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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,1–4 chemical synthesis,5, 6 and lighting.7, 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 sites9–11 (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.12–14 These mid-gap states can also open new recombination pathways, both radiative and

non-radiative.15, 16 The relative position of the defect sites within the material strongly influences

the types of interactions that can be possible.17, 18 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.

Förster 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

a dipole-dipole coupling mechanism.19–21 This method is commonly used as a “spectroscopic

ruler”22–25 because small changes in donor-acceptor distance (r) cause large changes in fluores-
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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 r, 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 fusion26

and conformational changes of peptides, DNA, and RNA. See the following section for a more

detailed background on FRET.27–29

Defect-mediated energy transfer30 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: Förster Resonance Energy Transfer (FRET)

The first observations of long-range energy transfer were by Cario and Franck in 192231, 32 who

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.33 While T. Förster

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. Förster’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
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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).34 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.33, 35

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)33

Förster was the first to put together all the parts needed to fully describe the non-radiative energy

transfer process.20, 21, 36 Förster 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).33

J =

∞̂

0

FD(λ)ǫA(λ)λ
4dλ (1.2)

Where FD(λ) 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. ǫA(λ) is the extinction coefficient spectrum for

the acceptor with units of M−1cm−1.
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Once the spectral dispersion of the donor and acceptor had been accounted for Förster deter-

mined that the distance dependent rate of energy transfer from a single donor to a single acceptor

(kT ) would follow:36

kT (r) =
QDκ

2

τDr6

(

9000 ln(10)

128π5NAn4

)

J (1.3)

Where QD is the emission quantum yield of the donor with no acceptor molecules present,

κ2 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) κ2 = 2
3
. τD is 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 r has units of nanome-

ters. NA 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 r−6 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 κ2. For all calculations conducted later in this work it was assumed that

κ2 = 2
3
. Possible pitfalls of this assumption are discussed in Section §3.4.3.

Equation (1.3) can be rearranged by assuming that kT = τD.36 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

kT (r) = τD assumption. This distance is referred as the Förster distance.

R6
0 =

(

9000 ln(10)QDκ
2

128π5NAn4

)

J (1.4)

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

the Förster distance for a given donor-acceptor system.
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Förster’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.37–44 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%.45 Sadhu et al.46 later ex-

tended a kinetic model, originally developed by Tachiya,47 to model CdS NC donor quenching in

the presence of multiple Nile Red acceptor molecules.46 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.48, 49 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 Förster’s theories.50–52

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 (ZnO) 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.53–57 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 (VO)

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.58, 59An 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.54 These dangling bonds are

similar to an oxygen vacancy except that the true vacancy state is formed by four zinc dangling
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bonds mixing together. An isolated zinc dangling bond is just that, isolated and not able to mix

with other zinc orbitals.
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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.
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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.60 In a typical reaction, 1.0 g Zn(OAc)2 · 2H2O

(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 t = 2 to t = 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 Zn2+ 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 method61, 62 was used to determine the PL QY of the NC defect emission (Edinburgh
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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.
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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.,63 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 Zn2+ 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
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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 µM 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 µM 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-
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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.64 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.
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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.

ZnO
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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 acceptors46 based on earlier work by Tachiya.47 Beane et

al. applied the stochastic model to study defect-mediated energy transfer between ZnO NC donors

and Alexa Fluor® dye acceptors.30 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)

I(t)

I0
= e−k0t−λt[1−e−kqtt] (2.1)

where I0 is the intensity of the decay curve at time t = 0s, k0 is the radiative decay rate

of photo-excited NCs in the absence of the acceptor molecule, t is the average number of non-

radiative trap states per NC and the distribution of traps follow a Poisson distribution, and kqt 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.46

The TRPL decay curves of the NC donors in the presence of the acceptor are given by equa-

tion (2.2)

I(t)

I0
= e−k0t−λt[1−e−kqtt]−λs[1−e−kqt] (2.2)

12



where λs is the mean number of dye molecules per NC according to Poisson statistics46, 47, 65

and kq 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 k0 + nkq, and the

total energy transfer rate is nkq.46

Fitting TRPL decay data with Equations (2.1) and (2.2) yields λs, λt, kq, kqt, and k0, which can

be used to calculate the quenching efficiency (φEnT ) according to Equation (2.3)46

φEnT =

∑∞
n=0

∑∞
n′=0

(
λns e−λs

n!
)(

λn
′

t e−λt

n′!
)

[1+
nkq

k0
+

n′kqt

k0
]

∑∞
n′=0

(
λn

′

t
e−λt

n′!
)

[1+
n′kqt

k0
]

(2.3)

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, r, according to Equation (2.4)65, 66

φEnT (λs, r) =
∞
∑

n=0

λn
s e

−λs

n!

[

nR6
0

r6 + nR6
0

]

(2.4)

where R0 is the Forster radius, or the distance at which the energy transfer efficiency between

a single donor-acceptor pair is equal 50%.36, 65, 67 We calculate R0 according to Equation (2.5)

R0 =
6

√

9000 ln(10)κ2QDJ

128π5NAn4
(2.5)

where κ is the orientation factor which accounts for the relative orientation of the donor and

acceptor dipoles. QD is the emission quantum yield of the donor in the absence of the acceptor.

J is the overlap integral of the donor emission and acceptor absorbance and NA 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.
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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.52 For

0D NCs, the model restricts the acceptor molecule locations to a spherical shell at the NC surface,

as shown in Figure 2.5. r1 and r2 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 Förster point

dipole approximation could be employed,51, 68–71 but is not included in the restricted geometries

model.

Donor Dipole r1 A555 w/ EnTr2

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 r1 and r2 respectively,
can participate in energy transfer (see text for discussion).

The minimum donor-acceptor distance, r1, was quantified using Equation (2.6):
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φret(t) = e−
4

3
πCs

√
tχ[Γ(1− 3

S′
,tχr−S

1
)−Γ(1− 3

S′
,tχr−S

2
)]+r3

2
[1−e

−tχr
−S
2 ]−r3

1
[1−e

−tχr
−S
1 ] (2.6)

where Cs is the concentration of acceptor molecules within the spherical shell (in units of

molecules per cubic nanometer), χ = τ−1
D RS

0 , where τD is the radiative lifetime of the donor

in the absence of acceptor molecules in units of nanoseconds (τ−1
D = k0 in Table 3.1), S is the

multipolar exponent (S = 6 for dipole-dipole interactions), and Γ(x, y) is the incomplete gamma

function. φret(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 r2 = r1 + 1 nm, corresponding to the length of the

A555 molecule. Hence, we fit φret(t) curves with equation (2.6) to determine Cs and r1. 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.

15



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.

Quartz Slide

Coverslip

Immersol

ZnO NC

ZnO Control Sample

a

Mixture Sample

c

A555 Molecule ZnO NC

A555 Control Sample

b

A555 Molecule

Figure 2.6: Cartoon illustration of single particle samples.

2.4.1.1 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 IX73

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.

A555 MoleculeZnO NC

Dye
Channel

Defect
Channel

355 EX 532 EX

Objective

Long pass filter

Image Splitter

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

ZnO 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× 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).

a b

Dye Channel Defect Channel Defect ChannelDye 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 ROIs.

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 ROIs.

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.

Dye Channel Defect Channel
1a

1b
2b

2a

3b
3a

4a
4b

a b

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 ROIs, 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. c) 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 ROIs 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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Dye Channel 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 Nanocrystals4

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

4This 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,72 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.55 The

defect states have been attributed to crystallographic defects such as O vacancies (VO),55, 58, 73, 74

and Zn vacancies (VZn)53, 75–77 or metal dopant atoms such as Cu78, 79 and Mg.80 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 VO, in agreement with ZnO NC samples prepared under similar reaction

conditions.30, 55, 56 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.55 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 k0 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.

NC Diameter

(nm)

Defect PL QY

(QD, %)

Radiative Decay

Rate

(k0, ns-1)

Trapping Rate

(kqt, ns-1)

Number of Traps

(λt)

2.8 12.6
1.7× 10−3 ±

3.3× 10−5
0.028±3.9×10−4 2.2± 0.016

4.0 4.5
1.4× 10−3 ±

1.4× 10−5
0.017±9.6×10−5 2.5± 0.0085

4.7 2.2
1.7× 10−3 ±

2.2× 10−5
0.022±2.0×10−4 2.2± 0.011

5.3 0.8
2.2× 10−3 ±

5.2× 10−5
0.030±5.0×10−4 2.2± 0.020

5.9 0.6
2.2× 10−3 ±

5.2× 10−5
0.027±4.3×10−4 2.2± 0.020

3.3.2 Energy Transfer Measurements

Having characterized the emission profiles and defect PL QYs 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 R0 were

calculated for all NC donor-acceptor pairs using Equation (2.5) and assuming κ2 = 2
3

(Table 3.1),
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following literature.30 The assumption of randomly oriented dipoles may not be valid, as will be

discussed below. The R0 values decrease with increasing particle size because both J and QD de-

crease with increasing particle size. Interestingly, R0 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 A555 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 A555.

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.30

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

A555 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.30, 56 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) kq measured at saturated dye conditions (kq,sat), [A555]:[NC] =
1000:1, as a function of NC size. Vertical error bars represent 95% confidence intervals on the fitted values
of kq,sat. Horizontal error bars represent the standard deviation from a Gaussian fit to the nanocrystal
diameter distribution from Section §2.1.2. c) λs 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) φEnT 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 (r) for these ZnO NC-A555 donor-acceptor pairs was determined

by analyzing the TRPL data using the stochastic binding model.46 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 k0 = 1.4 × 10–3 ns–1 ±1.4 × 10–5

ns–1, kqt = 0.017 ns–1 ±9.6× 10–5 ns–1, and t = 2.5± 0.0085, in agreement with Beane et al. for

similar size ZnO NCs.30 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). λs and kq were fit using experimen-

tally determined values for k0 , kqt, and λt that were obtained from TRPL experiments of the donor

alone (i.e., Equation (2.1)). However, the error in λs and kq were large. To minimize the error

in λs and kq, 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 λs

saturates and kq is fixed. Hence, for all NCs studied herein, the energy transfer rate was deter-

mined at a saturated bulk acceptor concentration (denoted kq,sat). To do so, TRPL decay curves

at [A555]:[NC] = 1000:1 were fit using Equation (2.2), yielding λs and kq,sat values with the 95%

confidence intervals shown Figure 3.3b-c. Figure 3.3b shows that kq,sat decreases with increasing

NC diameter. The kq,sat trend could be due to a change in r because Förster theory predicts that kq

scales with τ−1
D

(

R0

r

)6
for a single donor-acceptor pair.19 To test this hypothesis, r was determined

using the SB model, which takes into account the NC size-dependent τD and R0 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, λs. 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 λs 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-A555 interaction.

Having determined kq and λs, φEnT was calculated as a function of bulk [A555] using Equa-

tion (2.3). Figure 3.3d shows that φEnT increases with [A555] because acceptor molecules are

more likely to be located within a distance R0 from the NC surface. Finally, r 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 r1, which represents the average distance between defects and the nearest A555

acceptor. Figure 3.4 shows φret decay curves for 4.0 nm ZnO NCs at three representative bulk

A555 concentrations. φret 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, r1. Cs was converted into units of dye molecules per NC and compared

those values to λs in Section §3.3.6. There is good agreement between λs and Cs 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. φret 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 r1 versus NC diameter at λs ≈ 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 r1 and closely follows the size-dependent

R0 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 r1 obtained from the SB and RG
models, respectively.

3.3.5 Langmuir adsorption fitting

λs vs [A555] data (Figure 3.3c) were fit with Equation (3.1):

[Aad] =
K[A]

1 +K[A]
S0 (3.1)

Where [Aad] 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 S0 is the number of

available binding sites. Here, λs = [Aad]. 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: Cs vs. λs

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 (Cs)

to the number of attached acceptors per NC by multiplying Cs by the volume of the shell. Results

of this procedure are compared to values of λs 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 (λs, black lines) and by the restricted geometry model (Cs, 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 R0 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 R0 radii as shown in Figure 3.5. For the small 2.8 nm NCs, r or R0 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 R0 (φEnT > 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 R0 is larger than the NC radius.

a
b

c d

R0 A555Defect Site R A555 w/ EnT

Figure 3.8: a – b) Two-dimensional representations of defect mediated energy transfer from 2.8 nm-
diameter NCs (large gray circles) to A555 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 R0 and are
centered at the defect site responsible for radiative emission. c – d) Same as (a-b), but for 6.0 nm-diameter
ZnO NCs. The 1 nm-long A555 molecules, NC radii, r, and R0 are drawn to scale.

On the other hand, r and R0 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 φEnT ≪ 0.5 (indicated by white oval in Scheme

2c) because R for that particular NC-dye configuration is much larger than R0. 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 R0, yielding φEnT < 0.5. Since φEnT > 0.5 for the large NCs when λs = 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 R0 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., r1) is approximately equal to the NC radius even though

R0 is 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 R0 is much

larger than the NC radius.

A555Defect Site

a b

c d

r1 A555 w/ EnTr2

Figure 3.9: a – b) Two-dimensional representations of defect mediated energy transfer from 2.8 nm-
diameter NCs (large gray circles) to A555 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 r1 and are centered at the defect site
responsible for radiative emission. c – d) Same as (a-b), but for 6.0 nm-diameter ZnO NCs. The 1 nm-long
A555 molecules, NC radii, r1, and r2 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 3.9c)

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 surface or near-

surface locations. Hence, we conclude that the RG model has the potential to yield meaningful

information regarding the real space distribution of emissive defects sites in semiconductor NCs,

especially when R0 is less than the NC radius.

3.4.2 Size independent energy transfer efficiency

We expected energy transfer to increase with decreasing NC size because there is a higher prob-

ability that an acceptor molecule is located within a distance R0 from the defect site for the small

NCs (Figure 3.8a-b vs. c-d). However, φEnT = 0.5 at λs = 1 for all NC sizes (Figure 3.10). One

explanation for the size-independent energy transfer behavior is that the assumption of random ori-

entation between donors and acceptors is not valid in these systems (i.e., κ2 6= 2
3

in Equation (2.5)).

One possibility is that the small NCs have a higher concentration of defect dipoles that cannot par-

ticipate in defect-mediated energy transfer. The small NCs likely have a higher concentration of

emissive defects, but those defects may be distributed throughout the crystallites such that the

orientation of the defect dipoles do not align with surface adsorbed molecules. The variable ar-

rangement of defects in the small NCs could stem from poor crystallinity at early growth stages.

It is possible that the orientation factor for the small NCs is < 2
3

and, therefore, the R0 values in

Figure 3.8 may be overestimated.

3.4.3 Limitations of ensemble-level defect-mediated energy transfer studies

Unfortunately, the ensemble-level measurement approach prevents us from directly observing

the spatial distribution of emissive defects and assessing the validity of underlying assumptions of
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Figure 3.10: Comparison of φEnT values at λs = 1 for all NC sizes. The number of A555 molecules
participating in energy transfer was determined from the SB model. The black data points are the result of
main text Equation (2.6) while the red points are calculated from steady state data using φ = 1− I0

I
where

I and I0 are the steady-state intensity of the donor in the presence and absence of the acceptor molecules,
respectively.

the SB and RG models (e.g., κ2 = 2
3
). In addition, ensemble-level energy transfer measurements

cannot distinguish surface adsorbed molecules that participate in energy transfer from those that do

not (e.g., purple shaded versus white ovals in Figure 3.9a). Distinguishing energy-transfer-active

versus spectator molecules could help to understand whether all molecules contribute equally to

defect PL quenching, which is an assumption in the SB model. Second, both models assume that

donor dipoles are located at the NC center, which is likely not valid. Single molecule, super-

resolution fluorescence microscopy experiments performed at the single NC-level could overcome

both limitations. Single molecule energy transfer experiments could pinpoint the locations of emis-

sive defect sites and, at the same time, distinguish energy-transfer-active from spectator molecules

by selectively exciting the donor and acceptor species in the NC-dye conjugate, as Hadar et al.

showed in single molecule experiments of CdSe/CdS nanorod donors in the presence of multiple
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Atto 590 acceptors.50 Selectively excitation of surface-bound versus bulk acceptor molecules is

not possible in conventional ensemble-level experiments. Polarization-dependent single molecule

energy transfer measurements could also reveal the orientation of the donor and acceptor dipoles,

especially for nanoparticle donors with asymmetric shapes.

3.5 Conclusions

Defect mediated energy transfer between ZnO NC donors and Alexa Fluor® 555 acceptor

molecules was studied using TRPL measurements. TRPL decay curves were analyzed using

two different models, it was concluded that the RG model yielded physically meaningful donor-

acceptor distance measurements that agreed with the geometry of the NC-dye system. Further-

more, the RG model predicted that emissive defect sites are, on average, 0.5 nm away from the

donor molecules bound to 5 nm-diameter ZnO NCs. This study shows that ensemble-level en-

ergy transfer measurements have the potential to provide insight into the distribution of defects in

semiconductor NCs. Understanding how the defect site distributions influence energy and charge

flow between NCs and molecules could lead to the design of efficient light-harvesting NCs for

photocatalysis and sensing applications.
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Chapter 4

Molecular Reaction Imaging of Single-entity

Photoelectrodes5

4.1 Introduction

Understanding photo-induced charge transfer reactions between light absorbing semiconduc-

tors and molecular substrates is critical for solar energy conversion applications. The semiconduc-

tor/liquid electrolyte junction in a photoelectrochemical cell is a convenient interface to study the

fundamental processes that determine the reaction quantum yield: charge generation, separation,

transport, and interfacial charge transfer.81–83

The principle processes at an illuminated n-type semiconductor/electrolyte interface are shown

in Figure 4.1a. The first step involves charge carrier generation via light absorption that produces

electrons and holes in the conduction and valence bands, respectively. The productive processes

that contribute to photocurrent in the external circuit include majority carrier (electron) extraction

at the back contact (step 2), minority carrier (hole) transport to the solid/liquid interface (step 4),

and interfacial hole transfer with reduced species in the electrolyte (step 6). Unproductive charge

recombination processes include electron-hole recombination in the bulk or in the space charge

region (step 3), majority carrier diffusion to the interface (step 7) and subsequent reaction with ox-

idized species in the electrolyte (step 9). In addition to the conduction and valence band processes,

electrons and holes could also flow into and out of surface states.84 For example, surface adsorbed

anions such as OH– on a metal oxide surface could capture holes (step 5).85 The oxidized surface

state (i.e., OH• species) could participate in interfacial charge transfer with oxidized species in the

5This chapter was published previously as: Nilsson, Z.; Van Erdewyk, M.; Wang, L.; Sambur, J. B. Molec-
ular Reaction Imaging of Single-Entity Photoelectrodes. ACS Energy Lett. 2020, 5 (5), 1474–1486.
https://doi.org/10.1021/acsenergylett.0c00284.
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electrolyte (step 10).86 On the other hand, the oxidized surface intermediate could capture majority

carriers (step 8), which is an unproductive charge recombination process.

Figure 4.1: Principle processes in semiconductor photoelectrochemistry. (a) Energy level diagram and rate
processes at an illuminated n-type bulk semiconductor/electrolyte interface (e.g., TiO2). (1) carrier gen-
eration, (2) majority carrier collection, (3) electron-hole recombination in the bulk or in the space charge
region, (4) minority carrier transport to the electrode surface, (5) minority carrier capture by surface ad-
sorbed species (e.g., OH–), (6) minority carrier interfacial charge transfer via the valence band, (7) majority
carrier transport to the electrode surface, (8) majority carrier capture by the oxidized form of the surface
adsorbed species (e.g., OH•), (9) majority carrier interfacial charge transfer via the conduction band, and
(10) charge transfer via surface states. (b) Top-down view of a n-type nano-entity photoelectrode (e.g., TiO2

or BiVO4particle) on a transparent electrode (e.g., ITO). Process (4) represents minority carrier transport
from the particle interior to the surface. Process (7) represents majority carrier transport to the surface.

One fundamental problem that impedes progress in the field of semiconductor photoelectro-

chemistry is that we do not understand how materials heterogeneity influences the rates and ef-

ficiencies of the principle processes in Figure 4.1a. Semiconductors have bulk defects and im-

purities as well as irregular surface structural features that produce a distribution of active sites

(e.g., surface facets, edge sites, kink sites).87, 88 Bulk or near-surface defects or impurities can

impact the efficiency of the individual steps in various ways. If ionized impurity atoms act as

n-type dopants and donate electrons to the conduction band, then the number and position of the

impurities will influence the charge distribution and electric potential gradient in the space charge

region that contributes to charge separation at the solid/liquid interface.89–92 Surface defects or het-

erogeneity could influence interfacial charge transfer rates and/or mechanisms of the fuel-forming

reactions.93–95 This materials heterogeneity problem is exacerbated in nanomaterials96, 97 that are

promising for photoelectrochemical applications because the nanoscale dimensions limit charge
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transport distances (steps (4) and (7) in Figure 4.1b).98–101 Because the synthesis of defect free

nanomaterials is likely impractical, new experimental tools are needed in the field of semiconduc-

tor photoelectrochemistry to address this materials heterogeneity challenge.

This perspective article focuses on emerging molecular reaction imaging methods in the field of

semiconductor photoelectrochemistry. We focus on single molecule-level and ensemble-level re-

action imaging methods that have been applied to study single nano-entity photoelectrodes under

working photoelectrochemical conditions. The single molecule methods spatially resolve inter-

facial reactivity with nanoscale spatial resolution (typically 20 nm). The nano-entities include

metal oxide particles, nanorods, and two-dimensional layered materials such as MoS2 and MoSe2

nanoflakes. We review recent developments in single molecule fluorescence microscopy (SMFM)

and bright field optical microscopy that enable direct investigations of underlying steps in photo-

electrochemical reactions. This perspective article discusses how those imaging methods measure

(1) reaction intermediate formation and consumption, (2) surface recombination events, and (3)

charge transport distances. For each imaging approach, we discuss opportunities for future re-

search and provide an outlook to couple optical microscopy techniques with electron or X-ray

micro-spectroscopy characterization methods. We do not discuss single molecule imaging of sin-

gle nano-entity chemical catalysis, electrocatalysis, or photocatalysis studies because those topics

have been reviewed previously.102–107 In addition, we do not discuss powerful scanning probe-

based approaches that have been used to spatially resolve thin film photoelectrodes.108, 109

4.2 Imaging Photoelectrochemical Reactions via SMFM

4.2.1 Reaction intermediate imaging

Energy and environmentally-relevant chemical reactions such as the water oxidation reaction

and CO2 reduction reaction involve multiple electron transfer steps and reaction intermediates.

Ensemble-level spectro-electrochemical measurements have been used to characterize the chem-

ical identify and dynamics of the reaction intermediates,110–113 but it is challenging to spatially

resolve the reaction intermediates on electrode surfaces, especially on nanostructured electrodes.
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Here we describe recent advances in super-resolution SMFM of reaction intermediates on single

nano-entity photoelectrodes.

In 2019, Sambur et al.114 used SMFM to spatially and temporally resolve the one-electron reac-

tion intermediate in the water oxidation reaction on the surface of single TiO2 nanorod photoanode.

One-electron intermediates such as (Ti−OH•)s or (Ti−O•)s are produced at photo-excited TiO2

surfaces in aqueous solution via the elementary reaction steps in Equations (4.1) and (4.2)113, 115, 116

(OH−)s + (h+)s
k1−→ (OH•)s (4.1)

(Ti−O2−)s + (h+)s → (TI−O•−)s (4.2)

where (h+)s is a surface hole and (OH•)s is a surface adsorbed hydroxyl radical group (i.e.,

(OH•−)s). Here we have assumed that the solution pH is more basic than the isoelectronic point of

TiO2 (5.5) and therefore OH− covers the TiO2 surface. For simplicity and clarity, Equation (4.2)

was not considered in the following study because the experiments were performed in pH 8.3

electrolyte and the fully deprotonated surface condition is observed under strongly basic conditions

(pH 13).117 Hence, the first interfacial hole transfer step proceeds via Equation (4.1) with a rate

constant k1. The units of the intermediate species concentration are molecules/particle and the

units of the rate constant k1 are particle s−1.

The Authors tracked the surface concentration of the one-electron intermediate (OH•)s using

SMFM of a fluorogenic probe reaction. The probe reaction is the photoelectrochemical oxidation

of non-fluorescent amplex red (AR) to its highly fluorescent product, resorufin (P , see Figure 4.2a).

Previous studies established that the AR oxidation reaction proceeds via an indirect mechanism in-

volving (OH•)s instead of a direct mechanism involving (h+)s.118 The centroid of each product

molecule is determined with 20-30 nm spatial resolution using super-resolution localization meth-

ods.119–122
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Figure 4.2: Reaction intermediate imaging via SMFM. (a) The oxidative N-deacetylation of non-fluorescent
amplex red to highly fluorescent resorufin. (b) TIRF microscopy setup for SMFM. A 375 nm laser excites
the TiO2 nanoparticle photoanodes and a 532 nm laser excites the resorufin product molecules (pink star)
that form on particle surfaces. (c) SEM image of TiO2 nanorods on the ITO electrode. The pink dots rep-
resent individual product molecules. (d,e) Surface reaction intermediate and photoelectrochemical current
dynamics versus the applied electrochemical potential. The black data points in (d) represent the number of
product molecules generated on individual TiO2 nanorods, averaged over 49 particles and 21 consecutive
light on-off cycles at (top) 200 mV and (bottom) −200 mV versus the Ag/AgCl reference electrode. The
black data points in (e) represent the current measured from ∼1,000 TiO2 particles. The blue lines in (d,e)
represent a 5-point moving average of the data points and the thick solid red lines represent fits to a kinetic
model. (f) Potential dependence of the rate constant for interfacial hole transfer to OH– (k1) under light on
(blue circles) and light off (black squares) periods. Figure reproduced with permission from [114].

Figure 4.2b shows the experimental setup for single molecule reaction imaging via total internal

reflection fluorescence (TIRF) microscopy. A dilute solution of TiO2 nanorods was spin-cast on

an indium tin oxide (ITO) electrode that served as the working electrode in a three-electrode

electrochemical flow cell. In a typical experiment, a 375 nm laser excited approximately 1,000

TiO2 nanorods in an on/off fashion to induce and cease (OH•)s production while a 532 nm laser

continuously excited the fluorescent product molecules that formed on the nanorod surface. The

product molecule fluorescence signal was collected through the microscope objective and imaged

on an EM-CCD camera. In this excitation configuration, the photocurrent data represents the
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ensemble-average behavior of 1,000 nanorods whereas the AR oxidation rate, which reports on the

surface concentration of (OH•)s, is quantified at the single nanorod-level with nanoscale spatial

resolution.

Figure 4.2c shows the super-optical resolution imaging results from the reaction imaging ex-

periment, where all product molecule positions (pink dots) are overlaid onto the SEM image of the

TiO2 nanorod-coated ITO electrode. Product molecule formation occurs uniformly across some

TiO2 nanoparticle surfaces, as evidenced by evenly distributed pink dots over the entire nanorod.

On other TiO2 nanorods, product molecules localize to nanoscale hot spots. The reactivity hot

spots could be due to catalytically active surface structural defects123 (oxygen vacancies87, 124 or

Ti2O3 units125) or impurity atoms (e.g., Fe126). The hot spots are unlikely to arise from site-specific

binding because controls showed that product molecules adsorb equivalently to all surface sites.

The product molecule formation patterns likely vary among the nanorods because the concentra-

tion and spatial distribution of surface defects and/or impurities vary from particle to particle.

The Authors observed that the reaction intermediate dynamics followed different time scales

in its temporal evolution from the photocurrent dynamics. Figure 4.2d shows representative single

molecule reaction imaging results at two different applied potentials. The black data points repre-

sent the average number of P molecules versus time for 49 different nanorods during 21 chopped

light illumination cycles. The blue line represents binned and averaged data to show the general

trend. Upon illumination of the nanorods at +0.2 V vs Ag/AgCl, which was 0.8 V more positive

than the flatband potential (Efb = −0.6 V vs Ag/AgCl), the number of product molecules per

individual nanorod increases slowly over a period of 20 s and apparently saturates at long times

(Figure 4.2d, top). The product molecule formation dynamics report on the surface intermediate

concentration. When the light is turned off, there is a slow decay in the product molecule forma-

tion rate. Conversely, there is an instantaneous rise and fall in the current (Figure 4.2e, top). At

negative potentials (e.g., −200 mV or 0.4 V positive of Efb in Figure 4.2d, bottom) the product for-

mation and consumption dynamics show a similar trend but the total number of product molecules

is significantly lower than the positive potential regime. The photocurrent response shows distinct
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dynamic behaviors (Figure 4.2e, bottom) that do not appear in the single molecule reaction dy-

namics. First, there is an initial anodic current spike upon illumination of the nanorods followed

by a transient decay while the light remains on. Second, the steady state photocurrent magnitude

at long illumination times decreases with more negative applied potentials. Third, a cathodic tran-

sient appears when the light is turned off. Thus, the surface reaction intermediate dynamics follow

different times scales in its temporal evolution than the overall water oxidation rate dynamics.

The Authors developed a kinetic model to simulate the single molecule and photocurrent data

over a range of applied potentials and under dark and light illumination conditions. Fitting the data

(solid red lines in Figure 4.2d,e) yielded the rate constant for interfacial hole transfer to (OH−)s

(k1 in Equation (4.1)). Figure 4.2f shows that k1 decreases as E approaches Efb (–0.6 V) under

illumination but is potential-independent in the dark. Durrant and co-workers also reported that

the reactivity of surface holes is likely different under light and dark conditions.127 At positive

potentials (e.g., 0.1 and 0.2 V), the differences in k1 with or without illumination are small. One

possible explanation for k1 decreasing with increasingly negative potentials under illumination is

that electrons in filled surface states are photo-excited to the conduction band. The photogenerated

holes in the surface states could react with (OH−)s. The Authors discussed alternative explanations

for the potential dependence of k1 under dark and light illumination conditions as well as rate

constant for additional elementary steps in the water oxidation reaction. Regardless of the exact

origin of the potential dependence of k1 under dark and light conditions, single-molecule reaction

imaging quantified the time-evolution of a critical reaction intermediate in water photoelectrolysis.

The super-resolution reaction imaging experiment revealed higher water oxidation intermediate

production rates at local hot spots within the same side facets of single nanorods.

4.2.2 Surface Recombination Imaging

One major requirement for an efficient photoelectrochemical reaction is to separate and trans-

port charge carriers to their respective contacts before charge carrier recombination occurs.128 For

nanoscale materials with high surface area-to-volume ratios, a major charge recombination path-
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way is surface recombination.129 In this process, majority carriers (electrons for n-type semicon-

ductors) reach and react with holes or surface reaction intermediates instead of being transported

away from the interface and collected in the external circuit. Here we describe recent advances in

molecular imaging of surface recombination processes at the single nano-entity level.

In 2016, Sambur et al. used charge carrier-selective imaging to spatially resolve hole- and

electron-induced reactions at single TiO2 nanorods.126 For these n-type TiO2 photoanodes, the

electron-induced reactions represent majority carrier surface recombination reactions (Steps (7)

and (9) in Figure 4.1a). The Authors used a similar electrochemical flow cell and TIRF microscopy

setup as shown in Figure 4.2b, with two important distinctions. First, the 375 and 532 nm lasers

continuously illuminated the sample to study photoelectrochemical activity under steady-state con-

ditions. Second, the authors used two fluorogenic reactions to selectively probe electron- and hole-

induced reactions. The probe reaction for holes was AR oxidation to the highly fluorescent product

resorufin (P ) via (OH•)s (as shown in figure 4.3a). The probe reaction for electrons was the irre-

versible reduction of weakly fluorescent resazurin (Rz) to the same product resorufin (Figure 4.3a).

In a typical experiment, either 50 nM AR or Rz solution was flowed through the cell and a series of

potential-dependent SMFM movies were recorded at 66 frames per second. Individual fluorescent

molecule positions were localized in each frame with a spatial resolution of 30 nm. The authors

localized thousands of product molecule positions to make super-optical resolution maps of hole

and electron surface activity of single nanorods (figure 4.3b,c,e,f).
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tials (e.g., E > 0.5V vs Efb). All scale bars are 400 nm. Reprinted with permission from Springer Nature:
Nature, [126], © 2016.

Super-resolution imaging revealed that electrons and holes prefer to reach and react at the same

surface sites on these TiO2 nanorods. For example, Figure 4.3b-d shows correlated hole-induced

and electron-induced activity at the top portion of a single nanorod. Figure 4.3e-g shows similar

behavior for a second nanorod. Approximately 68% of the nanorods exhibited this localized ac-

tivity. These intra-particle reactivity behaviors are hidden in ensemble-level methods. The authors

hypothesized that the co-localized hole and electron hot-spots could be due to transition metal

impurities or surface structural defects. For example, Fe impurities appeared in ex situ elemental

analyses of the nanorod sample. Fe-doping has been shown to improve both the oxidation and

reduction rates of TiO2 nanoparticle photocatalysts,130 which could account for the effects in Fig-

ure 4.3b,c,e,f. Interestingly, the authors detected electron-induced activity at significantly anodic

potentials (E > 0.5 V vs. Efb) where the average photocurrent per nanorod is 0.02 nA or 108 holes

s−1. SMFM can detect the small fraction of photogenerated electrons that participate in surface

recombination reactions.
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To rationalize the dual oxidative-reductive activity, the authors proposed the “redox cycling”

scheme in Figure 4.3h. The arrival of holes and electrons to the surface sites is dictated by the

applied potential according to the Gärtner-Butler131, 132 and Reichman133 models, respectively (the

details of the models are provided in the Supplementary Information of ref.126). Under anodic

potentials (i.e., E–Efb > 0.5 V), the hole flux to the surface is high (depicted by the large black

arrow) and surface sites accept holes (i.e., the sites get oxidized to siteox). When the oxidized

surface sites transfer holes to surface adsorbed hydroxide or AR molecules, the surface sites get

reduced (sitered). Most electrons are transported away from the interface and are collected in the

external circuit (solid red arrow). According to the Reichman model,133 it is also possible that

photogenerated majority carriers (electrons) diffuse to the surface (red dashed arrow, analogous to

Step (7) in Figure 4.1a), reducing siteox to generate sitered. The reduced surface site can get oxi-

dized via electron transfer to surface acceptors such as OH•, H2O2, or Rz (Step (9) in Figure 4.1a).

While nanoscale atomic-level characterization tools may be necessary to reveal the exact origin

of the correlated surface activity, the authors showed that sites responsible for water oxidation at

anodic potentials (E > 0.5 V vs Efb) are the same sites responsible for surface recombination at

cathodic potentials.

4.2.3 Charge Transport Imaging

The following charge transport imaging section focuses on recent developments in using con-

tinuous reaction imaging to study charge transport processes in single semiconductor nano-entities.

In a single nanoparticle photoelectrode, the efficiency of minority charge carrier transport from the

interior to the surface is one critical factor that determines the overall photocurrent efficiency (Step

(7) in Figure 4.1b). Here we discuss a SMFM approach that measures charge transport distances

without permanently altering the surface structure, as is typically done in alternative approaches

that use irreversible metal deposition to probe charge transport to nanoparticle surface facets.134

It should be noted that scanning probe microscopy measurements have also been used to image

charge transport process in thin film photoelectrodes.135, 136
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In 2011, Tachikawa et al. developed a single-molecule reaction imaging method to measure

charge transport distances and crystal-face dependent photocatalytic activity in single TiO2 par-

ticles.137 The authors chose to study an electron-selective fluorogenic probe reaction: the photo-

catalytic reduction of non-fluorescent 3,4−dinitrophenyl−BODIPY to highly fluorescent prod-

uct 4−hydroxyamino−3−nitrophenyl−BODIPY. Figure 4.4a shows the general experimental

setup, where square sheet-like anatase TiO2 crystals were deposited on insulating substrates and

focused light excitation excited a specific region of the crystal. Majority charge carriers (electrons)

move from the particle interior to a surface facet where they react with the non-fluorescent probe

molecules (schematically illustrated in Figure 4.4b and Step (4) in Figure 4.1b). The distance be-

tween the light excitation spot and the product molecule position represents the photogenerated

electron transport distance. Detailed imaging and kinetic analysis of the fluorescence product dis-

tributions showed that the reaction sites for the probe molecules were the {101} crystal facets

instead of the {001} facets with a higher surface energy (Figure 4.4c-d). In 2019, Wang et al. ex-

tended the approach in Figure 4.4a-b to identify highly active edge/corner sites on TiO2 particles

using AR and Rz probes.138
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Figure 4.4: Charge carrier transport imaging via SMFM. a) Schematic of the experimental setup and imag-
ing scheme. A focused light spot generates carriers in a localized region of a single anatase TiO2 crystal.
A photogenerated electron travels to a surface site and participates in a fluorogenic reaction that produces a
highly fluorescent product (green circle). b) Schematic showing electron transport to a surface site, where
it reacts with BN-BODIPY. Photogenerated holes oxidize methanol. c) Scatter plot of product molecule
locations upon illuminating the {001} facet. The product molecules detected on the {101} and {001} sur-
faces are indicated as red and blue dots, respectively. d) Same as c) but for illumination of the {101} facet.
Reprinted from reference [137].
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The ability to resolve charge carrier transport distances via reaction imaging is limited by both

the carrier generation spot size and the ability to localize reaction products. One strategy to lo-

calize carrier generation with tens of nanometer spatial is to use near-field optical excitation, as

in near-field scanning optical microscopy (NSOM).139 The technique requires that excitation light

be focused through a probe tip that is positioned just above a nano-entity. NSOM techniques have

been used to spatially resolve local photocurrent responses in organic solar cells140 and investigate

the effects of grain boundaries in polycrystalline solar cell materials.141, 142 However, NSOM-based

approaches have not been used to control carrier generation and spatially resolve transport and re-

activity in nano-entity photoelectrodes.

4.3 Imaging Non-Fluorescent Photoelectrochemical Reactions

4.3.1 SMFM of non-fluorescent reactions

All the single molecule imaging experiments described above rely on fluorogenic reactions

that produce fluorescent products. While fluorescence microscopy provides valuable information

regarding underlying photoelectrochemical processes, most environmentally relevant photoelec-

trochemical processes do not produce fluorescent products or involve fluorescent intermediates.

Thus, new single molecule imaging strategies are needed to directly image non-fluorogenic reac-

tions such as hydrogen evolution or CO2 reduction.

Mao et al. recently developed a competition-enabled imaging technique with super-resolution

(COMPEITS) that interrogates non-fluorescent processes with nanometer spatial resolution.143

The experimental approach is based on the competition between a non-fluorescent target reactant

of interest and an auxiliary fluorogenic reactant for the same active sites on the same individual

nanoparticles. While the approach can be applied to a wide range of systems, the authors applied

COMPEITS to study photoelectrocatalysis on single BiVO4 microcrystals. The target reaction of

interest was hydroquinone oxidation and the auxiliary fluorogenic reaction was AR oxidation to

resorufin (Figure 4.5a). Prior to imaging, the authors performed critical ensemble-level kinetic

experiments that validated the two reactants compete for the same surface sites. SMFM mea-

55



surements were performed in an epifluorescence illumination configuration using the experimental

setup in Figure 4.2b. In this two-laser scheme, a blue laser excites the BiVO4 particles and a green

laser excites product molecules on the particle surface.
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Figure 4.5: SMFM of non-fluorescent photoelectrochemical reactions. a) Experimental setup for COM-
PEITS imaging based on competition between two reactions. L and S parameters define the shape parame-
ter ζ (ζ = S/L). b) 2D histogram of AR oxidation events over 22.5 minutes for [AR] = 50 nM and [HQ] =
0 μM. The white lines indicate the particle contour from SEM imaging. c, d) The same 2D histograms but
with 100 and 500 µM HQ and [AR] = 50 nM. np in b-d) is the number of product molecules detected. e, f)
COMPEITS images corresponding to 100 and 500 μM HQ respectively. COMPEITS images highlight the
locations where HQ binds and reacts at the nanoparticle surface. ∆n−1

p is the inverse of the change in the
number of detected product molecules following HQ addition. All scale bars are 500 nm. Reprinted with
permission from Springer Nature: Nature Chemistry, [143], © 2019

The first step in COMPEITS is to establish the location of the auxiliary fluorogenic reactions in

the absence of the target reaction (HQ; without competition in Figure 4a). The authors performed

SMFM measurements at [AR] = 40 nM and [HQ] = 0 nM. The resorufin product molecules were

localized with nanometer precision and the number of AR oxidation products (np) were used to

quantify the AR oxidation rate (νAR). Figure 4.5b shows a super-resolution activity map of all

resorufin product molecules produced by a single BiVO4 nanoparticle. Bright areas in the im-

age indicate regions of high activity. The next step of COMPEITS is to repeat the fluorescence

microscopy imaging experiment in the presence of increasing [HQ] (with competition in Fig-

ure 4.5a). np decreases with increasing amounts of HQ due to the competition for surface sites

(Figure 4.5c,d). The direct difference images (that is, images of ∆np) show the expected trend:
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∆np becomes larger with higher [HQ] (not shown in Figure 4.5). Since ∆np images do not scale

linearly with the HQ adsorption equilibrium constant (KHQ), the authors generated inverse images

of ∆np (∆n–1
p ), or COMPEITS images (Figure 4.5e,f), that are proportional to KHQ. The brighter,

more saturated pixels in the COMPEITS image represent more HQ binding events. The COM-

PEITS images are quantitatively related to KHQ and therefore directly reflect the local HQ binding

affinity.

The authors observed dramatic differences in local binding affinity between the different crystal

facets. The basal (top) surface was found to be the preferred binding facet for HQ. However, the

KHQ for both facets depended on the shape of the particle. KHQ for both facets increased as the

particles transition from flat plates to truncated bipyramids. The authors hypothesize that the shape

dependence arises due to the edges between facets. The amount of edge differs as the crystals

transition from truncated bipyramids to flat plates. These structure/property relationships could

only be reveled with single-entity-level measurements.

COMPEITS is a powerful method to reveal structure/activity relationships that could be used to

optimize photocatalyst morphology for non-fluorescent photoelectrochemical reactions. However,

the approach has some limitations. COMPEITS does not completely eliminate the need for a fluo-

rescent reporter molecule and its ability to monitor dynamic processes is limited by the relatively

long time required to carry out a COMPEITS experiment (tens of minutes).

4.3.2 Bright Field Optical Microscopy

The Sambur group has developed a non-fluorescence-based optical microscopy approach to

spatially resolve photoelectrochemical reactions on individual transition metal dichalcogenide (TMD)

nanoflake photoelectrodes (e.g., MoS2 and MoSe2). The principle of this widefield optical mi-

croscopy approach is that photo-generated products on the electrode surface absorb or scatter inci-

dent light, which manifests as an optical density change in bright field transmission images.

This approach was benchmarked using MoS2|I
−, I2|Pt photoelectrochemical cells because (1)

transition metal dichalcogenide (TMD)|iodide cells are efficient liquid junction solar cells144–146
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with >10% monochromatic power conversion efficiency and (2) ensemble-level measurements

have shown that I2 products accumulate on TMD surfaces and limit the photocurrent.147 How-

ever, the relationship between the nanoflake structural heterogeneity and the photocurrent loss is

unclear.

In a typical experiment, 2D semiconductor nanoflakes are mechanically exfoliated from bulk

crystals and transferred to an ITO electrode that is assembled into the three-electrode electro-

chemical flow cell as shown in Figure 4.2a. Figure 5a shows a representative bright field optical

transmission image of a single MoS2 nanoflake on the ITO electrode. The nanoflake exhibits

smooth basal planes and step edges on the top surface as well as perimeter edges on all sides. Prior

to bright field transmission imaging of photoelectrochemical reactions, we survey the photocur-

rent response from the basal planes and edge sites using single nanoflake photoelectrochemical

microscopy.148 To do so, we raster a focused 532 nm laser spot (690 nm diameter spot size) across

the nanoflake to locally generate charge carriers while a potentiostat measures the photoanodic

current due to iodide oxidation (2I– + 2h+ → I2). This scanning light spot technique produces a

photocurrent map as a function of laser illumination position (Figure 4.6b). For the MoS2 nanoflake

in Figure 4.6a-b, illumination of basal planes produces a small and uniform photocurrent response.

However, the photocurrent response from perimeter edges strongly depends on the illuminated po-

sition. Some illuminated perimeter edges produce the highest photocurrents whereas other spots

produce negligible photocurrent (bottom left edge in Figure 4.6b). One major issue that prevents

us from understanding the origin of the different photocurrent responses from basal planes and

perimeter edges is that the photocurrent maps do not indicate where minority carriers (holes) react

at the nanoflake surface. Instead, the photoelectrochemical microscopy technique measures the

total current from the entire nanoflake upon illuminating local regions within the object.
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Figure 4.6: Charge transport imaging via bright field optical microscopy. a) Bright field optical transmission
image of a MoS2 nanoflake. b) Photocurrent map of the nanoflake in a). A continuous wave 3 μW 532 nm
laser (690 nm spot diameter) excited the nanoflake in 1 μm increments. The photocurrent was detected using
a lock-in detection scheme as described in reference [148]. c) Cropped transmission image of the nanoflake
in a). The white circles labeled 1, 2, and 3 represent three excitation locations for chopped light photocurrent
measurements. The false yellow color pixels indicate the surface iodine layer (indicated by white arrow).
d) Current vs. time data from the three excitation locations in c). The blue and red triangles indicate when
the laser was turned on and off. e) Cartoon illustration of the minority carrier transport (black arrows) and
iodine deposition process (dark red region at step edge) upon illuminating the basal plane in c). f-g) Same
as c-d), but for the excitation spots indicated by white circles in f). h) Cartoon illustration of the distribution
of hole-induced iodide oxidation reactions across about half of the nanoflake (faint red shaded area) such
that iodine deposition does not occur (see main text for details). The laser excitation power in d,g) was 20
μW and a potentiostat measured the currents. Scale bars in c,f) are 10 μm.

To image where photogenerated minority carriers react at the nanoflake surface, bright field

transmission image movies were measured during photoelectrochemical measurements. The laser

was positioned on either basal plane or perimeter edge locations using Figure 4.6a-b as a guide

and simultaneously measured the photocurrent and transmission image stacks under chopped light

illumination. When the laser illuminated the basal planes (spots 1, 2, 3 in Figure 4.6c), an in-

stantaneous 30 nA photocurrent spike was observed, which decayed to a small 3 nA steady-state

photocurrent (Figure 4.6d). At the same time, dark contrast pixels appeared at a step edge that was

located 27 μm away from the laser spot (indicated by false yellow colored pixels in Figure 4.6c

for clarity). The dark contrast is due to an increase in optical density as a result of I2 product ac-

cumulation at the step edge, as confirmed by in situ Raman micro-spectroscopy measurements149

and literature.147, 150 The products persist on the nanoflake surface during the entire illumination
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period. The products disappear and a large cathodic spike appears upon interruption of the laser

illumination (indicated by red triangle in Figure 4.6d).

The bright field transmission imaging technique revealed a correlation between charge carrier

generation within basal planes, product accumulation at edge sites, and overall carrier collection

efficiency (i.e. the photocurrent magnitude). I2 products accumulate at TMD step edges because

the local I2 concentration at the electrode surface exceeds the solubility limit.147, 151 The distance

between the focused laser spot and the dark contrast pixels represents the minority carrier transport

distance (Step 4 in Scheme 1b). According to electrochemical studies of iodide oxidation to io-

dine on Pt electrodes, the critical I2 formation rate that would induce I2 deposition on these MoS2

nanoflakes is 108 I2 molecules s-1 μm-2. For illumination spots 1, 2, and 3 in Figure 4.6b, this crit-

ical reaction rate could be achieved if 0.4% of photogenerated holes in the 0.37 μm2 illumination

spots transport to, and react at equal rates along, the 44 µm-long step edge in Figure 4.6c. Since

the average absorbed photon-to-current efficiency (APCE) at these locations was approximately

0.4%, this bright field imaging experiment revealed that approximately all photogenerated holes

are transported to one particular step edge on the nanoflake (Figure 4.6e).

The origin of the high activity at the particular step edge in Figure 4.6c remains unclear. Ac-

cording to Chaparro et al., one possible explanation is that a highly efficient autocatalytic I3– oxida-

tion reaction takes place at edge sites (MoV I
edge+2I−3 (ads) → MoIVedge+3I2).152 The large I3– anions

preferentially chemisorb to Mo atoms at some surface active step edges, leading to an increased

band-bending at the negatively charged surface and increased efficiency for interfacial hole trans-

fer.152 This oxidation reaction competes with unproductive charge recombination processes153–155

(the anodic current decays under continuous illumination in Figure 4.6d). According to Peter et

al., the photocurrent transient dynamics under chopped light illumination can be attributed to the

following surface state recombination process.156 Conduction band electrons can recombine with

surface adsorbed I2(I2(abs) + 2e− → 2I−(aq)), which accounts for the cathodic current decay

after the illumination is interrupted.152 At steady-state, the rate of minority carrier flow into the

surface states associated with adsorbed I3– anions (Step (5) in Figure 4.1a) is larger than the rate
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of majority carrier flow into the oxidized surface states associated with I2 (Step (8) in Figure 4.1a),

leading to a small 3 nA steady-state photocurrent in Figure 4.6d).

Previous ensemble-level147 and photocurrent mapping studies of bulk n-type WSe2 and

MoSe2|iodide cells that used 25-50 μm illumination spots152, 157 generally showed that direct illu-

mination of smooth basal planes produced higher photocurrents than crystal regions with exposed

edges. However, apparently defect-free crystal surfaces did not always produce high photocur-

rents.146 The bright field transmission imaging results in Figure 4.6c-d revealed a hidden corre-

lation between TMD surface morphology and carrier collection efficiency in iodide electrolytes

that helps to explain why some smooth bulk TMD crystals exhibit poor solar energy conversion

efficiencies.

Illuminating three perimeter edge regions at the bottom of the nanoflake (spots 1, 2, and 3

in Figure 4.6f) resulted in large and stable photocurrent responses (Figure 4.6g). No detectable

optical density changes occurred in bright field transmission images even though the photocurrent

magnitude was much higher than in Figure 4.6d. Moreover, we observed no cathodic current

transient upon interruption of the illumination (Figure 4.6g). One explanation for this behavior

is that the local iodine formation rate does not exceed the critical rate for iodine deposition. For

the photocurrent magnitude in Figure 4.6g, the local iodine formation rate could remain below the

critical rate if the minority carriers react at equal rates across a 700 μm2 area of the nanoflake, or

56% of the total surface area (as illustrated in Figure 4.6h). This result also implies that minority

carrier transport occurs over tens of microns, likely via a drift mechanism, because the minority

carrier diffusion length in bulk TMDs is less than 5 μm.158, 159

The bright field optical microscopy approach could be applied generally to (photo)electrochem-

ical reactions that cause an absorption or refractive index change at the solid/liquid interface. For

example, this technique could be used to study photo- or electro-deposition of metallic nanoparti-

cle co-catalysts on single semiconductor nano-entity electrodes.160 Metal nanoparticles absorb and

scatter light as they grow or shrink at electrode surfaces. The size-dependent optical properties of

nanoscale metal nanoparticles161 could be used to track the deposition kinetics at basal planes and
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edge sites of 2D semiconductors. The deposition rates at the different surface structural features

could inform on the transport and reactivity of electrons and holes. For example, Li et al. studied

the spatial separation of electrons and holes on BiVO4 nanoparticle catalysts using hole-induced

and electron-induced deposition of PbO2 and Pt, respectively.134 In addition, bright field optical

microscopy could be used to detect refractive index changes associated with bubble formation at

electrode surfaces.162 For example, optical microscopy techniques such as surface plasmon res-

onance microscopy163 and SMFM164, 165 have been used to image nanobubble formation at single

nanoparticle electrodes, which opens up the opportunity to study the fuel-forming hydrogen evo-

lution reaction.

An interesting future direction for molecular reaction imaging via bright field microscopy is to

study the relationship between charge transport anisotropy and surface morphology on the carrier

collection efficiency of 2D nano-entity photoelectrodes. Space charge regions form in the direc-

tion parallel to the layers at step/perimeter edges as well as perpendicular to the layers at basal

planes.154, 166 Photogenerated carriers within the space charge region at step edges will prefer-

entially drift toward the edge because the carrier mobility along the layers is much greater than

perpendicular to the layers.167–169 This edge effect is expected to influence photogenerated carriers

at high step edges because more carriers are produced in the space charge region at the step edge

than at the top basal plane surface.170–172 However, the fate of photogenerated minority carriers

also depends on the edge site reactivity, or whether the edge acts as a recombination or “hot”

site.170 The optical charge transport and reactivity imaging methods discussed herein could play

an important role in identifying and characterizing the structure and composition of different types

of edges. Optical microscopy can be coupled in a one-to-one fashion with scanning Auger micro-

spectroscopy, atomic form microscopy, and scanning tunneling microscopy for high resolution

composition and structural analyses.148, 171 These findings could guide the development of efficient

large area thin film nanoflake electrodes that are currently being pursued for photoelectrochemical

energy conversion applications.173
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4.4 Summary and Outlook

Molecular reaction imaging approaches can be used to pin-point where photoelectrochemical

reactions take place at nano-entity electrode surfaces. The redox chemistry of the probe reaction

can be used to selectively study majority and minority carrier-induced reactions. The ability to

spatially and temporally control light excitation enables direct investigations of the relationship

between carrier generation and transport to active sites or recombination sites. The 20-30 nm spa-

tial resolution of SMFM approaches is sufficient to resolve reaction intermediate dynamics within

the same side facets of single nanoparticles, provided that the facet dimensions exceed about 100

nm.174 A major advantage of the single particle-level approach for interrogating facet-dependent

behavior is that particle-particle interfaces do not contribute to or complicate the interpretation

of the surface reaction kinetics. The multitude of interfaces in nanoparticle film photoelectrodes

complicates the quantitative interpretation of current-potential or current-time data for mechanistic

information. Single molecule measurements also have the potential to uncover communication be-

tween active sites175 as the surface reconstructs or reaction intermediates diffuse across the surface.

One opportunity to expand the reaction scope is to develop fluorogenic probe molecules176 or

fluorescence sensors177 that target reaction intermediates or products in energy-relevant reactions,

such as the H2O2 reaction intermediate in the water oxidation reaction178 or intermediates in the

CO2 reduction reaction.179 In addition, fluorescence detection of transition metal cations180 could

be used to probe photoelectrochemical corrosion of the semiconductor nano-entity. Aside from

reactivity imaging, another opportunity is to develop molecular probes for surface characterization.

Since surface defects can exhibit stronger molecule-surface interactions than the fully coordinated

surface sites.181 It may be possible to design molecular probes with tailored functional groups

to “label” surface structural defect or impurity sites.182 In this scenario, the surface labeling and

imaging experiments may be performed before or after the single molecule reaction intermediate

experiments. Correlated imaging experiments with multiple probes on the same nanoparticle have

also been demonstrated.126, 183–185
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One disadvantage of SMFM is that not every reaction may be detected because product

molecules could diffuse along or rapidly desorb from the electrode surface. Product diffusion

among different surface sites could manifest as over-counting the total number of reactions as

well as misrepresenting the spatial distribution of active sites. If products rapidly desorb from the

electrode surface, then not all reactions are detected and counted accurately. Hence, the reported

activities could underestimate the true activity of a single nano-entity. One strategy to overcome

these detection issues is to perform SMFM of the fluorescent product molecules alone. In these

control experiments, sub-nanomolar concentrations of product molecules are flowed through the

cell and product adsorption and subsequent diffusion can be measured via single molecule track-

ing techniques. These data reveal the average residence time of single molecules and the extent to

which product molecules diffuse along the surface.

While the optical microscopy approaches discussed herein uncover structure/property relation-

ships that remain hidden in ensemble-level measurements, the methods do not reveal the atomic-

level origins of high and low activity of nano-entity photoelectrodes. Strategies that link local

composition and structure with photoelectrochemical properties have the potential to address the

materials heterogeneity challenge. The next frontier in molecular reaction imaging is to correlate

the high-throughput, low spatial-resolution reactivity information from optical methods with rich

atomic-level structural information gleaned from state-of-the-art techniques such as atom probe

tomography,186–188 electron189, 190 and X-ray microscopy191, 192 and spectroscopy.193 Those high

resolution characterization techniques provide atomic-level composition and structure of single

nanoparticles. Hence, in our perspective, the major roadblock is not our ability to characterize

atomic-level defects but rather our ability to correlate the presence and identify of defects and

impurities with their functional properties (i.e., influence on activity or charge transport). Such

advances demand that the optical microscopy experimental setup be compatible with electron or

X-ray microscope instrument to enable sample characterization before and/or after optical imag-

ing experiments. Super-resolution fluorescence microscopy experiments may be performed on

TEM grids,194 but such correlated experiments have not been performed under photoelectrochem-
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ical conditions. If correlated single molecule reaction imaging and electron/X-ray microscopy

experiments can be achieved, then it may be possible to characterize surface recombination sites

or assess the catalytic activity of impurities,195 atomically dispersed catalysts,196 and nanoparticle

co-catalysts.197 A deeper understanding of how defects and impurities influence the photoelectro-

chemical response of nano-entities could lead to new interface and catalyst engineering strategies

to control product selectivity and yield.198
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Chapter 5

Defect Mediated Energy Transfer Microscopy6

5.1 Intro

5.2 Experimental Methods

Single particle sample preparation and data collection are described in Section §2.4. The re-

constructed trajectories that result from Section §2.4.3.3 are used for the remainder of the analysis.

5.2.1 Filtering

Because the single particle samples are heterogeneous (i.e. contains some particle aggregates,

not all NCs have acceptors attached) each object (ROI) must be classified before further analysis

can be done. Following are the steps taken to separate single particles and aggregates and to

determine if a nanocrystal ROI also has an acceptor molecule present.

5.2.1.1 Separating single particles from clusters of particles

Because the ZnO nanocrystals are not capped with ligands during synthesis they tend to come

together to form aggregates over time. These aggregates persist in the single particle sample after

deposition of the NCs. Because single NCs are much smaller than the pixel size of the camera

they should appear as point emitters in wide field florescence images while aggregates manifest

as large objects with higher intensity. For simplicity, single particles are referred to as singles

and aggregates are referred to as clusters. Figure 5.1a shows a florescence image of ZnO NCs

under 355 nm excitation. The yellow arrows indicate two objects in each channel that which are

much larger and brighter than the majority of the other objects in the image. These are clusters of

particles. To separate singles and clusters the intensity of each ROI in the defect channel during 355

nm excitation was examined. Because single particles are roughly the same size and have a similar

6In preparation for submission
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number of emissive defect sites they should have similar emission intensities. Clusters, on the

other hand, will have an unknown number of emissive particles each producing photons, thus they

will have higher intensity than singles and that intensity should be non-uniform between clusters.

Figure 5.1b shows a histogram of all intensity values (frames) collected from all ROIs in the defect

channel during 355 nm excitation. The large population at low intensity is created by single particle

emission while the smaller populations at higher intensity are created by clusters. The histogram

is then fit with a single component Gaussian function to establish the mean and standard deviation

of the single particle population. A threshold is then set at three times the standard deviation above

the mean. This threshold is then applied to each defect channel trajectory. Two examples are shown

in Figure 5.1c and d. Figure 5.1c shows a trajectory from a single particle, the entire trajectory is

below the threshold. Figure 5.1d shows a trajectory from a cluster of particles. The majority of

this trajectory is above the threshold, causing this trajectory to be classified as a cluster. If more

than 10% of the frames in the trajectory are above the threshold then the object is classified as a

cluster. Any trajectory with at least 90% of its frames below the trajectory are classified as singles.
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Figure 5.1: Separating singles and clusters. a) Wide field florescence image of ZnO nanocrystals. Image
was created by averaging all the frames during the first 355 nm excitation pulse (36 frames). Yellow arrows
point to objects that are considerably larger and brighter than the majority of other objects (clusters). b)
Histogram of all intensity values (frames) for all ROIs in the defect channel during 355 nm excitation. The
red curve is a Gaussian fit to the histogram bin values. The green line is a threshold set at three times the
standard deviation above the mean of the Gaussian fit. c) Example trajectory from a single particle. The
mean pixel value at each frame of the movie are shown as blue circles. The threshold set in b) is shown as a
horizontal black line. d) The same as c) except for a cluster object.
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5.2.1.2 Is A555 present inside the ROI?

Due to the random nature of the acceptor deposition, most nanocrystals do not have acceptor

molecules nearby. This creates two populations of nanocrystals within the same sample, those that

have acceptor molecules nearby and those that do not. Energy transfer requires that the donor and

acceptor be relatively close together so the NC ROIs that have a A555 inside need to be separated

from the ones that do not. To separate these populations, the presence of acceptor molecules is

determined by examining the intensity trajectory taken from an NC ROI in the dye channel during

532 nm excitation. This excitation condition should only excite A555 molecules, and looking

in the dye channel ensures that any emission from A555 molecules present in the NC ROIs is

captured. Figure 5.2a depicts an example trajectories from an ROI which has at least one acceptor

molecules present. Each point in the trajectory represents the average pixel value inside ROI

during a single frame of a movie. The trajectory shows high intensity at early times due to the

emission of acceptor molecules. After some time the intensity drops sharply due to the acceptor

molecules photobleaching. Histograms of the trajectories are created to visualize the distribution

of intensities within the trajectory (Figure 5.2b). These histograms are fit with Gaussian functions

to establish the mean and standard deviation of the populations. A threshold is then set at four

times the standard deviation above the mean of the lower (background) population. This is shown

as a horizontal black line in Figure 5.2a,c. For trajectories and histograms that are not fit well by

a single component Gaussian function (R2 < 0.7) a two competent Gaussian function is applied

(Figure 5.2c,d). In this case the Gaussian function with the lower intensity center position is used to

establish the threshold. This procedure is carried out for all ROIs that were created for nanocrystal

objects, creating a threshold for each.
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Figure 5.2: Is A555 present in the ROI? a) Intensity trajectory from a NC ROI in the dye channel. Each
blue point is the average intensity of in the ROI during one frame of the movie. The horizontal black line is
the threshold set using the histogram in b). b) Histogram created from the points in a). The histogram bins
are fit with a Gaussian function (red line). The threshold is set at four times the standard deviation above
the mean (black line). c,d) The same as a,b) but for a different ROI. The histogram of this trajectory was fit
with a two component Gaussian function.

Using the thresholds established above, each ROI can be separated into one of three popula-

tions. The first is ROIs whose intensity trajectory never crosses the threshold. These ROIs represent

nanocrystals that did not receive any acceptor molecules and can act as internal controls for ZnO
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behavior. The second population are those ROIs which have at least one frame in their trajectory

which is above the threshold. The final population has A555 emission present during the majority

of the first 532 nm excitation pulse (i.e. greater than 60% of the frames during the first 532 nm

excitation pulse are above the threshold). The separation of these population is done through a

three step filtering process. This process is outlined graphically in Figure 5.3.

Because the first step does not consider when during the movie the intensity was above the

threshold or for how long the intensity was above the threshold these ROIs are only considered

candidate ROIs at this stage. The candidate ROIs may have acceptor molecules or may just have

brief spikes in intensity caused by background signals. The second step considers only the first 532

nm excitation pulse because if an acceptor molecule is present in the ROI it has the highest chance

of emitting photons during this period. The A555 molecules also do not blink so if a molecule

is present present during the first 532 nm pulse it would most likely be emissive for at least the

majority of the pulse before photobleaching. If the ROI merely has background noise causing

random frames to have intensity above the threshold then it would be unlikely that the majority of

the first 532 nm excitation period would be above the threshold.

ROIs that pass both of the above criteria are considered to have an acceptor molecule located

in the same region. This does not necessarily mean that the molecule is bound to a nanocrystal,

only that the two are relatively close together. Further analysis must be carried out to determine if

the nanocrystal and acceptor molecules are interacting, see Section §5.3. The set of ROIs that pass

both of these filters form a subset of the ROIs that will be examined further to determine if energy

transfer from the NC defects to A555 molecules was observed during 355 nm excitation.
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Figure 5.3: Flow chart outlining the filtering process used to determining if an A555 molecule is present in
each ROI. The trajectory shown at the top is taken from Figure 5.2a and is used as an example.

5.3 Data Analysis

5.3.1 Background subtraction

Due to the high background caused by the quartz slide during ultra violet illumination the tra-

jectories resulting from the process in Sections §2.4.3.3 need to be background subtracted before

further analysis can happen. Using the background ROIs created in Section §2.4.3.2 a similar tra-

jectory to the one shown in Section §2.4.3.3 can be produced for the background ROI. Figure 5.4a

shows raw intensity trajectory from an NC ROI in the defect channel during 355 nm excitation as

blue points. The corresponding background trajectory is shown as black points. Figure 5.4b shows

the result of subtracting the black points in Figure 5.4a from the blue points.

The background subtracted NC trajectory shown in Figure 5.4b retains the slow rise over the

first ~80 seconds of the movie from the raw trajectory. This indicates that rise feature is not wholly

a result of the background quartz emission and that it must be caused by the ZnO.
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Figure 5.4: Background subtraction example. a) shows the raw intensity trajectory recorded from a NC ROI
in the defect channel during 355 nm excitation (blue points) and the corresponding background trajectory
recorded from the background ROI (black points). b) shows the result of subtracting the black points in a)
from the blue points.

5.3.2 Trajectory Analysis

Following the procedures outlined in Sections §2.4.3.3 and 5.3.1 the trajectories are ready

for initial inspection. Show in Figures 5.5, 5.6, and 5.7 are representative fluorescence images

and trajectories from three single ZnO particles during an experiment with a mixture of NCs and

A555 present on the slide. Figure 5.5a shows fluorescence images from the dye channel during

532 nm excitation. Here the green squares demarcate the corners of the ROI used to measure

trajectories. Figure 5.5c shows a fluorescence image from dye channel acquired during 355 nm

excitation. Again the green squares show the corners of the same ROI. The cyan squares show

the corners of the background ROI. The trajectories in Figure 5.5b were recorded using the ROI

in Figure 5.5a during 532 nm excitation.The trajectories were separated into the two detection

channels, resulting in two trajectories. The black points in Figure 5.5b show the intensity inside the

ROI in the dye channel and the blue points show the intensity inside the ROI in the defect channel.

As expected the intensity in the defect channel (blue points) during 532 nm excitation reports only

steady background signal because the 532 nm excitation only excites the A555 molecules and the
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emission of A555 does not enter the defect channel. The dye channel (black) trajectory shows

high intensity during the first 20 seconds of the movie, followed by a sharp intensity drop. This

behavior is indicative of a dye molecule photobleaching, indicating that at least one A555 molecule

was inside the ROI. This can be seen in the fluorescence image in a as a small bright object on the

right side of the ROI. Because the image in a and the trajectory in b are created during 532 nm

excitation this intensity can be attributed to A555 molecules and not ZnO defect emission as the

NCs are not emissive under 532 nm excitation, as evidenced by the low intensity in the defect

channel during this period (blue points in b, bottom right image of Figure 2.7). Applying the

filtering steps outlined in Section §5.2.1.2 to the dye channel trajectory from Figure 5.5b classifies

this ROI as an ROI that has A555 present, meaning that this ROI is a candidate for showing energy

transfer behavior during 355 nm excitation.

The fluorescence image in Figure 5.5c shows a bright object inside the ROI during 355 nm

excitation. This object is qualitatively in the same position as the bright object present in the ROI

during 532 nm excitation (see Figure 5.5a), making this a promising candidate to exhibit energy

transfer behavior. Interestingly, both the defect and dye channel trajectories in Figure 5.5d show

a slow increase in intensity over the first 90 seconds of the movie followed by a period of steady

intensity. There are no major intensity bursts or periods of increased intensity in the dye channel

which would indicate some dye enhancement. There are also no periods of pronounced decreased

intensity in the defect channel that would accompany quenching of the ZnO defect emission.

The slow intensity rise may be caused by the NC “burning off” molecules that are bound to

the surface through photoredox processes. Because photoredox would provide a non-emissive

pathway for excitons in the NC the intensity of the NC emission would be decreased until such a

time that all the molecules capable of being oxidized by the NC are gone. ZnO NCs have been

shown to be effective photocatalysts for the destruction of organic dyes.199–202

If energy transfer were to occur within a NC ROI it would be expected that the dye channel tra-

jectory during 355 nm excitation would show periods of increased intensity as the dye emission is

enhanced by energy transfer. The intensity trajectory of the defect channel during the same times
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Figure 5.5: Reconstructed intensity trajectories taken from a NC ROI placed over a ZnO object that falls
into the singles category and also passes both dye filtering steps from Section §5.2.1.2. a) Fluorescence
image from the dye channel, acquired during 532 nm excitation, cropped to highlight the object of interest.
The green squares in the image depict the corners of the ROI created for the object. b) Intensity trajectories
acquired from the ROI in a) during 532 nm excitation. The red points show the intensity of the dye channel,
the blue points show the intensity of the defect channel. c) Fluorescence image from the defect channel,
acquired during 355 nm excitation, cropped to highlight the object of interest. The green squares in the
image depict the corners of the ROI created for the object and the cyan squares show the corners of the
background ROI used for background subtraction of the trajectories acquired during 355 nm excitation. d)
Background subtracted intensity trajectories acquired from the green ROI in c) during 355 nm excitation.
The red points show the intensity of the dye channel, the blue points show the intensity of the defect channel.
A 15 point smooth has been applied to all trajectories to reduce noise.

would show periods of decreased intensity as the NC emission is quenched by energy transfer.

These changes would be simultaneous and anti-correlated, similar to those seen in FRET litera-

ture.203–206 However, possibly due to the strong overlap of the donor and acceptor emissions within

the dye channel, this behavior was not observed.

Seemingly overlapped NC-A555 pairs, like the one in Figure 5.5, are not the only types of ob-

jects that pass the filter described in Section §5.2.1.2. Because the ROI is relatively large compared

to the size of the NCs it is very likely that A555 molecules will be present in the NC ROI but not

actually be bound to or touching the NC. An example of this is shown in Figure 5.6. Figure 5.6a

shows a fluorescence image acquired during 532 nm excitation, cropped to show a region of the

dye channel. From this image it can be seen that there is an A555 molecule on the edge of the ROI.
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The presence of this molecule is confirmed by the period of increased intensity near the beginning

of the black trajectory shown in Figure 5.6b which shows characteristic photobleaching behavior at

about 10 seconds. However, comparing the relative location of the A555 molecules within the ROI

to the relative position of the ZnO NC shown in Figure 5.6c, it can be seen that the dye molecule

is most likely not touching the NC. Because the A555 molecule is relatively far away from the NC

it is unlikely that energy transfer could occur between the two objects. False positives like the one

shown in Figure 5.6 are one downside to the filter methods outlined in section Section §5.2.1.2 and

could be overcome by applying super resolution localization techniques.
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Figure 5.6: Reconstructed intensity trajectories taken from a NC ROI placed over a ZnO object that falls
into the singles category and also passes both dye filtering steps from Section §5.2.1.2. a) Fluorescence
image from the dye channel, acquired during 532 nm excitation, cropped to highlight the object of interest.
The green squares in the image depict the corners of the ROI created for the object. b) Intensity trajectories
acquired from the ROI in a) during 532 nm excitation. The red points show the intensity of the dye channel,
the blue points show the intensity of the defect channel. c) Fluorescence image from the defect channel,
acquired during 355 nm excitation, cropped to highlight the object of interest. The green squares in the
image depict the corners of the ROI created for the object and the cyan squares show the corners of the
background ROI. d) Intensity trajectories acquired from the ROI in c) during 355 nm excitation. The red
points show the intensity of the dye channel, the blue points show the intensity of the defect channel. A 15
point smooth has been applied to all trajectories to reduce noise.
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The same slowly increasing intensity is observed for both detection channels during 355 nm

excitation for the NC shown in Figure 5.6d, similar to figure 5.5d. This indicates that the pres-

ence of the A555 molecule near the NC in figure 5.5d was not responsible for the shape of the

trajectories because a similar shape is observed for the NC in Figure 5.6d which doesn’t have an

A555 molecule near by. This would point to other spectator molecules, either already present on

the ZnO surfaces prior to deposition or molecules present in the immersol that deposit onto the

ZnO during the experiment, being the cause of the slow intensity rise. ZnO NC defect emission

is strongly dependent environment near the surface of the NC so it shouldn’t be surprising that the

NC emission is effected by something in the immersol oil or from another source.57

And finally, the NC ROI used to create Figure 5.7 represents what will be referred to as an

internal control NC. These are NCs that are present during experiments where A555 has been de-

posited onto the slide but the particular NC in question does not have any trace of A555 emission

present, i.e., it does not pass the first step of the filter process in Section §5.2.1.2. These NCs act

as internal controls because they have gone through all the same processing steps as the candi-

date NCs, they just do not have any A555 within the ROI. As shown in the florescence image in

Figure 5.7a there is not emissive objects present inside the ROI during 532 nm excitation. The

corresponding trajectories recorded during 532 nm excitation are shown in Figure 5.7b. Here the

black points (dye channel) show a slow decrease in intensity over most of the movie. This could

be due to out of focus background signals within the immersol. The defect channel (blue points)

shows the expected steady background during 532 nm excitation.

The florescence image in Figure 5.7c shows an isolated NC inside the ROI. The corresponding

dye channel trajectories recorded during 355 nm excitation are shown in Figure 5.7d. Once again

the intensity of both channels shows a slow increase over the first 40 seconds of the movie. The

fact that this NC also shows the slow intensity increase further confirms that the presence of the

A555 molecule is not responsible for this behavior.
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Figure 5.7: Reconstructed intensity trajectories taken from a NC ROI placed over a ZnO object that falls
into the singles category but does not pass both dye filtering steps. a) Fluorescence image from the dye
channel, acquired during 532 nm excitation, cropped to highlight the object of interest. The green squares
in the image depict the corners of the ROI created for the object. b) Intensity trajectories acquired from the
ROI in a) during 532 nm excitation. The red points show the intensity of the dye channel, the blue points
show the intensity of the defect channel. c) Fluorescence image from the defect channel, acquired during
355 nm excitation, cropped to highlight the object of interest. The green squares in the image depict the
corners of the ROI created for the object and the cyan squares show the corners of the background ROI.
d) Intensity trajectories acquired from the ROI in c) during 355 nm excitation. The red points show the
intensity of the dye channel, the blue points show the intensity of the defect channel. A 15 point smooth has
been applied to all trajectories to reduce noise.

5.3.3 Ratio Analysis

Because the trajectory analysis was inconclusive at best, the ratio of the detection channels

was calculated to better show any small changes in either the defect or dye channel. This ratio

was calculated as Ratio =
Idye

Idefect
. This was only done for the trajectories acquired during 355

nm excitation as it is during these periods of time that energy transfer could occur. Essentially,

the black traces from Figures 5.5d, 5.6d, and 5.7d were divided by the corresponding blue traces.

Because energy transfer should manifest as a decrease in the defect channel intensity along with

a simultaneous increase in the dye channel intensity, the ratio should magnify any energy transfer

events as increasing Idyeor decreasing Idefectboth result in an increase in the ratio.
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Figure 5.8a, b, and c show representative channel ratio trajectories calculated from the trajec-

tories in Figures 5.5d, 5.6d, and 5.7d, respectively. Of particular interest is the ratio trajectory

in Figure 5.8a because this ratio corresponds to the ROI shown in Figure 5.5 which has the best

chance of showing energy transfer behavior due to the relative proximity of the NC and A555.
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Figure 5.8: Representative channel ratios calculated from the trajectories in Figures 5.5, 5.6, and 5.7. Black
points are the result of dividing the dye channel intensity by the defect channel intensity at every frame of
the movie. A 15 point smooth has been applied to reduce noise.

Looking at Figure 5.8a the ratio appears to be, qualitatively, higher during the first ~30 sec-

onds of the movie. This would seem to correspond with the same period of time when the A555

molecule was present inside the ROI (see Figure 5.5b). If this were true, it may indicate that en-

ergy transfer was occurring for this NC-A555 pair. No conclusions can be drawn from a single

trajectory however. All NC-A555 pair ratios need to be examined to see if others show the same

behavior.
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So, to compare all the NC ROIs at once, the average of the ratio trajectories was calculated for

the first three excitation pulses and the last three excitation pulses. The average during the first

three pulses will report on the behavior within the ROI at early times (when A555 has the best

chance of being present) and the average of the last three will show the behavior of the NC after

the A555 molecule(s) have photobleached. These two average quantities were calculated for all

ratio trajectories and the results are presented as histograms in Figure 5.9. Here the histograms

have been separated by ROI classification. The top histogram shows the average ratio values at the

beginning and the end of the trajectory for all objects that pass both steps of the filtering process

from Section §5.2.1.2, including any false positives like the one shown in Figure 5.6. Compare this

to the middle and lower histograms for internal control ROIs and all NC objects from the control

movies, respectively. The histogram for NC-A555 pairs doesn’t have any features to distinguish

it from the NCs without A555. The top histogram in Figure 5.9 contains information from 94

NC-A555 pairs.

Unfortunately, the histograms Figure 5.9 do not show any more conclusive evidence of energy

transfer than the ratios on their own or the raw trajectories. It would be expected that for trajectories

which show evidence of energy transfer the channel ratio at the beginning of the movie would be

higher than at the end of the movie due to the A555 molecule photobleaching during the movie.

However, no obvious examples of this behavior are observed. The top histogram (NC-A555 pairs)

in Figure 5.9 is qualitatively the same as the middle histogram (internal control ROIs). The bottom

histogram of NC ROIs from the control movies shows that the ratio at the beginning and the end

are both slightly higher than for the mixture movies. This is probably due to slight differences in

the quartz slide used to build the sample. It seems that the system ZnO-A555 system is not ideal

for single particle imaging. Changes to the data analysis methods may also be able to extract more

information from the data presented in this chapter. Further discussion of some possible future

directions for this project are presented in Chapter 6.
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tion for internal control ROIs and all NC objects from the control movies, respectively.
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Chapter 6

Summary/Outlook

6.1 Summary

Ensemble-level defect-mediated energy transfer was used to determine the relative position of

emissive defect sites in ZnO NCs using two FRET based models. Both model predict that for

the smallest NCs the energy transfer distance is larger than the NC diameter. This indicates that

all defect positions can participate in energy transfer. Because all defect position can participate

no conclusions can be drawn about the position of the emissive defects in the smallest NCs. For

larger NCs, the calculated donor-acceptor distance was much smaller than the average NC diame-

ter. Because the energy transfer distance was much smaller than the diameter of the NC (the RG

model predicts <1 nm donor-acceptor distance for the largest NCs) it was concluded that at least

the majority of emissive defects in the larger NCs participating in energy transfer must be at or

near the surface. If the defects were buried at the center of the NC the predicted energy transfer

distances from both models would require the dye molecules to be within the NC to participate.

See Sections §3.3 and 3.4.

The same defect-mediated energy transfer system was then taken to the single-particle level to

observe any heterogeneous population of particles. An imaging system was constructed that was

capable of observing fluorescent emission from diffraction limited point sources (single NCs and

dye molecules). Movies were acquired to observe the dynamics of the NC-dye system over time.

Intensity trajectories of single objects were extracted from the movies to observe the behavior

of individual objects. Inconclusive evidence of single-particle energy transfer was observed for

NC-dye pairs that were determined to be very close together. See Section §5.3.
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6.2 Outlook

Although the analysis procedure presented in Chapter 5 was inconclusive, a more detailed

analysis may yet reveal some evidence of energy transfer. A first step could be to apply super

resolution localization techniques to get a better handle on the relative locations of NCs and A555

molecules. Super resolution analysis also gives a better handle on the emission intensity of each

object in the form of the Gaussian fit amplitude. From this analysis better filtering could be used

which looks at the location of the NC and any acceptor molecules present in the same ROI and

determines a distance between them. The filtering could then be based on the distance between

donor and acceptor.

Slight modifications to the NC-A555 system presented here may yield better results. One of

the most prominent failing of the ZnO NC system as described in this work is the tendency for

the NCs to aggregate. It is unclear if what was classified as single particles by the filter process in

Chapter 5 are actually single particles and not small clusters. Capping the NCs during synthesis

could promote the colloidal stability of singe NCs, which should translate to true single particles

being deposited onto the slides for single particle experiments. Additionally, choosing a new

acceptor molecule with an emission peak at longer wavelengths (700 + nm) would improve the

imaging conditions and simplify the data analysis considerably. Currently, with A555, the emission

peak of the acceptor directly overlaps with the emission of the ZnO NC defects. This forces

the detection channels to both cover the broad defect emission, complicating the data analysis.

An acceptor with emission beyond 700 nm would allow for the dye channel to have very little

contribution from the NC defect emission. This would transform the single particle experiment into

a more traditional FRET experiment where the dye channel is dark, except when energy transfer

occurs.

Once the single particle experiment works for the small spherical particles discussed in this

work application of this technique to larger microstructures is the ultimate goal of this project.

Because the particles used in this study are so small relative to the localization precision, even of

super resolution techniques (~30 nm), any location information would be of little use other than to
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say if the defect sites are on the surface of the NCs or buried within the cores. With larger structures

like rods, it would be possible to locate defect sites to a small area of the larger structure (assuming

that the defect sites are not uniformly distributed). This location could then be correlated with

reactivity using some of the fluorogenic probes discussed in Chapter 4 to inform on the effect of

defect sites on electron and hole transfer processes.
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Appendix A

Complete TRPL of ZnO NCs

Figure A.1 shows TRPL decay curves for all ZnO NCs sizes and A555 concentrations. TRPL

decay curves for ZnO NCs alone were fit with Equation (2.1) from the main text. Decay curves

for mixtures of NCs and A555 were fit with Equation (2.2). Additionally, each NC sample was

exposed to high bulk dye concentrations (e.g., >100:1 [A555]:[NC]) to observe energy transfer

behavior when every possible surface binding site was occupied (purple data points in the Fig-

ure A.1).

Figure A.1: TRPL decay curves for all ZnO NC sizes and all [A555]. Black data points are the NCs alone,
blue points are the mixtures of NCs and A555, magenta points are the decay when the NCs are saturated
with A555. Red lines are fits to EQs (1) and (2). a) 2.8 nm diameter NCs b) 4.0 nm c) 4.7 nm d) 5.3 nm d)
5.9 nm.
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Appendix B

Division of Work

B.1 Chapter 2

Experiments described in Chapter 2 were designed by Zach Nilsson and Justin Sambur. En-

semble experiments were carried out by Zach Nilsson with assistance from Lacey Beck. Single

particle experiments were carried out by Dani Lustig with guidance from Zach Nilsson.

B.2 Chapter 3

Ensemble data analysis was done by Zach Nilsson. Original manuscript was written by Zach

Nilsson and Justin Sambur.

B.3 Chapter 4

Original perspective manuscript was written by Zach Nilsson, Michael Van Erdewyk, and

Justin Sambur.

B.4 Chapter 5

Single particle data analysis was done by Zach Nilsson. Manuscript is being prepared by Zach

Nilsson, Dani Lustig, and Justin Sambur.
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LIST OF ABBREVIATIONS

• A555 – Alexa Fluor® 555

• AR – Amplex Red

• EnT – Energy Transfer

• FRET – Förster Resoance Energy Transfer

• ICP-OES – Inductivly-Coupled Plasma - Optical Emission Spectroscopy

• ITO – Indium Tin Oxide

• IRF – Instrument Response Function

• NC – Nanocrystal

• OAc – Acetate

• PL – Photoluminescence

• QY – Photoluminescence Quantum Yield

• RG Model – Restricted Geomegtry model

• ROI – Region Of Interest

• Rz – Rezorufin

• SB Model – Stochastic Binding Model

• SMFM – Single Molecule Fluorescence Microscopy

• TEM – Transmission Electron Microscope

• TMAOH – Tetramethyl Ammonium Hydroxide
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• TRPL – Time-resolved Photoluminescence
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