature then the solution was heated
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up to 230 C, which is more suitable for large scale production of QDs compared to the current
literature methods which involve a dropwise hot injection step.

TEM analysis showed that the resulting QDs are small (8 nm or less) and relatively isotropic. The
photoluminescence quantum yields (PL QY) reach almost 70% with emission peaks in the 560-
600 nm window, depending on the amount of Zn precursor added. The results indicated an
extensive cation exchange of Cu** (x = 1 or 2) and/or In®** with Zn?* resulting in small CulnS;
‘clusters’ within a zinc-blende ZnS lattice which act as the radiative recombination centers in the
nanoparticle. Interestingly, and somewhat unexpectedly, higher ensemble photoluminescence
quantum yields (PL QY) result when cation exchange is less extensive (~80 % ZnS composition),
while a reduction in blinking is observed when ZnS composition exceeds 99%. A wide
heterogeneity in blinking behavior from QD-to-QD is evident, especially when 2 and 4 mmol of
zinc precursor was used, and a subpopulation statistical analysis shows that the on-state dwell
times change from multiexponential (or inverse power law) behavior towards mono-exponential
behavior for particles that spend more of their time in the on-state. These results indicate that, as
the number of CulnS; emitting centers is reduced, the number of pathways leading to the off-state
decreases, and a model is proposed to relate this behavior to the QD structure. These results provide
a novel route towards CulnSz-doped visible-light emitting ZnS QDs with high quantum yield and
reduced blinking and provides insight into how the composition of dopant and host matrix affects
the radiative recombination mechanisms in single particles.

Chapter 3: Utilization of fast blinking CIS/ZnS QDs as fluorescent probes for single particle

localization based super resolution imaging.
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In general, highly suppressed or non-blinking QDs are ideal for many applications as mentioned
in introduction for QDs. However, for some particular applications including single particle
localization super resolution imaging, QDs with burst like fluorescent are needed.

In this chapter, we present a comparison between CulnS2/ZnS (CIS/ZnS) and commercially-
available CdSe/zZnS QDs in their blinking behavior, localization precision and super resolution
localization imaging. The rationale for this project is that CIS/ZnS QDs are less bright but give
burst like fluorescence compared to CdSe/ZnS QDs. Therefore, imaging samples can be labeled
with much higher density of CIS/ZnS QDs and reconstructed super resolution images should give
more details.

First, Cd-free CIS/ZnS are synthesized similar to those in chapter 2, and then subsequently
modified to render them biocompatible. Their surface is specifically functionalized to bind to actin
filaments in aqueous solution. The resulting biocompatible QDs are compact (~ 5nm), have
relatively high fluorescence quantum yield (~ 30%) and shows burst like fluorescence blinking.
Even though CdSe/zZnS QDs showed better localization precision in single QD experiments due
to their higher brightness (quantum yield), the faster, burst-like blinking of the CIS/ZnS allowed
for a higher labeling density to provide comparable super-resolution precision in actin filaments.
The width of the observed actin filaments in the super resolution images shows a ~4.5 fold
improvement over the diffraction-limited images acquired by conventional TIRF images.
Furthermore, the higher labeling density of CIS/ZnS allows for more imaging information along
the length of the filament compared to CdSe/ZnS. These results demonstrate that C1S/ZnS QDs
can be a powerful candidate in the toolbox of fluorescent probes for single molecule localization

microscopy.
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2.1. Abstract

Cadmium-free CulnSz-doped ZnS quantum dots (QDs) are synthesized through a 2-step non-
injection synthetic method. The resulting QDs are small (8 nm or less) and relatively isotropic with
photoluminescence quantum yields (PL QY) up to almost 70% and emission peaks in the 560-600
nm window, depending on the amount of Zn precursor added. The results indicate small CulnS;
‘clusters’ within a zinc-blende ZnS lattice are the radiative recombination centers in the
nanoparticle. Interestingly, higher ensemble photoluminescence quantum yields (PL QY) result
when cation exchange is less extensive (~80 % ZnS composition), while a reduction in blinking is
observed when ZnS composition exceeds 99%. A wide heterogeneity in blinking behavior from
QD-to-QD is evident and a subpopulation statistical analysis shows that the on-state dwell times
change from multiexponential (or inverse power law) behavior towards more mono-exponential
behavior for particles that spend more of their time in the on-state. These results indicate that, as
the number of CulnS; emitting centers is reduced, the number of pathways leading to the off-state
decreases, and a model is proposed to relate this behavior to the QD structure. These results provide
a novel route towards CulnSz-doped visible-light emitting ZnS QDs with high quantum yield and
reduced blinking and provides insight into how the composition of dopant and host matrix affects
the radiative recombination mechanisms in single particles.

2.2. Introduction

Colloidal semiconductor nanocrystals (NCs), also known as quantum dots (QDs), have shown
great potential in applications such as bioimaging,'? lasers,® light emitting diodes* and solar-
harvesting materials® since their optical properties can be tuned by size and shape due to quantum-

confinement effects. The vast majority of colloidal QD studies have been performed on the 11-VI
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CdE (E=S, Se, Te) (for reviews see refs 6°, 77 and 82 and references therein) although other binary
materials such as IV-VI PbE® and 111-V InP° and InAs'!? have also been investigated.

A particularly interesting phenomena that colloidal QDs exhibit is that of fluorescence
intermittency (or blinking) of QDs at the single-particle level. Although academically interesting,
it can severely limit certain biological and optoelectronic applications of QDs, such as for single
nanoparticle tracking®>* and single-photon light sources.'® Since blinking of Cd-containing QDs
was first reported in 1996,¢ the underling mechanisms of blinking have been extensively studied,
(see ref 8% and references therein) particularly towards the aim of reducing or eliminating it.
Blinking reduction/elimination is primarily accomplished by epitaxial shelling of the emitting QD
core, although it is critical to take the utmost care in the choice of shelling material(s), thickness
and reaction conditions.*?* Two types of blinking have been identified — the originally-
hypothesized charging (on - off)/neutralization (off - on) processes that is dependent on the
excitation power??23 and external environment?*2® and internal/surface trapping of charge carriers

that is dependent on the QD composition and architecture.?! 2%

CulnSz (CIS) QDs are ternary I-111-V1 systems that have recently attracted a great deal of interest
as a less toxic alternative to binary 11-VI1 CdE QDs .32 In addition to the lower toxicity, the large
photoluminescence (PL) Stokes shifts and long fluorescence lifetimes of CIS NCs also make them
particularly attractive emitters for applications in bioimaging,®° light-emitting diodes,** and
luminescent solar concentrators.*> Compared to 11-V1 or IV-VI semiconductor NCs such as CdE
and PbE, however, single-particle studies of CIS QDs are still very limited, especially as it relates
to understanding blinking mechanisms in these ternary systems. Upon adding ZnS shelling

precursors to the CIS cores, a blue-shift in the emission spectrum is observed, suggesting that a
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certain amount of ion exchange occurs in addition to shelling that reduces the size of the emitting
core to produce a partially-alloyed Cu(Zn)InS2/ZnS (C(Z)IS/ZnS) core/shell system.333* This
complicates the ternary I-111-VVI QD system even more by forming a (partial) quaternary I-(11)-111-
VI core and a binary 1I-VI shell. The Ren group reported a three-step synthesis approach
consisting of CIS core synthesis, alloying of cores with Zn to produce C(2)IS, followed by ZnS
shelling to reduce blinking, the results of which were highly dependent on the Cu:In:Zn ratio used
and the reaction time.** When thick shells of ZnS were added to CIS cores using a two-step shelling
approach, suppressed blinking was also reported with QD sizes averaging 12.5 nm and being
tetrahedral in shape.** This strategy led to a distribution in the blinking behavior with on-times
fraction ranging from 0.2 to 1.0.

These multi-step shelling approaches*-* utilized a syringe-pump for dropwise hot-injection of
Zn(St). precursor solution into CIS cores, which is not ideal for large scale production.*>46
Furthermore, the relationship between QD structure/composition and how they evolve from being
blinking to non-blinking is still not completely clear. In this study, we avoid the hot injection
approach to synthesize C(Z)1S/ZnS QDs with photoluminescence quantum yields up to 67%,
which is comparable to the hot-injection approach. The optical properties at the ensemble and
single particle level of C(Z)1S/ZnS are characterized as a functions of the amount of Zn precursor
(zinc stearate, Zn(St)2) added. The QD size, shape, crystal structure and elemental composition are
also investigated to develop a better understanding of structure-optical property relationships of
the QDs. As the amount of Zn(St). used is increased, cation exchange is observed and the QDs
transition from CIS through a core/shell like structure to almost pure ZnS with <1% of Cu and In
remaining. Thus, emitting CulnS; clusters effectively act as a dopant in a ZnS lattice. Concurrent

with this transition, blinking is reduced, although heterogeneity in blinking from QD-to-QD
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increased. We perform a sub-population analysis to explore the origins of this heterogeneity and
to gain a deeper insight into the relationship between blinking mechanism and QD structure. We
show that as QD blinking is reduced, the on-times blinking statistics shift from multi-exponential
(or inverse power-law) behavior towards mono-exponential behavior, while the off-times blinking
statistics show the opposite trend, albeit to a lesser extent. We anticipate that these results will help
provide a framework to design large scale production of reduced blinking, Cd-free QDs.

2.3. Methods

2.3.1. Synthesis and Cation Exchange

Materials. Copper (1) iodide (Cul, 99.999%, Sigma Aldrich), indium acetate (In(Ac)3, 99.99%,
Alfa Aesar), sulfur powder (S, 100 mesh, 99.5%, Alfa Aesar), 1-dodecanethiol (DDT, 98%, Sigma
Aldrich), 1-octadecene (ODE, 90%, Acros), zinc stearate (Zn(St)z, Acros). All solvents were
purchased from VWR International. Methanol and hexane were of pure grade.

Synthesis of CIS QDs. CIS QDs are synthesized by modification of the literature methods.*’
Briefly, 0.292g of In(Ac)s, 0.048g of Cul, ImL of DDT and 10mL of ODE were mixed in a 50mL
three-neck round bottom flask (rbf). This solution was first degassed under vacuum for at least 30
minutes at room temperature, then purged with argon for 30 minutes. Subsequently under argon
flux the solution was heated to 210 °C for 40 minutes under argon flow. The color of the solution
changed from yellow to orange to deep red as the QDs grew in size. The solution was cooled and
then centrifuged at 4000 rpm for 10 minutes. The precipitation was disposed of and the solution
was kept for cation exchange step.

Cation exchange with Zn. Different molar amounts (0.1 mmol, 1 mmol, 2 mmol, 4 mmol) of
Zn(St)2 were added to the cores. For a typical cation exchange reaction using 0.1 mmol of Zn(St).,

0.0632g of Zn(St)2 was added to a 100mL RBF. Then, 20mL of ODE, 5mL of DDT and 100uL of
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CIS QDs were added to the RBF. The mixture was stirred under vacuum at 60 °C for 30 minutes
and backfilled with argon for 30 minutes. Under argon flux, the reaction temperature was increased
to 230 °C. Samples were taken at 6h, 12h, 24h, 48h. Samples will be washed three times with a
50/50 mixture of hexane and methanol.

Apart from the ensemble optical characterization, for which the whole time series were measured,
QDs following 48h of cation exchange were selected for further characterization.

2.3.2. Morphological and structural characterization of QDs. For structural and size
characterization, X-ray powder diffraction (XRD) pattern was taken on a X-ray diffractometer
(Rigaku, Japan) equipped with Cu Ka radiation (1 = 1.5418 A, 40 kV, 30 mA). Bright field TEM
images were taken on a Jeol with an accelerating voltage of 100 kV. The average QD size and size
distribution were estimated by analyzing TEM images of 100 QDs. HRTEM images for analyzing
d spacing of QDs were recorded on a Titan with an accelerating voltage of 300 kV.

2.3.3. Chemical Composition. The elemental compositions of QDs were analyzed by an iCAP-
6300 inductively coupled plasma mass spectrometer (Thermo Scientific, iCAP Q). Samples were
dissolved in concentrated HCI/HNOs 3:1 (v/v) to completely dissolve the QDs into their
component ions.

2.3.4. Optical measurement of QDs at the ensemble level. Absorption spectra of CIS before and
after cation exchange were obtained by a Hitachi U-3900H UV/Vis-spectrophotometer and
fluorescence emission spectra were recorded with a Perkin Elmer LS55 Luminescence
Spectrometer. The relative PL quantum yields (QY's) of various QD samples were comparatively
studied by comparison with that of Rhodamine 6G (95% in ethanol) as follows:
QYop=QVYRrscx(ODrsc/ODagp) *(Nop/Nrsc)?

The excitation wavelength was set at 485 nm and the optical density (OD) was used ~ 0.05.
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Fluorescence lifetimes measurements were taken using a MicroTime 200 fluorescence microscope
(PicoQuant GmbH, Berlin, Germany), which is based on an Olympus 1X71 microscope equipped
with a PicoHarp 300 TCSPC controller. It uses a 485 nm laser (PDL 485, Picoquant) operating at
10 uW power to excite the QDs, using a dichroic mirror (500dcxr, Chroma) to send the laser
through a water immersion objective (Olympus, Apochromat 60x, NA 1.3) to achieve a
diffraction-limited laser focus. The fluorescence is collected by the same objective and passed
through the same dichroic mirror and a 100 pm diameter pinhole. A fluorescence filter (620/60,
Chroma) for CIS cores measurements and (605/55, Chroma) for C1S/ZnS QDs measurements is
placed in front of a single photon avalanche diode detector (MPD SPAD, Microphotonic Devices,
Bolano, Italy) to reject background fluorescence and scattered laser light. The objective is
positioned on a subnanometer precision 3D piezo scanning stage (Pl, Berlin, Germany).
SymPhoTime software is used to control all acquisition and exporting functions. For ensemble
fluorescence lifetime measurements, the pulsed laser was operated with a repetition rate of 80 MHz
and focused into a ~10 nM solution of QDs.

a2
The average lifetime (tav) is defined as: tav = EZ‘CjT‘z‘
[t g 4

2.3.5. Optical measurement of QDs at single-particle level. Samples were prepared for single
particle experiments by spin casting freshly diluted QDs in hexane. The QD particle density was
controlled by changing the concentration of the QDs in the solution before spin coating.
Fluorescence of single QDs were acquired by an epi-fluorescent imaging system based on an
Olympus 1X 71 inverted fluorescence microscope (Olympus Optical Co., Japan).

The QDs samples were excited with a 488 nm laser (Dream Lasers Technology Co. Ltd., Shanghai,
China) and the laser power monitored in front of an oil-immersion microscope objective

(NA1.45/100%, Olympus Optical Co., Japan) was measured to be 1.55 mW after it was attenuated.
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The laser was focused onto the back plane of the objective to provide an illumination area of ~200
x 200 zm? on the cover slip. Fluorescence from the sample was collected by the same objective,
separated from the excitation light by a dichroic mirror and emission filters (613/205, Semrock),
and then directed into an electron-multiplying charge coupled device (EM-CCD, ANDOR iXON
Ultra 888) camera. The imaging array was 1024 x 1024 pixels with 13 x 13 zm?/pixel. The frame
rate was set at 20 fps (50 ms/frame) for all samples utilizing a frame transfer approach in which
the next frame is acquired while the previous frame is read out, allowing for continuous movies to
be acquired. Single particle trace extraction from the movie acquisition was processed using a
Python home-built program that identifies the pixels originating from the QD emission and
subtracts the local background signal from it. Only QDs in the central ~200 x 200 pixels portion
of the CCD chip were used to minimize effects of illumination power variations due to the 2-D
Gaussian laser illumination profile. At least 100 dots are randomly selected and analyzed for each
sample. Single-particle blinking analysis to extract on and off time probability densities used
homemade analysis software written in lgor, as previously described.?" 3132 All measurements

were performed at room temperature.

50



2.4. Results
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Figure 2.1. Ensemble fluorescence properties of CIS upon reaction with different Zn(St)>
concentrations (0.1; 1; 2; 4 mmol). (A) Quantum yield; (B) Lifetime; (C) krad; (D) Knon-rad.

The ensemble fluorescence properties of CIS QDs as a function of time after adding Zn(St)2 and
heating to 230 °C is presented in figure 2.1. The photoluminescence quantum yield (PL QY) of
CIS, synthesized with a In:Cu molar ratio of 4:1 is 12%, which is comparable to other reports that
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Figure 2.2. Left: Emission spectra, Right: Emission wavelength and peak full width at half

maximum (FWHM) of CIS before and after cation exchange as a function of the amount of
Zn(St)2 used.

this ratio provided the highest PL QY.%"*® The PL QY significantly increases to between 40-67%
upon adding various concentrations of Zn(St)2 to the prepared CIS. The PL QY as functions of
time with different amounts of Zn(St). share a similar pattern: first they sharply increase within
6h, continue to gradually increase reaching the highest values after 24h and then slightly decrease
up to 48h. Interestingly higher PL QY results when less Zn is used rather than more. The average
fluorescence lifetime follows approximately the same trend, resulting from a steady increase of
the average radiative rate, krad, and a steady decrease in the average non-radiative rate, Knon-rad. The
results show that krag increases more and knon-rad decreases more when less Zn(St)2 is used than
when more is used, with the effect on k non-rad being more pronounced than on Krag.

The emission spectrum of CIS after a complete 48h of reaction at 230 °C with different amounts
of Zn(St)2 is shown in Figure 2.2. As the amount of Zn(St); is increased, the emission spectrum of
CIS/ZnS QDs is blue-shifted compared to the initial CIS, which is indicative of cation exchange

of Zn?* with Cu* and/or In®* as previously discussed.**-5
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Figure 2.3. TEM images of CIS cores and CIS/ZnS QDs (left) and their corresponding size
histogram (right).

The degree of blue shift from the emission spectrum is most noticeable up to 1 mmol of Zn(St)2,
and becomes relatively steady between 2 mmol and 4 mmol of Zn(St)2, suggesting that the
increased quantum confinement effects on the CIS emitting centers do not become stronger when
more than 1 mmol Zn(St). is used. The FWHM also decreases upon cation exchange with Zn,

although this continues to decrease even when the blue shift levels off.
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Figure 2.3 shows representative TEM images (left panel) and size histograms (right panel) of CIS
before and after 48h of reaction with Zn(St).. The initial CIS have an average size of 2.9 nm. Upon
reaction with Zn, the shape of C1S/ZnS QDs remain moderately isotropic compared to the strongly
anisotropic shapes, such as pyramidal, that has been reported previously upon shelling.***** Their
average size increases as more Zn(St)z is used: 4.7 nm using 0.1 mmol Zn(St)2, 6.7 nm using 1
mmol, 7.5 nm using 2mmol and 8.1 nm using 4 mmol. This trend is similar to the observed blue-
shift, suggesting that both cation-exchange and additional ZnS growth occurs. The standard
deviation in measured sizes fluctuates between 14-25%, although it does not vary consistently with
the amount of Zn(St), used.

In order to determine the effect of cation exchange on the crystal structure, Figure 2.4 presents the
XRD diffraction patterns (left) of CIS before and after 48h of reaction with 0.1 and 4 mmol of
Zn(St)2, as well as their corresponding representative HRTEM images (right). The characteristic
XRD peaks of CIS match up with their chalcopyrite structure (red peaks). Upon reaction of CIS
with Zn the XRD peaks shift toward the ZnS zinc blende structure. The HRTEM images show that
the CIS and CIS/ZnS QDs are highly crystalline. The d spacing values of the chalcopyrite of CIS
and zinc blende of ZnS are very close,>"** so HRTEM cannot be used to differentiate chalcopyrite
from zinc blende. However, the combined results of XRD and HRTEM suggest that the initial CIS
are crystalline with chalcopyrite structure, but as 4 mmol Zn(St)2 is used, cation exchange results

in a lattice consistent with a zinc blende structure.
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Figure 2.4. Left - X-ray diffraction (XRD) of CIS cores (purple) and CIS/ZnS QDs using 0.1
mmol Zn(St)2 (black) and 4 mmol Zn(St); (teal). Right -corresponding HR-TEM images.

The particles prepared with the lowest amount of Zn (0.1 mmol) show wider XRD peaks with their
centers located between chalcopyrite and zinc blende, suggesting either the presence of both types
of lattice or a strained lattice. The closeness of the two XRD patterns makes it difficult to
differentiate these possibilities. Nevertheless, as 4 mmol Zn is used, the XRD pattern is indicative
of almost pure zinc blende ZnS.

Elemental analysis was then performed to determine the degree of cation exchange in these
particles, measured using inductively coupled plasma mass spectrometry (ICP-MS). Figure 2.5
and Table 2.1 shows the actual composition of the initial CIS is 80% In and 20% Cu (quantitatively
3.9:1 In:Cu as table 2.1 shows), in line with the 4:1 In:Cu molar ratio used in the synthesis. It is
clear that, even when only 0.1 mmol Zn(St): is used, there is a significant amount of Zn in the

particles. In figure 2.5, the % composition of each element is plotted (in both linear and logarithmic
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scales), and shows that 87% of the cations present are Zn when 0.1 mmol Zn(St)2 was used. This

increases to 98% Zn when 1mmol Zn(St), was used and over 99% Zn when 4 mmol Zn(St): is

used. Clearly, the cation exchange is extensive to the point where the CIS components are at the

level of dopant, rather than as a core/shell structure, as in the previously reported CIS/ZnS

studies.®*34 44 % The data from figure 2.5 is shown in table 2.1, converted into molar ratios to

enable a comparative quantities analysis of the In:Cu:Zn ratios as a function of the amount of

Zn(St). added.

Table 2.1. Chemical compositions of CIS cores and CIS/ZnS QDs using different Zn(St)

concentrations

Zn(St)2 added | In:Cu:Zn | (In+Cu):Zn
(mmol)
0 3.9:1:0 1:0
0.1 8.1:1:62 1:6.8
1 6.4:1:452 1:62
2 6.9:1:874 1:110
4 7.1:1:1101 1:136
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Figure 2.5. Percentage of elemental composition of CIS cores and CIS/ZnS QDs as function
of Zn(St)2 concentration. Linear scale (top) and log scale (bottom)

After 48h of reaction with Zn(St),, the molar ratios of In:Cu:Zn is 8.1:1:62, 6.4:1:452, 6.9:1:874
and 7.1:1:1101 at 0.1 mmol, 1 mmol, 2 mmol and 4 mmol of Zn(St)., respectively. In addition to
the change in the relative Zn content of the QDs, the change in In:Cu molar ratio was determined
to change from 3.9:1 in CIS core to 8.1:1 upon adding 0.1 mmol Zn(St)2, showing that there is an
enrichment of In relative to Cu following addition of Zn due to preferential cation exchange of Zn
for Cu. In order to maintain charge neutrality of the crystal, the ratio of Cu*:Cu?* must also change
to balance the relative enrichment of the In®* ions. Cu* and Cu?* ions have been proposed to have
significant effects on photoluminescence.’®°" This In:Cu enrichment reduces as more Zn is used,
suggesting that the cation exchange has both kinetically and thermodynamically controlled

aspects. When between 2 and 4 mmol Zn(St) is used, the In:Cu ratio remains relatively constant,
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although the particles still increase in size, suggesting that the extra Zn is added to the surface of

the particles without affecting the very minor amounts of CIS that remain.
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Figure 2.6. Probability density of on dwell time (top) and off dwell time (bottom) of over 100
CIS QDs after cation exchange using different amounts of Zn(St)s.

Figure 2.6 shows the probability density of the on dwell time and off dwell time for over 100 CIS
QDs after cation exchange as a function of the amount of Zn(St)> used. The single particle
properties of the initial CIS QDs is not analyzed because their photoluminescence (PL) was too
weak for us to quantitatively distinguish between the “on” and “off” events. Clearly, the on dwell
times of cation-exchanged CIS QDs become longer as the amount of Zn(St). used was increased.

The off dwell time becomes shorter as the concentration of Zn(St). increases from 0.1 mmol to 4
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mmol. Interestingly, there is not much difference in the off dwell times between Immaol and 2mmol
Zn(St)2, but there is a large change between 2mmol and 4mmol Zn(St)2. This is in contrast to the
on dwell times, which show more difference between 1 and 2mmol Zn(St), than between 2mmol

and 4mmol Zn(St)..
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Figure 2.7. Scatter plot of on time intensity vs on time fraction of CIS QDs after cation
exchange using different amounts of Zn(St)s.

The data from figure 2.6 represents the accumulated/averaged data from over 100 random single

QDs for each curve. Figure 2.7 shows scatter plots for the fraction of time a QD spends in the on
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state versus the intensity of the on-state, giving an excellent indication of the degree of
heterogeneity in the blinking behavior. In this figure, fraction of time on is calculated as the
fraction of the total observation time of approximately 5 mins that the QD is on for. In other words,
to be considered as having been on for 50% of the observation time, a QD has to be at on state for
2.5 mins (non-continuously). As expected from the data shown in figure 2.6, the trend shows that
the higher the amount of Zn(St)> used during cation exchange, the more QDs have a higher fraction
of their time in the on state. Almost all of the QDs are on for <20% of the time when only 0.1mmol
Zn(St)2 is used, whereas ~35% of the QDs are on for >50% of the time and ~20% are on for >70%
of the time when 4mmol Zn(St). is used. However, the scatter plots show that there is significant
heterogeneity in the fraction of time a single QD spends on as more Zn(St), is used for cation
exchange. Clearly the heterogeneity in blinking is largely static rather than dynamic heterogeneity,
which likely results from variations in the composition of the QDs due to the cation exchange
process. Figure 2.7 shows that there is also a great deal of scatter in the on-state intensity from

QD-to-QD with little-to-no dependence on the blinking dynamics.

We then perfomed a subpopulation analysis on these QDs to further elucidate the underlying
mechanisms responsible for this heterogeneous blinking behavior upon cation exchange with Zn.
The sub-populations of QDs that show fraction of on-times <20%, 20-50%, 50-70%, 70-90% and
>90% are separately analyzed for their blinking statistics. This analysis is shown in figure 2.8.
Here, differences in the blinking mechanisms become very apparent. With low amounts of Zn(St)2
used for cation exchange (0.1 mmol), there are only populations that show fractions of time on
<20% and between 20-50%, with the 20-50% fraction showing longer on-dwell times and shorter

off dwell times, as expected. As Immol Zn(St). is used, a number of QDs now fall in the 50-70%
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range, with only a single QD in the >90% range, as seen in figure 2.7. There are not enough on-
off-on transition events in this single QD to provide statistically relevant data, and so is excluded.
As 2-4 mmol Zn(St)2 is used, there are now significant numbers of QDs in each range of the
fraction of time on, with the curves showing longer on dwell times and shorter off dwell times as
the fraction of time spent on increases. The effect on the on dwell times is much stronger than for
the off dwell times, including a more obvious change in the shape of the curves. Furthermore, there
are no significant differences in the blinking dynamics in a given subpopulation range for each
sample; only the relative number of QDs in each range varies with the amount of Zn(St). used.
This indicates that as more Zn(St)2 is used, there is a prevalence for more QDs to adopt a structure

that results in longer on times, although some QDs are not able to achieve it.
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A great deal of effort has gone into studying the blinking dynamics in CdSe-based QDs. The
probability density for on or off times (Pon Or Posf) Versus dwell time was originally proposed to fit

to an inverse power law function that collapses to an exponential at longer timescales (P,,, =

t
At™Me 7). 23 28, 30,5860 \ore recent studies have questioned the power law model, and instead

proposed that a multiexponential model is more suitable®! ®* particularly as far as the on dwell

t

times are concerned (P,,, = Y; A;e ). Our group recently compared the reduced-y? values when
fitting CdSe-based core/shell QDs to both models and found that on dwell times do fit better to
multiexponential model than inverse power law, although it was not possible to distinguish
between the models for the off dwell times.3! In figure 2.9, we overlaid simulated blinking curves
of the on dwell times using both functions, and find that the subpopulation analysis blinking data
can be explained in terms of either reducing the number of exponential terms from 5 to 1 or as

decreasing the power law exponent from -1.5 to 0. In both models however, the magenta curves,
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Figure 2.9. Overlay of blinking data for on dwell times with curves simulated using a)
multiexponential or b) truncated power law functions. In a) the number of exponential terms is
decreased from 5 (navy), to 4 (plum), to 3 (green) to 2 (orange) to 1 (magenta). In b) the power
law slope is decreased from -1.5 (navy), to -1.0 (plum), to -0.65 (green), to -0.15 (orange), to 0
(magenta).
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representing the least-blinking QDs that are on for >90% of the time, collapses to a mono-

exponential curve.

2.5. Discussion

Previous reports on adding Zn to CIS cores resulted in CIS/ZnS core/shell materials which
passivated the core surfaces to reduce surface traps to increase QY and reduce blinking.**** In
those reports, a blue shift was also observed. In ref 43 a ~75nm blue-shift was observed and in ref
44, a ~66 nm blue shift was observed. In this study the blue-shift observed was 60-100 nm,
resulting from more complete cation exchange as the XRD and elemental analysis revealed. In ref
43 zinc was first injected at 200°C, followed by injection of more Zn at 220°C. A similar approach
was used in ref 44, with a first injection of Zn at 210°C, followed by a second injection at 230°C.
In this report, we avoided the slow, hot-injection steps by adding Zn(St). at room temperature and
then heating the solution to 230°C. In both refs 43 and 44, the obtained particles were much more
anisotropic than those reported here. Thus, our approach led to more isotropic particles, avoided
the slow hot injection step and still attained comparable PL QYs. These conditions also resulted
in a more complete cation exchange as a result of the higher amounts of zinc used. The ratio of
(Cu+In):Zn in ref 43 reached a maximum of ~1:23 (reported as Cu:In:Zn of 1.00:1.13:48.52) and
in ref 44 reached levels of ~1:38. For the particles synthesized here, the (Cu+In):Zn ratios reached
~1:136 for the samples using 4 mmol Zn(St).. This reduced to 1:110 for 2 mmol Zn(St)2, 1:62 for
1 mmol Zn(St),, and 1:6.8 for 0.1 mmol Zn(St)2. Thus, only the samples synthesized with 0.1
mmol Zn(St). and 1 mmol are comparable in zinc composition to the QD reported in refs 43 and

44, although they also showed much greater blinking than the more extensively exchanged
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particles, and thus may still be core/shell in architecture. The more extensively cation exchanged
QDs (using 2-4 mmol Zn(St)2) are more than 99% ZnS and thus are more accurately characterized
as doped QDs in which very small CIS emitting centers, possibly only a few unit cells in size, exist

in a ZnS zinc blende lattice.

It is important to recognize that, in addition to the increase in Zn during cation exchange, there is
also a change in the Cu:lIn ratio (table 2.1 and figure 2.5). Adding 0.1 mmol Zn increases the In:Cu
ratio, leading to a relative decrease in the amount of Cu** ions compared to Cu?* ions. This suggests
that the Cu'* ions are located closer to the surface of the initial CIS particles than Cu?* ions,
allowing for easier cation exchange with Zn. The PL QY of In-rich CIS QDs are known be higher
than stoichiometry CIS.*” Our results suggest that these In-rich CIS QDs have a Cu?* rich center
and a Cul*-rich surface. During cation exchange, it is necessary to exchange either one Cu'* and
one In** ions for two Zn?* or two Cu'* ions per Zn?*. The data suggests that the latter process
occurs more favorably than the former when lower amounts of Zn is added, although both
processes do occur since the In content is also reduced. This preferential exchange initially
enriches the In:Cu ratio and increases the number of copper vacancies. This formation of a Zn-
enriched surface is similar to the core/shell structures reported previously.**** As more Zn is
added, the Cu and In composition drastically reduces to less than 1% when 4 mmol Zn(St): is used.
This also leads to a slight decrease in the In:Cu ratio (although still higher than the 4:1 ratio in the
initial CIS) and thus the Cu?":Cu* ratio, as the lattice becomes almost pure zinc blende ZnS with
small clusters of CIS effectively acting as dopant. These small CIS clusters may also diffuse within

the ZnS lattice as they search for local minima in their energy, as is common for dopants, with
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some dopant clusters in the center and some closer to the surface. This exchange process is

depicted in figure 2.10.
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Figure 2.10. Schematic depiction of the cation exchange process in CIS QDs as the amount of
Zn increases. Initially, core/shell-like structures are formed, but as more cation exchange
occurs, the CIS exist as small dopant clusters at various sites in a ZnS lattice.

Figure 2.2 shows that the ensemble PL peak blue shifts and becomes narrower upon cation
exchange. The model in figure 2.10 shows the CIS cluster becoming smaller with more extensive
cation exchange, which leads to the blue shift. The leveling off occurs when the cluster become so
small that they become more molecule-like in behavior where quantum confinement effects are at
a maximum and no longer depend on size. Recently, Zang et al. explained the main reason for the
large ensemble PL line width of CIS and thick-shell CIS/ZnS QDs is not intrinsic but rather due
to sample heterogeneity.** They suggested that this phenomenon is due to a random positioning of
the Cu-related emission centers within the QDs, which leads to large variations in the contribution
from the electron—hole Coulomb interaction energy translating into a varied PL energy. The model
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depicted in figure 2.10 can also be used to explain the narrowing of the peak width with more
extensive cation exchange since the clusters become more homogeneous in size, reducing the
variations in electron—hole Coulomb interaction energy.

Reconciling the ensemble fluorescence properties with the single particle properties has always
presented a challenge. We have previously reported significant discrepancies with the ensemble
and single particle properties of Cd-based core/shell and core/multishell QDs as a function of pH?®
62 and of the shell architecture.3! The dark fraction and the various radiative and non-radiative
lifetimes of the different emitting states play roles in this discrepancy. In this study, ensemble PL
QY increased upon adding Zn to CIS QDs but higher ensemble PL QY's are observed for the less
extensively exchanged QDs while blinking is only reduced upon more extensive cation exchange.
In order to connect the structural models of figure 2.10 with the electronic structures that leads to
the various optical properties (PL peak shift and width, PL QY, fluorescence lifetimes and
blinking) we started from the recent models describing the different recombination pathways for
Cu?* and Cu'* centers®®-%” and examined how the formation of CIS dopant centers at various
positions in a ZnS lattice formed by extensive cation exchange would affect them. The relationship
between the CIS emitting center location within the ZnS lattice and the excitonic decay pathways

is presented in figure 2.11.

Emission occurs when the conduction band (CB) electron radiatively recombines with hole
intraband states at copper centers within the QD, which is a slow process and competes with non-
radiative recombination due to surface trapping of charge carriers. During the cation exchange, the
ensemble PL QY increases when 0.1 mmol Zn(St). but decreases as up to 4 mmol Zn(St)2 is used

(figure 2.1). It was previously reported that changing the Cu:lIn ratio during synthesis of CIS leads
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to a changes in the Cu'*:Cu?* ratio, which significantly affects the quantum yield through changing
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Figure 2.11. Schematic depiction of the relationship between CIS cluster location and electronic
structure and excitonic decay pathways. As described in ref 53 and ref 54, holes are first
transferred to Cu'* centers or copper vacancies in Cu?* centers (1), then radiative recombination
(2) occurs when electrons in the conduction band of CIS recombine with these holes. In the
case of Cu?*, a third step is needed where the electron is subsequently transferred to the copper
vacancy site (3). In our model, CIS emitting centers near the center of the QD have high
probabilities of radiative recombination due to being isolated from permanent surface trap
states, resulting in high PL QY. When CIS clusters are at the surface of the QD, trapping
dominates and the QDs are permanently non-emissive (dark particles). For the emissive
particles, fluctuating dipoles at the surface result in gated trap states that are involved in
blinking. As the CIS cluster is more centralized, blinking is slow and mono-exponential due to
the large distance of the emitting center to the fluctuating dipoles at the surface requiring strong
dipoles to lead to trapping. As the CIS cluster is closer to the surface (but not at the surface
where it is always dark), the distance to the fluctuating dipoles is more heterogeneous, and
weaker dipoles can also lead to trapping, resulting in multi-exponential blinking dynamics.

the electron and hole relaxation pathways.>®>" In this study, there is an enrichment in the In:Cu
ratio upon cation exchange with Zn, which also increases the ensemble PL QY in addition to
decreasing the accessibility of excitons to surface traps as a ZnS shell-like layer begins to form
(first step in figure 2.10). Although the QDs remain relatively isotropic and do not increase in size
significantly (figure 2.3), the morphology of the CIS emitting sites within the QD is likely not

completely spherical due to the likelihood of non-isotropic cation exchange, and is depicted as
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such in figure 2.10. Once more extensive cation exchange occurs (1 mmol Zn(St), and above), the
In-richness decreases slightly compared to 0.1 mmol Zn(St), although it is still higher than the
initial CIS. Furthermore, the Zn content is now high enough (over 98%) that the CIS centers are
more accurately considered as small CIS clusters in a ZnS lattice rather than core/shell, possibly
only several tens of atoms which is analogous to previous reports of Ag and Au clusters’® ™ and
thus reaching the level of being considered CIS-doped ZnS QDs. In this scenario, while the sizes
of the CIS clusters are more homogeneous, the positional distribution in the CIS center within the
QD is very heterogeneous. Those QDs with the CIS in the center of the QD are well isolated from
permanent surface trap states so that the probability of radiative recombination (PL QY) is high.
The closer the CIS cluster to the QD surface, the more accessibility the electron and holes have to
permanent surface traps that limits single QD brightness (figure 2.7). When the CIS is at the
surface, this leads to a particle where surface trapping dominates and the QD is always dark and
thus not observable in a single particle experiment but contributes to the lowering of the ensemble
PL QY. Another possibility is that at high concentration of Zn there are many permanent trap states

at the interface, which also lead to dark QDs.

Although the PL QY increases more for less extensive cation exchange, QD blinking decreases
more with more extensively exchanged QDs, and so does heterogeneity. This heterogeneity in
blinking can also be explained in terms of heterogeneity in the location of the CIS centers within
the QD, with significant populations of dark, high blinking and low blinking particles. To explain
blinking, it is necessary to invoke trap states that are temporary in nature, either in terms of their
formation or in terms of their accessibility. Several possible mechanisms to explain this have been

proposed based on Cd-based QDs. These include stochastic variation in trapping rates to external
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traps leading to charged QDs,%® Diffusion Controlled Electron Transfer (DCET),*® stochastic
diffusion of excited state electronic energies to be in or out of resonance energy with hole trap
states that leads to Auger-assisted trapping,®* hole/electron trapping leading to trion formation?®
6568 and gated multiple recombination centers.3> 51 8% Of these mechanisms, the one that can be
most easily described in the context of the schematic depiction of figure 2.11 is that of gated
multiple recombination centers, particularly based on the model presented by Schmidt et al.®* In
that model, fluctuating dipoles that can trap either electrons or holes that have multiple timescales
account for multi-exponential blinking dynamics. In order to extend this model to our system, it is
necessary to describe the transition from multi-exponential (fast blinking) to single exponential
(slow blinking) kinetics for the on state (figure 2.9). This can be explained by considering that the
fluctuating dipoles can have a range of strengths. When the CIS is at the center of the QD, only
the strongest dipoles have fields that can penetrate to the center of the ZnS to allow trapping of
electrons or holes. However, the closer the CIS is to the QD surface, the less strong the dipole
needs to be to trap the charge carriers so that weaker dipoles can now be involved, shortening the
on dwell times. Clearly, when the CIS is close to the surface, strong dipoles on the opposite side
of the QD to where the CIS center resides (see center panel of figure 2.11) can still lead to trapping
and formation of an off state. These multiple (fluctuating) trapping rates are expected to lead to

multi-exponential behavior in such a model.

This model can also be used to explain the weaker dependence on the off dwell time distribution.
Once the charge carrier is trapped, the length of time it remains trapped depends only on the length
of time the dipole exists, which is likely to depend much weaker on the position of the CIS. The

off dwell time distributions do not appear to collapse to a single exponential, but the fastest
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blinking QDs (<20% and between 20-50% fraction of time on) change slope (exponents) at shorter
timescales. Tang and Marcus predicted the change in power law exponent as indicative of a DCET
mechanism,*® which was subsequently supported experimentally by Pelton et. al.®® and Durisic et.
al.,?® although those reports applied them to the on-dwell times. In the context of our proposed
mechanism, diffusion of the dipole on the surface may lead to a distribution in the recapture rates
that may be explained in the context of a DCET-type model but exploring this possibility will

require more studies.

The ensemble fluorescence lifetime increases mostly in line with the ensemble PL QY (figure 2.1),
although the changes are not completely correlative, indicating that the average radiative and non-
radiative rates change in a more complex manner, and vary depending on the time of the cation
exchange reaction (figure 2.1). One possible explanation for this is that the radiative and non-
radiative rates of the emission processes at the Cu'* and Cu?" sites are different depending on the
exact location of the CIS emitting center in the ZnS lattice. As discussed above, the relative
changes in Cu:ln ratio with cation exchange suggest Cu'* is preferentially located closer to the
surface and thus more likely to lead to non-radiative recombination than at more central Cu?" sites.
This hypothesis can be further investigated by a single particle fluorescence lifetime analysis,

which we plan to undertake in a subsequent study.

2.6. Conclusions
Relatively small and isotropic C1S-based QDs were synthesized through a non-injection synthetic
method with zinc stearate. The resulting ensemble optical properties such as PL QY are

comparable to the currently used hot injection approaches but have the advantage of being more
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applicable to scaling up. Extensive cation exchange was observed, depending on the amount of Zn
precursor used, eventually leading to small clusters of emitting CIS in a mostly ZnS lattice. As the
cation exchange become more extensive, blinking was reduced but heterogeneity from QD-to-QD
increased. A sub-population analysis showed that the least blinking QDs showed mono-
exponential blinking dynamics compared to multi-exponential (or inverse power law) dynamics in
the QD that showed faster blinking. A model was proposed that described the relationship between
the blinking behavior and the underlying QD structure responsible. Our model suggests that the
“dark fraction” formation and the blinking dynamics both have their origin in the location of the
CIS recombination center within the QD lattice. These results will help provide a framework to
design large scale production approaches to Cd-free QDs in which blinking and other optical
properties can be more accurately controlled.
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3.1. Abstract

Quantum dots (QDs) can be a potential candidate for fluorescent probes in single molecule
localization microscopy as a way to achieve sub-diffraction limit resolution (super-resolution
imaging). However, the toxicity of Cd in the prototypical CdSe-based QDs limit their use in
biological applications of super resolution imaging. Furthermore, commercial CdSe QDs have
been modified with relatively thick shells to render them in the 10-20nm size range, which is
relatively large for biological labels. In this report, we present a comparison between compact
(4-6 nm) CulnS2/ZnS (CIS/ZnS) and commercially-sourced CdSe/ZnS QDs in their blinking
behavior, localization precision and super resolution localization imaging. Although commercial
CdSe QDs were brighter than the more compact Cd-free CIS/ZnS QD, both give comparable
results when applied to super resolution imaging of actin filaments. The width of actin filaments
in super resolution images is less than the diffraction limit, showing a 4.5-fold improvement over
conventional TIRF microscope images. We propose that the faster, burst-like blinking of the
smaller C1S/ZnS QDs allow for higher density of labeling, which compensates for their lower
brightness to result in comparable super-resolution imaging precision. These results demonstrate
that CIS/ZnS QDs are an excellent candidate to complement and perhaps even replace the larger
and more toxic CdSe-based QDs for robust single-molecule super-resolution imaging.

3.2. Introduction

The Abbé diffraction limit limits conventional imaging reoslution to approximately half of the
excitation wavelength. Over recent years, a number of super resolution imaging techniques have
been developed to achieve sub-diffraction-limited imaging resolution, so-called super-resolution
imaging.1? Some of the well-known super resolution imaging techniques are: i) patterned

illumination microscopy such as stimulated emission depletion (STED)3* and ii) single molecule
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localization microscopy (SMLM) such as photoactivated localization microscopy (PALM)® and
stochastic optical reconstruction microscopy (STORM)®. The essential principle of the
PALM/STORM imaging technique relies on the use of switchable fluorescent probes.
Conceptually, PALM/STORM allows a small fraction of fluorophores to stochastically switch
between fluorescent (“on”) and dark (“off”) states and their centroid posistions can be precisely
localized mathematically.”® After that, all measured positions will be assembled over thousands
of imaging frames to produce a recontructed super-resolution image. In comparison to switchable
fluorescent proteins and dyes for super-resolution fluorescence imaging, inorganic quantum dots
(QDs) can be a suitable candidate due to their high brightness, remarkable photostability and their
natural blinking phenomenon.®° The QD blinking-based super-resolution was first reported in
2005 in which the authors used Independent Component Analysis (ICA) to accurately localize
two-point fluorophores as a function of their separation.! Blinking CdSe QDs have been used to
improve spatial resolution with super resolution optical fluctuation imaging (SOF1).1? Wang et al.
introduced quantum dot blinking with three-dimensional imaging (QDB3) technique, in which 3D
super-resolution imaging with blinking QDs is achieved by extracting the point-spread function
(PSF) of individual QDs by subtracting subsequent frames.'* Multicolor imaging has also been
presented using QDs as probes. ¢ However, the typical Cd-based QDs are limited in bioimaging
application due to the highly toxic cadmium component. Moreover, commercialized Cd-based
QDs are usually coated with thick shells, which render them up to 15-20 nm in size, as well as
reducing blinking so that the QDs spend most of the time at the on state and rather short time in
the off state. For PALM/STORM, it is ideal for the off-time of each fluorescent probe is much
longer than the on-time to limit the number of fluorophores that are in the on state within a single

imaging frame. This means that for low-blinking QDs, multiple QDs can be in the on-state within
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the area of a point-spread function (PSF) if the labeling density is too high, thereby making it
difficult to exploit the natural QD blinking for single-molecule super-resolution imaging. To
address the problem of less blinking QDs, blueing of CdSe/ZnSe QD was exploited in super
resolution imaging for microtubules!’ and in two color QSTORM imaging of microtubules and
mitocondria using two sizes of the QDs (QD 705 nm and QD 565 nm).* Recently, a couple of
reports introduced biocompatible carbon dots with burst like fluorescent for SMLM imaging of
microtubule networks!® and fixed trout epithelial gill cells.!® In these reports, eventhough the
authors compared the blinking behaviour and localization accuracy of carbon dots with CdSe/ZnS
QDs, there was no direct comparision of the effectiveness for super-resolution imaging between
the two QDs when imaging the same biological structures. Furthermore, the carbon dots reported
in ref 18 required refluxing in 6M HNO3 followed by 2 stage ultrafiltration to extract the
nanoparticles from the reaction mixture, which are not ideal synthesis conditions.

In this report, we extend the toolbox of low toxicity, blinking QDs for SMLM imaging, by using
compact CulnS2/ZnS QDs in SMLM imaging of actin filaments. CulnS, (CIS) is a I-1lI-VI;
semiconductor with a direct band gap of 1.45 eV and does not contain any toxic heavy metals.?-
22 As we reported previously,? we are able to control both the photoluminescence quantum yield
the blinking behavior of CIS QDs by exposing them to different amounts of zinc stearate to control
the degree of cation exchange of Cu and In with Zn. Although the synthesis of these QDs does
require high temperatures, no concentrated acids are needed and the work up only requires simple
solvent extraction steps to produce small QDs with narrow size distributions. To the best of our
knowledge, this is the first time that CulnS2/ZnS QDs have been demonstrated in super resolution
imaging, and we find that these QDs are comparable in sub-diffraction imaging resolution to the

more toxic CdSe/ZnS and to the previously-reported carbon QDs.!®
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3.3. Methods

Materials. Copper (1) iodide (Cul, 99.999%, Sigma Aldrich), indium acetate In(Ac)s, 99.99%, Alfa
Aesar), 1-dodecanethiol (DDT, 98%, Sigma Aldrich), 1-octadecene (ODE, 90%, Acros), zinc
stearate (Zn(St)2, Acros), mercaptopropionic acid (MPA, Sigma Aldrich), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide  hydrochloride  (EDC, Thermo  fisher),
NeutrAvidin (Thermo fisher). All solvents were purchased from VWR International.
Methanol, hexane, dimethylformamide and ethyl acetate were of pure grade.

Synthesis of CIS QDs. CIS QDs are synthesized by modification of the literature methods.?® 2
Briefly, 0.292g of In(Ac)s, 0.048g of Cul, ImL of DDT and 10mL of ODE were mixed in a 50mL
three-neck round bottom flask (rbf). This solution was first degassed under vacuum for at least 30
minutes at room temperature, then purged with argon for 30 minutes. Subsequently under argon
flux the solution was heated to 210 °C for 40 minutes under argon flow. The color of the solution
changed from yellow to orange to deep red as the QDs grew in size. The solution was cooled and
then centrifuged at 4000 rpm for 10 minutes. The precipitation was disposed of and the solution
was kept for shelling step.

Synthesis of CIS/ZnS QDs. 0.1 mmol (0.063g) of Zn(St). was added to a 50mL RBF. Then, 5 mL
of ODE, 1 mL of DDT and 5 mL of CIS QDs were added to the RBF. The mixture was stirred
under vacuum at 60 °C for 30 minutes and backfilled with argon for 30 minutes. Under argon flux,
the reaction temperature was increased to 230 °C. After 6 hours, the reaction solution was cooled
to room temperature and was washed three times with a 50/50 mixture of hexane and methanol.
Afterward, the sample was precipitated by adding excess acetone. The flocculent precipitate was

centrifuged at 4000 rpm for 10 min and the supernatant decanted.
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Aqueous phase transfer of CIS/ZnS. The aqueous phase transfer was achieved by replacing the
initial surface ligands, DDT by MPA, as shown in the following steps. A mixture of MPA (2 mL,
~20 mmol) and 100mg of dried CIS/ZnS QDs were added into 3 ml N,N-Dimethylformamide
(DMF) and formed turbid solution. Then, the mixture was heated to 130 °C and stirred with the
blanket of argon. After 10~15 min, the mixture solution became clear gradually. Finally, the
product was precipitated by adding 10 mL ethyl acetate and centrifugated at 4000 rpm for 5 min.
The precipitates were dissolved in alkaline buffer solution (pH ~ 9) to store.

Conjugation of MPA-CIS/ZnS QDs with neutravidin. Neutravidin was conjugated to the COOH-
functionalized CI1S/ZnS QDs by a straightforward EDC coupling method. Briefly, in an eppendorf
tube, 10 pL of 16 uM stock solution of MPA-CIS/ZnS was diluted to 50 pL using 10 mM borate
buffer, pH 7.4. Then, 200 pL of 10 mg/mL neutravidin was added to the QD solution. 10 mg/mL
of EDC stock solution was prepared just before use. Immediately, added 50 pL of 10 mg/mL EDC
stock solution to the mixture of QD and neutravidin. Gently mixed the solution by pipette and let
the mixture sit at room temperature for 10 minutes. Transferred the solution to a clean centrifugal
ultrafiltration unit (100 kDa cutoff, Pall Life Sciences) and centrifuged at 6000 rpm in 5 minutes
to remove any excess unbound protein. The QDs were re-dissolved in PBS buffer (20 mM, pH
7.2), and filtered through a clean centrifugal filter unit (0.2 mm, Pall Life Sciences) to remove
aggregates. The purified neutravidin conjugated CIS/ZnS QD solution was stored at 4 °C for
further use.

Polymerization of actin. F-actin (or actin filaments) was freshly prepared before experiment.
Dissolved biotin G-actin (monomer) to 0.2 mg/ml with general actin buffer and keep it on ice.

Added 100 pl ice cold actin polymerization buffer. The mixture was left overnight at 4 °C (F-actin

84



formed) and then added ddH.O to a total volume of 1 ml. The actin filaments (F-actin) were stored
at 4 °C for later use in super resolution imaging experiments.
Clean microscope slides and coverslips. Microscope slides and coverslips were immersed with
aqua regia solution for 30 minutes, then rinsed with ddH2O. Afterward, sonicated slides and
coverslips with detergent and rinsed with ddH20O. Dried them with nitrogen gas before used.
Construct sample chambers. Placed a tissue on the bench and then put a piece of lens paper on top
of the tissue. Placed the slide on the lens paper. Make sure that the clean side of the slide is
upwards. Applied two strips of double-sided tape onto the slide along the short edges, leaving a
gap of 3-5 mm at the center. Placed the cleaned coverslip on top of the slide. Make sure that the
clean side of the coverslip is facing the slide. Used a pipette tip to press down over the double-
sided tape. Used a razor to remove excess tape from the slide so that the tape remains only under
the coverslip. The open ends of the chamber are left open and serve as inlet and outlet. The chamber
volume is several microliters.
Morphology characterization of QDs. Bright field TEM images were taken on a Jeol with an
accelerating voltage of 100 kV. The average QD size and size distribution were estimated by
analyzing TEM images of 100 QDs using Imagej.
Optical measurement of QDs at the ensemble level. Absorption spectra of CIS/ZnS QDs before
and after aqueous transfer were obtained by a Hitachi U-3900H UV/Vis-spectrophotometer and
fluorescence emission spectra were recorded with a Perkin Elmer LS55 Luminescence
Spectrometer. The relative PL quantum yields (QY's) of various QD samples were comparatively
studied by comparison with that of Rhodamine 6G (95% in ethanol) as follows:
QYop=QYrecX(ODrsc/ODagp) X(Nop/NRec)?

nop: reflective index of hexane for DDT-CIS/ZnS and water for MPA-CIS/ZnS
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Nrec: reflective index of ethanol.

The excitation wavelength was set at 485 nm and the optical density (OD) was used ~ 0.05.
Optical measurement of QDs at single-particle level.

Fluorescence Imaging and Single Molecule analysis. All single molecule/particle imaging on
coverslips were performed on an Olympus IX 71 inverted fluorescence microscope (Olympus
Optical Co., Japan) at total internal refection fluorescence imaging mode (TIRF). The QDs were
excited using 488 nm laser (Dream Lasers Technology Co. Ltd., Shanghai, China) and the laser
power monitored in front of an oil-immersion microscope objective (NA1.45/100%, Olympus
Optical Co., Japan) was measured to be 5 W after it was attenuated. The laser was focused onto
the back plane of the objective to provide an illumination area of ~200 x 200 pm? on the cover
slip. Fluorescence from the sample was collected by the same objective, separated from the
excitation light by a dichroic mirror and emission filters (632/148, Semrock), and then directed
into an electron-multiplying charge coupled device (EM-CCD, ANDOR iXON Ultra 888) camera.
The imaging array was 1024 x 1024 pixels with 13 x 13 pm?/pixel. The frame rate was set at 10
fps (100 ms/frame) for all samples utilizing a frame transfer approach in which the next frame is
acquired while the previous frame is read out, allowing for continuous movies to be acquired.
Electron multiplied (EM) gain set to 300 and CCD sensitivity set to 12.13 for the camera. Since
the image was taken by an Andor iXon 898 EMCCD (13 um/pixel) using a 100% objective lens,
and the resultant effective dimension for each pixel was about 130 nm.

Blinking statistical analysis. For DDT-CIS/ZnS sample, single particle experiment was prepared
by spin casting freshly diluted QDs in hexane. The QD particle density was controlled by changing
the concentration of the QDs in the solution before spin coating. For MPA-CIS/ZnS sample, in

order to immobilize the QDs on a coverslip surface, the QDs were first functionalized with
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neutravidin as describe above. Then, in a sample chamber, pipetted in 20 ul mixture of MPEG and
biotinylated mPEG (ratio 99:1) in ddH20. Incubate for 10 min. Rinse with 30 pl ddH-O.

Pipetted in 20 pl neutravidin conjugated C1S/ZnS QDs. Incubated for 10 min. Rinsed with 30 pl
ddH20. Single-particle trace extraction from the movie acquisition and on and off time probability
densities were processed using a Python home-built. Only QDs in the central ~200 x 200 pixels
portion of the CCD chip were used to minimize effects of illumination power variations due to the
2-D Gaussian laser illumination profile. At least 100 dots are randomly selected and analyzed for
each sample. All measurements were performed at room temperature.

Localization precision experiment. In a sample chamber, pipetted in 20 pl mixture of mPEG and
biotinylated mPEG (ratio 95:5) in ddH20. Incubated for 10 min. Rinsed with 40 pl ddH-O. Pipetted
in 20 pl neutravidin conjugated CIS/ZnS QDs or streptavidin conjugated CdSe/ZnS QDs.
Incubated for 10 min. Rinsed with 40 pl ddH20.

Analysis of localization precision for single QD was processed by Matlab and ThunderSTORM,?
an ImageJ plugin. The integrated signal was collected from 7 x 7 pixels around the maximum of a
single spot. To avoid the crosstalk of multiple particles into an intensity trajectory, any fluorescent
spot within five pixels of another fluorescent spot was omitted from analysis.

Reconstruction of Super-Resolution Images. In a sample chamber, pipetted in 20 pl mixture of
mPEG and biotinylated mPEG (ratio 95:5) in ddH20. Incubated for 10 min. Rinsed with 40 pl
ddH20. Pipetted in 60 ul neutravidin (10 mg/ml). Incubated for 10 min. Rinsed with 100 pl ddH-O.
Pipetted in 20 ul biotinylated actin filaments. Rinsed with 40 pl ddH2O. Pipetted in 20 pl
neutravidin conjugated C1S/ZnS QDs or streptavidin conjugated CdSe/ZnS QDs. Incubated for 10

min. Rinsed with 40 ul ddHO.
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For reconstructing of super resolution images, a time series of fluorescence images were first
acquired. The super-resolution images were then reconstructed with ThunderSTORM.?® This
plugin provides a complete tool for image preprocessing, particle localization, postprocessing

analysis, and visualization of data.

3.4. Results and Discussion

In order to conjugate CIS/ZnS QDs to proteins for bioimaging, they must first be rendered water
soluble and provide functional groups for protein attachments. To accomplish this, the organic-
soluble thiol ligands (DDT) are exchanged for water-soluble thiol ligands, such as MPA. Figure
3.1 illustrates the phase transfer procedure for DDT-CIS/ZnS QDs to aqueous solution using MPA.
Briefly, hydrophobic C1S/ZnS QDs were synthesized based on previous reports.?*2® Then, washed
DDT-CIS/zZnS QDs were mixed with the mixture of DMF and MPA at 130 °C under vigorous
stirring for 15 minutes. The sample was then precipitated from DMF with ethyl acetate and re-

dispersed into buffer solution (pH 9) to form aqueous soluble CIS/ZnS QDs.?’
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Figure 3.1. lllustration of MPA ligand exchange to render CIS/ZnS QDs to aqueous solution.
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Figure 3.2. PL emission spectra and QY of C1S/ZnS QDs before and after ligand exchange.

Figure 3.2 shows the fluorescence emission peaks and full width at half maxima (fwhm) are
relatively the same for the QDs before and after ligand exchange, indicating no obvious change in
the particle size. Also, the PL QY of QDs before and after ligand exchange is 60% and 30%,
respectively, which is relatively comparable with previous report for CIS/ZnS QDs.?’

Generally, QDs with compact size and well-dispersed are more favorable for biological imaging

application, especially in spatially-confined conditions such as in cell junctions,?® or in
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Figure 3.3. TEM image of DDT-CIS/ZnS QDs and the size histogram of the QDs.
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overlapping/interacting biological structures.?® In this report, size analysis by TEM (Figure 3.3)
indicates the average size of CI1S/ZnS QDs is less than 5 nm, which is compact enough for labeling
small, overlapping/interacting biological structures for super resolution imaging applications.
Representative traces of intensity vs time in figures 3.4a indicates that streptavidin-CdSe/ZnS QDs
spend most of the time at the on state whereas DDT-CIS/ZnS and neutravidin-CIS/ZnS QDs
stochastically give burst like fluorescence (figure 3.4b, c). Statistical analysis of blinking behavior
(figure 3.4 d, e) presents the probability density of the on dwell time and off dwell time for over
100 QDs of streptavidin-CdSe/zZnS, CIS/ZnS QDs before and after neutravidin conjugation.
Clearly, the on dwell times of streptavidin-CdSe/ZnS QDs are longer compared to that of DDT-
CIS/ZnS and neutravidin-CIS/ZnS QDs, especially at the longer time. In the off dwell time results,
there is a more pronounced difference of CdSe/ZnS compared to CIS/ZnS QDs. Also, the blinking
analysis shows that there is more noticeable deviation in the on dwell time than the off dwell time
for CIS/ZnS QDs before and after neutravidin conjugation.

Since the first observation of blinking phenomenon of semiconductor QDs in 1996,% the blinking
mechanism has not been well elucidated until now. The most widely accepted explanation is that
blinking arises when the photoexcited electrons (or holes) is trapped in trap states on the surface
of nanocrystals or the surrounding environment.3! In the resultant charged/trapped nanocrystals,
the fluorescence is quenched via nonradiative recombination until the electrons (or holes) tunnel
back to the nanocrystal emitting core, rendering it bright again. While majority of QD research
have aimed at eliminating blinking, the stochastic switching between an on and off state clearly

gives blinking QDs potential for super resolution localization imaging.
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Figure 3.4. Representative traces of intensity vs time of DDT-CIS/ZnS QDs (a);
Neutravidin-C1S/ZnS QDs (b) and-streptavidin CdSe/ZnS (c). Statistical analysis
for Pon (d) and Poff (e) of blinking QDs.
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For fluorescent probes that can spend the majority of their time at the off state, while only giving
burst-like signal in the on state, higher density of probes can be labeled on samples to be imaged,
resulting in more details for the final reconstructed image.® For localization precision experiments
of single QDs, neutravidin-CIS/ZnS and streptavidin CdSe/ZnS QDs were immobilized on a

coverslip surface as depicted in figure 3.5.
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Figure 3.5. Sketch of a typical sample chamber. (a) Top view; (b) Side view; (c)
Ilustration for immobilization of MPA-CIS/ZnS on a coverslip surface.

The surface of a coverslip was coated with a mixture of mPEG and mPEG-biotin, in which the
concentration of MPEG-biotin is just 1% so that the immobilized QDs are well dispersed.

The carboxylated MPA-CIS/ZnS QDs can be conjugated to neutravidin via EDC coupling, which
cross-links carboxyl groups on the QDs to amine groups on the proteins. Unconjugated proteins
were removed by a 100 kDa cutoff centrifugal filter unit.

First, surface-immobilized CdSe/ZnS and CI1S/ZnS samples were imaged. A typical image is

shown in figure 3.6a. A bright field image of QDs immobilized on a coverslip surface and a PSF
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of asingle CIS/ZnS QD were shown in figures 3.6 b and c, respectively. The localization precision
is described as 6% = s?/N + a%/(12N) + 8ns?b?/(N?b?),%? where s is the standard deviation (SD) of
the PSF, a is the pixel size (130 nm) in the image, b is the background noise, and N is the number
of photons. By statistical analysis, the averaged localization precision of the CI1S/ZnS QDs is 7.2
nm and CdSe/ZznS QDs is 1.6 nm, which is expected due to the higher brightness of

commercialized CdSe/ZnS QDs.
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Figure 3.6. Left images are for CIS/ZnS QDs; right images are for CdSe/ZnS QDs. (a, €) bright
field images of QDs immobilized on a coverslip surface. (b, f) Images of a single QD, indicated

by the red arrow in (a) and (e). (c, f) Fitting the point spread function of the single QD with a
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To evaluate the effectiveness of super-resolution localization, a region of the image in which
CIS/znS QD emission overlapped was chosen. Figure 3.7 a and b present the stacked image in
which the maximum intensity of each pixel over 300 frames was determined (to show the intensity
of the QD only when it is on) and the reconstructed super-resolution image, respectively. The
comparative analysis of the two images demonstrates an improvement in spatial resolution. Figure
3.7 c shows a representative line profile of two spots immobilized within a PSF (~350 nm) showing

two unresolved peaks, but after reconstruction, two well-separated peaks are evident.
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Figure 3.7. (a) bright field (or TIRF) image and (b) reconstructed (or SMLM) image of
immobilized QDs. (c) line scan profile of two adjacent QDs.

Actin is one of the key proteins involved in muscle contraction, cell division, and migration. It is
a globular protein with molecular weight of 42 kDa and diameter of 5 nm. In presence of salts and
magnesium, it polymerizes into long filaments with two helically twisted strands.®*-3* The length
of actin filaments can reach up to several microns, while the thickness is about 10 nm (size of two
actin monomers), making super-resolution imaging ideal to study them.**3® Figure 3.8 illustrates

how QDs were labeled onto f-actin filaments. The surface of a coverslip was coated with a mixture
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of mMPEG and mPEG-biotin as described in the localization precision experiment. An excess
amount of Neutravidin was used to both provide adequate sites to bind the biotinylated actin
filaments and to saturate the biotin sites on the surface to minimize the unspecific bindings of
Neutravidin-C1S/ZnS and streptavidin CdSe/ZnS QDs to mPEG-biotin. Then the polymerized
biotinylated actin filaments were added, which bound to free sites on the Neutravidin, and finally
strepativin-CdSe/ZnS or neutravidin-CIS/ZnS QDs were labeled onto f-actin filaments via the

strong Neutravidin/streptavidin-biotin affinity.
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Figure 3.8. lllustration of QDs labeled onto actin filaments.

Figure 3.9 shows the TIRF images, reconstructed super-resolution images and line scan profiles
of CIS/ZnS QDs (left) and CdSe/ZnS QDs (right) labeled actin filaments. The average width of
actin filaments from the Gaussian fit (fwhm) is determined to be 79 nm for CIS/ZnS QDs and 76
nm for CdSe/ZnS, which is approximately 4.5-5 times higher resolution than that acquired by TIRF
imaging. This is an interesting result, since the localization precision of CIS/ZnS QDs is 4.5 times
less precise than that of CdSe/ZnS QDs but the two QDs give relatively the same resolution for
super resolution imaging of actin filaments. This can be explained that even the CdSe/ZnS QDs
give better localization precision at single QD due to their higher brightness, they mostly stay at
the on state so at a given binning time many QDs fluoresce, leading to the less precise localization
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when labeling at high density for super resolution imaging. However, when compared to the width
of actin filaments which is about 10 nm, these results still leave room for some improvement for
all 3 types of QD (CdSe/znS, CIS/ZnS and Carbon QDs). Endesfelder et al. achieved a width of
30 nm in imaging actin filaments by labeling them with both carbocyanine fluorophores Cy5 and
Alexa 647.37 Also, in this report, the authors used myosin 1l to coat the coverslip surface, which
may avoid possibility of non-specific bindings of QDs. Another possible method for labeling of
QDs on actin filaments to reduce non-specific binding is that QDs first can be conjugated with

actin monomers before the polymerization step.*
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Figure 3.9. Left images are for CIS/ZnS QDs. Right images are for CdSe/ZnS QDs. (a, g, d and
J) bright field (or TIRF) images; (b, h, e and k) reconstructed (or SMLM) images of actin

filaments. (c, i, fand 1) line scan profiles of the widths of actin filaments.
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3.5. Conclusions

For the first time, compact CIS/ZnS QDs with burst like fluorescence were used as probes for
single molecule localization microscopy. This material could offer the opportunity to fulfill the
potential of semiconductor QDs without the toxicity limitations encountered by I1-VI QDs. The
FL QY of CIS/ZnS QDs after phase transferring is about 30% which is high enough for super
resolution imaging. The average localization precision of single QD for CIS/ZnS is 7.2 nm which
is approximately 4.5 times less precise compared to that of commercialized CdSe/ZnS QDs.
However, because the aqueous soluble CIS/ZnS QDs give burst like fluorescence while the
CdSe/znS QDs spend most of the time at the on state, with a relatively equal concentration of
sample labling, both of the QDs obtained 4.5 times higher in resolution for super-resolution
imaging when compared to those acquired from conventional TIRF imaging. This report highlights
that CIS/ZnS QD can be a potential candidate for using compact, non-toxic QDs for single

molecule localization imaging of biological structures.
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Chapter 4. Conclusions and future direction

The highlight of this dissertation is that it includes projects starting from synthesis and
characterization of C1S/ZnS QDs and then applications fast blinking C1S/ZnS QDs as fluorescent
probes for single particle localization super resolution imaging.

In the first project presented in chapter 2, the relationship of structures, elemental analysis and
photophysics of CIS/ZnS QDs are carefully investigated. The CIS cores with In/Cu ratio is 4/1
were first synthesized based on previous report.t Then CIS cores were encapsulated with different
concentrations (0.1; 1; 2; 4 mmol) of Zn precursor, Zn(St).. Instead of using hot injection method,?
% during the shelling procedure in this dissertation, Zn precursor was added to CIS core solution at
room temperature and heated up to 230 °C. Thus, the procedure can be more applicable for large
scale production of the QDs. The resulting QDs were relatively isotropic compared to other reports
and had average sizes of 4-8 nm with different concentrations of Zn precursor used. XRD and
HRTEM analysis suggested that the structure of QDs changed from chalcopyrite for CIS cores to
zinc blende for CIS/ZnS. Elemental and spectroscopic analysis indicated that as concentration of
Zn precursor increased, the size of CIS became smaller due to excess cation exchange and
eventually reached ‘cluster’-size regime embedded in ZnS lattice. Furthermore, interesting
properties between ensemble and single particle of CIS/ZnS QDs were observed, which were high
PL QY but fast blinking for CIS/ZnS QDs synthesized at 0.1 mmol of Zn precursor, whereas low
PL QY but relatively suppressed blinking for QDs when 2 and 4 mmol of Zn was used.

For single particle analysis, a wide heterogeneity in blinking behavior from QD-to-QD is evident,
especially when 2 and 4 mmol of zinc precursor was used and a subpopulation statistical analysis
shows that the on-state dwell times change from multiexponential (or inverse power law) behavior

towards more mono-exponential behavior for particles that spend more of their time in the on-
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state. These results indicate that, as the number of CulnS; emitting centers is reduced, the number

of pathways leading to the off-state decreases, and a model is proposed to relate this behavior to

the QD structure.
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Figure 4.1. (A-B). FLIM images and (C). single particle histogram for CIS/ZnS QDs at 0.1 and 4
mmol of Zn. (D). time dependent intensity and (E) PCH of CI1S/ZnS QDs at 4 mmol of Zn. F-H.
intensity resolved fluorescence lifetime curves with fitting of high intensity ‘on’ state (blue),
intermediate intensity ‘on’ state (cyan) and ‘off” state (magenta).

One project can be done in the future in our group is to investigate the single particle lifetime for
CIS/ZnS QDs. Preliminary results showed that there is a significant difference in lifetime between
QDs at different Zn concentrations. FLIM image and lifetime histogram of single particle for QDs
at 0.1 and 4 mmol is show in figure 4.1. Clearly, single QD of 4 mmol Zn shows wider

heterogeneity compared to 0.1 mmol Zn. Time dependent fluorescence intensity and photon

counting histogram (PCH) for single QD of 4 mmol Zn show a distribution of intensity levels.
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There are three states can be extract out from the PCH. First is high intensity state having long
lifetime and monoexponential decay time of 300 ns. Second is intermediate state with short 5ns
component in combination with 300 ns component. Third is lowest state with 3 components of 1
ns, 5 ns and 300 ns. Interestingly, the long component is still present in the intermediate and lowest
states.

In the first project we proposed the wide heterogeneity in blinking of CIS doped ZnS QDs resulted
from the differences in positions of emitting centers CIS embedded in ZnS lattice. Therefore, it
would be more comprehensive if one can use advanced imaging and spectroscopy techniques (i.e.
STEM/EELS*® and/or XANES, EXAFS and EPR)® to confirm our model.

Currently, one project related to CIS/ZnS QDs is being carried out in our lab. Due to high level of
cation exchange during the shelling ZnS for CIS cores, we want to add Zn precursor during CIS
core synthesis in order to pre-alloy the CIS core, then proceed with encapsulating the Zn/CIS cores
with ZnS. Different reaction conditions will be carefully investigated such as of amount of Zn
precursors added during core synthesis, amount of Zn precursors added during shelling and also
reaction time.

In project 2, to our best knowledge, this is the first time CIS/ZnS QDs are used as fluorescent
probes for single molecule localization super resolution imaging.

First, CIS/ZnS QDs were rendered to aqueous solution by ligand exchange with MPA. Blinking
analysis of CIS/ZnS QDs before and after ligand exchange indicated that MPA-CIS/ZnS blink
even more than DDT-CIS/ZnS, which make them suitable for single particle localization super
resolution imaging.

In this project, we separately labeled CIS/ZnS QDs and commercial CdSe/ZnS QDs onto actin

fibers, then compared the resolution of reconstructed super resolution images. The results showed
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that the CdSe/ZnS QDs gave better precision for single molecule localization due to their higher
brightness. However, both QDs gave the same resolution for reconstructed resolution images due
to the fact that CdSe/ZnS QDs stay mostly at the on state so their fluorescent signals in a certain
binning time overlapped with each other, whereas fast blinking CIS/ZnS QDs can stochastically
fluoresce so their locations can be separately determined.

During the seconds project the most challenging steps were bioconjugation of CIS/ZnS QDs to
Neutravidin via EDC coupling and how to avoid the binding of C1S/ZnS QDs with mPEG-biotin
when they are labeled to actin-filament.

For bioconjugation, even though EDC coupling is a widely used method for bioconjugation of
nanoparticles with biological molecules, this method is highly pH dependent and usually causes
precipitation. Snee’s research group recently reported a mini-review for their accomplishments in
utilizing their own synthesized molecules showing higher yield in bioconjugation compared to
EDC coupling.” Particularly, methyl-terminated poly(ethylene glycol) 350 Da (mPEG-350)
functionalized CdSe/ZnS QDs conjugation with amine functionalized dyes yields as high as 95%.
Also, they used mPEG-350 for conjugation of AgInS2/ZnS QDs which also belong to I-111-V1 QDs
as CIS/znS QDs. Therefore, one of possible project related to my second project is to
systematically investigate the chemistry of available conjugation agents to offer the highest yield.
For non-specific binding of C1S/ZnS QDs on coverslip surface, even high amount of Neutravidin
was used to bind with mPEG-biotin, the binding of CIS/ZnS QDs to mPEG-biotin is still high.
Heilemann et al. reported using myosin Il to cover to surface of coverslip and the reconstructed
super resolution image show the resolution for actin filament is 30 nm,® which is two times better
than our results. Thus, myosin Il can be a potential candidate for covering glass surface in actin

filament imaging.
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| have also tried to use CIS/ZnS QDs as fluorescent probes for super resolution imaging of T3T
fixed cells but due to high amount of non-specific binding of QDs in cells, the project has to be
postponed. Recently, Smith et al. combined zwitterion and oligo(ethylene glycol) to functionalize
surface of QDs for reducing of non-specific binding.® Their study showed that this combination
can significantly improve the non-specific binding resistance when labeling QDs to proteins, fixed

cells and live cells. Thus, this method can be applied in the T3T fixed cells super resolution

imaging.

108



4.1. References

1. Chen, B.; Zhong, H.; Zhang, W.; Tan, Z. a.; Li, Y.; Yu, C.; Zhai, T.; Bando, Y.; Yang, S.;
Zou, B., Highly Emissive and Color-Tunable CulnS2-Based Colloidal Semiconductor
Nanocrystals: Off-Stoichiometry Effects and Improved Electroluminescence Performance.
Advanced Functional Materials 2012, 22 (10), 2081-2088.

2. Zhang, A.; Dong, C.; Li, L.; Yin, J.; Liu, H.; Huang, X.; Ren, J., Non-blinking
(Zn)CulnS/ZnS Quantum Dots Prepared by In Situ Interfacial Alloying Approach. Scientific
reports 2015, 5, 15227.

3. Zang, H.; Li, H.; Makarov, N. S.; Velizhanin, K. A.; Wu, K.; Park, Y. S.; Klimov, V. I,
Thick-Shell CulnS2/ZnS Quantum Dots with Suppressed "Blinking" and Narrow Single-Particle
Emission Line Widths. Nano Lett 2017, 17 (3), 1787-1795.

4. Orfield, N. J.; McBride, J. R.; Keene, J. D.; Davis, L. M.; Rosenthal, S. J., Correlation of
Atomic Structure and Photoluminescence of the Same Quantum Dot: Pinpointing Surface and
Internal Defects That Inhibit Photoluminescence. ACS Nano 2015, 9 (1), 831-839.

5. Orfield, N. J.; McBride, J. R.; Wang, F.; Buck, M. R.; Keene, J. D.; Reid, K. R.; Htoon,
H.; Hollingsworth, J. A.; Rosenthal, S. J., Quantum Yield Heterogeneity among Single
Nonblinking Quantum Dots Revealed by Atomic Structure-Quantum Optics Correlation. ACS
Nano 2016, 10 (2), 1960-1968.

6. Manikandan, D.; Yadav, A. K.; Jha, S. N.; Bhattacharyya, D.; Boukhvalov, D. W.;
Murugan, R., XANES, EXAFS, EPR, and First-Principles Modeling on Electronic Structure and
Ferromagnetism in Mn Doped SnO2 Quantum Dots. The Journal of Physical Chemistry C 2019,
123 (5), 3067-3075.

7. Snee, P. T., The Role of Colloidal Stability and Charge in Functionalization of Aqueous
Quantum Dots. Accounts of Chemical Research 2018, 51 (11), 2949-2956.

8. van de Linde, S.; Wolter, S.; Heilemann, M.; Sauer, M., The effect of photoswitching
kinetics and labeling densities on super-resolution fluorescence imaging. Journal of Biotechnology
2010, 149 (4), 260-266.

109



	Ensemble and Single Particle Studies of Cation Exchange in CuInS2/ZnS QDs and Their Application in Super-Resolution Imaging
	Citation

	tmp.1603479604.pdf.EDI1l

