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Abstract

The Effects of Phase Transfers with Thiol Ligands on the Optical Properties
of Water-Soluble Quantum Dots
James Ciro Schwabacher

This dissertation examines the effects of phase transfers with thiol ligands on the optical
properties of quantum dots (QDs) in water by investigating two systems: i) dihydrolipoic acid
(DHLA)-capped PbS QDs and ii) thiolated DNA-capped core/shell CdSe/CdS QDs. QDs are
bright, monodisperse, and tunable hydrophobic nanoparticles with high photoluminescence (PL)
quantum yields (QYs). Phase transfers with thiol ligands impart hydrophilicity to QDs synthesized
in organic solvents. However, these procedures often decrease the monodispersity, PL QY, and
colloidal stability of the QD ensemble that makes QDs desired as Forster resonance energy transfer
(FRET) donors or acceptors in biologically relevant environments. This work probes the
relationship between an ensemble's polydispersity and its pH response after phase transfer. The
bathochromic shifts of the PL of an ensemble of DHLA-capped PbS QDs can be entirely accounted
for by FRET between QDs within aggregates. X-ray scattering techniques indicate that PbS-DHLA
QD aggregates are mass fractals formed by clusters of tightly packed QDs in acidic environments.
This work, expanding upon existing protocols, presents a new phase transfer method that employs
a ternary solvent system to functionalize CdSe/CdS QDs with thiolated-DNA strands in less than
one hour without intermediate ligands. This thesis provides insight into the challenges of deploying

QDs in aqueous environments and highlights potential solutions.
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occurs as the pH increases. The scattering profiles for the forward titration when pH
=12 (purple trace) and pH = 11 (green trace) are shown for comparison. Vertical error
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1.1 Chapter Summary

This chapter introduces colloidal quantum dots (QDs), semiconductor nanocrystals that are on
the order of or smaller than the exciton Bohr radius of the bulk semiconductor material. Their
relatively small size results in the confinement of their electronic wavefunctions, which generates
size-dependent optoelectronic properties that deviate from the properties of the bulk material.
These properties are detailed below, as well as the specifics of two types of QD materials discussed
in this thesis: lead sulfide (PbS) and cadmium selenide (CdSe). Well-established QD syntheses
and post-synthetic modification methods are also explored before describing QD-QD Forster
resonance energy transfer (FRET). The roles of post-synthetic ligand exchanges and QD-QD
FRET on the applicability, or lack thereof, of water-soluble QDs to biologically relevant fields are
detailed. This chapter concludes with an outline of the research described in this dissertation.

1.2 Properties of Quantum Dots

Colloidal quantum dots (QDs) are semiconductor nanocrystals with electronic wavefunctions
that are spatially confined in three dimensions. They are often simplified as nanometer-sized
spheres, though this framework ignores the fact that they are faceted.!> When a QD is excited by
a photon of some energy equal to or greater than the energy of its QD optical bandgap, an electron
is excited from the valance band to the conduction band. This photoexcitation creates an exciton,
which is a quasi-particle consisting of a Coulombically attracted electron-hole pair. QD radii are
on the order of or less than the delocalization length of an exciton in the corresponding bulk
material (i.e., QD radius < exciton Bohr radius), thus QD's exciton is spatially confined in all three
dimensions.? This confinement yields discrete energy levels for the electron and hole, and the QD's

size determines the energy levels’ positions.*
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The relatively small size of QDs, and the resulting quantum confinement, induces size-tunable

optoelectronic properties that are different from the properties of the bulk material. QDs are most
often sought-after for their broad absorption spectra, which ranges from the ultra-violet to near-
infrared® regions of the electromagnetic spectrum (depending on QD size and material
composition). QDs exhibit extinction coefficients that are an order of magnitude greater than the
extinction coefficients of organic dyes. In conjunction with their high absorptivity, their long
excited-state lifetimes, which range from 10-3000 ns, narrow emission spectra, and high
photoluminescent (PL) quantum yields (QYs) make QDs desirable fluorophores.®’ Over four
decades of QD research has optimized the production of highly monodisperse QD ensembles with
high PLQYs from synthetic procedures using organometallic precursors and hot coordinating
solvents.®!? These established hot-injection syntheses!! enable effortless manipulation of the size
of the QDs in an ensemble, usually through reactant concentrations, temperature, and/or time, and
thus allow researchers to tune the optoelectronic properties of a QD batch.

QDs are also solution-processable and can be post-synthetically modified to tune their
optoelectronic properties, reactivity, and solubility by doping the QD lattice!?, shelling the QD

13-15 " encapsulating the QD surface!é, or exchanging the QD ligands!”. The small sizes and

core
spherical structures of QDs offer large surface-to-volume ratios that provide a significant area for
targeted applications, such as sensing or photocatalysis, however large surface-to-volume ratios
also make QDs highly sensitive to changes at their surface and within their environment.

The work presented in this thesis was performed using two types of colloidal QDs: PbS QDs
and CdSe/CdS core/shell QDs. PbS QDs are IV-VI semiconductor nanocrystals with a rock-salt

crystal structure. Their shapes are dependent on the synthetic conditions and colloidal size.?> PbS

QDs have size-tunability over the near-infrared region. The quantum confinement possible with
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PbS QDs is stronger than the confinement possible with other QDs, such as CdSe QDs, because

of the relatively large exciton Bohr radius (18 nm for PbS!® vs. 5.8 nm for CdSe!?). CdSe QDs are
II-VI semiconductor nanocrystals with either zincblende?® or wurtzite?! lattice structures
determined by the conditions of their synthesis.?> CdSe QDs have size-tunability over the visible
light spectrum. For the purposes of our research, we add a thin CdS shell to our CdSe QD cores to
increase stability and PL. QY. The CdS shell passivates the QD surface and suppresses nonradiative
recombination.?

1.3 QD-QD Energy Transfer

Energy transfer (EnT) is a non-radiative process by which a donor, such as a QD, transfers its
excited-state energy to a ground-state acceptor. EnT occurs through either the bilateral exchange
of electrons between an excited donor and ground-state acceptor (Dexter energy transfer) or
through the simultaneous transmission of excess energy from the excited donor to the ground-state
acceptor through the coupling of the donor and acceptor transition dipoles (Forster resonance
energy transfer, or FRET)?*, which is the EnT mechanism relevant to the research presented herein.
If donors and acceptors are assumed to be point dipoles, then the rate of FRET decays to the sixth
power of the donor-acceptor distance; therefore, the donor and acceptor must be brought nearby,
usually within 10 nm, to observe EnT. It is possible, though, to extend Forster distances beyond
the usual 10 nm when QDs are acceptors for lanthanide-based donors.” Besides the donor-acceptor
distance, the FRET efficiency is dependent on the refractive index of the medium, the orientation
of the donor’s emission transition dipole and the acceptor’s absorption dipole, the overlap of the
donor’s emission spectrum and acceptor’s absorbance spectrum, and the quantum yield (QY) of

the donor.
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1.4 Aqueous Quantum Dot Systems

Despite their promising characteristics highlighted above, such as the ability to participate in
FRET, QDs have yet to revolutionize fields like biological sensing or biomedical imaging—likely
due to challenges presented by the aqueous environments inherent to these applications. The
instability of aqueous QDs has been known for some time.?> The first QDs were, in fact,
synthesized using stabilizing agents in aqueous environments and were colloidally unstable.?¢-?
Though water-based QD syntheses have since improved, they typically result in ensembles with
broader shape and size distributions, and therefore broader optical spectra?®?® than those
synthesized using hot-injection methods. In place of improved syntheses for hydrophilic QDs, the
bright, crystalline, and monodisperse hydrophobic QDs produced from hot-injection syntheses are
subjected to post-synthetic ligand exchanges to impart hydrophilicity. Unfortunately, post-
synthetic phase transfers often induce QD etching, Ostwald ripening, and/or formation of defects

30-33

that cause PL quenching’®~°. Furthermore, successful phase transfer and exchange with

hydrophilic ligands do not necessarily guarantee colloidal stability in water, especially long-term.

1.5 Dissertation Outline

The research in this dissertation investigates the effects of phase transfers with thiol ligands on
the optical properties of QDs in aqueous solutions. In Chapter 1, we introduced the fundamentals
and properties of colloidal QDs, specifically PbS QDs that emit near-infrared light, and thinly
shelled CdSe/CdS QDs that emit bright visible light. In Chapter 2, we describe how exchanging
the native oleate ligands on PbS QDs with dihydrolipoic acid (DHLA) molecules to provide water
solubility determines the pH response of aqueous PbS-DHLA QD ensembles. We find that the
magnitude of the pH-dependent PL shift is strongly correlated with the polydispersity of the

ensemble after phase transfer into water. In Chapter 3, we analyze x-ray scattering measurements
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to elucidate the structure and mechanism of formation of PbS-DHLA QD aggregates first observed

in Chapter 2. Our analysis suggests that PbS-DHLA QDs pack in clusters with center-to-center
distances of approximately 3.8 nm, which then undergo diffusion-limited cluster aggregation
(DLCA) or reaction-limited cluster aggregation (RLCA) to form large mass fractal structures. In
Chapter 4, we apply a ternary solvent system to explore a new, quick ligand exchange method to
functionalize bright CdSe/CdS core/shell QDs with thiolated DNA strands for applications in
aqueous environments. In Chapter 5, we present some concluding remarks and three possible

future directions for further developing aqueous QD systems.
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Chapter 2: Origin of the pH Dependence
of Emission of Aqueous Dihydrolipoic

Acid-Capped PbS Quantum Dots

Adapted From:
Schwabacher, J. C.; Kodaimati, M. S.; Weiss, E. A. J. Phys. Chem. C. 2019, 123 (28), 17574—

17579.
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2.1 Chapter Summary

This chapter describes the mechanism behind the pH response of the photoluminescence (PL)
of aqueous dihydrolipoic acid (DHLA)-capped PbS quantum dots (QDs). The PL spectra of
ensembles of PbS-DHLA QDs bathochromically shift by up to 95 meV as the pH value decreases
from 12 to 5. The results of optical spectroscopy and dynamic light scattering experiments, along
with the results of a phenomenological model for exciton hopping among QDs, suggest that
bathochromic shifts can be entirely accounted for by Forster-type energy transfer (EnT) among
QDs as they aggregate with decreasing pH. The magnitude of the PL shift is strongly correlated
with the full width at half maximum (fwhm) of the ensemble’s PL in its most disaggregated state
(i.e., the polydispersity of the sample directly after phase transfer into basic water). Extrapolation
of these data to a hypothetically completely monodisperse sample of QDs yields a PL fwhm of an
ensemble of single DHLA-capped PbS QDs in water of 130 meV. This work shows that the PL
linewidth before aggregation, which is controlled by the phase transfer procedure, is an excellent
predictor of the pH response of the emission spectra of the QDs.

2.2 Introduction

Colloidal semiconductor quantum dots (QDs) are bright, highly tunable, and synthetically
simple chromophores useful for aqueous photocatalysis and biological sensing®*3; both
applications have strict requirements for the pH range under which the QDs must operate. QDs
synthesized in water have broader shape and size distributions, and therefore broader optical
spectra?®??, than those synthesized in organic solvents®!% 36 so water-solubility is typically
imparted post-synthetically, through a ligand exchange/phase transfer procedure. Unfortunately,
post-synthetic phase transfers in some cases decrease the quality of the QD sample by etching,

Ostwald ripening, and/or formation of photoluminescence (PL)-quenching defects®*-33. Here we
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analyze the impact of the phase transfer of near-IR-emitting PbS QDs into water using a popular

dithiol ligand*"#?, dihydrolipoic acid (DHLA), on the size dispersity of the sample, and connect
this dispersity to the pH-dependence of the ensemble’s PL spectrum. As the pH decreases,
decreased electrostatic repulsion and increased hydrogen bonding interactions, in the presence of
attractive van der Waals forces, cause the aqueous DHLA-capped QDs to aggregate. For
polydisperse samples, Forster-type energy transfer (EnT) among QDs within these colloidally
stable aggregates results in a bathochromically shifted, narrowed PL spectrum for the ensemble at
more acidic pH. A phenomenological exciton hopping model, coupled with experimental data
from optical spectroscopy and dynamic light scattering (DLS), indicates that the pH dependence
of the emission of these samples can be accounted for entirely by EnT upon aggregation, and that
the PL linewidth of a hypothetically completely monodisperse ensemble of PbS QDs is 130 meV
in water.

2.3 Quantum Dot Synthesis and Ligand Exchange

We synthesize and purify oleate (OA)-capped PbS QDs, approximately 3.2 nm in diameter,
according to established procedures.® All syntheses, ligand exchanges, titrations and sample
preparations are conducted under nitrogen atmosphere with degassed solvents to minimize
oxidation of the QD surfaces and their ligands. To solubilize the PbS QDs in H>O (or D>O, which
we use in the PL experiments instead of H>O to prevent reabsorption of the near-IR QD emission),
we add 4 uL of DHLA from a previously prepared stock of reduced lipoic acid to 5 mL of 15 uM
PbS-OA QDs in CHCI; in a 15-mL centrifuge tube (420 DHLA equiv. per QD). We then add 30
puL of 0.5 M NaOH (1.7 equiv. per DHLA), followed immediately by 5 mL of degassed H>O, and
vigorously shake the tube for five seconds. We open the tube and add an additional 70 pL of 0.5

M NaOH (4.0 equiv. per ligand), re-seal the tube, and shake for approximately three minutes until
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a clear black layer forms at the top of the beige solution in the centrifuge tube. We centrifuge the

mixture at 7500 RPM for 5 minutes, after which we carefully remove the top (dark brown) aqueous
layer with a syringe and filter the solution into a clean vial using a syringe filter (0.22 pm pore

size). The resulting ~10 uM aqueous QD dispersions are basic (pH ~ 10.5 pH) after exchange.

2.4 Sample Preparation

We dilute 333 pL aliquots of the exchanged stock into six 5-mL samples of 1 uM PbS-DHLA
QDs with pH values of 12, 11, 9, 7, 6, and 5. We adjust the pH by the addition of 0.5 M NaOH or
0.5 M HCl and add aliquots of 0.1 M NaCl as necessary to maintain an ionic strength of ~0.01 M

across all samples. For complete experimental details, see section 2.7.

2.5 Results and Discussion

Figure 2.1, solid lines, shows that the PL spectra of a series of samples of 1 uM PbS-DHLA
QDs shift to lower energy by 40 meV and narrow by 19% upon decreasing the pH from 12 to 5;
this range spans the pK, of the free thiol (=10.3) and of the carboxylic acid of DHLA when bound
to the QD (=8.6, see section 2.7). The intensity of the PL increases as the pH decreases from 12 to
9, and then decreases as the pH decreases from 9 to 5 (shown explicitly in Figure 2.10 in section
2.7), a result that has been reported previously.3® 4343

Particles within all aqueous PbS-DHLA QD dispersions begin to agglomerate when pH < 9,
as reflected in an increase in the baseline of their absorbance spectrum as the pH decreases (Figure
2.2A).% Figure 2.2B displays the volume distribution, in percent, of the hydrodynamic diameter

for dispersions of PbS-DHLA QDs at pH = 12, 11, 9, 7, 6, and 5, measured by dynamic light

scattering (DLS), a technique utilized in similar systems*’. The distribution shifts to larger average
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sizes with decreasing pH. Basic solutions (pH > 9) contain particles with hydrodynamic diameters
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Figure 2.1 Experimentally measured PL spectra of 1 uM PbS-DHLA QDs (in D20O) as a

function of pH (solid lines), superimposed with simulated PL spectra for a polydisperse PbS

QD ensemble with a series of average center-to-center interparticle distances (dashed lines).
smaller than 10 nm, which are colloidally stable for a few days if stored in the dark under inert
atmosphere, while more acidic solutions contain colloidally stable particles with hydrodynamic
diameters as large as 360 nm. These acidic solutions also contain precipitates that migrate to the

bottom of the cuvette, which is outside the DLS measurement window, and, thus, cannot contribute

to the measured distribution. For more details, see section 2.7.
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Figure 2.2 A) Absorbance spectra of 1 uM PbS-DHLA QDs (aq) as the pH was adjusted from
12 to 5 by the addition of 0.5 M NaOH or 0.5 M HCI. The black, purple, orange, yellow, grey,
and green colors denote pH values of 12, 11,9, 7, 6, and 5, respectively. B) The volume percent
distribution of the hydrodynamic diameter, in nm, measured by DLS, over the same pH range.
C) The calculated interaction energy between two 3-nm DHLA-capped QDs, in k7, as a
function of center-to-center distance, d, in nm. See section 2.7 for calculation details. The
repulsiveness of the interaction, indicated by a positive U value, decreases as the pH decreases.



We follow the work of Grzybowski and coworkers*->

, which builds upon Derjaguin—
Landau—Verwey—Overbeek (DLVO) theory to improve the description of the interactions of
charged particles at short separations, to describe the pH dependence of the observed aggregation.
We estimate the interaction energy, U, between two PbS-DHLA QDs as a function of center-to-
center distance, d, for dispersions with pH values of 11, 9, 8, 7, and 5 (Figure 2.2C) using eq 2.1.
This model decomposes the interaction energy into a sum of the van der Waals

U(d, pH) = Uyaw(d) + Ues(d, pH) + Upy(d, pH) (2.1)

(Upaw), electrostatic repulsion (U,g), and hydrogen bonding (Uy,;) interactions between two
QDs, where the strength of the electrostatic repulsion and hydrogen bonding are modulated by pH
through the protonation state of the terminal carboxylate group of DHLA (pK.= 8.6 when bound
to the QD). Protonation of the carboxylate decreases the electrostatic repulsion between ligand
shells while increasing the number of hydrogen bonds possible at contact. At high pH, electrostatic
repulsion is stronger than the attractive interactions to yield a dispersion of individual QDs. As the
pH decreases, the repulsion weakens, which allows the short-range attractive forces to dominate
to yield QD aggregates. For complete calculation details, see section 2.7.

We hypothesized that Forster-type EnT within the polydisperse ensemble of PbS-DHLA QDs
was at least partially, if not entirely, responsible for the observed bathochromic shift in PL as QDs
aggregate with decreasing pH (Figure 2.1). EnT decreases the emission from smaller (higher-
energy) populations and increases the emission from larger (lower-energy) populations, and, for
samples comprising populations with overlapping PL spectra, effectively “red-shifts” the observed
emission peak. We previously found’! that increasing the Zn?>" concentration of a solution of
aggregated glutathione-capped PbS QDs increases EnT but does not change the aggregate size

measured by DLS, which plateaus at relatively low Zn** concentrations. We interpreted this result
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to mean that the QDs initially form loosely bound aggregates, and that continuing to increase the

Zn*" concentration decreases the average interparticle distance within these aggregates. Steady-
state and time-resolved PL confirmed inter-QD EnT upon coupling with Zn?*. To determine the
contribution of EnT to the shift in PL energy as a function of pH in Figure 2.1, we first identified
three spectroscopically distinct populations of DHLA-capped QDs within the disaggregated (pH
12) sample by fitting the measured PL spectrum for this sample with three Gaussian curves, see
section 2.7, Figure 2.12. This is the minimum number of Gaussian curves required to satisfactorily
deconvolute QD PL spectra before and after aggregation. We assume that these same three
populations are present in the samples at every pH value, and use a kinetic master equation model,
governed by eq 2.2,**5'to calculate the exciton population of each of the three sub-populations of

d 1

PO =PO == ki + ) kPO 22)

j#i j#i

QDs as a function of time, for various degrees of aggregation. The degree of aggregation is
quantified in the model as average interparticle distance within the entire ensemble; the average
interparticle distance ranges from the diameter of the QD, including ligand shell, for the most
aggregated sample, to >8x the diameter of the QD for the most disaggregated sample.

These simulations are initiated by randomly photo-exciting QDs and are propagated forward
in time until all excitons have completely decayed. Throughout the simulation, we “collect” the
photons emitted by each population of QDs in order to reconstruct the steady-state PL spectra of
the entire system. We initially create excitons in random locations within QD assemblies (on
average, 10% of the QDs within each assembly is photoexcited), and then allow the exciton to hop
from QD to QD, with rate constants k; ; (2.2) for EnT between QDs i and j. The EnT rate constants

are determined by Forster theory with the point-dipole approximation®, using experimental
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parameters including the absorption and emission spectra, radiative lifetime, and fluorescence

quantum yield. We have determined previously* that the point-dipole approximation is adequate
for predicting EnT lifetimes for this range of interparticle distances among PbS QDs. In eq 2.2,
P;(t)and P;(t) are the photoexcited populations of QDs i and j, respectively, ; is the previously
reported intrinsic lifetime of aqueous PbS QDs*. We randomly assign QDs to be either “dark” or
“bright” for the duration of each simulation run with the bright/(dark+bright) ratio equaling the
experimentally measured PL QYs. Once a QD is assigned to be dark, we set its rate of radiative
recombination and EnT to other QDs to zero; the rate of non-radiative decay in our case is arbitrary
and cannot affect the outcome of the simulation. The SI contains details of the simulation.

The output of these simulations is the emission spectrum of our experimental QD ensemble as
a function of average interparticle distance, and we can find a series of these distances for which
the simulated and experimentally measured PL spectra of our samples at various pH values overlay
(Figure 2.1, dashed lines). Disaggregated samples (pH=12) correspond to simulated spectra for
average interparticle distances that are at least six times greater than the QD diameter, while
aggregated samples (pH=5) correspond to simulated spectra for average interparticle distances of
4.5 nm, which is similar to interparticle distances within aggregates observed in our previous
work*> 31, and is reasonable for QDs that are 3 nm in diameter and coated with DHLA (8-carbon
chain, ~1 nm). From the simulated and experimentally measured spectra, we calculate a parameter
we denote “PL Weighted Average”, which is the sum of the emission intensity (in counts) at each
wavelength multiplied by its corresponding energy (in eV) for the entire emission spectrum,

divided by the total emission (in counts) simulated or measured, (eq 2.3). This parameter

n
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n
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PL Weighted Avg. = (2.3)
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allows us to characterize the shape of each emission spectrum with a single number. Figure 2.3A

shows that the experimentally measured plot of PL Weighted Average vs. pH overlays well with

the simulated plot of PL. Weighted Average vs. interparticle distance. This agreement implies that
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Figure 2.3 A) The weighted average of the experimentally observed PL peak energies of 1 uM
PbS-DHLA QDs (aq) (filled squares, solid line), in eV, as a function of pH (bottom x-axis),
superimposed with the weighted average of the simulated PL peak energies (open circles,
dashed line) as a function of the average interparticle center-to-center distance, in nm (top x-
axis). The grey dotted line indicates the measured apparent pK. of the PbS-DHLA QD
carboxylate, 8.6. B) Average hydrodynamic diameter of PbS-DHLA QD aggregates, measured
with DLS, in nm, as a function of pH. The greatest change in the PL energy is correlated with
the greatest increase in aggregate size, which is observed when pH < pK. = 8.6.

the observed pH dependence of the PL spectra can be accounted for entirely by aggregation-
enabled EnT given spectroscopically measured optical parameters of the system and physically
reasonable interparticle distances. Simulating the PL as a function of aggregate size at a constant

interparticle distance fails to accurately describe our experimental trend, which reinforces the
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validity of our model. This conclusion is further supported by the correlation between the plots of

PL Weighted Average vs. pH and measured average aggregate size vs. pH (Figure 2.3B).

The y-axis of Figure 2.4 is “APL Weighted Avg.”, the effective shift in the emission spectra

of 15 PbS-DHLA QD samples to lower energy induced by aggregation on going from a pH > 10.7

to a pH < 6. The x-axis of Figure 2.4 is the FWHM of each PL spectrum at pH > 10.7. The PL

FWHM values for the ensembles before aggregation are direct measures of the size polydispersity

of the QD sample after ligand exchange and transfer into water. Given that there is no correlation
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Figure 2.4 Plot of the bathochromic shift, quantified as the change in the weighted average of
the ensemble PL, upon changing the pH from >10.7 to <6, vs. the PL FWHM of DHLA-capped
PbS QDs in the disaggregated state (pH > 10.7), for 15 exchange/titration experiments. PbS
QDs, ~ 3.0 to 3.4 nm in diameter, from four separate syntheses (orange triangles, squares,
purple circles, green squares, and yellow stars) were used. The PL FWHM were measured when
the PbS QDs were disassembled. Linear fitting (adjusted R? = 0.844) yields a statistically
significant (p-value < 8e-7) Pearson’s correlation coefficient, » =-0.925. Section 2.7, Table 2.2,
contains details about the preparation of each sample.

between APL Weighted Avg. and the PL FWHM of the PbS-OA QDs before ligand exchange (see

section 2.7), the strong correlation in Figure 2.4 indicates that the ligand exchange process itself

introduces the polydispersity within the ensemble that promotes EnT as the QDs aggregate with
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decreasing pH. We performed calculations to show that the apparent linear relationship between

APL Weighted Avg. and the FWHM of the disaggregated sample is almost certainly a result of
overlaying non-linear plots from several batches of QDs (see section 2.7, Figure 2.15). If, however,
as we propose, the shift in PL of the samples with decreasing pH is caused entirely by aggregation,
then APL Weighted Avg. upon aggregation of a completely monodisperse ensemble of PbS-DHLA
QDs is, by definition, zero, and the x-intercept of the fit line to the empirically linear plot Figure
2.4 is the homogeneous linewidth of PbS QDs. Indeed, the value of this x-intercept (130 + 5 meV)
agrees well with what has been observed previously>? for the homogenous linewidth of a PbS QD
ensemble (125 meV) and approaches the PbS QD single QD linewidth estimate®* of 100 meV.

2.6 Chapter Conclusion

In summary, the bathochromic shift of the PL of aqueous PbS-DHLA QDs as pH decreases
from 12 to 5 can be entirely accounted for by Forster-type EnT among QDs as they aggregate with
decreasing pH. This result indicates that the PL linewidth of the QD ensemble in the disaggregated
state, a metric for their size dispersity after phase transfer, is an excellent metric for judging not
only the quality of a phase transfer but also the degree to which the PL will shift as the QDs form
colloidally stable aggregates. For DHLA-coated QDs, this aggregation is driven by protonation of
the carboxylate groups of DHLA ligands. The ensemble polydispersity varies between phase
transfer attempts; while this irreproducibility here helps us to determine the relationship between
the polydispersity and the pH response, it suggests that further work is needed to develop DHLA-
based ligand exchange procedures that consistently yield monodisperse QD ensembles with pH-
independent spectra. While there is some debate concerning the sources of PL energy and
broadening for PbS QDs** 33-%, our data suggests that PL FWHM of an ensemble of monodisperse

PbS QDs is 130 meV.
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This work also implies that choice of a particular phase transfer procedure can serve as a handle

to tune the pH response of an aqueous QD system. Tuning the pK, values of the terminal
(solubilizing) groups of the QD-ligand system will alter the degree of aggregation as the pH is
adjusted. Eliminating aggregation will require the use of ligands that favor interparticle repulsion
by retaining their charges over wide pH ranges, such zwitterionic ligands that contain at least one
charged functional group at all pH values in the desired range’®, ligands that extend tertiary amines
into solution (pK,=10.7)%, or ligands that offer colloidal stabilization without charge, such as

35,57

poly(ethylene glycol) derivatives®> >’. If it is desirable to prevent a pH response of the emission

energy, then QDs must be monodisperse or have thick shells that inhibit EnT.
2.7 Supplementary Information

2.7.1 Synthesis of PbS Quantum Dots

We synthesized oleate-capped PbS quantum dots using a protocol adapted from Hines ef al.®
We dissolved 0.36 g lead oxide (PbO, MilliporeSigma, 99.999%) in 20.05 ml solution of 19 mL
of 1-octadecene (ODE, MilliporeSigma, 90%) and 1.05 mL of oleic acid (OA, MilliporeSigma,
90%) in a 50 ml three-neck flask at 120 °C under N> atmosphere. We bubbled N> through the
mixture while stirring at 120 °C for 30 min, and then at 150 °C for an additional 30 min. We
stopped bubbling N> but maintained N> flow through the flask and cooled the reaction mixture to
110 °C. We used bis(trimethylsilyl)sulfide (TMS, MilliporeSigma) as the sulfur precursor. The
precursor solution was prepared by dissolving 0.14 ml of TMS in 8 ml ODE that was purged with
dry N for 1 hour at ambient temperature while sonicating. We quickly injected the sulfur precursor
into the solution of lead oleate at 110 °C and immediately removed the heating mantle. Once the
solution cooled < 50 °C, the reaction mixture was divided into four 50-mL centrifuge tubes. We

added 40 mL of acetone to each centrifuge tube and shook the mixture to wash the PbS QDs. We
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centrifuged the mixture at 3500 rpm for 20 min. After removing the supernatant and drying the

pellet with N>, we resuspended the QDs in minimal hexanes. We repeated the washing process
again by adding 40 mL of methanol and centrifuging at 3500 rpm for 20 min. We dried the
resulting pellet and resuspended it with a small amount of hexanes, added 50 mL of methanol,
centrifuged at 3500 rpm for 20 min a third time. We repeated the washing procedure for a final
(fourth) time with acetone. After the QD pellets were dried under N, flow, they were dispersed in

hexanes. We stored the PbS-OA QD stock in the dark and sealed under N> atmosphere.

2.7.2 Sizing of PbS QDs via Ground State Absorption
All ground state absorption spectra were obtained on a Varian Cary 5000 spectrometer using
a 2 mm/10 mm dual pathlength quartz cuvette. We excited our samples along the 2 mm axis and
corrected the baselines with solvent blanks prior to measurement. We collected the absorption
spectra for the synthesized PbS-OA QDs and determined their size from the position of the first

8, a method that we

excitonic peak using the calibration curve published by Moreels et a
previously corroborated®® via TEM. All concentrations of QDs were calculated from the

absorbance of QDs at 400 nm.

2.7.3 Steady State Photoluminescence Measurements
The photoluminescence (PL) spectra were measured with a Horiba Fluorolog-3
spectrofluorometer using a right-angle geometry and a 2 mm/10mm dual-pathlength cuvette. The
excitation beam was applied along the 10-mm path of the cuvette and the sample emission was
collected along the 2-mm path. The excitation and emission slit widths were 5 nm.
2.7.4 Calculating PL fwhm
The PL full width at half maximum (fwhm) was manually calculated for each PL spectrum by

taking the difference in energy for the two points that were half the maximum emission intensity.
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2.7.5Preparation of Stock Solutions

Milli-Q water (18.2 MQ-cm at 25 °C) was used for all aqueous solutions. Solutions were

purged of air by bubbling with dry N2> while submerged in a sonicating bath.
2.7.6 Preparing Dihydrolipoic Acid (DHLA) from Lipoic Acid (LA).

DHLA was prepared from lipoic acid following the procedure outlined by Uyeda et al.®
Briefly, lipoic acid was dissolved in 0.25 M NaHCOs3 and cooled in an ice bath. NaBH4 was added
slowly while stirring 2 h below 4 °C. The reaction mixture was acidified with 6 M HCl to pH =1,
extracted with toluene, and dried over MgSQOs. After evaporation of the solvent, the desired product
was a clear colorless oil that was stored in the dark in a refrigerator. '"HNMR (CDCls): 6 10.5 (bs,
1H), 2.93 (m, 1H), 2.71 (m, 2H), 2.38 (t, /= 7.3 Hz, 2H), 2.0-1.4 (m, 8H), 1.35 (t, /= 8.0, 1H),
1.30 (d, J= 7.6, 1H).

2.7.7 Ligand Exchange with DHLA

We prepared water-soluble PbS QDs capped with DHLA as described in section 2.3, which

was adapted from Deng ef al !
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Figure 2.5. The absorbance (dashed) and emission (solid) spectra, normalized to their peaks,
for PbS QDs before and after phase transfer from hexanes (black) to water (red) with DHLA.
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2.7.8 Dynamic Light Scattering (DLS) and Titrations

All PbS-QD samples were prepared in a polymer glove box (Terra Universal) under Na
atmosphere. We triple rinsed 20-mL scintillation vials and 1-cm path-length disposal cuvettes with
syringe-filtered (0.22 um pore size) Milli-Q water to minimize dust interference in our DLS
measurements. Equal (333 xL) aliquots of the PbS-DHLA QD (aq) stock solution were distributed
into six scintillation vials. Each sample was diluted with the volumes of D>0, 0.5 M NaOH or 0.5
M HCI, and 0.1 M NaCl necessary for achieving a 5 mL solution of 1 uM PbS-DHLA QDs with
approximately ~ 0.01 M ionic strength at the pH values of 12, 11, 9, 7, 6, and 5. We transferred
and sealed 3 mL of each sample in a 1-cm path-length cuvette DLS measurements, while the rest
of the sample was used for absorbance and PL measurements. We measured the hydrodynamic
diameters of the dispersed QDs and the aggregates with a dynamic light scattering analyzer
(Malvern, Zetasizer Nano). The samples were illuminated with 633-nm He-Ne laser at 25 °C for
each measurement. The pH of each samples was confirmed using pH test strips (MQuant pH 0 —

14 Universal Indicator, Millipore Sigma).

B et S R VRO O esen. X e e F :

P VANV

: % .
08T - e S Kot

; . . \. - . .
..... W**ﬂxﬂx*xXx\
. : el : :

TR

G1 Correlation Function
o
o

X

1 10 100 1000 10000 100000 1000000
Time (us)

Figure 2.6. Representative distribution fits, exported from the Malvern Zetasizer Nano
software, for one measurement of 1 M PbS-DHLA QDs at each pH value (pH=12, 11,9, 7,
6, and 5).
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2.7.9 Colloidal Stability

Figure 2.7. Photographs of aqueous 1 M PbS-DHLA QDs in water after being stored under
No, in the dark, for three days at various pH values (pH = 12, 11, and 9, A; pH =7, 6, and 5,
B). The QDs begin to flocculate at pH < 6 (C), and will continue to precipitate and settle, which
is most visible if left to form in a 2 mm path-length cuvette (D).

2.7.10 Titrations and Fitting for pKa
The development of functions for fitting titration data was informed by previous work.6>63
Triprotic acid Titrated with a Strong Base. We developed a function to use in Origin to find
the pK, of each function group of DHLA. We fit our experimental data to eq 2.4, where

Vb=

_ (Va*(Hs—AH3K1+H4K1—2AH2K1K2 +H3K,K,—3AHK,K,K3 +H2K1K2K3—H3KW—H2K1KW—HK1K2KW—K1K2K3KW))
(BH+H?%-K,,)*(H3+H2K{+HK,K>+K, K, K3)

(2.4)
V,, is the total volume of titrant added, in mL, V, is the sample volume, in mL, H is the molar
proton concentration (converted from our experimental pH measurements where H = 107P%), A

is the concentration of acid at the start of the titration, B is the concentration of base in the titrant,
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and K,, is the ionization constant of water (assumed here to be 1 * 1071%). Our fit yields K;, K5,

and K3, which we convert to pK,.
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Figure 2.8. Titration of DHLA in water (pH=3) with 5 mM NaOH. Fitting with the triprotic

acid function (eq 2.4) yields two distinct pK, values of 10.33 and 4.56, which correspond to the
thiol and carboxylate groups of free DHLA.

Method for PbS-DHLA QD Titration. PbS-DHLA QD (aq) stock solutions were diluted to 1
4M samples of 8§ mL or more in volume. The pH was adjusted to the titration starting point by the
addition of 0.5 M NaOH. The prepared sample was titrated with 0.5 M HCI. The pH was measured
using a Hanna Instrument potable pH meter (HI 9126) calibrated with pH = 12.00 (Ricca
Chemical) and pH = 1.00 (Hanna Instruments) buffer solutions.

Origin Fitting Function for Triprotic Acid Titrated with a Strong Base. We developed a
function to use in Origin to find the apparent pK. of PbS-DHLA QDs. We fit our experimental

Cn+Fa1*Ca*(1—r)+Fa2Car+H—(K—W

N )> Vs (25)

Ve(H) = -1 *(

~1sCp+H- (1)
titration data to eq 2.5, where V,(H) is the total volume of titrant added, in mL, V; is the starting
volume, in mL, H is the molar proton concentration (converted from our experimental pH

measurements where H = 107PH), C,,is the concentration of excess hydroxide at the start of the
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titration, C, is the concentration of ligand at the start of the titration, C; is the concentration of acid

in the titrant, r is the fraction of ligands bound to the QD (0.2 for 420 equiv. of DHLA per QD),
and K,, is the ionization constant of water (assumed here to be 1 * 10~1*). Equation 2.5 relies on

the terms F,4, F,;,, d, and e, as described below:

Fa= ()< () @9

= ()4 () @

d =H?+ HK, + K.K, (2.8)

e=H?+ HK; + K;K, (2.9)
Weset K, = 10" — (pK,,,) and fix pK,3 = 4.56 and pK,, = 10.33 for the population of free
DHLA. We fit our experimental data, allowing pK,; and pK,, to float, to determine the apparent

pK, of PbS-DHLA QDs.
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Figure 2.9. Titration of 9 mL of 1 M PbS-DHLA QDs in water (pH=11.55) with 0.5 M HCL
Fitting results in the two pK, values of 3.6 and 8.6 for QD-bound DHLA molecules, which
correspond to the thiol and carboxylate groups.
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2.7.11 PL Intensity as a Function of pH
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Figure 2.10. The PL of PbS-DHLA QDs as pH decreases from 12 to 5. Normalized data
displayed in Figure 2.1.

2.7.12 Quantification of DHLA Ligands within the Ligand Shell of PbS QDs

We prepared 15 uM of DHLA-capped, water-soluble PbS QDs using the procedures described
above and 100 equiv. of DHLA per QD. We applied '"H NMR to quantify the number of bound
DHLA ligands per QD. We set the acquisition time to 27 s and the relaxation time to 90 s,
respectively, to allow for complete collection of the free induction decay signal and sufficient
relaxation of proton nuclei between measurements, and performed 32 scans to get a spectrum with
satisfactory signal-to-noise ratio. The 2.1 — 2.4 ppm region of the resulting spectra (which contains
signal from the methylene protons alpha to the carboxylate group in DHLA) is fit with a sum of
Lorentzian functions as we described in our previous work.?” The broad feature centered at ~2.22
ppm corresponds to those protons of DHLA ligands that are bound to the surface of QDs. We
compare the area of the broad feature to the area of the sharp features to determine the number of
bound ligands. Our result of approximately 83 DHLA/PbS-QD aligns with our previous

measurements with DHLA derivatives.3’
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Figure 2.11. 'H NMR spectra of DHLA-capped PbS QDs zoomed in at 2.1 — 2.4 ppm. The

fitting lines are the best fits using a sum of four Lorentzian functions. The broad feature (blue
trace) corresponds to the population of DHLA that are bound to the surface of QDs.

2.7.13 Model for Interparticle Potential Energy
Following the work of Grzybowski and coworkers*-°, we define the van der Waals energy
between two QDs (due to interactions between the QD cores) in units of kzT, as a function of
separation distance between ligand shells, h, where A is the Hamaker constant for PbS across
water, R, is the radius of the PbS QD core, r is the radius of the core and ligand shell, kj is

Boltzmann’s constant, and T is temperature.

_ (—A/3(RE/((h+2r)> — (4RD)) + (RZ/(h + 21)?)

+0.5 * log[1 — ((4R%)/(2r + h)*)])) /(ksT)  (2.10)

Uvdw

We use a simple estimation of the energy of hydrogen bonding, Uy, as a function of h, where
Qy is the charge on a hydrogen atom of a water molecule, uq is the dipole strength of acetic acid,

€ is the relative permittivity of water, and €, is the vacuum permittivity.

Unb = Nhp((—Qnua)/(4mee)) » (1/h? ) » (1/(kpT)) (2.11)
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The maximum number of hydrogen bonds possible at contact for a given pH, Ny, is defined

as:
Nup = (To = 1) *Aegr (2.12)
where I' is the number of deprotonated ligands per m? on a QD with a total coverage of I}
ligands per m?, and A ¢ = 27ra is the effective area of contact between two QDs with total radius,
r, in meters that takes into account the minimal distance between two dipoles, a. We relate I" to
the solution pH by
I

r=—=>~ (213

"~ 1+10PKa—pH
where the pK, corresponds to the protonation of the PbS-DHLA carboxylate tail.
We use the thermodynamic integration method to estimate the electrostatic potential between
two charged QDs in equilibrium with an electrolyte solution.** We employ the linearized
Poisson—Boltzmann equation for an isolated nanoparticle with a charge regulating boundary

condition, which gives the relation

(GI;%)) - 10g[((—eFr) — (coepp) — (EOGKT(p))/((EOEXB(P) + (EOGXBK”P))] =0 (2.14)

where the Debye screening length, k, is defined as k = (e€gkgT /2N, cg €2 )_% and yjp is
mole fraction of counter ions in solution, G is the free energy of ion dissociation in the absence of
any external fields, N, is Avogadro' s number, ¢ is the monovalent salt concentration, and e is
the elementary charge. We solve this relation for the surface potential at infinite separation ¢, and
rename this solution as ®.

To calculate the electrostatic potential, we first need to calculate the surface charge density at
the QD surface. The surface charge density, o, can be expressed as eq 2.15 where ¢ is the

electrostatic
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0 = —el'/(1+ xp * exp[(G/kzT) — (edp/ksT)])  (2.15)

potential at the surface. We take the derivative of o with respect to ¢ at infinite separation, @,
do
d =£|¢=¢ (2.16)

which we solved for previously, and set this value equal to d. Taken together, we define the

electrostatic potential, in k5T, as a function of h, eq 2.17, where A = (d — (e€yk))/(d + (e€yk)).

Uys = (D2/A xlog[1 — (A%e~2*M)] + (22 /|A|) * arctan[IAIe‘”h])% (2.17)
B

Finally, the total interaction potential in kzT, as a function of separation h, of two mercapto-
alkanoic acid-capped QDs in a solution at some pH is calculated as eq 2.1 and described in the
main text.

U(h,pH) = Upaw(h) + Ues(h,pH) + Upp (h, pH) (2.1)
We convert the ligand shell-to-ligand shell separation, h, to center-to-center distance, d, by

accounting for the radius, where d = h + 2r.
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Table 2.1. Input Parameters for Calculating the Interparticle Energy between two PbS-DHLA QDs

Description Value (Units)
T Temperature 298 (K)
kg Boltzmann’s constant 1.38E-23 (J/K)
R, Radius of QD core 1.5E-9 (m)
r Radius of QD + ligand shell 2.5E-9 (m)
A Hamaker constant for PbS across water 4.98E-20
Qn 64charge on hydrogen atom of water molecule (estimated from 0.24 0.4E-19 (C)
e)
Uy The dipole strength of acetic acid (1.5 D) ¢ 5E-30 (C*m)
€ Relative permittivity of water 80
€ Vacuum permittivity 8.854E-12 (F/m)
a The minimal distance between two dipoles™ SE-10 (m)
Iy Ligand density (assuming 85 bound ligands per QD, Figure 2.11) 3E18 (m?)
pK, For the carboxylate ligand tail (Figure 2.9) 8.6
XB mole fraction of counter ions in solution (estimated from salt .0018
concentration)
G free energy of ion dissociation in the absence of any external 2.1E-20 (J)
fields**-°
Na Avogadro' s number 6.022E23 (mol™)
Cs the monovalent salt concentration 100 (mol/m?)
e the elementary charge 1.602E-19 (C)

2.7.14 Deconvoluting PL spectra for Simulations

First, we identified three spectroscopically distinct populations of DHLA-capped QDs within

the disaggregated (pH 12) sample by fitting the measured PL spectrum for this sample with three

Gaussian curves, where the range of fwhm for each population was bound to approximate single

PbS QD linewidths (50 -150 meV)>*. The deconvoluted spectra serve as distinct QD populations

within our simulations.
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Figure 2.12. The observed PL for PbS-DHLA QDs at pH=12 (open circles) fit with three

Gaussian curves (blue, green, and red traces labeled 1, 2, and 3). The sum of the three
populations (black trace) agrees well with the experimental data.

2.7.15 Simulating PL Spectra as a Function of Average Interparticle Distance
We implemented an exciton hopping model similar to what we previously used to model the

energy transfer within PbS QD assemblies.** !

Our model simulates the ensemble PL spectrum
as a function of average interparticle distance between all QDs in the ensemble, which accounts
for both the presence of both loosely bound aggregates and more closely-packed structures
(depending on pH), and is therefore more general than assuming a single interparticle distance
within the aggregates and simply changing the population of QDs in the aggregates. The rate
equation model (RE model) was governed by the master equation, eq 2.2, which allows for FRET
between distinct populations of QDs as well
—P(t) P,(t) ———Zku + Zk]lP](t) 2.2)
j#i j#i
as radiative/non-radiative relaxation of individual QDs. In eq 2, the population of each QD site

is represented by P;(t); the QD sites decay by an intrinsic relaxation lifetime, t;, that reflects the
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non-radiative and radiative relaxation and by EnT to nearby QDs. The rate of EnT from site i to

site j, k; ;, is determined using the Forster equation assuming the point-dipole approximation®?,
where the spectral overlap is calculated between the deconvoluted QD PL spectra and the ensemble
QD absorption. The radiative lifetime (900 ns) and fluorescence quantum yield (8.7%) are taken
from our previously reported values for aqueous PbS QDs*. We assume «-2/3 (valid for quasi-
spherical QDs) and use a Maxwell-Garnett approximation to calculate the effective dielectric
medium within the system.

First, we randomly generated 200 assemblies of 1000 QDs with a hexagonally close-packed
structure, where we randomly assigned QDs to a sub-population based upon the results of the
spectral deconvolution, as shown in Figure 2.12. We assume that these same three populations are
present in the samples at every pH value, and propagate eq 2.2 to determine how much each
population fluoresces during the simulation time period (6 ps). We initialize the system by
generating excitons in random locations within QD assemblies (on average, 10% of the QDs within
each assembly is photoexcited) —assuming equal probability of excitation for each sub-population.
To treat the non-radiative exciton decay pathways within the QDs, we randomly assign 91.3% of
the QDs as “dark QDs” which have a fast non-radiative decay time constant of 50 ps. The
remaining 8.7% of the QDs fluoresce with a radiative lifetime of 900 ns. For each QD assembly,
we created a 1000 x 1000 matrix where element 7;; is the rate of FRET from QD j to QD i, and
element n;; represents the rate of radiative/non-radiative relaxation of QD i. We propagated the
system in time with 10 ps steps for a total simulation time of 6 pus. The degree of aggregation is

quantified in the model as average interparticle distance within the entire ensemble; this parameter

ranges from the 4.0 nm (center-to-center) for the most aggregated sample, to >8x the diameter of
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the QD for the most disaggregated sample. Our simulations were written using Python 2.7 using

NumPy and SciPy libraries.

2.7.16APL Weighted Avg. vs. PL fwhm
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Figure 2.13. Figure 2.4 reformatted to show each titration experiment by number. Table 2.2
contains the relevant parameters for each titration experiment.



Table 2.2. The experimental conditions for each PbS-DHLA QD titration experiment.

PbS-OA batch, radius DHLA equiv. [QD] Solvent, ionic strength
(nm) (per QD) (M)

1 Batch A, 1.48 420 5 H>O

2 Batch A, 1.48 420 5 H>O

3 Batch A, 1.48 420 1 H>O

4 Batch A, 1.48 420 1 H,O

5 Batch D, 1.72 420 1 H>O

6 Batch D, 1.72 420 1 H,0, 85.5 mM NaCl

7 Batch B, 1.48 100 1 D,O

8 Batch B, 1.48 100 1 D,O

9 Batch B, 1.48 420 1 D;0, ionic strength ~0.01 M

10 Batch B, 1.57 420 1 DO

11 Batch C, 1.57 420 1 DO

12 Batch C, 1.57 420 1 DO

13 Batch C, 1.57 420 1 DO

14 Batch C, 1.57 420 1 DO

15 Batch C, 1.57 420 1 DO

APL Weighted Avg.
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Figure 2.14. The APL Weighted Avg. upon aggregation, for each DHLA exchange, sorted by
the PbS-OA QD batch. Each batch corresponds to particular size (and inherent
polydispersity/PL fwhm). A wide range of shifts are accessible within the same batch and there
is no clear correlation between PL shift and QD size.



52

(meV)

APL Weighted Avg

110 120 130 140 150 160 170 180 190 200 210
PL FWHM Before Aggregation (meV)
Figure 2.15. The calculated APL Weighted Avg. for a given set of sub-populations (denoted

A, B, and C) as a function of the PL fwhm before aggregation (solid squares, dashed lines). The
concatenated linear fit of all points, shown for reference, is displayed as a solid black line.

We assume populations a, b & ¢ (The highest energy population is "a", followed by "b" and
"c") all share the same absorbance parameters. We fit half of the absorbance peak of experimental
data to a single Gaussian in Origin and use this Gaussian curve, normalized to 1, as the absorbance
spectrum. We fit the normalized experimental PL for the starting solution to three Gaussians (in
Origin) and share the area of the three components. We hold the widths and amplitudes constant,
but scale the separation between the emission of population a and the emission of populations b
and c. We fix the ratio of the separation between a & b to a & ¢ constant. We compute the resulting
Gaussian curves representing emission from populations b and ¢ over a wide range of separations.
We compute the PL at the start of the titration (before aggregation, no EnT) by taking the sum of
the emission of a, b, and c. We then use Forster EnT theory to compute the contribution of each
population to the PL at the end of the titration (upon aggregation, distance of 4.5 nm). In our
computation, EnT occurs from population a to population b or population ¢, and may also occur

from population b to population c. We assume QY=10%, as well as assume that the areas and
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widths of the emissive populations do not change. We employ experimentally relevant input

parameters, such as QD concentration and molar absorptivity. Finally, we calculate the APL

Weighted Avg. upon aggregation for each set of populations. We export the computed PL into

Origin, where we manually calculate the fwhm before aggregation.
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Chapter 3: Structure and Mechanism of
Aggregation of Dihydrolipoic Acid-

Capped PbS Quantum Dots

Adapted From:

Schwabacher, J. C.; Redfern, K. A.; Weiss, E. A. Unpublished work.
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3.1 Chapter Summary

This chapter describes the x-ray scattering profiles of PbS quantum dots (QDs) transferred
from hexanes into water via displacement of native oleate ligands with dihydrolipoic acid
(DHLA). Small-, mid-, and wide-angle x-ray scattering (SAXS/MAXS/WAXS) spectra of
samples flowing at 20 pL/s through a quartz capillary were recorded simultaneously upon exposure
t0 9.0 keV x-rays. Following the system described in Chapter 2, we performed forward and reverse
titrations (12 > pH > 5) using 0.5 M HCI and 0.5 M NaOH, respectively, to assess the structure
and mechanism of formation of PbS-DHLA QD aggregates. Absorbance and photoluminescence
(PL) spectra confirm that the QDs aggregate as the pH decreases below the pKa of the PbS-DHLA
system (=8.6), which results in an increase in the baseline of the absorbance spectrum and a
bathochromic shift of the PL energy that is characteristic of energy transfer (EnT) between QDs
in an aggregate. Distinct features at high g values in the x-ray scattering spectra of all samples
correspond to spherical particles with an approximate radius of 1.79 nm. The x-ray scattering
spectrum of the most aggregated sample (PbS-DHLA QDs at pH = 5) features a distinct peak at ¢
~0.1 A"!, which we attribute to closely packed QDs with an approximate center-to-center distance
of 3.8 nm, as well as a correlation hole near q ~ 0.11 A"!. We use the correlation hole to calculate
an estimated local volume fraction of 13 + 2% and maximum 6-to-1 coordination for QDs in an
aggregate. The scattering profile at pH = 5 also features an upturn at q < 0.1 A-!, which is attributed
to the presence of relatively large fractal aggregates with a fractal dimension of 1.8-1.9. The
scattering spectrum of the aggregated sample is well described by the diffusion-limited cluster
aggregation (DLCA) and/or the reaction-limited cluster aggregation (RLCA) of polydisperse hard

spheres into a mass fractal.
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3.2 Introduction

Small-, mid-, and wide-angle x-ray scattering (SAXS/MAXS/WAXS) measurements are
potent tools in the ever-expanding list of experimental techniques that characterize nanoparticles.®
In SAXS/MAXS/WAXS techniques, an incident x-ray is elastically scattered by the atomic-shell
electrons within an irradiated sample, and the intensities of the scattered x-rays are measured as a
function of the scattering angle. The resulting intensity at a given angle is dependent on the electron
density (number and distribution of electrons) of the experimental sample. SAXS/MAXS/WAXS
measurements can provide information on structures as large as several micrometers (for ultra-
small scattering angles) or as small as a few angstroms (for wide scattering angles) as determined
by the range of detectable scattering angles.5¢

SAXS has been used to quantify the size of PbS QDs by fitting scattering spectra to hard-
sphere structure factors with some polydispersity (e.g., log-normal or Gaussian size
distribution).%”%° This method corroborates the sizes determined by electron microscopy and
calibration curves coupled with absorbance spectra. In conjunction with small-angle neutron
scattering (SANS), which is sensitive to organic capping ligands, SAXS can quantitatively
characterize the entire QD structure (core, surface, and ligand shell).%® 70 Similarly, x-ray
diffraction (XRD) can provide information about the QD lattice.®’

Beyond elucidating the structures of individual nanoparticles, scattering techniques provide
information about assembly of nanoparticles in solution. SAXS has been used to characterize the
assembly of nanoparticles into hierarchical structures’!, especially within polymer

7275 and gold nanoparticle-based structures’®7’. SAXS/WAXS measurements of

nanocomposites
PbS-OA QD supercrystals’® formed by solvent evaporation revealed the orientation, lattice

structure, and surface ligand conformation of the assembled QDs. A combination of
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SAXS/MAXS/WAXS and SANS demonstrated that the addition of a non-solvent removes ligands

from PbS QD surfaces, thus destabilizing the QDs and promoting the assembly of faceted
supercrystals in organic solvents.” The relative miscibility of the non-solvent and native ligands
determines the resulting supercrystal structure by altering the ligand shell’s thickness and the QD’s
solvation.

We sought to understand the mechanism of aggregation and the structure of the aggregates
formed when titrating 1 pM Dihydrolipoic acid (DLHA) capped-PbS QDs in water with 0.5 M
HCI (from pH=12 to pH=5) using SAXS/MAX/WAXS measurements at the Advanced Photon
Source (APS) at Argonne National Laboratory in Argonne, IL. There are two primary
measurement methods for SAXS/MAXS/WAXS characterization of liquid samples: static
capillaries and flow cells.®® We first attempted static measurements of aqueous PbS-DHLA QDs
in sealed quartz capillaries. However, we observed sample degradation (i.e., loss of distinct peaks
and change in the general shape of the scattering signal) between scans, and proper subtraction of
the capillary scattering spectrum was difficult since the thickness varies slightly from capillary to
capillary. We, therefore, made a (separate) second attempt to characterize the PbS-DHLA QD
system using a flow cell supplied by APS. The details of this successful second attempt, which
deepen our understanding of the pH-responsive system investigated in Chapter 2, are described
below.

3.3 Experimental Methods

3.3.1 Quantum Dot Synthesis and Ligand Exchange
We adapted a protocol from Hines et al.?, as described in the previous chapter®, to synthesize
oleate-capped PbS quantum dots. We dissolved 0.36 g lead oxide (PbO, MilliporeSigma, 99.999%)

in 20.05 ml solution of 19 mL of 1-octadecene (ODE, MilliporeSigma, 90%) and 1.05 mL of oleic
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acid (OA, MilliporeSigma, 90%) in a 50 ml three-neck flask at 120 °C under N, atmosphere. We

bubbled N> through the mixture while stirring at 120 °C for 30 min, and then at 150 °C for an
additional 30 min. We stopped bubbling N> but maintained N> flow through the flask and cooled
the reaction mixture to 110 °C. We used bis(trimethylsilyl)sulfide (TMS, MilliporeSigma) as the
sulfur precursor. The precursor solution was prepared by dissolving 0.14 ml of TMS in 8 ml ODE
that was purged with dry N> for 1 hour at ambient temperature while sonicating. We quickly
injected the sulfur precursor into the solution of lead oleate at 110 °C and immediately removed
the heating mantle. Once the solution cooled < 50 °C, the reaction mixture was divided into four
50-mL centrifuge tubes. We added 40 mL of acetone to each centrifuge tube and shook the mixture
to wash the PbS QDs. We centrifuged the mixture at 3500 rpm for 20 min. After removing the
supernatant and drying the pellet with N2, we resuspended the QDs in minimal hexanes. We
repeated the washing process again by adding 40 mL of methanol and centrifuging at 3500 rpm
for 20 min. We dried the resulting pellet and resuspended it with a small amount of hexanes, added
50 mL of methanol, centrifuged at 3500 rpm for 20 min a third time. We repeated the washing
procedure for a final (fourth) time with acetone. After the QD pellets were dried under N> flow,
they were dispersed in hexanes. We stored the PbS-OA QD stock in the dark and sealed under N»
atmosphere.

Ligand exchange and sample preparation was conducted under a nitrogen atmosphere with
degassed solvents to minimize oxidation of the QD surfaces and their ligands. Milli-Q water (18.2
MQ-cm at 25 °C) was used for all aqueous solutions. Solutions were purged of air by bubbling
with dry N, while submerged in a sonicating bath as previously reported.®

We prepared water-soluble PbS QDs capped with DHLA as described Chapter 2, which was

adapted from Deng et al.%! DHLA for was prepared from lipoic acid following the procedure
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outlined by Uyeda ef al.®® Briefly, lipoic acid was dissolved in 0.25 M NaHCOs3 and cooled in an

ice bath. NaBHs was added slowly while stirring 2 h below 4 °C. The reaction mixture was
acidified with 6 M HCI to pH = 1, extracted with toluene, and dried over MgSOa. After evaporation
of the solvent, the desired product was a clear colorless oil that was stored in the dark in a
refrigerator. 'THNMR (CDCls): 6 10.5 (bs, 1H), 2.93 (m, 1H), 2.71 (m, 2H), 2.38 (t, J= 7.3 Hz,
2H), 2.0-1.4 (m, 8H), 1.35 (t, /= 8.0, 1H), 1.30 (d, /= 7.6, 1H).

We added 4 pL of DHLA to 5 mL of 15 uM PbS-OA QDs in CHCI; in a 15-mL centrifuge
tube (420 DHLA equiv. per QD). We then added 30 puL of 0.5 M NaOH (1.7 equiv. per DHLA),
followed immediately by 5 mL of degassed H2O, and vigorously shake the tube for five seconds.
We opened the tube and added an additional 70 puL of 0.5 M NaOH (4.0 equiv. per ligand), re-
sealed the tube, and then shook the tube by hand for approximately three minutes until a clear
black layer formed at the top of the beige solution in the centrifuge tube. We centrifuged the
mixture at 7500 RPM for 5 minutes, after which we carefully removed the top (dark brown)
aqueous layer with a syringe and filtered the solution into a clean vial using a syringe filter (0.22
um pore size). The resulting ~10 uM aqueous QD dispersions are basic (pH ~ 10.5 pH) after

exchange.

3.3.1 Sizing of PbS ODs via Ground State Absorption
All ground state absorption spectra were obtained on a Varian Cary 5000 spectrometer using
a 2 mm/10 mm dual pathlength quartz cuvette. We excited our samples along the 2 mm axis and
corrected the baselines with solvent blanks prior to measurement. We collected the absorption
spectra for the synthesized PbS-OA QDs and determined their size from the position of the first

excitonic peak using the calibration curve published by Moreels er al.>®, a method that we
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previously corroborated®® via TEM. All concentrations of QDs were calculated from the

absorbance of QDs at 400 nm.

3.3.2 Photoluminescence Measurements
The photoluminescence (PL) spectra were measured with a Horiba Fluorolog-3
spectrofluorometer using a right-angle geometry and a 2 mm/10mm dual-pathlength cuvette. The
excitation beam (4=825 nm) was applied along the 10-mm path of the cuvette and the sample

emission was collected along the 2-mm path. The excitation and emission slit widths were 5 nm.

3.3.3 Calculating PL fwhm
The PL full width at half maximum (fwhm) was manually calculated for each PL spectrum by
taking the difference in energy for the two points that were half the maximum emission intensity.
3.3.4 Sample Preparation
Before arriving at the Advanced Photon Source in Argonne, IL, we adjusted the pH of a 1 uM
solution of PbS-DHLA QDs (total volume =40 mL) from 10.4, the condition after phase transfer,
to 12 using 600 pL of 0.5 M NaOH. We then titrated the sample with 0.5 M HCI and measured
the absorbance and emission spectrum of the ensemble at pH = 11.8, 11.1, 9.57, 8.4 and 5.2
titration points, hereto referred to as pH =12, 11, 10, 8 and 5. At each of these points of interest in
the titration, a 2-mL aliquot of the solution was removed under an inert (Nitrogen) atmosphere and
sealed. We performed the same characterization procedure for a reverse titration using the addition
of 0.5 M NaOH to raise the pH = 5 sample to pH = 9.87 and pH = 11.24, which we refer to as pH
=10 and 11 when discussing the reverse titration. A control sample (sometimes referred to as a
buffer or blank) of DHLA in water was prepared by conducting the exchange procedure without
QDs and diluting the resulting aqueous layer ten times to mimic the dilution performed for the

titration. The aliquots and buffer were stored in the dark until their x-ray scattering profiles were
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measured approximately 24 hours later. Samples of 1 uM PbS QDs capped with oleic acid (OA)

in hexanes and pure hexanes solvent were also transported to APS.

3.3.5 X-ray Scattering Measurements

Synchrotron x-ray measurements were performed at the DuPont-Northwestern-Dow
Collaborative Access Team (DND-CAT) located at Sector 5 of the Advanced Photon Source
(APS). DND-CAT is supported by Northwestern University, The Dow Chemical Company, and
DuPont de Nemours, Inc. This research used resources of the Advanced Photon Source, a U.S.
Department of Energy (DOE) Office of Science User Facility operated for the DOE Office of
Science by Argonne National Laboratory under Contract No. DE-AC02-06CH11357. Data was
collected using an instrument funded by the National Science Foundation under Award Number
0960140.

After transporting samples to APS, we performed simultaneous SAXS/MAXS/WAXS
measurements under flow using the beamline-supplied flow cell set up with a 1.50-mm diameter
quartz capillary (Charles Supper Company) at room temperature. While applying an x-ray energy
of 9.0 keV, 8 consecutive frames (3 s of exposure per frame and 5.15 s wait-time between each
frame) were collected while 950 pL of sample passed through the beam with unidirectional
continual flow of 20 uL/s. SAXS, MAXS, and WAXS 2D patterns were collected simultaneously
on a custom triple-detector system consisting of three Rayonix fast-frame CCD detectors.
Calibrations were performed by measuring a glassy carbon sample, the empty capillary cell, and
the cell filled with Millipore water. The cell was cleaned between samples by flowing 2.5 mL of
0.5 M NaOH, 2.5 mL of soap solution, and then 5 mL of water through the capillary. Before the
measurement of each sample, the scattering spectrum of the cleaned, empty capillary was

measured, followed by the scattering spectrum of the buffer (dilute DHLA in water). The capillary
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was rinsed with ethanol and acetone before measuring the sample of PbS-OA QDs in hexanes, and

hexanes was used as the buffer solution. Calibration and data reduction were performed at the
beamline using beamline-supplied custom code on a Linux-based system.

To obtain the scattering contribution of only the PbS QDs, the scattering contribution of the
buffer in the rinsed capillary was subtracted from the scattering profile of the experimental sample
for each measurement. Measurements from each detector were merged after background
subtraction using Irena for Igor with Igor Pro 8.8! Data analysis and fitting were performed using
SAS(it®? and Origin(Pro), Version 2016.

3.4 Results and Discussion

The impacts of the phase transfer process on PbS-OA QDs, as suggested by changes in
absorbance, PL, and x-ray scattering spectra, are discussed below, followed by a discussion of the
effects of the forward and reverse titrations on a 1 pM solution of PbS-DHLA QDs. We use a
detailed analysis of the scattering profile of the aggregated sample (pH=5) to expand our

description of PbS-DHLA QDs first introduced in Chapter 2.

3.4.1 Impacts of Phase Transfer

Figure 3.1 displays the absorbance and emission spectra PbS QDs before and after phase
transfer. The native oleate-capped QDs have absorbance and emission maxima at 1.2912 eV and
1.1481 eV, respectively, with a PL fwhm of 155 meV. The QDs have a radius of 1.57 nm, which
was calculated using the absorbance and emission spectra of the PbS-OA QDs before phase
transfer.?® Upon ligand exchange and subsequent phase transfer into water using DHLA, the
absorbance and emission maxima undergo bathochromic shifts to 1.2338 eV and 1.1071 eV,
respectively, along with a slight broadening of the PL fwhm to 158 meV and an 82% decrease in

PL intensity, as expected.?% 83-8% Aliquots of the solutions characterized in Figure 3.1 were stored
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in the dark under a N> atmosphere and further characterized using x-ray scattering measurements

24 hours later.

The x-ray scattering profiles of 1 uM PbS-OA QDs in hexanes and 1 uM PbS-DHLA QDs in
water (pH=10.4) are shown in Figure 3.2. Both spectra feature a prominent peak near g = 0.3 A",
which is likely contributed from a spherical form factor with an approximate radius of 1-2 nm.*®
We attribute this feature to the individual QDs present in solution, which fall within that size range.
The scattering profile of the PbS-OA QDs in hexanes relatively flattens at g < 0.05 A! (Figure
3.2, black trace), which is qualitatively similar to the scattering profile of a dilute solution of non-
interacting spheres.®® The scattering profile notably changes upon ligand exchange and phase
transfer for ¢ < 0.2 A"!, but the peak near ¢ = 0.3 A" remains (Figure 3.2, purple trace). The
increase in the slope and intensity of scattering signal at low-q values suggests that larger structures
may have formed.®> We expect that some degradation and subsequent aggregation of our aqueous

QDs occurs during overnight storage and/or upon loading into the flow-cell capillary under air.
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Figure 3.1. Absorbance (dashed, left y-axis) and emission (solid, right y-axis) spectra, for PbS
QDs before and after phase transfer from hexanes (black, oleate-capped QDs) to water (purple,
DHLA-capped QDs, pH=10.4).

We also note the apparent suppression of the scattering profile upon phase transfer between g ~
0.04-0.4 A’'. The responsiveness of these features to changes in pH, and their subsequent

implications, are discussed below.



65

100

PbS-OA/hexanes

10 PbS-DHLA/water

o
BEY

0.01

ETTIY EETERTTT BRI BT |

0.001

Intensity (cm™)

1E-4
1E-5
1E-6

1E-7
0.01 0.1 1

q (A7)

Figure 3.2. X-ray scattering measurements of 1 pM PbS-OA QDs in hexanes (black trace) and
1 uM PbS-DHLA QDs in water at pH = 10.4 (purple trace).

3.4.2 Forward Titration
We adjusted the pH of a 1 uM solution of PbS-DHLA QDs from 10.4, the condition after phase
transfer, to 12 using 0.5 M NaOH. We then titrated the sample with 0.5 M HCIl and measured the
absorbance and emission spectrum of the ensemble at pH = 11.8, 11.1, 9.57, 8.4 and 5.2 titration
points, referred to as pH = 12, 11, 10, 8 and 5, Figure 3.3. This range spans the pK, of the free
thiol (=10.3) and the carboxylic acid of DHLA when bound to the QD (=8.6, see section 2.7).80 At

each of these points of interest in the titration, an aliquot of the solution was removed. The aliquots
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were stored in the dark under an inert atmosphere until their x-ray scattering profiles were

measured 24 hours later.
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Figure 3.3. Absorbance (A) and emission (B) spectra of aqueous of 1 uM PbS-DHLA QDs
titrated with 0.5 M HCl. Measurements were performed for pH values of 12, 11, 10, 8 and 5
(purple, orange, yellow, green, and black solid lines, respectively). The addition of HCl induced
a bathochromic shift in both the absorbance and emission peaks, as well as a significant increase
in the absorption spectrum baseline upon approaching pH=5, as indicated by the arrows.

Figure 3.3A illustrates the bathochromic shift of the absorbance peak (~28 meV) from 1.2450

eV to 1.2169 eV that occurs as the pH is decreased from 12 to 8. A significant increase in the

baseline, and a small decrease of the absorbance peak energy (~2.4 meV) to 1.2145 eV occurs as

the pH jumps from 8 to 5, which we attribute to the increased scattering from acid-induced

aggregates present when pH < 6, as noted previously (see section 2.5).8° Figure 3.3B depicts the

bathochromic shift of the PL spectrum as the pH decreases. The sample has a PL weighted average

of 1.0998 eV at the start of the titration (pH=12) that decreases 59.7 meV to 1.0401 eV by the end

of the titration (pH=5). Based on our previous work® described in section 2.5, we would expect a

population of DHLA-capped PbS QDs with a PL fwhm of ~160 meV to exhibit a bathochromic

PL shift of ~45 meV on going from a pH > 10.7 to a pH < 6; thus the 51 meV decrease on going
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from pH = 11 to pH = 5 in this sample aligns well with our previous report. The greatest change

in the PL weighted average between two titration points, 45.7 meV, occurs as the pH is decreased
from 8 to 5, which corresponds to the greatest increase in the absorbance baseline. This result was
also observed previously (see section 2.5).8°

The x-ray scattering profile of the 1 puM PbS-DHLA QDs at each titration point, Figure 3.4,
prominently features the peak near ¢ = 0.3 A-!, which we attribute to the spherical form factor of
the QDs in the sample. The inset in Figure 3.4 highlights the suppression of the signal between ¢
~0.04-0.4 A!, which occurs as the pH decreases. Within this g region, the trace for the sample
when pH = 12 overlays the trace when pH = 11, and the trace when pH = 10 overlays the trace
when pH = 8. The maximum suppression for our sample was observed when pH = 5, which is also
when a shoulder-like peak at ¢ ~ 0.165 Al is formed. This suppression has been attributed
interference between the x-rays scattered from the individual particles present when spherical
particles aggregate or when the average density of the measured sample is at least one-third of the
system’s close packing density.®® Simulated scattering profiles of Pd nanoparticles also suggest
the presence of scattering interference accompanying a shoulder-like peak when tightly-packed
clusters are formed.?” Others have attributed this suppression to the repulsive interactions between
nanoparticles® and agree that this suppression is characteristic of an aggregated system. We
attribute the peak at g ~ 0.165 A! to the ordering of QDs within an aggregate with a center-to-
center distance (=271/q)%° of approximately 3.8 nm. This result is in reasonable agreement 4.5 nm,
the average center-to-center distance for the ensemble that simulates the PL when pH = 5 (see

section 2.5).%¢



68

=N
(=]
o
L llllld W NI

1 2l

PbS-DHLA/water

1o nnl

Intensity (cm™)

001 PH=12
© pH=11
0.001 |
pH =8
Eal . PH=S
0.01 0.1 1

q (A7)

Figure 3.4. X-ray scattering spectra (intensity, cm’, vs ¢, A™") of aliquots of 1 uM PbS-DHLA
QDs in water titrated with 0.5 M HCI. The samples reflect the same batch of aqueous QDs at
pH values of 12, 11, 10, 8 and 5 (purple, orange, yellow, green, and black traces, respectively).
The inset displays the suppression of the signal between g ~ 0.04-0.4 A"!, which occurs when

pH=5.
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3.4.3 Reverse Titration

We performed a reverse titration of the PbS-DHLA QDs using 0.05 M NaOH to adjust the
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Figure 3.5. Absorbance (A) and emission (B) spectra of the reverse titration of the aqueous 1
uM PbS-DHLA QD sample from Figure 3.1. The reverse titration was performed by the
addition of 0.5 M NaOH. The addition of NaOH induces a hypsochromic shift in the emission
spectrum peak, as well as a significant decrease in the absorption spectrum baseline, as
indicated by the included arrows. The addition of NaOH also partially reverses the
bathochromic shift in the absorption spectrum peak that occurs upon the forward titration.

sample from pH =5 to pH = 10, and to a final condition of pH = 11. The absorbance and PL spectra
were recorded for each condition, and aliquots were stored in the dark under an inert atmosphere
until their x-ray scattering profiles were measured approximately 24 hours later. The absorbance,
Figure 3.3A, and PL spectra, Figure 3.3B, for the reverse titration reasonably resemble the
absorbance and PL spectra for the basic points of the forward titration as the sample is adjusted
from pH = 5 to pH = 10. Specifically, the absorbance baseline decreases as the pH increases, the
absorbance peak shift reverses ~2.4 meV, and the PL weighted average undergoes a hypsochromic
shift from 1.0401 eV to 1.0876 eV. While there is no discernable difference between the

normalized PL spectra when the pH = 10 and pH = 11 during the reverse titration, there is a small
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but clear hypsochromic shift in the absorbance peak (~3.6 meV), from 1.2169 eV to 1.2205 eV.

There is a hysteresis of 3.9 meV of the PL weighted average for the emission spectra when pH =
11 for the forward and reverse titration, and a hysteresis of 12.2 meV between the start point of
the forward titration (pH=12) and the end point of the reverse titration (pH=11). The absorbance
and emission spectra for the forward and reverse titrations of PbS-DHLA QDs in water also follow
our previous report, as we also

The x-ray scattering spectrum of the PbS-DHLA QD sample undergoing a reverse titration
from pH = 5 to pH = 11 also exhibits a reverse of the features that formed during the forward
titration. In particular, the scattering profile between ¢ ~ 0.04—0.4 grows back in and the shoulder
at ¢ ~ 0.165 A! disappears as the pH of the solution is adjusted from 5 to 10, which suggest that
the QD packing is loosened as the pH is increased. There is no discernable difference between the
x-ray scattering spectra for the pH = 10 and pH = 11 samples in the range of ¢ ~ 0.04-0.4 A",
which intimates that the change in QD packing occurs during the first jump from pH =5 to pH =
10. The persistence of the upturn at low-q values across all samples suggests that some aggregation

1s irreversible.
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Figure 3.6. X-ray scattering spectra (intensity, cm™', vs g, A™") of aliquots of 1 uM PbS-DHLA
QDs in water titrated with 0.5 M NaOH to bring the same sample of QDs from pH = 5 (black
trace) to pH = 10 (yellow trace) and pH = 11 (orange trace). The inset and accompanying arrow
highlights the return of the signal between g ~ 0.04-0.4 that occurs as the pH increases. The
scattering profiles for the forward titration when pH = 12 (dashed purple trace) and pH = 11
(dashed green trace) are shown for comparison.

3.4.4 Identifying the Mechanism of Aggregation and Higher-Order Structures
We assume the scattering profile of PbS-DHLA QDs is dominated by individual particles at
pH = 12 and fit this profile to a spherical form factor with lognormal polydispersity and an

optimized mean radius of 17.85 A. Given that the absorbance spectrum of the as-synthesized QDs
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suggests a radius of 1.57 nm, that QD sizes determined by SAXS are known to be larger than QD

sizes determined by absorbance/TEM®, and that the exchange procedure introduces an additional
layer of sulfur atoms to each QD as DHLA molecules bind, an increase of up to 3 A for the radius
of the QD core is expected®; thus, 17.85 A is reasonable. We fix the particle concentration to that
of our experimental sample (1 uM) and include a flat background of 0.0023 a.u. to account for the
baseline at high g. We allow the polydispersity, o, and scaling factor, 1, to float and select a fit
range of 0.1-1 A"!. Figure 3.7 shows the spherical form factor determined from the fit to the
scattering profile for PbS-DHLA QDs at pH = 12 with our given input parameters. The spherical
form factor deviates from the scattering profile as g decreases, which suggests that this fit
underestimates the polydispersity of the system. As previously stated, the upturn at low g suggests
that aggregation had occurred by the time the measurement was performed, which would further
increase the deviation of the scattering profile of the experimental sample from a fit to the

scattering profile of one population of polydisperse hard spheres.
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Figure 3.7. X-ray scattering spectra (intensity, cm™', vs g, A™") of aliquots of 1 uM PbS-DHLA
QDs in water titrated with 0.5 M NaOH to bring the same sample of QDs from pH = 5 (black
trace) to pH = 10 (yellow trace) and pH = 11 (orange trace). The inset and accompanying arrow
highlights the return of the signal between g ~ 0.04-0.4 that occurs as the pH increases. The
scattering profiles for the forward titration when pH = 12 (dashed purple trace) and pH = 11
(dashed green trace) are shown for comparison.

Following the work of Genix ef al., we use the estimated spherical form factor with lognormal
polydispersity to quantify the suppression of the scattering intensity that arises from aggregation
at pH = 5.38 Figure 3.8, which results from dividing the scattering profiles at each pH (see Figure

3.4) by the spherical form factor (solid trace, Figure 3.7), prominently illustrates the correlation
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hole that arises when pH = 5. The depth of this hole, 0.48 a.u., corresponds to a compacity (volume

fraction), k, of 13 £ 2%, where the error is estimated to be %15 of the calculated value.5®

PbS-DHLA/water

S(q)

0.2 . . . .

011 0.2
q (A7)

Figure 3.8. The structure factor, S(g), arbitrary units, of 1 uM PbS-DHLA QDs in water at pH
=12, 11, 10, 8, and 5 (purple, orange, yellow, green, and black traces, respectively). S(g) was
calculated by dividing the net measured scattering profile of each sample by the spherical form
factor. The spherical form factor was estimated by fitting the sample of dispersed QDs (pH=12).
The dashed line at S(g) = 1 is a guide to highlight the deviation from the spherical form factor
for non-aggregated polydisperse hard spheres. The correlation hole, which appears at ¢ ~ 0.11
A-', has a minimum value S ~ 0.48 a.u., as illustrated by the dotted line, which corresponds to
a volume fraction, k, of 13 £+ 2%.

This means that local density within an aggregate of QDs is approximately 13% on the scale of

the first coordination shell. Following the approximation made by Genix ef al. that the first
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coordination shell is contained within a cube with a side that is 6 times larger than the radius of

one nanoparticle®®, there are approximately 7 QDs per cube, which suggests maximum
coordination of 6 to 1 for aggregated particles. The coordination may be less than 6 to 1, since the
average local density described here will include distributions of aggregates of different sizes,
including aggregates that coexist with isolated QDs.”!- 8 For complete details, see section 3.7.

To better understand the structure of the aggregates formed, we fit the x-ray scattering profile
for PbS-DHLA QDs at pH = 5. Figure 3.9 displays the scattering profile of the PbS-DHLA QD
aggregates (pH=5, black open circles) fit to a model consisting of a flat background component =
0.00047 a.u. (dashed yellow trace), a polydisperse hard-sphere component with the Percus-Yevick
closure (HSPY)’!-2 (solid orange trace), and a mass fractal aggregate component described by the
Beaucage model”-* (solid green trace). For each component’s contribution before the background
is added, see section 3.7. The HSPY component was fit with a fixed particle radius of 17.85 A and
a log-normal polydispersity (p=1, 6=0.1, u=17.85 A) taken from the optimized fit of the dispersed
sample (pH=12), while the volume fraction and concentration (N, which serves as a scaling factor
in this particular case) were allowed to float. The resulting volume fraction was determined to be
~ 0.33. Figure 3.9 demonstrates that the HSPY component agrees well the measured scattering
profile and reproduces both the form-factor peak at ¢ ~ 0.3 A' and the close-packing peak at g ~
0.165 A!. The HSPY scattering component levels off at g < 0.1 A!, and thus can only account for

the scattering in the high-g region.
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Figure 3.9. X-ray scattering spectra (intensity, cm’, vs g, A') of 1 pM PbS-DHLA QDs in
water at pH = 5 (black open circles) fit with a model (purple trace) consisting of mass fractal
aggregates (green trace) made up of hard spheres with log-normal polydispersity. The flat
background component is displayed (yellow dashed trace).

For the Beaucage model component, the Guinier pre-factor of the aggregate, G, was arbitrarily
fixed = 1. The radius of gyration of the aggregate, Rg;, was arbitrarily fixed = 10,000 A to account
for the fact that aggregates grow larger than the scale of objects measured by this method and
eventually precipitate from solution. The radius of gyration of the subunit, Rg;+1, was fixed to the
previously determined QD radius (17.85 A) for simplicity. The power-law scattering pre-factor,
B, and the power-law scaling component, P, were allowed to float. The constant k was fixed =

1.06, as suggested by the literature for systems with weak power-law decays (P<3).”* The best fit
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was determined to correspond to B = 0.000339715 and P = 1.83752. The resulting fractal

component (solid green trace, Figure 3.9) agrees well with the experimentally measured scattering
profile at low-g values. At ¢ < 0.1 A"!, the contribution from the HSPY component diminishes,
and the contribution from the fractal component dominates.

The fractal dimension, df, suggested by the power-law scaling component from the fit (dr= P
~ 1.84) indicates that either diffusion-limited cluster aggregation®® (DLCA, dr= 1.8) or reaction-
limited cluster aggregation’” (RLCA, dr = 1.9-2.1) occurs as the pH decreases to 5.® We also fit
the low-¢ region to of the experimentally measured scattering spectrum to a power-law function,
I(g) = aq®, where dr= | b | = 1.9 (see section 3.7), which further supports an aggregation mechanism
within the DLCA—RLCA regime. In DLCA, colloids diffuse through solution and aggregate
irreversibly upon contact. Individual colloids or smaller clusters continue to spread and collide,
eventually growing into larger aggregates with fractal structures. The RLCA model is similar to
the DLCA model but asserts that the colloids will irreversibly aggregate upon contact with some
probability, not every collision, that is determined by interparticle repulsion strength. In general,
DLCA results in structures that are more open than structures formed through RLCA because
clusters participating in RLCA have some probability of interpenetrating each other upon
collision.”’

Our analysis, overall, suggest that PbS-DHLA QDs aggregate and form large fractal structures
as the pH decreases below the pK. of the DHLA-coated QD surface (=8.6). The structures
produced when pH = 5 may be approximated as polydisperse hard spheres that pack as close as
one QD diameter within local clusters. Since a volume of approximately one coordination shell
contains roughly 7 QDs, there is likely no more than 6 QDs coordinated to one QD, which suggests

a simple cubic packing structure. The volume fraction estimated by the HSPY model, however, is
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only 0.33 and not 0.52, which indicates a diamond-like (or Zinc-blende like) packing structure®,

and that, on average, as few as 4 QDs may be coordinated to one QD. The DHLA ligands likely
take up some space within a given volume of the experimental sample and will lower the density
of the inorganic PbS QD core that provides the SAXS/MAXS/WAXS signal, which will, in turn,
lead to an underestimation of the QD packing density via these methods.

The fractal dimension of the aggregated system, as determined by fitting the experimental
scattering profile using a Beaucage model and a simple power-law function, is ~ 1.8-1.9. Given
this drrange, either DLCA or RLCA may dominate. The PbS-DHLA QD system likely experiences
both DLCA and RLCA as the titration is performed. At the start of the titration (pH > pK.=8.6),
the QDs experience significant interparticle repulsion that inhibits aggregation (see Chapter 2).%
As the pH decreases and approaches the pK. of the system, the interparticle repulsion decreases
and the probability of aggregating upon collision increases, as described by the RLCA model. As
the pH decreases further (pH < pK,=8.6), the interparticle repulsion becomes negligible, attractive
interparticle forces dominate, and the probability of aggregating upon collision approaches unity,
which is described by the DLCA model. Therefore, both RLCA and DLCA mechanisms may
influence structures formed at pH = 5, and thus those structures have a fractal dimension that falls

on the cusp of the two regimes.

3.5 Limitations and Future Directions

The wealth of information and insight regarding structures across relatively large length scales
in solution makes simultaneous SAXS/MAXS/WAXS measurements a powerful tool to
investigate the aggregation of QDs. Despite the amount of information gleaned from relatively few
samples, the generalizability and reproducibility of this particular study remain unclear. Though

this PbS-DHLA sample has a pH-response similar to the collection of samples reported
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previously®, discrepancies exist: i) a 3% increase in PL fwhm on titrating to pH = 5, rather than

the 20% decrease in PL fwhm reported earlier; ii) a lack of dependence of the emission intensity
of the sample on pH when pH > 9; and iii) a noticeable bathochromic shift in the first absorption
maximum as pH decreases, which was absent across the extensive collection of experiments
described in Chapter 2. Future work, therefore, should focus on repeating these
SAXS/MAXS/WAXS, absorbance, and PL. measurements and analyses for multiple exchanges
with the same batch of QDs, as well as across multiple batches of QDs.

It is also important to note that the compacity analysis included in section 3.4.4 is not suitable
for describing density across large fractal aggregates, since density will decrease with size (in this
case), nor is it appropriate for describing the density of linear aggregates.®® Thus, it is important
not to conclude the density of the larger structures from this analysis. Furthermore, to confirm that
this analysis accurately applies to the PbS-DHLA QD system, some other measurement of
aggregate shape is needed.

Liquid-phase electron microscopy (LP EM) and/or cryogenic electron microscopy (cryo-EM)
should be performed moving forward to elucidate the shape of the aggregates formed in solution.
Both methods seek to preserve the structures as they exist in solution to avoid artifacts that form
during sample preparation for EM methods that require extensive drying and/or exposure to
vacuum. Depending on the resolution achieved, it may also be possible to corroborate the QD sizes
and interparticle distances calculated using x-ray scattering data with the LP EM or cryo-EM
images. Recent work highlights the atomic resolution achievable with 3D liquid-cell electron
microscopy, which revealed the intrinsic heterogeneity of ligand-protected nanocrystals in

solution.!%?
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Finally, the sample preparation and x-ray scattering measurement process should be improved

to limit exposure to oxygen. One significant improvement would be to perform all ligand
exchanges and sample preparation under a nitrogen atmosphere at the beamline, where samples
could be measured immediately after their creation. Such preparation has previously been
impossible given the instruments available at sector 5-ID-D at APS, though this possibility may
arise in the future. A more readily available improvement is to keep all samples under nitrogen
before and during loading into the flow cell. In this scenario, the samples could still be prepared
off-site and transported under an inert atmosphere but would remain the inert atmosphere through
sample loading and measurement. Ultimately, the ideal scenario is to both prep and measure the
samples under an inert atmosphere at the beamline to remove exposure to oxygen and precipitation
over time as extraneous variables.

3.6 Chapter Conclusion

A detailed analysis of synchrotron SAXS/MAXS/WAXS flow-cell measurements of aqueous
PbS-DHLA QDs suggests that acid-induced aggregation is well described by the DLCA and/or
the RLCA of polydisperse hard spheres. The local volume fraction within an aggregate, estimated
from the correlation hole, is 13 + 2%, which suggests a maximum 6-to-1 QD coordination. The
scattering profile of the aggregated sample (pH=5) is accurately reproduced using a multi-
component model consisting of scattering from a flat baseline, closely packed hard spheres, and a
mass fractal aggregate described by Beaucage. The volume fraction parameter of the hard-sphere
scattering component is only 0.33, which suggests that a diamond-like packing structure, rather
than a simple cubic packing structure indicated by the maximum 6-to-1 coordination, might better
describe the aggregates. This chapter demonstrates that aggregation mechanisms, structures, and

scales can be reasonably determined from SAXS/MAXS/WAXS flow-cell measurements. Further
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work is required to remove extraneous variables, such as exposure to oxygen and precipitation of

samples over time, and to determine the reproducibility of this analysis for PbS-DHLA QDs.
Future work should investigate the generalizability of this aggregation description to other aqueous
QD systems while incorporating advanced LP EM and cryo-EM techniques to help guide analysis

and support conclusions.
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3.7 Supplementary Information

3.7.1 Solvent and Capillary Scattering
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Figure 3.10. Representative x-ray scattering profiles for the buffer solution (dilute DHLA in
water, orange trace), capillary (quartz, yellow trace), and raw sample (PbS-DHLA QDs in
water, pH = 12, purple trace).
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3.7.2 X-ray Scattering Profiles with Error Bars
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Figure 3.11. X-ray scattering measurements of 1 uM PbS-OA QDs in hexanes (black trace)
and 1 uM PbS-DHLA QDs in water at pH = 10.4 (purple trace). Vertical error bars denote the
uncertainty propagated through the data reduction process.



84

100
PbS-DHLA/water

10 pH =12
pH =11

Intensity (cm™)

o
o
-

0.001

1E-4

0.01 0.1 | 1
q (A7)

Figure 3.12. X-ray scattering spectra (intensity, cm™, vs g, A™") of aliquots of 1 pM PbS-DHLA
QDs in water titrated with 0.5 M HCI. The samples reflect the same batch of aqueous QDs at
pH values of 12, 11, 10, 8 and 5 (purple, orange, yellow, green, and black traces, respectively).
Vertical error bars denote the uncertainty propagated through the data reduction process.
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Figure 3.13. X-ray scattering spectra (intensity, cm™, vs g, A™") of aliquots of 1 pM PbS-DHLA
QDs in water titrated with 0.5 M NaOH to bring the same sample of QDs from pH = 5 (black
trace) to pH = 10 (yellow trace) and pH = 11 (orange trace). The inset and accompanying arrow
highlights the return of the signal between g ~ 0.04—0.4 that occurs as the pH increases. The
scattering profiles for the forward titration when pH = 12 (purple trace) and pH = 11 (green
trace) are shown for comparison. Vertical error bars denote the uncertainty propagated through
the data reduction process.
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3.7.3 PL Spectra with Absolute Intensities
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Figure 3.14. PL spectra of aqueous of 1 uM PbS-DHLA QDs titrated with 0.5 M HCI to obtain
pH values of 12, 11, 10, 8 and 5 (purple, orange, yellow, green, and black solid lines,

respectively).
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Figure 3.15. PL spectra of the reverse titration of the aqueous 1 uM PbS-DHLA QD sample
(pH =5, black trace) performed by the addition of 0.5 M NaOH to reach pH = 10 (yellow trace)
and pH = 11 (orange trace). The forward titration points (pH = 12 and pH = 11, purple and
green trace, respectively) are shown for comparison.

3.7.4 Calculating the Local Volume Fraction
We follow the work of Genix et al.®8, as stated in the main text, to calculate the estimated local
volume fraction of PbS-DHLA QDs in aggregates at pH = 5. We use the polydispersity, o,
determined from the fit in Figure 3.7, to calculate @fy;ze, using equation 3.1.
Afinite(0) = 0.72 — 1.4502 (3.1)
We then determine the value of S, from the intensity of the minimum in Figure 3.8. With

known @inire and Sy, we solve equation 3.2 for the local volume fraction, k.



88
So =1 —ak)*/(1 + 2ak)? (3.2)

3.7.5 Power-Law Fitting
The experimental sample of PbS-DHLA QDs at pH = 5 was fit to a simple power-law function,
I(q) = aq®, for two separate ranges of g. Over the larger ¢ range, Figure 3.16, b = -1.93 while over

the more conservative g range, Figure 3.17, b = -1.88, which suggests a fractal dimension, dr, of

~ 1.9 for PbS-DHLA QD aggregates at pH = 5.
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Figure 3.16. X-ray scattering profile (intensity, cm™, vs g, A™") of 1 uM PbS-DHLA QDs at
pH = 5 (black trace) fit to a power-law equation (orange trace), I(g) = aq”, for 0.002 A-! < ¢ <
0.06 A''. The exponent, b, is found to be -1.93 with an R-squared value of 0.999.
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Figure 3.17. X-ray scattering profile (intensity, cm™, vs g, A™") of 1 uM PbS-DHLA QDs at
pH = 5 (black trace) fit to a power-law equation (orange trace), I(g) = ag”, for 0.009 A-! < ¢ <
0.06 A''. The exponent, b, is found to be -1.88 with an R-squared value of 0.999.
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3.7.6 Multi-component Aggregation Model
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Figure 3.18. X-ray scattering profiles (intensity, cm’, vs ¢, A") for the fractal (green trace),
hard sphere (orange trace) and background (yellow trace) contributions of the model (purple
trace) that fits the experimental scattering profile when pH = 5.



91

Chapter 4: Simultaneous Phase Transfer

and Functionalization of Hydrophobic
CdSe/CdS Quantum Dots with Thiolated

DNA

Adapted From:
Schwabacher, J. C.; Ramani, N.; Zhu, J.; Rogers, C.R; Mirkin, C.A.; Weiss, E. A.

Unpublished Work.



4.1 Chapter Summary

This chapter describes the phase transfer of core/shell CdSe/CdS quantum dots (QDs) from
chloroform to water using thiolated DNA strands and zwitterionic co-ligands in a ternary solvent
system. We report a phase transfer method that exchanges native QD ligands with thiolated DNA
strands in less than one hour. While the DNA strands adequately transfer QDs into water in the
absence of additional hydrophilic ligands, we employ a zwitterionic co-ligand to increase the yield
of the phase transfer and prevent aggregation during the exchange process. Dynamic light
scattering (DLS) measurements suggest that including the thiolated co-ligand during the phase
transfer process narrows the size distribution of the aqueous ensemble as compared to the size
distribution of the DNA-only samples. This method does not rely on reagents are detrimental to
QDs or intermediate ligands that prevent DNA from binding to the QD surface, unlike some

common protocols for functionalizing QDs with DNA.

4.2 Introduction

DNA-functionalized nanoparticles offer high specificity and directionality in interactions with
the surrounding medium through DNA base-pairing.!?!192 Due to this high directionality, DNA-
functionalized nanoparticles have been termed programmable atom equivalents, wherein “atoms”
of nucleic acid-nanoparticle conjugates are directed to assemble into pre-designed complex
structures.!%-1% The success of this framework has been extensively demonstrated with gold

106-109

nanoparticles , which has enabled anisotropic single supercrystals''?, RNA interference-based

12 Extending this paradigm, DNA-

therapeutics!!!, and light-responsive supercrystals
functionalized QDs have potential applications in diagnostics, imaging, drug delivery, and energy

harvesting, particularly through Forster Resonance Energy Transfer (FRET)!!? and the formation

of complex higher-order assemblies with novel properties.!''* DNA-functionalized QDs have
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shown promise in miRNA detection!!®, and have been organized into chiral helical architectures!!,

2D lattices!!?, and heterogenous cross-shaped complexes!!®. DNA-mediated QD assemblies have

7. 119121 apnd polarized single-particle QD emitters'?2.

allowed, for instance, FRET-based sensing

Many methods for functionalizing QDs with DNA involve modifying DNA strands to increase
their affinity for QD surfaces by incorporating imidazole, polyhistidine, phosphorothioate, or thiol
groups in the DNA strands.!'?* These methods require multiple steps, as hydrophobic QDs must be
transferred into water with other hydrophilic ligands before functionalization with DNA can occur,
including phosphorothioate-modified DNA in aqueous QD shelling reactions produces core/shell
QDs with DNA embedded into the QD shell.!?!: 2* Changing the number of phosphorothioate
groups in phosphorothioate-modified DNA strands controls the amount of the DNA that tethers to
the surface of QDs.!!®

DNA-functionalized QDs with mixed ligand shells containing water-solubilizing ligands, such
as mercaptopropionic acid (MPA), are prepared by incubating hydrophilic QDs with excess
thiolated DNA for 12-24 hours.!?>-128 DNA strands must compete with the other water-solubilizing
ligands to bind to the QD surface. MPA and the DNA strand both rely a thiol to bind to the QD
surface, which means that excess DNA is required to achieve partially functionalized QDs.
Electrostatic assemblies that rely only on the attraction of DNA to cationic QDs in water lack
tunability (i.e. high non-specific binding) and often result in random DNA-QD aggregates.'?

Other methods employ conjugation chemistry, such as EDC/NHS coupling!?> 2%, disulfide
bridging!®’, streptavidin-biotin systems!®!, or click chemistry!3*!3 to chemically tether DNA
strands to the QD ligand shell.!3* As-synthesized hydrophobic QDs are exchanged with ligands or
wrapped in amphiphilic polymers that provide both water solubility and reactive handles for DNA

conjugation. Chemical conjugation methods require reagents that can etch QDs, and therefore
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require thorough washing procedures. Thick polymer shells limit access to QD surfaces, which

may prohibit catalysis at the surface, and increase the distance between QDs and energy transfer
donors/acceptors, which may decrease EnT yields.

Le et al.'®

recently reported that a ternary solvent system of dimethyl sulfoxide, chloroform,
and water (DMSO/CHCI3/H20) successfully and quickly transfers CdZnSeS/ZnS core/shell QDs
into water via exchanging native QD ligands with 3-mercaptopropionic acid (MPA). Their work
suggests that there is zero reduction of QD PL upon phase transfer using this method, and that
other methods that employ non-solvent, such as acetone, and centrifugation as a washing step
quench PL. They hypothesize that during binary phase transfers (e.g. CHCl3/H>O) high interfacial
tension induces defects on the QD surface as the native (hydrophobic) QD ligands and the new
(hydrophilic) ligands compete for solubilization at the organic/aqueous solvent interface. A new
avenue for the direct functionalization of QDs with thiolated ligands, without the use of an
intermediate ligand or intermediate solvation step was developed.

Around the same time as the work described above was reported, we separately began
investigating using a liquid lipid extraction method first reported by Bligh and Dyer!3® in 1959
(though based on an earlier method by Folch et al.!*7) as a template for a ternary solvent phase
transfer protocol for functionalizing QDs with thiolated ligands. The Bligh and Dyer protocol,
which was developed for the removal of lipids from biological materials, relies on a miscible
CHCI3/MeOH/H20 (1:2:0.8 v/v/v) system to solubilize tissue samples before separating the
mixture into organic (CHCI3) and aqueous (methanolic) phases by the addition of additional CHCl3

and H>O, and results in the desired lipid extract in the CHCl; layer with a final ratio of 2:2:1.8

(v/v/v) of CHCI3/MeOH/H:0 . Using the Bligh and Dyer method as a framework, we hypothesized
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that a ternary solvent system would provide simultaneous solubility of native, hydrophobic QD

ligands and new, hydrophilic ligands to promote QD phase transfer and ligand exchange.

While methods for directly functionalized QDs with small thiolated molecules are well
developed, such as the one reported in Chapters 2 and 3, we were unable to adapt these methods
the use thiolated-DNA strands as the only hydrophilic ligands. Our work with the Bligh and Dyer
protocol and the encouraging results reported by Le et al., led us to employ a CHCl;/DMSO/H,0
ternary solvent system for the phase transfer and DNA-functionalization of CdSe/CdS QDs.

We report the phase transfer of core/shell CdSe/CdS quantum dots (QDs) from chloroform to
water using thiolated DNA strands and zwitterionic co-ligands in a ternary solvent system. This
method exchanges native QD ligands with thiolated DNA strands. While the DNA strands
adequately transfer QDs into water in the absence of additional hydrophilic ligands, we employ a
zwitterionic co-ligand to increase the yield of the phase transfer and prevent aggregation during
the exchange process. Dynamic light scattering (DLS) measurements suggest that including the
thiolated co-ligand during the phase transfer process narrows the size distribution of the aqueous
ensemble as compared to the size distribution of the DNA-only samples. This method, unlike
common protocols for functionalizing QDs with DNA, does not rely on reagents that degrade QDs
or intermediate ligands that prevent DNA from binding to the QD surface, and is completed in less
than one hour. These preliminary results underscore the importance of the solvent matrix during
phase transfers and highlight a new avenue of QD-DNA functionalization procedures.

4.3 Experimental Methods

4.3.1 CdSe Core QD Synthesis
Following an established protocol® 138, 0.147 g of CdO, 2 mL oleic acid (OA), and 3 mL of

octadecene (ODE) and introduced into a 25 ml three-neck flask. As the mixture was heated to 120
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°C, the flask was switched between vacuum and nitrogen five times. The mixture was heated at

120 °C under nitrogen until the mixture turned clear. The mixture was degassed at 120 °C under
vacuum for 1 h before being returned to nitrogen. A 20-mL scintillation vial was filled with 0.5 g
Tetradecylphosphonic acid (TDPA) and 2 mL of oleylamine and sealed with a septum and Teflon
tape. The vial atmosphere was purged with nitrogen (on the line with the use of a vent needle) for
~ 30 min. This vial was brought into the box with the materials needed to make the 1 M TOPSe.
In the glove box, 0.158 g of Se was mixed with 2 mL of trioctylphosphine (TOP) until the solid
dissolved (>30 min). 1.5 mL of this 1 M TOPSe solution was added to the vial containing the 2
mL oleylamine and 0.5 g TDPA. Outside the box, under nitrogen flow with a vent, the precursor
mixture was heated (on a hot plate) until the solution became clear. This took ~20 minutes with
the hot plate temperature set to 115 °C. Under N> flow, the temperature of the Cd-Oleate solution
was increased to 240 °C before injecting the TOPSe + oleylamine + TDPA mixture (as much as
could be removed from the precursor vial via syringe). The temperature was maintained at 212 °C
(the original procedure called for 200 °C) for 10 min. After 1 minute the heating mantel was
removed. Once the solution was ~ 100 °C, the septum was removed to facilitate cooling. After
cooling to 70 °C, 20 mL ethanol was added to the solution to prevent solidification of the product.
The sample was cooled to room temperature and divided evenly into two 50-mL Flacon tubes.
They were filled with 200-proof ethanol and centrifuged at 3500 rpm for 15 min. The supernatant
was discarded and the pellets containing CdSe nanocrystals and TDPA was resuspended in 5 mL
hexanes each. This turbid solution was centrifuged for 5 min at room temperature. The clear
supernatant containing the QDs was precipitated a final time with ethanol and centrifuged. The

pellet containing the QDs was suspended in 10 mL of hexanes.
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4.3.2 CdSe/CdS Shelling Procedure

Following previous work? that was adapted from an earlier report'*®, a cadmium-oleate
precursor solution was prepared by dissolving 0.145 g CdO in 2 mL oleic acid and 8§ mL ODE to
obtain a 0.1 M Cd(oleate)2 solution. The sulfur precursor solution was prepared by dissolving 32
mg S in 10 mL of ODE at 180 °C to obtain the 0.1 M S solution. Both precursor solutions were
degassed twice at 70 °C under vacuum for 1 hr, once prior to forming the precursor solution and
once after dissolving the precursor. 2 mL of oleylamine, 4 mL of ODE, and 0.453 mL CdSe core
solution (298 uM) were introduced into a 50 ml three-neck flask. The hexanes were removed by
degassing the solution for 1 hr at 70 °C under vacuum. The flask was filled with N2 and heated to
230 °C. While heating 0.28 mL of the cadmium precursor solution was injected. After reaching
230 °C, the reaction proceeded for 10 min before the addition of 0.28 mL of the sulfur precursor
solution. We waited an additional 10 minutes and then injected 0.46 mL of the Cd precursor
solution. We then annealed the QDs for 30 mins before cooling the reaction flask.

Following the original washing procedure, which calls for 3 successive ethanol precipitation
cycles before resuspending the QDs in hexanes, failed to crash QDs from the reaction solution. All
fractions from the washing attempt were combined into a round-bottom flask and the volume of
the solution was reduced on a rotary evaporator. The reduced-volume sample was washed once
with methanol, which caused phase separation upon addition. The QDs were then crashed with

ethanol and resuspended in hexanes.

4.3.3 Ground State Absorption Measurements
All ground state absorption spectra were obtained on a Varian Cary 5000 spectrometer using
a 2 mm/10 mm dual pathlength quartz cuvette. We excited our samples along the 2 mm axis and

corrected the baselines with solvent blanks prior to measurement.
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4.3.4 Photoluminescence Measurements

The photoluminescence (PL) spectra were measured with a Horiba Fluorolog-3
spectrofluorometer using a right-angle geometry and a 2 mm/10 mm dual-pathlength cuvette. The
excitation beam was applied along the 10-mm path of the cuvette and the sample emission was
collected along the 2-mm path. Samples were excited with 475-nm light. Data was collected using

a 0.30 s integration time and 1-nm slit widths.

4.3.5 Zwitterionic Co-Ligand Synthesis

NaBO3 4H20
I{I.H AcOH, H,0, RT S ,{l
/\/ ~ - ~N /\/ ~ /\/ ~
HS ® N S
98% |
2
propane sultone
ACN, RT
54%
OBS/v\N/\/S\S/\/g\/\/SOQ,—» HS/\/@\/\/ 3
) / \ 87%
3 1

Scheme 4.1. Synthesis of the zwitterionic co-ligand, compound 1.

Disulfide 2 was prepared by modification of a reported procedure.!** A 20 mL scintillation vial
with magnetic stir bar was charged with 2-(dimethylamino)ethanethiol hydrochloride (1.42 g, 10.0
mmol) and 10 mL aqueous acetic acid (70% v/v). The reaction mixture was cooled to 0 °C and
sodium perborate (3.08 g, 20 mmol) was added portion wise. The reaction mixture was allowed to
warm to room temperature and stirred 2 h, then transferred to a separatory funnel. Saturated
aqueous NaOH was added until the mixture was cloudy (pH ~13), and the aqueous phase was
extracted twice with Et2O. The organic extracts were combined, and the solvent removed by rotary

evaporation to yield 2 (1.02 g, 98%) as a colorless oil. NMR signals matched those reported.
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Zwitterionic disulfide 3 was prepared by modification of a reported procedure.! A dry 100 mL

round-bottom flask with magnetic stir bar was charged with 2 (710 mg, 3.41 mmol) and 40 mL
dry acetonitrile. 1,3-propanesultone (916 mg, 7.50 mmol) was added and the reaction mixture was
stirred at room temperature 16 h. The white precipitate that formed was collected by vacuum
filtration and rinsed with acetonitrile, then dried under reduced pressure to yield 3 (837 mg, 54%)
as a colorless solid. NMR signals matched those reported.

Synthesis of 1: A 20 mL scintillation vial with magnetic stir bar was charged with 3 (200 mg,
0.44 mmol) and 8 mL MeOH. Dithiothreitol (72 mg, 0.46 mmol) was added to the resulting
suspension, and the reaction mixture was stirred overnight, during which time the turbid reaction
mixture became limpid. Then, most (~90%) of the MeOH was removed by rotary evaporation, and
the remaining solution was added to 10 mL Et;O by pipette. The resulting precipitate was collected
by vacuum filtration and dried under reduced pressure to yield 1 (175 mg, 87%) as a colorless
solid. 'TH-NMR (600 MHz, D>0) & = 3.58 — 3.52 (m, 2H), 3.52 — 3.46 (m, 2H), 3.13 (s, 6H), 2.99
(t,J=7.2 Hz, 2H), 2.97 - 2.91 (m, 2H), 2.27 — 2.20 (m, 2H).

4.3.6 DNA Strand Synthesis
The short thiolated-DNA strands used in this study were synthesized and purified by Mirkin
and co-workers.
Sequence (5°-3"): TAT CCA GCT GCG TTA-S-S
Theoretical mass: 5703.8 g-mol!
Extinction coefficient (=260 nm) 172,500 L-mol!-cm’!
4.3.7 Phosphate Buffer Preparation
5.76348 g of Sodium phosphate dibasic (Na2HPO4, MW=141.96) and 0.2685 g of sodium

phosphate monobasic (NaH2PO4, MW=119.98) were dissolved in 250 mL of Milli-Q water (18.2



100
MQ-cm at 25 °C) using a volumetric flask. A pH test-strip (MQuant pH 0 — 14 Universal Indicator,

Millipore Sigma) confirmed that the solution pH ~ 8. This is solution is referred to as “phosphate

buffer.”

4.3.8 DNA Strand Preparation

Our thiolated-DNA strand reduction and preparation methods were informed by established
protocols.'#%-142 In newly washed 3-kDa molecular-weight-cut-off (MWCO) spin filters (Millipore
Sigma, Amicon Ultra Centrifugal Filters), each DNA sample, as received from our collaborators,
was concentrated to ~ 250 pL using centrifugation at 3500 rpm for 60 minutes. Each concentrate
was diluted with 250 pL of phosphate buffer in an Eppendorf tube. Approximately 15 mg of 1,4-
dithiothreitol (DTT, MW=154.25, molecular biology grade) was added to each sample. The
samples were left to shake at room temperature in the dark for 1 hour.

About 15 minutes before the one-hour incubation time was completed, a NAP5 column was
prepared following manufacturer’s instructions. The DNA sample was purified using the rinsed
NAPS5 column and Milli-Q water (18.2 MQ-cm at 25 °C) as specified by the manufacturer’s
instructions. Prepared DNA stocks were either used immediately in a phase transfer procedure or
immediately stored in a freezer at -20 °C.

4.3.9 Phase Transfer Protocol

For phase transfer using methanol (MeOH, reagent grade), 10 pL of QD stock (24.2 uM) was
dried and resuspended in 750 pL of 1:2 (v/v) CHCl3/MeOH. Then, 38.3 puL (~76 equiv. per QD)
of acceptor DNA stock (482 uM) and 161.7 pL of Milli-Q water was added. This mixture was
incubated in the dark at room temperature on a shaker plate for 35 minutes. After adding 500 puL

of 1:1 (v/v) CHCI3/H20 and allowing the phases to separate, the sample was centrifuged at 3500
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rpm for 1 min. The (top) QD-containing methanolic phase was carefully separated from the

(bottom) organic phase using a glass pipette.

For phase transfer using dimethyl sulfoxide (DMSO, anhydrous, > 99%), 10 uL of QD stock
(24.2 uM) was dried and resuspended in 250 pL of CHCl3 (HPLC grade) in an Eppendorf tube.
550 pL of DMSO, 160 pL (~103 equiv. per QD) of acceptor DNA stock (156 uM), 20 pL (~26
equiv. per QD) of zwitterion stock (308.93 uM), and 20 pL of water were mixed together before
being added to the QD solution. This mixture was incubated in the dark at room temperature on a
shaker plate for 35 minutes. After incubation, 500 pL of chloroform was added to separate the
phases and the sample was centrifuged at 3500 rpm for 1 minute. The (top) aqueous layer was
transferred to a falcon tube and washed with 1 mL of chloroform using centrifugation at 3500 rpm
for 1 minute. The (bottom) chloroform layer was removed with a glass pipette and the aqueous
layer was washed again with 1 mL chloroform. 250 puL of water was added before centrifugation
at 3500 rpm for 1 minute. The chloroform layer was removed, and the aqueous layer was washed
once again. At this point, the phases separate quickly and are optically clear, so washing proceeds
as an extraction (i.e., without centrifugation). The extraction was repeated with 1 mL of chloroform
one last time, for a total of five chloroform washes.

The aqueous layer was transferred to a 7-mL scintillation vials and purged with nitrogen in the
dark for approximately 2 hours. The volumes after purging was approximately 360 uL, which was
estimated using a 100—1000 pL pipette. The was brought to 750 uL by the addition of 390 puL of
Milli-Q water.

4.3.10 Dynamic Light Scattering Measurements using Folded Capillary Cells
Samples were carefully transferred into Folded Capillary Cells (Malvern, DTS1070) using a

1-mL syringe and ensuring that air bubbles were not present inside the cell. The cells were prepared
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according to the manufacturer’s instructions before loading the samples of interest. Measurements

were performed using a dynamic light scattering analyzer (Malvern, Zetasizer Nano). The samples
were illuminated with 633-nm He-Ne laser at 25 °C for each measurement.
4.3.11 Concentration Calculations

DNA concentration was calculated using the known extinction coefficient and the Beer-
Lambert law such that that molarity of the DNA in a measured sampled is [DNA] = A0/ (€260 *
), where A,¢0, €260, and [ are the absorbance at 260 nm, the extinction coefficient of the DNA
strand at 260 nm and the path length of the cuvette in arbitrary units, L-mol!-cm’!, and cm,
respectively.

The QD concentration of a sample was estimated using the existing calibration curve for a

CdSe QD ensemble with known absorbance and PL spectra.'4-144

4.4 Results and Discussion

We synthesized CdSe/CdS core/shell QDs (~ 1 monolayer CdS shell) according to established
procedures.?? We first completed a DNA-functionalization and phase transfer of CdSe/CdS QDs
using a CHCl3/MeOH/H:O solvent, as described in section 4.3. This experiment demonstrates that
the functionalization of hydrophobic QDs with on/y thiolated DNA is possible through a ternary
solvent system. Employing a ternary solvent that relies on a significant fraction of a non-solvent
like methanol, however, is detrimental to the as-synthesized hydrophobic QDs, as demonstrated
by the absorbance band broadening, the absorbance baseline increase, and the PL quenching
depicted in Figure 4.1. Changes in the shape and intensity of the absorbance spectrum upon phase
transfer suggests the presence of DNA in the aqueous QD sample. For complete details, see section

4.7.
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Through systematic trial and error, we identified that a 1:0.8 (v/v) immiscible mixture of

CHCI3/H20 becomes miscible upon the addition of no less than 2.2 equivalents by volume of
DMSO. We conducted our phase transfers in 2-mL Eppendorf tubes using 250/550/200 pL of
CHCI13/DMSO/H>0 as our ternary solvent system. To conduct the ligand exchange and subsequent
phase transfer, ~1 uM of CdSe/CdS QDs in 250 puL of CHCI3; was combined with a mixture of 550
pL of DMSO and 200 pL of aqueous ligand solution (e.g., 160 uL of acceptor DNA stock, 20 uL
of zwitterionic co-ligand stock, and 20 uL of water). The sample was covered with aluminum foil
and was left on the shaker at room temperature for 35 minutes. After 35 minutes, 500 pL of CHCI3

was added to separate the phases and the sample and the resulting QD-containing aqueous phase
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Figure 4.1. Absorbance (left y-axis, solid traces) and emission (right y-axis, dashed trace) of
native (black) and DNA-functionalized (yellow) CdSe/CdS QDs. This phase transfer process
uses a CHCI3/MeOH/H>O ternary solvent and thiolated-DNA. For comparable absorbance peak
values, the resulting aqueous QD ensemble has no (completely quenched) emission and a
broader absorbance feature with a significant increase in the absorbance baseline.

was washed four more times with CHCIs, as described in section 4.3. The washed QD layer was
transferred to a 7-mL scintillation vial and purged with nitrogen in the dark for approximately 2
hours. After purging, the sample volume was increased to ~750 pL by the addition of water. The
DMSO-based procedure described above was completed for the DNA, then zwitterion sample
(~103 equiv. of DNA per QD added at the start of the exchange and ~23 equiv. of zwitterion per
QD zwitterion added for the last 5 minutes of the exchange) and the DNA + zwitterion sample

(~103 equiv. of DNA and ~23 equiv. of zwitterion per QD added at the start of the exchange), but
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failed for the DNA-only sample (~103 equiv. of DNA per QD added at the start of the exchange),

during which the QDs irreversibly aggregated at the solvent interface at the phase separation step.

The DNA, then zwitterion and DNA + Zwitterion samples have sharper absorbance features
than the DNA-only sample (Figure 4.2). In addition, these DMSO-based ternary solvent phase
transfers produce QD ensembles with strong emission peaks. The retainment of some PL feature
is a promising sign of the usefulness of ternary solvent phase transfer procedures, since FRET-
based sensing applications in biological environments require emissive aqueous QDs. We
hypothesized that using DMSO instead of MeOH in the ternary solvent phase transfer procedure
helped preserve QD emission. To verify that the addition of zwitterion co-ligand was not
responsible for preserving the emission, we repeated the MeOH-based ternary solvent phase
transfer procedure and added zwitterion in the last 5 minutes of the incubation period and recorded
the sample’s PL. The PL was quenched despite including zwitterion during the phase transfer.
Similarly, methanolic ternary solvent phase transfers using only zwitterionic co-ligand, or 10:1
zwitterion:DNA were not successful and resulted in QDs crashing at the solvent interface during
the phase separation step.

Figure 4.3 displays DLS measurements that suggest that incorporating the zwitterionic co-
ligand during the ternary solvent phase transfer procedure decreases aggregation and thus narrows
the size distribution of ensembles of DNA-functionalized QDs. Exposing QDs to DNA strands
and zwitterion at the same time (purple trace, “DNA + Zwitterion’) produces a population with a
mean hydrodynamic diameter of 24.3 nm, which is significantly smaller than both the mean
hydrodynamic size (38.3 nm) of the phase transfer that exposes QDs to DNA strands before co-
ligand molecules (orange trace, “DNA, then Zwitterion”) and the mean diameter (55.5 nm) of the

phase transfer that entirely omits the co-ligand (yellow trace, “DNA only”). In all cases, the mean
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hydrodynamic diameter of the DN A-functionalized QDs is much larger than the expected diameter

of the as-synthesized CdSe/CdS QDs, ~ 3.8 nm??, which implies that aggregation during phase

transfer occurs even when zwitterion is added as a co-ligand.
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Figure 4.2. Absorbance (left y-axis, solid traces) and emission (right y-axis, dashed traces) of
three samples of DNA-functionalized CdSe/CdS QDs prepared using a CHCl;/DMSO/H20 or
CHCI3/MeOH/H20 ternary solvent with thiolated-DNA strands. The phase transfer that
exposes QDs to DNA strands and zwitterion co-ligands at the same time (purple, “DNA +
Zwitterion”) has a broader absorbance peak and higher absorbance baseline than the absorbance
spectra of the sample that exposed QDs to DNA strands before adding co-ligand molecules to
the sample (orange, “DNA, then Zwitterion”). Both zwitterion-containing samples have PL
peaks, whereas the DNA-only sample, which is the same sample from Figure 4.1 shown for
comparison, has no emission.
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Figure 4.3. The percent of particles (y-axis) of a given hydrodynamic diameter in nm (x-axis),
measured via DLS, for three samples of DNA-functionalized CdSe/CdS QDs prepared using a
CHCIl3/DMSO/H>0 or CHCI3/MeOH/H>O ternary solvent with thiolated-DNA strands. The
phase transfer that exposes QDs to DNA strands and zwitterion co-ligands at the same time
(purple, “DNA + Zwitterion”) has a mean hydrodynamic diameter of 24.3 nm, which is smaller
than the mean hydrodynamic size (38.3 nm) of the phase transfer that exposes QDs to DNA
strands before adding co-ligand molecules to the sample (orange, “DNA, then Zwitterion”) and
the mean diameter (55.5 nm) of the phase transfer that omits the co-ligand (yellow, “DNA
only”). The distributions narrow as the mean hydrodynamic diameter decreases. The two-
peaked features are an artifact of averaging three runs per sample, which indicates variance
between runs.

4.5 Limitations and Future Directions
This preliminary study demonstrates the potential application of ternary solvent systems in
functionalizing QDs with thiolated-DNA. This work is the first to report the direct

functionalization of QDs with thiolated-DNA—i.e., the functionalizing QDs with thiolated DNA
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without the use of intermediate ligands and solvents. Despite this promising start, our current

report would benefit from additional systematic trials of the CHCIly/DMSO/H2O and
CHCI3/MeOH/H:0 ternary solvent phase transfers with varying amounts of thiolated-DNA and/or
zwitterion. We also encourage the exploration of other ternary solvent systems, which may
produce less polydisperse QDs with improved DNA loading, though our initial experiments with
an N,N-dimethylformamide (DMF) ternary solvent system suggest that replacing DMSO for DMF
increases polydispersity (see section 4.7 for more details).

Poly(acrylamide) gel electrophoresis (PAGE) in combination with optical spectroscopy'#’
should be used to assess the amount DNA per QD, the sub-populations within the QD ensemble,
and correlate the DNA coverage and aggregation to the spectral profiles of each sub-population
moving forward. This analysis is critical to understanding the degree to which aggregation occurs
during the exchange and its impacts on the absorbance and emission spectra of the ensemble.
PAGE or agarose gel electrophoresis may allow for the isolation of dispersed, non-aggregated
aqueous QDs for further characterization.

For QDs functionalized with DNA in this manner to be useful, the DNA strands must be able
to hybridize with other DNA strands. Future work, therefore, must also incorporate hybridization
studies to examine i) if thiolated-DNA strands on a QD surface will still hybridize to
complementary strands, ii) the maximum percentage of surface-bound DNA strands that can
hybridize to complementary strands at once, and iii) if these hybridization events can be exploited
for the directed self-assembly of complex hierarchical QD structures.

4.6 Chapter Conclusion

This preliminary study demonstrates the potential application of ternary solvent systems in

functionalizing QDs with thiolated-DNA. This work is the first to report the direct
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functionalization of QDs with thiolated-DNA—i.e. the functionalizing QDs with thiolated DNA

without the use of intermediate ligands and solvents. This chapter describes the phase transfer of
core/shell CdSe/CdS quantum dots (QDs) from chloroform to water using thiolated DNA strands
and zwitterionic co-ligands in a ternary solvent system. We report a phase transfer method that
exchanges native QD ligands with thiolated DNA strands in less than one hour. While the DNA
strands adequately transfer QDs into water in the absence of additional hydrophilic ligands, we
employ a zwitterionic co-ligand to increase the yield of the phase transfer and prevent aggregation
during the exchange process. Dynamic light scattering (DLS) measurements suggest that including
the thiolated co-ligand during the phase transfer process narrows the size distribution of the
aqueous ensemble as compared to the size distribution of the DNA-only samples. This method,
unlike common protocols for functionalizing QDs with DNA, does not rely on reagents that

degrade QDs or intermediate ligands that prevent DNA from binding to the QD surface.
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4.7 Supplementary

4.7.1 Absorbance Spectra Confirm Presence of DNA
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Figure 4.4. Representative absorbance spectra of CdSe/CdS QDs before (black trace) and after
(yellow trace) phase transfer from hexanes into aqueous solvent using thiolated-DNA. The
broad absorbance peak near 260 nm is contributed by DNA in solution and may be used to
calculate the concentration of DNA. The spectra here correspond to the sample depicted in
Figure 4.1.
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4.7.2 Ternary Solvent Phase Transfers using DMF
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Figure 4.5. Absorbance (top-left graph), emission (top-right graph), and DLS (bottom graph)
spectra of CdSe/CdS QDs transferred into water using either DMSO or DMF in a ternary solvent
phase transfer with DNA and zwitterionic co-ligands. Despite having a smaller scattering baseline
(purple and yellow traces, top left) than the sample transferred using DMSO (orange and green
traces, top right), the DMF-based phase transfer produced a QD ensemble with a broader
distribution and larger average hydrodynamic diameter (yellow trace, bottom graph) than the
ensemble from the DMSO-based phase transfer (purple trace, bottom graph). In both samples, the
PL is quenched after the DLS measurements (top-right graph), though there are no significant
changes in the absorbance spectra before and after DLS (top-right graph).
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Chapter 5: Conclusions
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5.1 Dissertation Summary

This dissertation studies the effects of phase transfers with thiol ligands on the optical
properties of quantum dots (QDs) in water. In particular, the work presented here focuses on two
systems: 1) dihydrolipoic acid (DHLA)-capped PbS QDs and ii) core/shell CdSe/CdS QDs
functionalized with thiolated-DNA strands.

In Chapter 1, we introduced the novel properties that arise from the quantum confinement of
electronic wavefunctions in QDs. We briefly introduced well-established QD syntheses and post-
synthetic modification methods. We detailed to two types of QDs relevant to this thesis—PbS and
CdSe QDs. The importance of post-synthetic ligand exchanges and QD-QD Forster resonance
energy transfer (FRET)processes for designing biologically relevant QD systems were also
described. Chapter 1 concluded with an outline of the research presented in this dissertation.

In Chapter 2, we examined how phase transfers of oleic acid-capped PbS QDs with DHLA
impact the pH response of aqueous PbS-DHLA QD ensembles. The photoluminescence (PL)
spectra of populations of PbS-DHLA QDs bathochromically shift by up to 95 meV as the pH value
decreases from 12 to 5. Optical spectroscopy experiments, dynamic light scattering (DLS)
experiments, and the results of a phenomenological model for exciton hopping among QDs suggest
that these bathochromic shifts can be entirely accounted for by QD-QD FRET as the QDs
aggregate with decreasing pH. The magnitude of the PL shift is strongly correlated with the
sample's polydispersity directly after phase transfer into basic water. Extrapolation of these data
to a hypothetically completely monodisperse sample of QDs yields a PL full width at half

maximum (fwhm) of an ensemble of single DHLA-capped PbS QDs in water of 130 meV. This
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work shows that the PL linewidth before aggregation, which is controlled by the phase transfer

procedure, is an excellent predictor of the pH response of the emission spectra of the QDs.

In Chapter 3, we described the x-ray scattering profiles of PbS QDs transferred from hexanes
into water via displacement of the native oleate ligands with DHLA. Small-, mid-, and wide-angle
x-ray scattering (SAXS/MAXS/WAXS) spectra of samples flowing at 20 pL/s through a quartz
capillary were simultaneously recorded upon exposure to 9.0 keV x-rays. Following the system
described in Chapter 2, forward and reverse titrations (12 > pH > 5) were performed using 0.5 M
HCI and 0.5 M NaOH, respectively, to assess the structure and mechanism of formation of PbS-
DHLA QD aggregates. Absorbance and photoluminescence (PL) spectra confirm that the QDs
aggregate as the pH decreases below the pKa of the PbS-DHLA system (=8.6). The x-ray scattering
spectra of all samples have high-q features that correspond to spherical particles with an
approximate radius of 1.79 nm. The x-ray scattering spectrum of the most aggregated sample (PbS-
DHLA QDs at pH = 5) features a distinct peak at g ~ 0.1 A, which we attribute to tightly packed
QDs with an approximate center-to-center distance of 3.8 nm. We use the correlation hole at pH =
5(q~0.11 A to calculate an estimated local volume fraction of 13 + 2% and maximum 6-to-1
coordination for QDs in an aggregate. The scattering profile at pH = 5 also features an upturn at q
< 0.1 A" due to the presence of relatively large fractal aggregates with a fractal dimension of 1.8—
1.9. The scattering spectrum of the aggregated sample is well described by the diffusion-limited
cluster aggregation (DLCA) and/or the reaction-limited cluster aggregation (RLCA) of
polydisperse hard spheres into a mass fractal.

In Chapter 4, we described the phase transfer of CdSe/CdS QDs from chloroform to water
using thiolated-DNA strands and zwitterionic co-ligands in a ternary solvent system. This phase

transfer method exchanges native QD ligands with thiolated-DNA strands in less than one hour.
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While the DNA strands adequately transfer QDs into water in the absence of additional hydrophilic

ligands, our preliminary work suggests that incorporating a zwitterionic co-ligand increases the
phase transfer yield and prevents aggregation during the exchange process. DLS measurements
indicate that including the thiol co-ligand during the phase transfer process narrows the size
distribution of the aqueous ensemble as compared to the size distribution of the DNA-only
samples. This method does not rely on reagents that degrade QDs or intermediate thiol ligands that
prevent DNA from binding to the QD surface and may generalize across many solvent
combinations.

5.2 Future Directions

This thesis depicts a preliminary investigation of how phase transfer procedures dictate the pH-
responsiveness, colloidal stability, and functionality of QD ensembles in aqueous environments.
Here, we present three promising directions to expand upon our research: i) employ metal-
coordinated ligands to reduce the detrimental effects of phase transfers on hydrophobic QDs, ii)
use a combination of x-ray scattering, neutron scattering, and advanced electron microscopy
techniques to detail the structures and aggregation mechanisms of aqueous QDs, and iii) optimize
complex solvent systems to reduce interfacial tension and ligand exchange-induced aggregation

during phase transfer processes.

5.2.1 Metal-Coordinated Ligands for QD Phase Transfers
As discussed in Chapter 2, further work is needed to develop DHLA-based ligand exchange
procedures that consistently yield monodisperse QD ensembles with pH-independent spectra if the
continued use of DHLA as a QD ligand is desired. Prior research suggests®! one relatively simple
solution to decrease polydispersity is to add metallated ligand, i.e., DHLA complexed to a Pb

atom, and/or excess metal ion, e.g., Pb(NO3)> into the exchange mixture. Sources of excess Pb
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atoms may promote the replacement of Pb atoms that are removed from the QD surface during the

carboxylate-thiolate exchange process,!#-147 thereby preserving the QD surface, size, and
optoelectronic properties. One foreseeable challenge is the insolubility of the Pb-DHLA
complex!*8, which may prevent employing previously isolated metallated ligand as the ligand

source for the phase transfer.

5.2.2 Complete Characterization of Aqueous QDs and their Aggregates

As outlined in Chapter 3, the wealth of information and insight regarding structures across
relatively large length scales in solution makes simultaneous SAXS/MAXS/WAXS measurements
a powerful tool to investigate nanoparticle aggregation. However, accurate analyses of such data
should be informed by images of structures acquired with advanced electron microscopy
techniques, such as liquid-phase electron microscopy (LP EM) or cryogenic electron microscopy
(cryo-EM), that preserve the structures as they exist in solution. Depending on the resolution
achieved, it may also be possible to corroborate the QD sizes and interparticle distances calculated
using x-ray scattering data with the LP EM or cryo-EM images. 3D liquid-cell electron microscopy
achieved atomic resolution for a sample of platinum nanocrystals and revealed the intrinsic
heterogeneity of ligand-protected nanocrystals in solution.!®

Small-angle neutron scattering (SANS) is also a powerful technique for resolving core, ligand-
shell, and solvent structures for oleate-capped PbS QDs.”® SANS, unlike the more commonly used
UV-Vis spectroscopy, transmission electron microscopy, and SAXS characterization techniques,
can provide information about organic QD ligands, as well as detailed information regarding the
QD surface. SANS was recently used to quantify the PbClx layer inherent to PbS QDs synthesized
using PbCl,.!* Similarly, grazing-incidence/grazing-transmission small-angle x-ray scattering

(GISAXS/GTSAXS) may be used to investigate the impact of unbound ligands on the superlattice
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structure and orientation in QD films.!*® The role of unbound ligands in aqueous QD stability and

mechanism of aggregation remains relatively unexplored even though some amount of unbound
ligand is always present in solution.
5.2.3 Ternary Solvents for Aqueous Phase Transfers with Thiol Ligands

As outlined in Chapter 4, we encourage the exploration of ternary solvent systems to transfer
hydrophobic QDs into water with hydrophilic thiol ligands. Our current findings indicate that
systematic trials of CHCIl3/DMSO/H>O, CHCl3/MeOH/H20O, and CHCIl3/DMF/H20 ternary
solvent phase transfers with thiol ligands will provide more details about the optimal solvent
matrix for minimal disruption of the QD surfaces during phase transfer. We believe that these
phase transfers may generalize to other thiol-containing ligands, beyond the DHLA and thiolated-
DNA strands presented in this work. For instance, a ternary solvent could overcome the solubility
challenges for metallated thiol ligands described in section 5.2.1 while decreasing the interfacial
tension of the phase transfer matrix. The advanced characterization techniques suggested in section
5.2.2 could offer insight into how the combination of ternary solvent and metallated ligand
influences the surfaces and ligand shells of the phase-transferred QDs. We, therefore, recommend
the incorporation of metal-coordinated ligands, advanced characterization techniques, and

complex solvent mixtures into studies of aqueous QDs prepared via phase transfers.
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