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ABSTRACT

FROM COLLOIDAL SOLUTION TO SINGLE PARTICLES: INVESTIGATING ENERGY
FLOW FROM SEMICONDUCTOR NANORCRYSTALS TO MOLECULES

The interaction of nanomaterials and molecules is at the heart of many modern processes (catal-
ysis, chemical synthesis, lighting, etc.). The presence of crystallographic defects in the nanomate-
rials can strongly influence this interaction or open up pathways for unintended interactions. The
location of the defect sites plays a large role in determining how a defect sites will interact with
the environment around it. Determining the location of defect sites in nanomaterials is a challenge.
Transmission electron microscopy (TEM) is the obvious choice to observe atomic scale defects
however, in situ TEM measurements are difficult and expensive. Forster resonance energy transfer
(FRET) spectroscopy has the power to reveal nanoscale distances from optical data. FRET has
been applied to nanomaterial defects in the past but never to reveal the location of defect sites.
The following work describes the application of FRET spectroscopy to an ensemble of zinc oxide
nanoparticles. It was found that for large nanoparticles (6 nm diameter) FRET could distinguish
between surface and interior defect sites. However, the ensemble level approach has limitations.
To overcome these, the system was observed on the single particle level using optical microscopy.
Single particle studies revealed that energy transfer events appear to be very rare in this system.

No conclusive evidence of energy transfer was observed on the single particle level.
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Chapter 1

Introduction & Background

1.1 Introduction

Interactions of semiconducting nanomaterials and molecules are key to a number of impor-
tant processes including catalysis,'™ chemical synthesis,>¢ and lighting.”-8 At the heart of these
processes is the movement of energy between the nanomaterials and the molecules around them.
Understanding how materials can interact with molecules can help guide the creation of more ef-
ficient devices. One major factor that can influence the interaction between a nanomaterials and
a molecule is the presence of defect sites®™!! (crystallographic point defects like vacancies, inter-
stitial atoms, anti-sites, etc.). Defect sites can introduce energy levels inside the bandgap of the
material (sometimes called mid-gap states), opening new avenues for interactions otherwise not
possible.!*'* These mid-gap states can also open new recombination pathways, both radiative and
non-radiative.'>'® The relative position of the defect sites within the material strongly influences
the types of interactions that can be possible.!”-!8 Defect sites on the surface of the material can
directly interact with molecules while defects that are buried within the material may promote a
different type of reaction. However, determining the location of these defect sites, which often
are on the single-atom scale, is difficult. Transmission electron microscopy (TEM) is the obvious
choice for observing single-atom-scale defects however, in situ TEM measurements are difficult
and expensive. Optical methods would be preferable due to their lower cost and simpler set up.

Forster resonance energy transfer (FRET) spectroscopy can reveal nanoscale distance informa-
tion in heterogeneous and dynamic systems without having to observe the sample with a micro-
scope. The FRET technique is based on energy transfer between donor and acceptor molecules,
where the photo-excited donor transfers energy non-radiatively to a nearby acceptor molecule via

19-21

a dipole-dipole coupling mechanism. This method is commonly used as a “spectroscopic

ruler”?*%> because small changes in donor-acceptor distance (r) cause large changes in fluores-



cence intensities of the donor and acceptor. The large intensity changes occur because the FRET

rate scales with r—6.19-21

Steady-state and/or time-resolved photoluminescence (TRPL) spec-
troscopy methods can quantify 7, provided that photophysical properties (e.g., spectral overlap
of the donor and acceptor, donor fluorescence lifetime, and quantum yield) as well as relative ori-
entation of the donor and acceptor molecules are known. FRET spectroscopy measurements have
revealed critical dynamic distance measurements in complex systems such as membrane fusion®
and conformational changes of peptides, DNA, and RNA. See the following section for a more
detailed background on FRET.>"~%

Defect-mediated energy transfer®® has the possibility to provide a non-destructive, non-permanent
method for locating defect sites in nanomaterials. In this scheme defect sites within the nanomate-
rial act as the donors for a FRET-like energy transfer system. Because FRET is the spectroscopic
ruler it should be possible to use FRET to determine the locations of defect sites in nanomaterials,
provided the defect sites are able to participate in energy transfer. This method has been applied

to both colloidal solutions of nanomaterials (see Chapter 3) and single particles (see Chapter 5) in

this work.

1.2 Background: Forster Resonance Energy Transfer (FRET)

231,32 \who

The first observations of long-range energy transfer were by Cario and Franck in 192
excited a gaseous mixture of mercury and thallium atoms with light that would only excite the
mercury, yet they observed emission from the thallium as well. They also determined that there
must be interactions between the atoms occurring at distances larger than the calculated encounter
radius, making this the first recorded observation of long-range energy transfer.*> While T. Forster
was not the first person to observe long-range non-radiative energy transfer, he is credited with
devolving an easy to understand and apply model for describing non-radiative energy transfer
between molecules in close proximity. Forster’s theory describes the interaction between a donor

molecule in the excited state (D*) and an acceptor molecule in the ground state (A) leading to

energy that was stored in the donor molecule transferring to the acceptor molecule. This returns



the donor molecule to the ground state (D) and, simultaneously, the acceptor molecule transitions
to the excited state (A*). This process is shown in Equation (1.1). This is called non-radiative
energy transfer because the excited state donor does not emit a photon to excite the ground state

acceptor.

D*+A— D+ A* (1.1)

Instead, the acceptor gains energy by siphoning energy that was stored in an electric field
around the donor. Upon exciting a molecule an oscillating dipole is created. This oscillating dipole
creates an electric field which stores energy in the near field (distances less than the wavelength
of light that would be emitted).>* This near-field energy can be transferred away from the excited
dipole to an acceptor dipole if it is close enough and in the correct relative orientation. This field
effect was first observed by Heinrich Hertz in the late 19th century in oscillating electrical circuits
and was critical to the understanding of non-radiative energy transfer.>>3°

Building on the earlier work of Cario and Franck and the Perrins (first Jean and then Francis,
who came very close to a quantitative description of long-range energy transfer in molecules)*?
Forster was the first to put together all the parts needed to fully describe the non-radiative energy
transfer process.?2!:3¢ Forster determined that the spectral dispersion present in molecular emis-
sion and absorption spectra (i.e. molecules do not produce line spectra) needed to be accounted for.
He derived the overlap integral (J, Equation (1.2)) to handle this. The overlap integral describes

the probability that transitions in the donor and acceptor will have the same frequency (i.e. be in

resonance).>’

J_/EMMQQM%A (1.2)
0

Where Fp()\) is the normalized emission spectrum of the donor on a nanometer axis, normal-

ized so that the area under the curve is equal to 1. €4(\) is the extinction coefficient spectrum for

the acceptor with units of M ~tem ™1,



Once the spectral dispersion of the donor and acceptor had been accounted for Forster deter-
mined that the distance dependent rate of energy transfer from a single donor to a single acceptor

(k1) would follow:3®

(1.3)

_ Qp~K® (90001n(10)> ;

br(r) = Tpré \ 1287P N n*
Where (p is the emission quantum yield of the donor with no acceptor molecules present,
k2 is the orientation factor which accounts for the relative orientation of the donor and accep-
tor dipoles. For dipoles which have rotational and translational freedom (i.e. freely diffusing
molecules) k% = % 7p 1s the lifetime of the donor molecule when no acceptor is present. r is the
distance between the donor and acceptor; for all calculations in this work 7 has units of nanome-
ters. [N is Avogadro’s constant. n is the refractive index of the medium (solvent) and .J is the
overlap integral from Equation (1.2). This equation indicates that the rate of energy transfer scales
with the amount of spectral overlap between the donor and acceptor. Additionally, the rate is very
distance dependent, as indicated by the ~% term. It is this distance dependence that gives FRET its
usefulness as an analytical tool. Equation (1.3) Also indicates that the rate of energy transfer scales
with the orientation factor 2. For all calculations conducted later in this work it was assumed that
K2 = % Possible pitfalls of this assumption are discussed in Section §3.4.3.
Equation (1.3) can be rearranged by assuming that k7 = 7p.3¢ This assumes that the rate
of energy transfer is the same as the rate of intrinsic decay in the donor, meaning that there is a
50% chance for each excitation of the donor to result in energy transfer or intrinsic decay. In this

form, Equation (1.4) reports the distance between the donor and acceptor needed to satisfy the

kr(r) = Tp assumption. This distance is referred as the Forster distance.

9000 In(10)Q px>
b= 1.4
Ry ( 12875 N 4yn* / (14

A slight variation of Equation (1.4) can be found in Section §2.3.1 where it is used to determine

the Forster distance for a given donor-acceptor system.



Forster’s theories are still being applied to energy transfer systems over 60 years after they were
developed. FRET theory has been applied to NC-molecule donor-acceptor systems.*”** Chowd-
hury et al. analyzed the PL decay dynamics of 3.0 nm CdS NCs in the presence of rhodamine 6G
acceptors and concluded that the energy transfer efficiency was 43%.% Sadhu et al.*® later ex-
tended a kinetic model, originally developed by Tachiya,*’ to model CdS NC donor quenching in
the presence of multiple Nile Red acceptor molecules.*® The aforementioned studies use the point-
dipole approximation, placing the donor dipole at the center of the NC with acceptor molecules
randomly oriented in around the NC. This dipole approximation is valid when the molecule is in
contact with the NC surface.*®*’ Additionally, Banin and coworkers have shown that the shape of
the nanomaterial donor has a profound impact on how the FRET process proceeds but at the core

it is still based on Forster’s theories.)% 2

1.3 Zinc oxide as a model system

To use defect-mediated energy transfer as a tool to determine the location of defect sites in
nanomaterials, the first step is to select a nanomaterial whose defect sites exhibit a fluorescence
signal that is attributable to the localized defect sites. Zinc oxide (ZnQO) nanocrystals (NCs) are
the ideal material to test the feasibility of defect-mediated energy transfer as an analytical tool due
to the high intensity (relative to the band-edge emission), broadband, visible emission associated
with point defects.>*>’ Figure 1.1 shows a florescence spectrum of ZnO NCs excited at 330 nm.
The small peak below 400 nm is emission from band-edge states in the ZnO and the high intensity,
broad peak is the emission of defects in the ZnO. The identity of the defect responsible for this
emission has been a topic of much debate in the literature. Classically, oxygen vacancies (Vg)
have been cited as the source of this emission however, recent computational studies combined
with optically-detected electron paramagnetic resonance data have shown that Vo’s may not be the
source.’® > An even more recent computational study has shown that isolated dangling bonds from
zinc atoms are more likely to be the source of the visible emission.>* These dangling bonds are

similar to an oxygen vacancy except that the true vacancy state is formed by four zinc dangling



bonds mixing together. An isolated zinc dangling bond is just that, isolated and not able to mix

with other zinc orbitals.

N
=N
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Normalized Absorbance

200 600 800 °
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Figure 1.1: Emission spectrum of a solution of 4 nm ZnO NCs exited at 330 nm.

The exact identity of the defect responsible for the visible emission in ZnO is not of prime
importance to using defect-mediated energy transfer as an analytical tool to determine the location
of the emission source within a nanocrystal. All that matters is that the emission is associated with

localized sites in the larger material.



Chapter 2

Experimental Techniques

2.1 Zinc oxide nanocrystal growth and characterization

2.1.1 ZnO synthesis

ZnO nanocrystals (NCs) were synthesized using a base hydrolysis of zinc acetate dihydrate
in ethanol following the approach of Wood et al.®’ In a typical reaction, 1.0 g Zn(OAc), - 2H,0
(Sigma Aldrich) was added to 100 mL of 200 proof ethanol (Pharmco-Aaper) in a 250-mL round
bottom flask. The solution was stirred and heated to 68 °C to dissolve the zinc acetate. Then, 2
mL of a 20% methanolic solution of tetramethylammonium hydroxide (TMAOH, Sigma Aldrich)
were added to the flask as quickly as possible. We define the TMAOH injection step as ¢t = 0.
Subsequently, 10 mL aliquots of the growth solution were extracted from the flask at growth times
ranging from ¢ = 2 to ¢ = 2400 min. All aliquots were extracted from the same reaction flask
as the reaction proceeded. Each aliquot was injected into 30 mL of hexanes, causing the NCs
to precipitate. The mixture was centrifuged to separate the NCs from the unreacted Zn*" and
TMAOH. This washing procedure was repeated 5 times with hexanes. The washed NCs were
suspended in spectrophotometric grade ethanol and stored at —4 °C when not in use. All reagents

were used as received and without further purification.

2.1.2 Nanocrystal Characterization

The optical properties of ZnO NCs were characterized with UV-Vis absorption spectroscopy
(HP 8452A Diode Array Spectrophotometer) and steady-state photoluminescence spectroscopy
(Edinburgh Instruments FS5). All spectra were measured at room temperature in spectrophoto-
metric grade ethanol in 1 cm quartz cuvettes. The NC diameters were determined using transmis-
sion electron microscopy (TEM, JEOL JEM-2100F, 200 keV). The absolute quantum yield (QY)

measurement method®!%? was used to determine the PL QY of the NC defect emission (Edinburgh



Instruments FS5 spectrophotometer equipped with an integrating sphere). Figure 2.1a-e show dis-
tribution of measured diameters for each size of NC along with a representative TEM image of
each size. Each diameter distribution is fit to a Gaussian function to determine the average and

standard deviation.

NC Diameter (nm)

Figure 2.1: NC diameter determination. a-e) Histogram of measured diameters fit to a Gaussian distribution
and a representative TEM image of each NC size.

Following the approach of Yu et al.,** we determined the molarity of the ZnO NC samples
using TEM and elemental analysis. 3 mL of washed ZnO NCs were dissolved in 5% nitric acid
for inductively coupled plasma-atomic emission spectroscopy (ICP-OES) analysis. The ICP-AES
analysis quantified the concentration of Zn®" in the sample. To calculate the concentration of

NCs in each aliquot, we determined the total number of NCs that could be formed from the total



number of Zn atoms in the solution. We assumed that the ZnO NCs were spheres and calculated
the particle volume from the TEM data. We also assumed that the ZnO lattice parameters do not
change with NC size.

It was found that high [NC] would lead to particle aggregation and that lower [NC] caused
slower aggregation at room temperature. Figure 2.2 shows photographs of ethanolic solutions of
ZnO NCs at two concentrations, the higher [NC] solutions show a blue tinge caused by particle
aggregates scattering visible light. [NC] = 70 nM was chosen because this concentration reduced

NC aggregation and still had measurable photoluminescence. Table 3.1 contains the photophysical

properties for all sizes of NCs.

Figure 2.2: Photographs of NC samples at (left) [ZnO] = 1.4 uM and (right) [ZnO] = 70 nM. The size of
the NCs in each vial increases from left to right.

2.2 Ensemble-level energy transfer

All energy transfer measurements were performed with [ZnO NC] = 70 nM unless otherwise
noted. This concentration was chosen because particle aggregation was not observed and all sam-
ples exhibited measurable defect PL in steady-state and time-resolved PL spectroscopy. In a typ-
ical energy transfer experiment, microliter volumes of a stock 7 uM ethanolic Alexa Fluor® 555
carboxylic acid dye (A555; Thermo Fisher) were injected into 3 mL of the ZnO NC sample.
Steady-state emission spectra of ZnO-dye mixtures were measured at an excitation wavelength of
330 nm unless otherwise noted. Time-resolved photoluminescence (TRPL) measurements were
performed concurrently with the steady-state measurements. The PL lifetime measurements were
performed on an Edinburgh Instruments FS5 equipped with a 300 nm pulsed LED (EPLED, 500

kHz). TRPL data was acquired at the defect emission of the ZnO NCs (515 + 10 nm). This wave-



length range was chosen because there was no contribution from the acceptor emission. TRPL data
was deconvoluted from the instrument response function (IRF) following the procedure described
in Section §2.2.1. The TRPL fits presented herein have been reconvoluted with the IRF to match

the data. Application of this procedure can be found in Chapter 3.

2.2.1 Instrument Response Function Deconvolution

TRPL data was deconvoluted from the IRF using equations (2.1) and (2.2) as model functions
in an iterative reconvolution process which minimizes the difference between the data and the
model function after the model function has been convoluted with the IRF. By convoluting the
model functions with the IRF the true response of the sample can be separated from the instrument
response.® Figure 2.3 shows two examples of the IRF deconvolution procedure. The deconvoluted

model functions are shown in blue and the reconvoluted fit is shown in red.

—D)ata —()ata
IRF IRF
%‘ =—=Nodel Function > =—=\lodel Function
5 =it @ —jt
S 9
- [
5 £
N 3
® N
1= ©
S £
prd o
prd
0 560 1000 1500 0 =T 150
Time (ns) Time (ns)

Figure 2.3: IRF deconvolution. a) TRPL decay of 4 nm ZnO NCs (black), the IRF (green), the deconvoluted
model function (blue) and the reconvolved fit (red). b) The same as (a), but for [A555]:[NC] =1000:1.
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2.2.2 Non-fluorescent control

To ensure that the observed quenching of the ZnO defect emission was not due to the binding
of the carboxylic acid functionalized acceptor molecules ZnO NCs were exposed to a 100 nM
solution of sodium formate (Figure 2.4). Sodium formate was chosen because the carboxylic acid
derivative of A555 is sold as an acid salt and it will not become protonated in ethanol. The sodium
formate has no effect on the emission of the ZnO NCs, thus the quenching observed when A555 is

present cannot be due to the binding of the carboxylic acid to the NCs.

3.
)
a
O
I
x
>
%)
§ 1 —7n0
£ —=7n0 + Formate
Sodium Formate

400 500 600 700
Wavelength (nm)

Figure 2.4: PL spectra of ZnO NCs in ethanol (black line), the same ZnO NCs mixed with 100 nM sodium
formate (blue line), and 100 nM sodium formate dissolved in ethanol without ZnO NCs (green line).

2.3 Energy Transfer Modeling

TRPL decay data for ZnO NC donors (similar to what is shown in Figure 2.3) were analyzed as
a function of NC size and acceptor concentration using two different energy transfer models. The
goal was to determine the average donor-acceptor distance, which reflects the distance between the
acceptor dyes and the defects responsible for the defect-mediated energy transfer process. Appli-

cation of the models described below can be found in Chapter 3.
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2.3.1 Stochastic Binding Model (SB)

Sadhu et al. developed the stochastic binding model for energy transfer between semiconductor
quantum dot donors and molecular dye acceptors*® based on earlier work by Tachiya.*’ Beane et
al. applied the stochastic model to study defect-mediated energy transfer between ZnO NC donors
and Alexa Fluor® dye acceptors.’® The stochastic model assumes: (1) energy transfer between the
NC donor and dye acceptor occurs in competition with radiative decay of the NC donor, (2) the
distribution of the number of dye molecules attached to one NC follows a Poisson distribution, (3)
all attached dye molecules quench the donor emission equally, (4) the intrinsic decay processes
of the NCs are unaffected by the attachment of the dye molecules, (5) any acceptor molecule can
participate in energy transfer (i.e. both adsorbed or near-surface solution-phase molecules can
participate in energy transfer). The model also accounts for the fact that the PL decay of the ZnO
NC donors do not follow single exponential kinetics. The TRPL intensity of the ZnO NC donor in

the absence of dye acceptors is given by equation (2.1)

M _ e—kot—)\t[l—e_kqtt] 2.1)
Iy

where I is the intensity of the decay curve at time ¢ = Os, kg is the radiative decay rate
of photo-excited NCs in the absence of the acceptor molecule, ¢ is the average number of non-
radiative trap states per NC and the distribution of traps follow a Poisson distribution, and £ is
the quenching rate due to the presence of the non-radiative traps. The non-radiative trap term is
necessary to describe the non-single exponential defect PL decay of the ZnO NCs. These traps do

not participate in the energy transfer process.*®
The TRPL decay curves of the NC donors in the presence of the acceptor are given by equa-

tion (2.2)

@ — e kot=Ae [1—eFat]—Xs[1—eFa!] (2.2)
Iy
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where ), is the mean number of dye molecules per NC according to Poisson statistics*®47-63

and k, is the rate of energy transfer to a single dye molecule. Hence, when a NC with n dye
molecules is excited, the rate of the excited-state decay for that NC is given by ko + nk,, and the
total energy transfer rate is nk,.*

Fitting TRPL decay data with Equations (2.1) and (2.2) yields A, A, ky, kg, and ko, which can

be used to calculate the quenching efficiency (¢, ) according to Equation (2.3)*

/
)x?e_/\s A? et
Ul

00 o (T
Zn:O Z’N/ZO

nkg
1+ %o +

)

T
qt ]

ko (2.3)

(bE'nT = o= g

Zoo (“=m—)
n’'=0 n'kgy
[H‘th]

where n and n’ are the integer number of attached dye molecules per NC and the integer number
of non-radiative traps, respectively. We deconvoluted the IRF from the sample response to fit all
TRPL data.

The energy transfer efficiency is related to the number of attached dye molecules per NC and

the donor-acceptor distance, 7, according to Equation (2.4)%-66

o0 n,—As 6
Ale [ nRy } 2.4)

¢EnT()\57r) = Z . nRg

n!
n=0

where Ry is the Forster radius, or the distance at which the energy transfer efficiency between

a single donor-acceptor pair is equal 50%.3¢%%67 We calculate R, according to Equation (2.5)

+/90001n(10)x2Q p.J
_ 2.
Fo \/ 12875 N 4n 2:5)

where  is the orientation factor which accounts for the relative orientation of the donor and
acceptor dipoles. )p is the emission quantum yield of the donor in the absence of the acceptor.
J 1s the overlap integral of the donor emission and acceptor absorbance and N, is Avogadro’s
constant. We fit the TRPL-derived energy transfer values using Equation (2.4) to determine the

ensemble-average r for each NC diameter and as a function of acceptor concentration.

13



2.3.2 Restricted Geometry Model (RG)

Sitt et al. developed a restricted geometries model to analyze energy transfer from zero-
dimensional (0D) NC and one-dimensional (1D) nanorod donors to molecular acceptors.’? For
0D NCs, the model restricts the acceptor molecule locations to a spherical shell at the NC surface,
as shown in Figure 2.5. r; and 7, are the minimum and maximum distance in nanometers from
the donor to the acceptor molecules, corresponding to the inner and outer radii of the spherical
shell. The restricted geometry model assumes that molecules within the shell contribute to energy
transfer. The donor dipole is assumed to be a point dipole at the center of the spherical NC. This
geometry may not be the case for the emissive defect sites in these ZnONCs where the donor dipole
of the defect may not be at the center of the NC. A complete treatment beyond the Forster point
dipole approximation could be employed,’:®*~7! but is not included in the restricted geometries

model.

oDonor Dipole oy O @ A555 w/ EnT

-
S "

Figure 2.5: Cartoon illustration of energy transfer between NC donors and dye molecules using a restricted
geometry model. The donor dipole (red dot) is at the center of the NC (large gray circle). Molecules located
within the inner and outer limits of a spherical shell, indicated by circles with radii r; and ry respectively,
can participate in energy transfer (see text for discussion).

The minimum donor-acceptor distance, 71, was quantified using Equation (2.6):
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where C is the concentration of acceptor molecules within the spherical shell (in units of
molecules per cubic nanometer), Y = TBIROS , where 7p is the radiative lifetime of the donor
in the absence of acceptor molecules in units of nanoseconds (7, 1 = ko in Table 3.1), S is the
multipolar exponent (S = 6 for dipole-dipole interactions), and I'(x, y) is the incomplete gamma
function. ¢, (t) curves are obtained by dividing the TRPL decay of the NC-acceptor mixtures
by the TRPL decay of the NCs in the absence of the acceptors. To reduce the number of fitting
parameters in equation (2.6), we assumed that 7o = r; 4+ 1 nm, corresponding to the length of the
AS555 molecule. Hence, we fit ¢,..;(t) curves with equation (2.6) to determine C and r;. The full

derivation of equation (2.6) can be found in ref [52].

2.4 Single Particle Energy Transfer Microscopy

2.4.1 Sample Preparation

Single particle samples were prepared by spin coating a solution of ZnO NCs onto a cleaned
quartz slide ([ZnONCs] = 70-150 nM; 1000-3000 RPM). ZnO NCs were synthesized following
the procedure in section §2.1.1 with the only modification being that a single aliquot was taken
after 6 hours of reaction time rather than multiple aliquot as set intervals. This yielded particles
assumed to be ~4.5 nm, based on the size series depicted in Section §3.3. Quartz slides were
cleaned following the procedure outlined in section §2.4.1.1. Quartz slides were used in favor of
normal glass slides to reduce background fluorescence induced by UV excitation.

After deposition of the ZnO NCs the slide was used as-is for ZnO control experiments. For
experiments with a mixture of ZnO NCs and dye molecules a solution of A555 dye was drop cast
on top of the NCs. The droplet of dye was allowed to stand on the slide for about one minute before
being removed by brisk nitrogen flow. Slides used for A555 control experiments were prepared in

the same way just without the deposition of NCs.
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Immediately prior to placing the sample on the microscope, a #1 glass coverslip was placed
onto the sample side of the slide, sandwiching a drop of Immersol W 2010 immersion oil (Zeiss)
between the slide and coverslip. This configuration is depicted in Figure 2.6. Here, the ZnO NCs
are shown as gray circles and the A555 molecules as smaller red circles. The sample is shown
with the NCs and molecules facing down to match with the configuration of the sample when it
is mounted on the inverted microscope. Having solvent present over the NCs and molecules was
necessary because the NC emission was not stable in air. Immersol oil was chosen because neither
the NCs nor A555 molecules were soluble in it, allowing them to remain on the quartz surface after

being immersed in immersol.

a b c
ZnO Control Sample A555 Control Sample Mixture Sample
Quartz Slide — _ _ — _
Immersol
Coverslip @®ZnONC *A555 Molecule A555 Molecule ®ZnO NC

Figure 2.6: Cartoon illustration of single particle samples.

24.1.1 Slide Cleaning

Quartz slides were cleaned by immersing them in a 3:1 solution of sulfuric acid and hydrogen
peroxide (Piranha solution) for at least 12 hours. Slides were then rinsed with milipour water and
stored in spectrophotometric grade ethanol until use. After use, the Immersol oil was removed
from the slides by a five minute ultra sonic bath in 2 M NaOH followed by thorough rinsing with
milipour water. Oil-free slides were then subjected to the same Piranha cleaning described above

before being used again.
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2.4.2 Imaging Setup and Data Acquisition

Fluorescence images were acquired using the total internal reflection fluorescence setup pic-
tured in Figure 2.7. The sample described in section §2.4.1 was placed onto an Olympus 1X73
inverted microscope with the coverslip side facing down and brought into optical focus using trans-
mitted white light. Next, a small drop of index matching oil was placed onto the top surface of
the slide and a quartz prism was placed on top of the oil (not shown) and held in place so that the
sample slide could move freely under the prism while maintaining good contact. Laser light was
then be directed into the prism at such an angle that it underwent total internal reflection within
the quartz slide at the interface with the immersol. The total internal reflection process produces
an evanescent field on the immersol side of the slide. The intensity of the field decays exponen-
tially with distance from the reflection surface, enabling excitation of particles and molecules on

the slide surface while limiting the penetration of the field into the solution, reducing background

signal.
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Figure 2.7: Cartoon depiction of the prism-type Figure 2.8: Emission spectra of 4 nm ZnO NCs
total internal reflection fluorescence microscopy (black line) and A555 (blue line). Dark shaded
setup. regions denote the wavelengths covered by the

bandpass filters within the image splitter.
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Illumination was provided by two laser sources, 355 nm and 532 nm. The 355 nm laser (Co-
herent Genesis CX) selectively excites the ZnO NCs while the 532 nm laser (Coherent Obis)
selectively excites the A555 molecules. This excitation scheme allows for either simultaneous ex-
citation of both ZnO and A555 or for one to be excited alone. Photons emitted from the sample
were collected through a 60x microscope objective (NA = 1.2, Olympus) before passing through a
longpass filter (cutoff wavelength: 440 nm). Then the photons enter the image splitter (Hamamatsu
Gemini W-view) which uses a dichroic mirror (cuttoff wavelength: 550 nm) to split the image in
two based on wavelength. Each image then goes through a bandpass filter to further select the
wavelengths of light that appear in the image. One of the bandpass filters was chosen so that pho-
tons emitted by A555 molecules will pass (585/40 bandpass). This forms the “dye channel”. The
second bandpass was chosen to exclude any photons from A555 while still allowing photons from
ZnQO defect emission to pass (490/60 bandpass). This forms the “defect channel”. The two chan-
nels are finally projected onto an EMCCD camera (Andor iXon 897) to produce a single image,
split vertically. Examples of these images are shown in figure 2.7 (bottom). Figure 2.8 shows the
emission of ZnO NCs (black) and the emission of A555 (blue) with dark shaded rectangles denot-
ing the wavelengths covered by the bandpass filters in the image splitter. The split images allow for
the behavior of the NCs to be observed without interference from A555 by using the defect channel
while also allowing for observations of the A555 in the dye channel. Data was acquired as a stream
of fluorescence images from the camera, forming a “movie”. Movies were analyzed to determine
the behavior of the ZnO and A555 separately after they had been mixed following the procedure
outlined in section §2.4.3. Because the ZnO Defect emission is so broad the NC emission should
appear in both channels, making the NCs easy to distinguish from non-NC objects.

In a typical experiment both laser sources are used to observe the locations of A555 molecules
using 532 nm excitation and the behavior of ZnO NCs with 355 nm excitation. The sample is
exposed to each laser in one second pulses with half a second of dark time between each pulse.
This sequence is shown graphically in Figure 2.9. Alternating the excitation wavelength allows

for A555 molecules to be observed independently of the NCs throughout the entire movie. The
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movies can then be split up and each imaging condition (355 or 532 nm excitation) can be examined

separately. Splitting up the movies and further analysis is discussed in the following sections.

2.4.3 Energy Transfer Microscopy Data Preparation
2.4.3.1 Laser switch point determination

Fluorescence movies acquired with the procedure described in Section §2.4.2 were analyzed
using a custom MATLAB code. The first step was to load the movies into the MATLAB envi-
ronment and then calculate the average intensity of the entire image at every frame of the movie,
creating the average pixel intensity verses time plot shown in Figure 2.9a. Figure 2.9b shows a
zoom-in of the first minute of Figure 2.9a. Here, the average pixel intensity (black line) shows
distinct square-wave-like features due to the alternating excitation source. The blue and green tri-
angles mark the frame where a laser turns on or off. The two lasers create two distinct intensity
levels visible in Figure 2.9b. The higher intensity peaks are created by the 355 nm laser excitation,
the lower intensity peaks by the 532 nm excitation. The 355 nm excitation creates larger back-
ground counts, causing those portions of the full-frame trajectory to be higher intensity. The peaks
corresponding to the periods of 532 nm excitation show a gradual decrease as A555 molecules
photobleach. The first derivative of the black line is used to determine when the individual laser

on and off points are.

2.4.3.2 Region of interest selection

To analyze individual NC emission spots the movies were divided into regions of interest
(ROIs) chosen by selecting bright objects in the defect channel during 355 nm excitation. Dur-
ing 355 nm excitation, this channel should only contain photon information resulting from NC
defect fluorescence. After the locations were selected, the ROIs were created as 4 x 4 pixel boxes
centered at the selected locations. Figure 2.10a-b shows the same fluorescence image created by
averaging all the frames recorded during 355 nm excitation. Bright objects in the defect channel

of Figure 2.10a were chosen and ROIs were drawn around them, shown in Figure 2.10b. These
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Figure 2.9: Representative average pixel value versus time trajectories from a movie recorded during alter-
nating excitation. Average pixel values are averaged over the entire image for each frame of the movie. a)
Full movie trajectory from a movie with 1 nM A555 deposited onto ZnO NCs. b) The same trajectory as
shown in a) but with a shortened x-axis to better show the data. Blue triangles in b) mark the frames where

the 355 nm laser turned on and off, the green triangles mark the frames where the 532 nm laser turned on
and off.

ROIs will be referred to as the NC ROIs to distinguish them from ROIs created to quantify the

background or ROIs covering A555 molecules (both discussed below).

Dye Channel Defect Channel ; Dye Channel Defect Channel

Figure 2.10: a) Fluorescence image of ZnO NCs under 6mW 355 nm excitation projected through the
image splitter. The image is the average of all frames during 355 nm excitation (1078 frames). b) The same
fluorescence image with ROIs plotted as green boxes.

Once NC ROIs were placed over emissive objects, matching background ROIs were created.
These are identical square ROIs which were placed relativly close to each object but in an open
area of the sample. This created a pair of ROIs, one over the emissive object and the other over an

area with no emissive objects. Figure 2.11 is a representative florescence image of ZnO NCs. The
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blue squares outline the NC ROI while the cyan squares outline the background ROI. This is done

for all NC ROls.

Defect Channel

Figure 2.11: Cropped fluorescence image of ZnO NCs. The blue squares define the corners of the ROI
placed over a NC, the cyan squares define the corners of the background ROI.

After creating the ROIs in the defect channel they were copied to the dye channel (including
background ROIs). ROIs in the dye channel cover the same objects that they were drawn onto from
the defect channel. To copy the ROIs, a geometric transformation matrix was created by selecting
two sets of matching points, one in the defect channel and one in the dye channel (Figure 2.12a).
These sets of points were then passed to the MATLAB function fitgeotrans which outputs a
geometric transformation matrix. The transformation matrix is then applied to the vertices of the
ROIs created in the defect channel, creating a new set of vertices which have been translated onto
the dye channel. This transformation is applied to both the NC ROIs and the background ROlIs.
The result of this process are shown in Figure 2.12b. Here the ROIs which were originally drawn in
the defect channel (green boxes) have been translated to the dye channel (yellow boxes). ROIs in
the dye channel will capture any photons emitted by A555 acceptors during energy transfer events.

Additionally, the ROIs in the dye channel were used in conjunction with the 532 nm excitation to
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determine if any A555 molecules share an ROI with any NC donors. Background masks have been

omitted from Figure 2.12b for clarity.

Figure 2.12: Fluorescence images of ZnO NCs under 6mW 355 nm excitation projected through the image
splitter. The yellow circles in a) denote the spots that were used to calculate the transformation matrix. ROIs
(green boxes) which were created in the defect channel have been transformed onto the dye channel (yellow
boxes). Background ROIs are omitted from this image for clarity.

2.4.3.3 Trajectory calculation

After selecting the ROISs, the average pixel intensity in each was calculated at every frame of
the movie, in both channels. This forms two intensity versus time trajectories for each object. An
example of this can be seen in Figure 2.13a. Here, the intensity of a single object in both the defect
and dye channels is shown as a black or blue line, respectively. Due to the intermittent nature
of the excitation the trajectory is difficult to interpret without further processing. Using the laser
on and off frame indexes determined earlier, the trajectories can be simplified by disregarding
the intensity data during time periods when the laser is not on. Figure 2.13b and c show the
result of this simplification. Figure 2.13b depicts the intensity trajectory during 355 nm excitation
while Figure 2.13c depicts the trajectory of the same object just during 532 nm excitation. All the
information present in Figure 2.13b and c is also present in a, however the laser pulse sequence
makes it difficult to interpret in this form. Further analysis of these trajectories can be found in

Chapter 5.

2.4.3.4 Dye Channel ROIs

ROIs were also drawn in the dye channel over objects that are emissive during 532 nm excita-

tion. This was done in the same method described above however these ROIs were chosen using
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Figure 2.13: a) As-recorded intensity trajectory from a single particle. Black line depicts the intensity
within the ROI in the defect channel and the blue line shows the intensity inside the ROI in the dye channel.
b) Intensity trajectory for the same object in a) but only the intensity information during 355 nm excitation
is shown. Each point represents the average intensity inside the ROI during one frame of the movie. ¢) The
same as b) but only intensity information during 532 nm excitation is shown.

an image created by averaging frames during 532 nm excitation rather than 355 nm. This image
should only show information about A555 molecules present on the sample surface because the
532 nm excitation should not affect the NCs. This can be seen in Figure 2.14 where the defect
channel is dark. These ROIs were used as a way of counting the A555 molecules present in each
movie. Additionally, these ROIs allowed for the observation of all of the A555 molecules present

on the sample surface regardless of their distance from a NC donor.

2.4.3.5 Dye Trajectories

Similar to the trajectories for nanocrystal objects (Section §2.4.3.3) the ROISs created in the dye
channel can be used to generate trajectories for individual objects. Because the ROIs were created
using an image taken during 532 nm excitation the only emissive things on the sample should

be A555 molecules. Figure 2.15a shows a full trajectory taken from an ROI in the dye channel.
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Defect Channel

Figure 2.14: Fluorescence image of A555 molecules under 6mW 532 nm excitation. Green boxes connect
the vertices of the ROIs associated with A555 molecules.

Similar to the trajectories NC ROIs, the dye trajectory shows square-wave behavior resulting from
the alternating excitation wavelength except here the periods of higher intesnsity are periods of 532
nm excitation. Also similar to the nanocrystal trajectories, the dye channel trajectories can also be
simplified using the laser on and off times determined previously. This simplified trajectory is
shown in Figure 2.15b. Only the inentity values recorded during 532 nm excitation are shown.
Here two sharp drops in intensity can be seen, one at very early times and another around 125

seconds. These are created by single A555 molecules photobleaching.
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Figure 2.15: Dye channel trajectories. a) as-recorded intensity trajectory from a ROI created in the dye
channel. Each blue point represents the average intensity inside the ROI during one frame of the movie. b)
Intensity trajectory from the same object as a) but only information during 532 nm excitation is shown.
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Chapter 3
Ensemble-level Energy Transfer Measurements Can
Reveal the Spatial Distribution of Defect Sites in

Semiconductor Nanocrystals*

3.1 Introduction

Applying defect-mediated energy transfer to a colloidal solution of ZnO NCs (described in
Section §1.3) has the potential to reveal the average location of defect sties within an ensemble of
NCs. This chapter describes the steps taken to use defect-mediated energy transfer as an analytical

tool to locate defect sties in an ensemble of NCs.

3.2 Experimental Methods

See Section §2.2 for experimental methods.

3.3 Results

3.3.1 Size-dependent optical properties of ZnO NCs

Figure 3.1a shows normalized absorbance and photoluminescence (PL) spectra for three repre-
sentative aliquots obtained at 2, 480, and 2400 min growth times. Those times correspond to initial,
intermediate, and final NC growth stages respectively. Figure 3.1b shows the particle diameter as
a function of growth time, as measured by TEM (see Section §2.1.2 for particle population anal-

yses). The exciton absorbance peak at 330 nm for the 2 min sample shifts to longer wavelengths

“This chapter was published previously as: Zach N. Nilsson, Lacey M. Beck, and Justin B. Sambur , "Ensemble-
level energy transfer measurements can reveal the spatial distribution of defect sites in semiconductor nanocrystals"
, The Journal of Chemical Physics 154, 054704 (2021) https://doi.org/10.1063/5.0034775. The manuscript has be
reformatted here to fit the layout of this thesis. The experimental section has been incorporated into Chapter 2 and
the majority of the SI figures are now included in the main text.
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with increasing reaction time. The red shift indicates that the ZnO NC bandgap energy decreases
as the NC size increases,’” in agreement with TEM data in Figure 3.1b. The 480 and 2400 min
ZnO NC absorbance spectra exhibit a broad tail for > 400 nm. This spectral feature is due to NC

aggregation and can be minimized if the NC concentration is < 100 nM (Section §2.1.2).
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Figure 3.1: a) Absorbance spectra normalized to the exciton peak (dashed lines) and PL spectra (solid lines)
normalized to the defect emission peak wavelength for three ZnO NC samples. Black, blue, and green lines
represent spectra from 2, 480, and 2400 min growth times. b) Average NC particle diameter (black circles)
and defect PL QY (blue squares) versus reaction time. The error bars represent the standard deviation from
N = 50 particles. All spectra were measured in spectrophotometric grade ethanol and [NC] = 70 nM.

The normalized PL spectra in Figure 3.1a exhibit size-dependent features. The PL peak at 360
nm for the 2 min sample can be assigned to near-band-edge recombination. The position of this
PL peak shows minimal red shift as the NCs grow, likely due to the near-band-edge state energy
remaining the same as the NCs increase in size. The second PL feature is an intense and broad
PL peak at 550 nm in the 2 min sample which shifts to longer wavelength with increasing reaction
time. This broad PL peak has been assigned to defect emission, or radiative transitions between
electrons in the conduction band and holes trapped at defect states in the NC band gap.” The
defect states have been attributed to crystallographic defects such as O vacancies (V),>5873:74
and Zn vacancies (Vz,)>*7>”"7 or metal dopant atoms such as Cu’®" and Mg.*® Since ICP-AES
analysis did not reveal Cu or Mg in these ZnO NCs, the defect PL peak is attributed to intrinsic
defects, most likely Vg, in agreement with ZnO NC samples prepared under similar reaction

conditions,30-33-36

van Dijken et al. also attributed the PL peak to Vo and observed a similar red
shift in the defect PL peak with increasing NC size.>> Those Authors attributed the red shift to

a continuous decrease in band edge energy levels relative to a fixed defect energy level. In this
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scenario, the defect PL peak red shifts because the energy difference between the band edges and
the defect level decreases with increasing particle size. The fixed defect energy level suggests that
the nature of the defect responsible for the sub-bandgap emission does not change with particle
size.

Another size-dependent PL spectral feature is the decrease of the defect emission intensity
with increasing NC size. Figure 3.1b shows that the defect PL QY decreases by a factor of 4 as
the particle diameter and volume increase by 3- and 4-times, respectively. The decrease in defect
PL QY and increase in band gap PL suggests that the number of emissive defect states decreases.
Note, the measured radiative recombination rate kg is independent of NC size (Table 3.1). Hence,
based on these size-dependent PL features, it can be inferred that the number and locations of
defects within the NCs changes with reaction time but the nature of the defect sites responsible for

emission do not change with reaction time.
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Table 3.1: Photophysical properties of ZnO NCs. Uncertainties are 95% confidence intervals from TRPL
fits. All confidence intervals were caluclated using datasets containing 2000 data points.

Radiative Decay
NC Diameter Defect PL QY Trapping Rate Number of Traps
Rate
(nm) (@p, %) (Kgi> ns™) ()
(k07 ns-l)
1.7 x 1073 £
2.8 12.6 0.028+3.9x 1074 2.2+0.016
3.3x107°
1.4 x 1073 £
4.0 4.5 0.017£9.6x1075 2.5+ 0.0085
1.4 x107°
1.7 x 1073 £
4.7 2.2 0.0224£2.0x 1074 2.2+£0.011
2.2 x107°
2.2x 1073 £
5.3 0.8 0.030£5.0x 1074 2.2+£0.020
5.2 x 107°
2.2x 1073 &
5.9 0.6 0.02744.3x10* 2.2+£0.020
5.2 x 107°

3.3.2 Energy Transfer Measurements

Having characterized the emission profiles and defect PL QY of these ZnO NCs, we studied
the size- and concentration-dependent energy transfer behavior of the NC donors in the presence
of A555 acceptors. To establish that energy transfer occurs between defect levels in the ZnO
NCs and A555 the spectral overlap of the donor and acceptor was determined. Figure 3.2a shows
the normalized emission of an ethanolic solution of 4.0 nm-diameter ZnO NCs compared to the
absorption and emission spectra of A555. The defect emission peak overlaps with the A555 ab-
sorbance feature, which suggests that energy transfer will proceed via ZnO defect states rather
than the band-edge states. The spectral overlap persisted for all ZnO NC sizes. J and R, were

calculated for all NC donor-acceptor pairs using Equation (2.5) and assuming x? = % (Table 3.1),
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following literature.’® The assumption of randomly oriented dipoles may not be valid, as will be
discussed below. The R, values decrease with increasing particle size because both J and () de-
crease with increasing particle size. Interestingly, Ry is larger than the particle radius for NCs with
diameters < 5.3 nm, which has important consequences for interpretation of the donor-acceptor

distances determined from TRPL data.
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Figure 3.2: a) Normalized PL emission for 4.0 nm-diameter ZnO NCs (black curve) and normalized ab-
sorption and PL emission of the A555 dye (solid blue and dashed blue respectively). b) Steady state emission
spectra of the ZnO alone (black points) and of mixtures of the ZnO donors and A555 acceptors (blue points)
with increasing [A555]. The mixture with the highest [A555] is indicated by the solid blue points. Dashed
blue lines are emission spectra of A555 alone at the same concentrations and excited at the same wavelength
used for the mixture experiments. The dark shaded rectangle in both panels represents the wavelength region
investigated for TRPL experiments.

Steady state PL. measurements indicate that photo-excited ZnO NCs induce A555 fluorescence
via a defect-mediated energy transfer process. Figure 3.2b shows representative steady state PL
spectra of 70 nM 4.0 nm-diameter ZnO NCs as a function of increasing A555 concentration. Upon
exciting the bandgap of the ZnO NCs with 330 nm light, the defect emission intensity decreases
over the wavelength range of 400 to 560 nm and the A555 fluorescence peak intensity at 585 nm
increases with increasing bulk concentration of A555. The AS555 fluorescence peak maximum
did not shift with increasing bulk concentration, suggesting that dye aggregation does not occur
under these conditions. Control experiments of A555 alone excited at the same wavelength and at
the same concentrations used for the mixture experiments show weak fluorescence intensity (low
intensity dashed red lines in Figure 3.2b). Additional control experiments show that sodium acetate

does not quench the defect PL of these ZnO NCs (Section §2.2.2), indicated that the carboxylic
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acid binding moiety alone does not induce the PL. quenching behavior in the presence of AS555.
We observed no change in the bandgap PL intensity in the presence of the acceptor, indicating
that energy transfer stems from defect energy levels rather than the bandgap energy levels. These
results agree with Beane et al. who studied energy transfer between 3.2 nm-diameter ZnO NCs
and Alexa Fluor® 594 dye >

TRPL measurements show that the ZnO NC defect PL decays faster in the presence of A555
acceptors. Figure 3.3a shows representative TRPL data of 4.0 nm ZnO NCs as a function of
AS555 acceptor concentration. Appendix A shows the TRPL data for all NC diameters and A555
concentrations. TRPL decays were measured over the spectral region indicated by the dark shaded
rectangles in Figure 3.2 to ensure that A555 emission does not contribute to the TRPL decay
measurement. The black data points represent the TRPL data of ZnO NCs alone in ethanol. In
the absence of A555, the ZnO defect PL decay exhibited non-single-exponential decay kinetics,
in agreement with literature.>*>¢ For all NC sizes and donor-acceptor ratios, the A555 acceptor

accelerates the PL decay of the NC donors.
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Figure 3.3: Stochastic binding model analysis of TRPL data. a) Normalized time-resolved PL decay traces
for 4.0 nm ZnO NCs alone (black dots) and in the presence of increasing concentrations of A555 (blue
dots). The violet dots represent [A555]:[NC] = 1000:1. Red lines represent fits to the first 100 ns of the
data using Equations (2.1) and (2.2) for the NCs alone and mixtures, respectively. Half of the [A555]:[NC]
ratios have been omitted for clarity. b) k, measured at saturated dye conditions (ky sq:), [AS55]:[NC] =
1000:1, as a function of NC size. Vertical error bars represent 95% confidence intervals on the fitted values
of kqsqt. Horizontal error bars represent the standard deviation from a Gaussian fit to the nanocrystal
diameter distribution from Section §2.1.2. ¢) A\ as a function of bulk [A555] for different NC sizes. Error
bars represent 95% confidence intervals. The red solid lines are fits to a Langmuir adsorption isotherm,
Equation (3.1). d) ¢, versus bulk [A555] for different NC sizes, red lines are fits to Equation (2.3).

3.3.3 Stochastic Binding Model Analysis

The donor-acceptor distance () for these ZnO NC-A555 donor-acceptor pairs was determined
by analyzing the TRPL data using the stochastic binding model.*® r represents the ensemble
average donor-acceptor distance, or the average distance between defects in the ZnO NCs and the
molecular acceptors. To do so, the TRPL decay curve of the donor in the absence of the acceptor

was fit with Equation (2.1). The black data points and solid red lines in the Figure 3.3a show
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representative fit results for 4.0 nm NCs in ethanol, yielding ky = 1.4 x 107 ns™t +1.4 x 107
ns, ky; = 0.017 ns™ £9.6 x 10 ns™!, and ¢ = 2.5 4 0.0085, in agreement with Beane et al. for
similar size ZnO NCs.*® The photophysical parameters are independent of NC size (Table 3.1),
suggesting that the PL QY decreases with NC size because the number of emissive defect states
decreases with increasing reaction time.

Having analyzed the TRPL decay data of the NC donors alone, the PL decay curves of the
donors in the presence of A555 were fit using Equation (2.2). A, and &, were fit using experimen-
tally determined values for ky , k4, and \; that were obtained from TRPL experiments of the donor
alone (i.e., Equation (2.1)). However, the error in \; and k, were large. To minimize the error
in \; and k,, experiments were performed at large [A555]:[NC] ratios (e.g., saturated condition
in figure 3.3a) where the TRPL decay curves were independent of bulk [A555], likely because A,
saturates and &, is fixed. Hence, for all NCs studied herein, the energy transfer rate was deter-
mined at a saturated bulk acceptor concentration (denoted £, s4+). To do so, TRPL decay curves
at [A555]:[NC] = 1000:1 were fit using Equation (2.2), yielding \s and £, 5,; values with the 95%
confidence intervals shown Figure 3.3b-c. Figure 3.3b shows that %, s, decreases with increasing
NC diameter. The k, s, trend could be due to a change in r because Forster theory predicts that &,
scales with 7, (%)6 for a single donor-acceptor pair.'® To test this hypothesis, r was determined
using the SB model, which takes into account the NC size-dependent 7 and R, and importantly,
that multiple acceptors may quench the PL of a single NC donor.

To quantify R, TRPL data in the low acceptor concentration regime was fit using Equation (2.3)
and only one adjustable parameter, \,. The blue data points and solid red lines in Figure 3.3a-inset
show PL decay data and fit results from 4.0 nm NCs as a function of bulk [A555]. As expected,
Figure 3.3c shows that \, increases with bulk [A555] for all NC sizes studied. Note the small 95%
confidence intervals in Figure 3.3c that result from the aforementioned fitting procedure. These
data were fit with a Langmuir adsorption isotherm (Section §3.3.5,Equation (3.1), red lines) to
obtain the equilibrium binding constant, K. Figure 3.6 shows that K is independent of NC size,

indicating that the binding affinity of A555 to NC surfaces does not change with size. This result
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also suggests that changes in energy transfer efficiency among the different NC sizes are not due
to changes in NC surface chemistry or the nature of the NC-AS555 interaction.

Having determined k, and \,, ¢ g, Was calculated as a function of bulk [A555] using Equa-
tion (2.3). Figure 3.3d shows that ¢g,r increases with [A555] because acceptor molecules are
more likely to be located within a distance 17y from the NC surface. Finally, » was determined
from these energy transfer versus bulk [A555] data using Equation (2.4). How and why R changes

with NC size will be discussed in Section §3.4.

3.3.4 Restricted Geometry Model Analysis

The TRPL data sets in Figure 3.3a and Appendix A were analyzed using the restricted geometry
model to obtain 71, which represents the average distance between defects and the nearest A555
acceptor. Figure 3.4 shows ¢,.; decay curves for 4.0 nm ZnO NCs at three representative bulk
AS555 concentrations. ¢,.; represents the donor decay curve in the presence of A555 divided by
the donor decay curve in the absence of A555. Fitting the TRPL data using Equation (2.6) yields
Cs and, importantly, 7. C was converted into units of dye molecules per NC and compared
those values to )4 in Section §3.3.6. There is good agreement between \; and C; even though the
restricted geometry model does not assume that the distribution of dyes around the NCs follows

Poisson statistics.
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Figure 3.4: Restricted geometry model analysis of TRPL data. ¢,.; decay curves of 70 nM 4.0 nm ZnO
NCs for three different bulk A555 concentrations. Red lines represent fits to Equation (2.6).

Figure 3.5 compares r and r; versus NC diameter at A\, ~ 1 molecule per NC. Both values
decrease with increasing NC diameter, indicating that the distance between the emissive defect
sites and surface adsorbed A555 molecules decreases as the NC size increases. Since the molecules
cannot penetrate into the NC core, this trend suggests that the defects move closer to the NC/liquid
interface as the NC grows. R is significantly larger than r; and closely follows the size-dependent
Ry values. In the Discussion section, we compare the donor-acceptor distances obtained from
each model and consider whether the optical measurements and associated analyses can reveal the

spatial distribution of emissive defect sites in the ZnO NCs.
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Figure 3.5: Comparison of NC donor-A555 acceptor distances R and r; obtained from the SB and RG
models, respectively.

3.3.5 Langmuir adsorption fitting

As Vs [AS555] data (Figure 3.3c) were fit with Equation (3.1):

K]
Ayl = S, 3.1
[Aqd] 15 KA 3.1

Where [A,4] is the concentration of adsorbed dye molecules, K is the Langmuir equilibrium
constant, [A] is the concentration of dye added to the solution in nM, and S is the number of

available binding sites. Here, A\; = [A,4]. Values of K obtained from the fits are shown in

Figure 3.6.
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Figure 3.6: Equilibrium binding constant, K, calculated with Equation (3.1) vs NC diameter. Error bars on
K are the 95% confidence intervals of the fit. The error on the NC diameter is the standard deviation of the
population.

3.3.6 Comparison of surface concentration of dye molecules: C vs. )

The restricted geometry model allows for the independent determination of the number of
acceptor molecules participating in energy transfer. The model reports on the volume-corrected
concentration of acceptors in the spherical shell surrounding the NC. We converted this value (C)
to the number of attached acceptors per NC by multiplying C's by the volume of the shell. Results
of this procedure are compared to values of \; obtained for the same NC:A555 ratios in Figure 3.7

for each NC size.
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Figure 3.7: Comparison of the number of attached acceptor molecules per NC as determined by the stochas-
tic binding model (Ag, black lines) and by the restricted geometry model (C', red lines). a) 2.8 nm diameter
NCs, b) 4.0 nm diameter, c) 4.7 nm diameter, d) 5.3 nm diameter, and e¢) 5.9 nm diameter. Error bars are
95% confidence intervals from the respective fits.

3.4 Discussion

3.4.1 Comparison of donor-acceptor distances

Can ensemble-level energy transfer measurements reveal the locations of emissive defects in
semiconductor NCs? Here we compare the D-A distances obtained from each model to the geom-
etry of the NC-dye system and discuss the capability of each model to reveal the location of defect
sites in the NCs.

Figure 3.8 compares the average D-A distance obtained from the SB model (i.e., R) for small
and large ZnO NCs when the defect site responsible for energy transfer is located either at the
surface or the center of the NC. The scheme considers extreme NC-dye configurations that corre-

spond to the minimum and maximum possible D-A values in the system. We illustrate r and R, in
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Figure 3.8 as circles with center positions located at the defect site and with NC size-dependent r
and Ry radii as shown in Figure 3.5. For the small 2.8 nm NCs, r or Iy are much larger than the
particle radius (Figure 3.8a,b). In this situation, the SB model considers that all defect-dye con-
figurations contribute to energy transfer, regardless of the position of the defect site, because all
surface adsorbed dye molecules are located within Ry (¢g,r > 0.5, indicated by purple highlight
ovals in Figure 3.8). Hence, the SB model cannot reveal the locations of emissive defect sites in

the small ZnO NCs or, in general, when R, is larger than the NC radius.

oDefectSite  { 'R, (JR  (OAS55 @ A555w/ EnT

Figure 3.8: a — b) Two-dimensional representations of defect mediated energy transfer from 2.8 nm-
diameter NCs (large gray circles) to AS555 acceptor molecules when the defect site is located a) at the
surface or b) at the center of the NC. The small and large dashed lines are circles with radii R and RO and are
centered at the defect site responsible for radiative emission. ¢ —d) Same as (a-b), but for 6.0 nm-diameter
ZnO NCs. The 1 nm-long A555 molecules, NC radii, r, and R are drawn to scale.

On the other hand, r and R, are smaller than the NC radius for the large 6.0 nm ZnO NCs
(Figure 3.8c-d). If the defect site is located at the NC surface as in Figure 3.8c, then dye molecules
located on the opposite side of the NC exhibit ¢, < 0.5 (indicated by white oval in Scheme
2c) because R for that particular NC-dye configuration is much larger than Ry. If the defect site is
located at the center of the NC as in Scheme 2d, then the r values for any dye are slightly greater

than Ry, yielding ¢p,r < 0.5. Since ¢, > 0.5 for the large NCs when A\, = 1 (Figure 3.3d), the
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defect sites are likely not located in the center of the NCs. Hence, ensemble-level measurement
and the SB model analysis can rule out the extreme case that the emissive defect sites are located
at the center of large NCs. However, the SB model does not reveal further real space information
regarding the location of the defects because R, is comparable to the NC radius and there are a
wide range of possible defect-dye configurations that could contribute to energy transfer.

The situation changes for the RG model (Figure 3.9). For the small ZnO NCs, the average D-A
distance obtained from the RG model (i.e., ) is approximately equal to the NC radius even though
Ry 1s still much larger than the NC (Figure 3.9a-b). Hence, the RG model identified a physically
meaningful D-A distance that matches the geometry of the system even though the model assumes
nothing about the shape and size of the NC. While the RG model does not reveal where the defect
sites are located in the small NCs for the same reasons as discussed above, the RG model apparently
provides more physically meaningful results than the SB model for situations where R, is much

larger than the NC radius.

oDefectSite (i,  {3r, (OAS55 @ A555w/EnT

Figure 3.9: a — b) Two-dimensional representations of defect mediated energy transfer from 2.8 nm-
diameter NCs (large gray circles) to AS555 acceptor molecules when the defect site is located a) at the
surface or b) at the center of the NC. The small blue circles represent r; and are centered at the defect site
responsible for radiative emission. ¢ — d) Same as (a-b), but for 6.0 nm-diameter ZnO NCs. The 1 nm-long
A555 molecules, NC radii, 71, and r9 are drawn to scale.
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For the large NCs, the RG model predicts that the nearest possible acceptor molecule is located,
on average, 0.5 nm from the defect (Figure 5). The small separation distance strongly suggests that
emissive defect sites responsible for energy transfer are located at the NC surface (Figure 3.9¢)
instead of the core (Figure 3.9d). If the defects were located at the core, then we would not expect
to observe energy transfer in TRPL measurements because core defects would be too far away from
the acceptor molecules. While both models indicate that the emissive defects in the large ZnO NCs
are likely located at the surface, the RG model pinpoints the location of defects to s