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ABSTRACT

In this work, we use optical approaches to study and provide mechanistic insight
into electrochemical reactions occurring at the surface of single nanoparticles. Correlated
optical-electrochemical studies offer several advantages over single nanoparticle
electrochemical studies including, higher spatial resolution, the ability to interrogate many
nanoparticles at the same time and identify populations of inactive nanoparticles.
Throughout this dissertation, two optical techniques are discussed in detail, dark-field
scattering and super-localization imaging. In the first set of experiments, we describe
calcite-assisted localization and kinetics (CLocK) microscopy, a multiparameter super-
localization imaging technique. By placing a rotating birefringent calcite crystal in the
infinity space of an optical microscope, CLocK provides immediate polarization and
orientation information while still maintaining the ability to localize a single nanoparticle
with < 10 nm resolution. Additionally, we demonstrate that the CLocK point spread
function encodes kinetic information that we quantified to be an order of magnitude shorter
than the integration time of the camera. In this work, CLocK provides new mechanistic
insight into dynamic processes such as the dissolution of single gold nanorods as well as
single-molecule surface-enhanced Raman scattering. In the second work, dark-field
scattering was employed to monitor a proposed post-synthesis silver nanoparticle surface
cleaning strategy to improve homogeneity across a population. Here, a sacrificial silver-
sulfide sulfide shell is chemically grown on single silver nanoparticles to outcompete
surface impurities. We demonstrate that upon electrochemical removal of the shell, a more

reactive and reproducible silver surface can be achieved as revealed by enhanced



electrodissoluion of the freshly cleaned silver nanoparticles. In these experiments, we
additionally found a sulfide-dependent formation of multiple sulfide-species as well as
mixed character sulfide shells on single nanoparticles themselves, thus demonstrating the
sensitivity provided by optical microscopy at identifying multiple surface chemistries.
Overall, the work in this dissertation highlights the ability of optical tools at revealing
heterogeneity in single particle studies providing insight into structure-function

relationships.
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Figure 1.1.

Figure 1.2.

Figure 1.3.

Figure 1.4.

LIST OF FIGURES

Example of single nanoparticle collision with UME. (A) As Ag NPs
stochastically collide with the Au UME held at an oxidizing potential, the
NP oxidizes to Ag* ions (red circles) and forms an outer silver oxide (Ag20)
layer (shown in gray) which catalyzes water oxidation. (B) A single current
spike is observed as a single Ag NP collides, oxidizes, and catalyzes water
oxidation on the Au UME. Adapted from Reference 30. Copyright 2018,
American Chemical Society.

(A) Generalized scheme of a dark-field optical microscope in an inverted
configuration. (B) Dark-field scattering image of ~ 50 nm gold nanospheres
captured by a colored CCD camera where different sized/shaped
nanospheres appear as diffraction limited spots of different colors ranging
from green to red against a dark background. (C) Dark-field single particle
spectra of the 4 gold nanospheres circled in (B). Adapted from Reference
39. Copyright 2011, John Wiley and Sons.

Visual representation of super-localization imaging. (A) A diffraction-
limited dark-field scattering image of an individual Ag NP (bottom) with a
corresponding 3-D representation (top). In the 3-D image, x- and y-
dimensions represent the pixel coordinates of the diffraction limited dark-
field scattering image while the z-dimension represents the intensity profile
of the image. (B) Analyzing the dark-field image from (A) with a 2-D
Gaussian equation allows us to determine the center position (marked with
red-X) of the Ag NP by determining the point in the dark-field image of
highest scattering intensity. Adapted from Reference 14. Copyright 2018,
American Chemical Society.

(A) Dark-field microscope setup. (B) Scattering intensity vs time for three
Ag NPs with different electrodissoluion behaviors: fast (<0.5 s, green), slow
(>0.5 s, blue), and no oxidation (orange). The applied potentials are
indicated at the top of the graph. (C) Histogram of the time required for the
particle intensity to drop to 90% of its original value at 1.2 V (blue) and 1.4
V (pink). The red dashed lines indicate particles that do not oxidize.
Adapted from Reference 14. Copyright 2018, American Chemical Society.



Figure 1.5.

Figure 1.6.

Figure 2.1.

Figure 2.2.

Figure 2.3.

Figure 2.4.

Figure 2.5.

(A) Left- scatter plot showing the (X,y) center positions of a single Ag NP
undergoing symmetric dissolution where the color bar indicates time
evolution. Right- Schematic showing how the oxide layer on the surface of
the Ag NP influences electrodissolution of a single Ag NP to undergo
symmetric dissolution. (B) Left- scatter plot showing the (X,y) center
positions of a single Ag NP undergoing asymmetric dissolution. Right-
Schematic showing how the oxide layer on the surface of the Ag NP
influences electrodissolution of a single Ag NP to undergo
asymmetric dissolution. Adapted from Reference 14. Copyright 2018,
American Chemical Society.

(A) Schematic of the two polarization-resolved diffraction-limited spots
produced as scattered light from the Ag NPs passes through a birefringent
calcite crystal. (B) Left- Example of isotropic Ag NP where intensity of
two spots are the same. Right- Monitoring change in M during
electrodissoluion where a value of zero implies the symmetric dissolution.
(C) Left- Example of anisotropic Ag NP where the intensity of the two spots
are different. Right- The decrease in M during electrodissoluion suggests
that the Ag NP is undergoing asymmetric dissolution where the intensity of
the spots change relative to each other over time. Adapted from Reference
14. Copyright 2018, American Chemical Society.

Scheme of CLocK microscopy in (A) dark-field and (B) fluorescence
configurations. In both configurations, as the light scattered or emitted from
the sample and passes through the rotating calcite crystal, the incident light
is split into two orthogonal rays, an ordinary (o) and extraordinary (e.).
The o appears as a diffraction limited spot while the e. sweeps out a ring
creating the distinct CLocK point spread function. Scale bars =1 um.

Simulated CLocK images for an (A) isotropic and (B) anisotropic
emitter/scatter. Scale bars =1 um.

(A) The e1 is segmented into 18 (20°) segments in which the intensity within
each segment is integrated and normalized to give 18 unique data points.
(B) Cartesian plot of Equation 2.7 fit (red) and normalized intensity (black)
plotted as a function of 6. (C) Polar plot of Equation 2.7 fit (red) and
normalized intensity (black) plotted as a function of 6.

Transmission spectra for thermally deposited gold-smooth films on glass
coverslips for films taken from different deposition batches.

Solutions of Ag NPs reacted with varying amounts of NaS. The noticeable
color change in solution of yellow to red occurs with the addition of
increasing amounts of NaxS is consistent with the formation of Ag.S.



Figure 2.6.

Figure 2.7.

Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.

Bulk cyclic-voltammogram (CV) to calibrate the quasi-reference Pt
electrode used in experiments against a standard reference electrode,
Ag/AgCl. From these bulk CV’s we observed a 0.107 V shift when
comparing Pt to standard Ag/AgCl.

General schematic of the experimental and dark-field microscope setup.
Electrochemical setup: The electrochemical cell consists of Ag@Ag2S NPs
drop-cast onto a Au film (working electrode) and two Pt wires (reference
and counter electrodes) inserted through the sides of an elastomer well that
contains our imaging buffer (10 mM Citrate buffer, pH 9). The cell is placed
on top of an inverted optical microscope. A home-made N2 flow chamber
is used to create a nitrogen blanket over the cell and prevent O, from
interacting with the Ag NPs. Optical setup: White light passes through the
dark-field condenser to illuminate the working electrode with dispersed
NPs. The low angle light scattered from the NPs is collected through a
100X objective and imaged onto an EM-CCD camera. The resulting dark-
field image produces a dark background with bright spots that represent the
electrode surface and the location of diffraction limited Ag NPs,
respectively. By synchronizing the collection of images from the camera
with a potentiostat, we can monitor changes in scattering intensities with an
applied potential.

Comparison of the simulated PSFs for an isotropic nanospheres (NS) and
anisotropic nanorods (NRs) at different orientations (¢ = 0°, 45°, and 90°)
imaged using (A) dark-field microscopy, where the diffraction limited spots
are identical for an isotropic NS or anisotropic NR (B) polarization resolved
microscopy using a stationary calcite crystal as the polarization analyzer (8
= 0°) where the PSFs for an isotropic NS and anisotropic NR at ¢ =45° are
similar. Scale bars =1 pm.

Schematic representation of CLocK microscopy in which emission passes
through a rotating calcite crystal, splitting it into mutually perpendicular
polarizations: a stationary oy ray and a spatially offset e. ray. As the calcite
crystal rotates, the e. ray sweeps out a ring around the stationary oy ray,
producing a CLocK image that can be read out by a camera (EM-CCD).
Scale bars 1 um.

Simulated CLocK images for an (i) isotropic nanosphere (NS) and (ii-iv)
anisotropic nanorods (NRs) with varying orientations (¢ = 0°, 45°, and 90°).
The calcite crystal acts as polarization analyzer, leading to distinct patterns
in the CLocK images. Scale bars 1 pm.

Scheme of CLocK microscopy in (A) dark-field and (B) fluorescence
configurations. Scale bars = 1 um.
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Figure 3.5.

Figure 3.6.

Figure 3.7.

Figure 3.8.

Figure 3.9.

Localization precision with and without the calcite crystal. (A) Localization
statistics for a mixture of six Au NPs in a dark-field scattering configuration
obtained by fitting the diffraction-limited scattering to Equation 3.1. 0 nm
is defined as the average center position for each particle sampled over 600
frames. Scale bars = 1 um. (B-D) Representative fluorescence images of a
fluorescent ND with e, arc lengths of (B) 360°, (C) 180°, and (D) 12°,
controlled using an optical shutter. Images in B-D are shown at the same
contrast. Localization statistics for four fluorescent nanodiamonds obtained
by fitting the diffraction-limited emission to Equation 3.1. Scale bars = 1
pm.

Comparison of (A) traditional dark-field, (B) dark-field CLocK, and (C)
SEM images for a mixture of Au NSs and Au NRs. Optical images were
acquired with an integration time of 300 ms. Scale bars: (A-B) 5 um, (C)
50 nm.

Example of a CLocK image of an Au NP being fit to Equation 3.2. (A) The
e. of the CLocK image is segmented into 18 (20°) segments in which the
intensity within each segment is integrated and normalized to give 18
unique data points. (B) Cartesian plot of Equation 3.2 fit (red) and
normalized intensity (black) plotted as a function of 6. (C) Polar plot of
Equation 3.2 fit (red) and normalized intensity (black) plotted as a function
of 0.

(A) Representative CLocK images of an Au NR before (t = 0 s) and after (t
= 840 s) chemidissolution with KI/I2, showing that the Au NR transitions
from an anisotropic rod-like structure to a more isotropic sphere-like
structure after dissolution (i.e. M =0.68 - 0.12). (B-D) Changes in the (B)
modulation depth, (C) scattering intensity, and (D) localized center-of-mass
of the Au NR during chemidissolution. Scale bars = 1 pm.

Schematic of asymmetric Au NR chemidissolution to a more symmetric Au
NS. The dotted cross-hairs represent the same position in space. The ‘+’
symbol represents the center of the Au NP at various time points, color
coordinated to match Figure 3.8B-D. In (A), the rods dissolve at equal rates
from the ends, leading to a stationary centroid, whereas in (B) the upper end
of the rod dissolves faster than the lower end, resulting in a vertical
displacement of the centroid with time.
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Figure 3.10.

Figure 3.11.

Figure 3.12.

Figure 3.13.

Comparison of spectral features found in CLocK images of a Au NS, large-
width Au NR (NR-1, 126 x 61 nm), and small-width Au NR (NR-2, 113 x
51 nm). (A) From top to bottom: dark-field color CLocK images, SEM
images, wavelength-averaged dark field (DF) CLocK images and
spectrally-dependent dark field CLocK using bandpass filters centered at
the wavelengths indicated. Images are shown at an optimal contrast to
highlight the e pattern. Scale bars: Color =2 [im; SEM =50 nm; DF =1
um. Optical images were acquired with an integration time of 300 ms.
Bandpass filters: 562 + 20 nm, 655 + 20 nm, and 692 + 20 nm. (B-D) Polar
plots showing how the angle-dependent ey intensity changes as a function
of bandpass filter wavelength. The data are normalized to the maximum
scattering intensity and fit to Equation 3.2. Each trace in the polar plot is
color coordinated to the bandpass filter labels in A. Each circle-tick of the
polar plots is 0.25 normalized intensity units. (E-G) Normalized scattering
intensity spectra of the intensity of o) (black), e 1ong (red), and e. trans (blue)
as a function of bandpass filter center wavelength. Data points are shown
at the center wavelength of each filter and lines are drawn to guide the eye.
Results from (B-D) and (E-G) agree well with polarization-resolved single-
NP dark-field spectroscopy data (Figure 3.13).

(A) Dark-field CLocK images from Figure 3.10 with complete range of
bandpass filters. Scale bars: SEM = 50 nm; Color =2 [Um; DF =1 [Um. (B)
Normalized intensity polar plots showing how the intensity and modulation
depth of the e changes as a function of bandpass filter wavelength. Polar
plots are color coordinated to bandpass filter labels and CLocK images in
A.

Modulation depth and orientation obtained from CLocK images plotted as
a function of bandpass filter wavelength for the Au NS, Au NR-1, and Au
NR-2 discussed in Figures 3.10 & 3.11.

Comparison of spectral data obtained using CLocK images (data points) and
single-particle polarization-resolved dark-field scattering spectroscopy for
the Au NS, Au NR-1, and Au NR-2 discussed in Figures 3.10, 3.11, 3.12.
(A) CLocK oy intensity as a function of bandpass filter wavelength
compared with the single-particle unpolarized dark-field scattering spectra
of each Au NP. (B) CLocK e1 wrans intensity as a function of bandpass filter
wavelength compared to single-particle polarized-resolved dark-field
scattering spectra corresponding to 8 = ¢ + 90° for each Au NP. (C)
Comparison of CLocK el ong intensity as a function of bandpass filter
wavelength to the single-particle polarized dark-field scattering spectra
corresponding to 6 = ¢ of each Au NP. (D) Intensity polar plots obtained
from  single-particle  polarization-resolved  dark-field scattering
spectroscopy. Plots are color coordinated to the bandpass filter labels,
CLocK images, and polar plot in Figure 3.11.

Xiii



Figure 3.14.

Figure 3.15.

Figure 3.16.

Figure 3.17.

Figure 3.18.

| Kinetic information encoded in the ey arc length of CLocK images.
Simulated CLocK images showing kinetic events (ton) lasting (i) t, arc
length = 360°, (ii) % t, arc length = 180°, (iii) ¥ t, arc length = 90° and (iv)
<< 1, where 7 is the time required to acquire an image and the arc length is
expressed in polar coordinates. Scale bars =1 um.

Combining CLocK microscopy and CNNs to extract kinetic information
from CLocK images of isotropic emitters. (A) CLocK images are
simulated, where all parameters such as e. arc length, e. modulation depth,
etc. are known. To extract temporal information from CLocK images,
images with 1 - 360° ey arc lengths are simulated in 1° increments. (B)
After background subtraction and normalization, the simulated images are
broken up into three data sets, a training data set, a validation data set, and
a test data set. (C) Training and validation data sets are used to train the
CNN. (D) The test data set is used to test the accuracy of the CNN on
simulated data. For Kinetic data, the CNN was able to predict e arc length
with an RMSE of 5.5° on simulated CLocK images. (E) Once satisfied with
the model’s ability to predict simulated data, the model can be applied to
experimental CLocK data to be evaluated. The CNN’s model was able to
predict the ey arc length of experimental CLocK images with an RMSE of
15°.

(A) Representative CLocK images for Rhodamine 6G SM-SERS events.
Scale bars = 1 um, optical images acquired with an integration time of 1 s.
(B) Normalized intensity time-traces of the oy (black) and e (red) for SM-
SERS events on aggregated Ag colloid. (C) A subsection of the intensity
time-traces from (C) is magnified to demonstrate the difference in temporal
resolution provided by the ojand e.. The portion of the time trace shown in
(C) corresponds to the images shown in (A).

CLocK images of R6G SM-SERS events on Ag colloids shown in the
intensity time-trace in Figure 3.16B. The images in the top row are
contrasted the same to show the difference in intensity of several SM-SERS
events. The images in the bottom row are contrasted to best show the
CLocK PSF and kinetic information encoded in the eir. Frame 71
corresponds to t = 70 — 71 s in the intensity time trace of Figure 3.16. Scale
bars =1 pm.

CLocK images of R6G SM-SERS on an Ag dimer. The images are
individually contrasted to best show the CLocK PSF. Scale bars = 1 um.
Note that even for the short events in frames 24, 26, and 45, the pattern is
consistent with the dipole emission observed in the other frames.

Xiv



Figure 3.19.

Figure 3.20.

Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

SM-SERS polarization information available using CLocK microscopy on
an Ag dimer. (A) Dark-field CLocK image of an Ag dimer. Scale bar =1
pm. (B) ey dark-field intensity polar plot fit of the Ag dimer in A. (C) e.
intensity polar plot fit of the R6G SM-SERS event in Frame 52 (Figure
3.18). (D) e. intensity polar plot fit of the R6G SM-SERS event in Frame
56 (Figure 3.18).

Polarization and localization SM-SERS information available using CLocK
microscopy. (A) Dark-field CLocK image of an aggregated Ag colloid.
Scale bar =1 pm. (B) e dark field intensity polar plot fit of the Ag colloid
in A. (C) ey intensity polar plot fit of the R6G SM-SERS event in Frame
72 (Figure 3.16). (D) ey intensity polar plot fit of the R6G SM-SERS event
in Frame 73 (Figure 3.16). (E) Super-localization data of the Ag colloid
center (black) and R6G SM-SERS events (red, Frame 72 — blue, Frame 73
— green). Only events in which the o) had a R?> > 0.80 when fit to a 2-D
Gaussian are plotted.

A schematic of the post-synthesis sacrificial silver-sulfide shell approach in
which a sacrificial Ag.S shell is chemically grown on the surface of surface-
contaminated (dirty) Ag NPs, then electrochemically stripped, revealing a
more silver-like surface. Electrodissolution kinetics (as revealed by
changes in the optical signatures) of the recovered Ag NPs are used to
benchmark changes in surface chemistry.

Extinction spectra of bulk Ag NPs reacted with varying [HS]. As [HS]
increase from 0 pM to 25 puM thicker shells are expected to grow on the
surface of the Ag NPs, leading to a red shift and plasmon damping, as
previously reported. Each spectrum was taken 30 minutes after the addition
of Na.S to the Ag NPs (in a pH = 12 solution).

(A) TEM image and corresponding EDX spectra of a single unreacted Ag
NP showing no sulfide species is present on the Ag NP. (B) TEM image
and corresponding EDX spectra for an aggregated sample of unreacted Ag
NPs.

(A) TEM image and corresponding EDX spectra of a single Ag NP that was
reacted with 50 uM HS™ (where a Ag2S shell is expected to form — i.e.
Ag@AQg>S) showing a chemically distinct shell has formed on the exterior
of the NP with a sulfur signal visible in the spectra. (B) TEM image and
corresponding EDX spectra for a dimer Ag NP that was reacted with 50 uM
HS

XV



Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

Figure 4.10.

TEM image, elemental mapping, and energy-dispersive x-ray (EDX)
spectra for two representative unreacted Ag NPs (0 uM) and two Ag NPs
after reacting with 50 uM HS" solution. Here, the elemental mapping and
EDX spectra suggest the contrast difference seen in the TEM image is an
exterior surface sulfide species. Scale bars =50 nm.

General schematic of dark-field microscope setup. White light passes
through the dark-field condenser to illuminate the NPs. The low angle light
scattered from the NPs is collected through an objective and imaged onto
an EM-CCD camera. The resulting dark-field image produces a dark
background with bright spots that represent the electrode surface and the
location of diffraction limited Ag NPs, respectively. By synchronizing the
collection of images from the camera with a potentiostat, we can monitor
changes in scattering intensities with an applied potential.

Histograms showing the distribution of scattering intensities for individual
Ag NPs after reacting with varying [HS]. More than 120 nanoparticles
were examined for each [HS].

Average scattering intensities (from histograms in Figure 4.7) as function
of [HS]. The dashed line represents the initial average scattering intensity
of Ag NPs from a commercial source.

Representative potential-step intensity-time traces for two different Ag NPs
with sacrificial shells formed in 15 uM HS". (A) NP undergoing immediate
shell removal and fast oxidation, indicating a more silver-like surface
achieved. (B) NP with sluggish shell removal and slower oxidation kinetics
suggesting contaminants remain. The potential waveform is as follows: t =
0 — 10s, open circuit potential; t = 10 — 70 s, Vstrip = -1.1 V (removal of
silver-sulfide shell); t = 70 — 130 s, Vox = 0.7 V (electrodissolution of Ag
NPs); and t = 130 — 140 s, open circuit potential. A 10 mM citrate buffer
(pH 9) was used as supporting electrolyte for stripping and oxidation steps.

(A) Average scattering intensities before (red) and after (blue)
electrochemical stripping of the sacrificial silver-sulfide shell from Ag NPs
as a function of [HS]. The dashed line serves as guide for the starting
intensity of the purchased Ag NPs. The solid line connecting the data points
helps to guide the eye. (B) Percentage of NPs that show fast oxidation
Kinetics (scattering intensity decays in < 0.5 s, black data) versus percentage
that show no oxidation (no change in scattering intensity, cyan data).
Orange, green, and purple shaded regions designate the three concentration
regimes discussed in the text.
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Figure 4.11.

Figure 4.12.

Figure 4.13.

Figure 4.14.

Figure 5.1.

Histograms of the change in scattering intensity (AI) of the Ag NPs after
reductive stripping and before reductive stripping (e.g., “without” shell vs.
“with” shell). For the as-purchased NPs (0 uM), most of the NPs
undergoing fast oxidation (green) show either no change in their scattering
intensity or even a decrease in scattering intensity upon application of a
stripping potential. In the low [HS’] regime, we attribute the diverse
behavior to mixed character surfaces formed at low [HS] where AgSH
adlayer coverage is expected to be less than 50% of the NP surface and thus
why a positive shift in Al is not always seen, particularly in the 2.5 and 5
uM histograms. NPs that undergo fast oxidation after reacting with 7.5 pM
show a more dramatic positive shift in Al, demonstrating the correlation
between complete shell removal and efficient dissolution of the NP.
Interestingly, NPs that did not undergo oxidation in this concentration also
showed a positive Al. We propose these NPs have a type of AgSH adlayer
where -1.1 V is not effective at stripping and why no dissolution is
observed.81°

Confirming presence of multiple adlayers types, where -1.1 V is sufficient
to strip type B but requires a more negative potential of -1.4 V to strip type
A. (A) Representative intensity-time trace for Ag NP reacted with 5 uM
HS™ with insufficient stripping potential of -1.1 V. Blue shaded region
demonstrating slow oxidation kinetics. (B) Representative intensity-time
trace for Ag NP reacted with 5 uM HS™ with more reducing stripping
potential of -1.4 V. Green shaded region indicating fast oxidation kinetics.
(C) Scattering intensity after stripping vs. initial scattering intensity (before
stripping) over a population of nanoparticles at different stripping potentials
(D) Comparison of oxidation kinetics over the same population of NPs after
different stripping potentials applied.

Representative intensity-time trace for an Ag NP reacted with 12.5 uM HS"
with the potential waveform of: t =0 — 10 s, open circuit potential; t = 10 —
70 S, Vstrip =-1.1 V, t= 70 — 130 S, Vox = 07 V, t= 130 — 190 S, Vstrip =-14
V;t=190-250s, Vox = 0.7 V; t = 250 — 260 s, open circuit potential.

Comparison of oxidation kinetics at a low oxidizing potential of 0.3 V
comparing populations of unperturbed NPs (0 uM HS") and NPs with shells
formed with 12.5 uM HS". A more negative stripping potential of -1.4 V
was applied to the unreactive NPs from 12.5 uM HS~ after -1.1 V was
unsuccessful at removing the shell.

A series of TEM images highlighting spherical shape of unreacted Ag NPs.
(A) TEM image of asingle unreacted Ag NP. (B) TEM image of aggregated
sample of unreacted Ag NPs. (C-D) HR-TEM images of single unreacted
Ag NPs. Scale bars (C-D) =50 nm.
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Figure 5.2.

Figure 5.3.

Figure 5.4.

A series of TEM images highlighting how the shape of reacted Ag NPs
change upon sulfidation. (A) TEM image of a single Ag NP reacted with
high [HS] (50 uM HS"). (B) TEM image of Ag NP dimer reacted with high
[HS] (50 uM HS"). (C-D) HR-TEM images of single Ag NPs reacted with
high [HS] (50 uM HS"). Scale bars (C-D) =50 nm.

Normalized average scattering intensities of single Ag NPs undergoing real-
time sulfidation reaction with 50 uM HS". In each trial more than 120 NPs
were monitored. Dashed line added at the initial scattering intensity to serve
as guide for the reader. The rise in scattering intensity fromt=0->t=1
min for trial 1 (black data) made us interested in the dynamics during the
initial stages of sulfidation, as such, the scattering intensities for trial 2 (red
data) and trial 3 (blue data) was recorded continuously fromt=0->t=5
mins. Sulfide solution and Ag NP concentration were prepared to match
conditions of chemical growth as discussed in Chapter 4 of this dissertation.

Example of how spectral features can be found in CLocK images. (A) Top-
down: dark-field color CLocK images, SEM images, dark-field CLocK
image for a gold nanosphere (Au NS), a large-width gold nanorod (Au NR-
1, 126 x 61nm) and small-width gold nanorod (Au NR-2, 113 x 51nm). (B-
D) Normalized scattering intensity spectra of the o) (black), e 1ong (red), and
e1 wrans (blue) of the CLocK image as a function of wavelength (series of
bandpass filters used).
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CHAPTER 1: INTRODUCTION

1.1 Single Nanoparticle Electrochemistry

Metal nanoparticles (NPs) have become a widely adopted electrode material for
energy storage and conversion,'? biosensing,>® (photo)catalysis,*® and corrosion’®
applications due to the attractive properties achieved after reducing the size of the metal to
the nanoscale. Traditionally, performance of these nano-electrodes is benchmarked using
bulk electrochemical techniques, such as potentiometry and amperometry, where the
current response measured represents an ensemble average of large numbers of NPs
assembled on a supporting electrode.’®*® However, at the nanoscale, size, shape, and
surface properties lead to heterogeneous performance from particle-to-particle, a
phenomenon hidden in ensemble electrochemical techniques.®41® To address this issue,
single NP electrochemical studies are necessary to better understand and assign structure-
function relationships for the development of more efficient systems.

Over the past decade, the field of nano-electrochemistry has seen a surge of interest
with a common goal of improving sensitivity in electrochemical measurements at a single
entity level.1”20  Specifically for single NP experiments, improvement to fabrication
methods has allowed researchers to make electrodes on the order of a few tens-of-
nanometers in diameter which are capable of probing electrochemical signals from redox
reactions involving single NPs with sufficiently high signal-to-noise.?:?? These electrodes
are often referred to as ultramicroelectrodes (UMESs) and are the backbone of techniques
such as scanning electrochemical microscopy (SECM),?123 and single NP collision-
based studies.?*?®  Collision-based studies are of particular interest for single NP

1



electrochemistry measurements due to their low cost, experimental simplicity, and high-
level sensitivity.?*?” In these types of studies, an inert UME is immersed in a solution
containing electrocatalytic NPs and biased at a potential such that a redox mediator in
solution or the NPs themselves undergo redox reaction. For example, Zhang and co-
workers reported the observation of electrocatalytic water oxidation as silver NPs (Ag NPs)
collide with a gold UME that was held at oxidizing potentials (Figure 1.1A).28 The authors
observed that at sufficiently high oxidizing potentials, most Ag NP collision events
consisted of a sharp subcollsion peak followed by a long decay time (t) (Figure 1.1B).
They discovered that the total charge transferred in these events was higher than that
estimated from complete oxidation of the Ag NPs. This suggested additional redox
chemistry was occurring at the surface beyond the oxidation of the Ag NPs. Control studies
in which they varied the pH of the NP solution, the oxidizing potential at which the UME
was held, and the size of the Ag NPs revealed that particle-dependent silver oxide (Ag20)
growth on the surface of the Ag NPs occurred during collision and served as the catalyst
for water oxidation. The single particle nature of their collision experiments provided
mechanistic insight into the oxidation of Ag NPs that would otherwise be unobservable in

similar bulk electrochemical measurements.
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Figure 1.1. (A) As Ag NPs stochastically collide with the Au UME held at an oxidizing
potential, the NP oxidizes to Ag* ions (red circles) and forms an outer silver oxide (Ag20)
layer (shown in gray) which catalyzes water oxidation. (B) A single current spike is
observed as a single Ag NP collides, oxidizes, and catalyzes water oxidation on the Au
UME. Adapted from Reference 28. Copyright 2018, American Chemical Society.

While single NP electrochemical techniques like collision-based studies are
effective for demonstrating NP heterogeneity by monitoring changes in electroactivity,
they are still limited to studying one NP at a time, thus creating time consuming
experiments with an inability of providing spatial or compositional feedback of the NPs.
Complimenting single NP electrochemistry with other in situ techniques such as optical

microscopy can lead to a more complete understanding of structure-function relationships

for single NP studies.?®!

1.2 Optical Techniques for Single Nanoparticle Studies

Despite single NP electrochemical techniques providing insight into NP
heterogeneity through reaction kinetics at the single NP level, correlated electrochemical
and optical methods can offer spatial and structural information that is essential for

mechanistic insight into single NP behavior.®>3 Throughout this dissertation, two optical



techniques are discussed in detail, dark-field optical microscopy and super-localization
imaging.
Dark-field optical microscopy

Metal NPs like silver and gold support localized surface plasmon resonances (i.e.
the collective oscillation of surface conduction electrons) when exposed to light, resulting
in efficient light scattering at wavelengths in the visible region of the spectrum.3*3¢ This
makes nanomaterials such as silver and gold well suited for optical studies where the light
scattered from individual NPs can be made observable with the assistance of an optical
microscope. In a dark-field configuration (Figure 1.2A),%" white light is passed through a
high numerical aperture (N.A.) dark-field condenser which blocks low angle light from the
source allowing a hollow cone of high angle light to illuminate the sample of interest. Light
that is scattered by the NPs is collected by a low N.A. objective and imaged onto a detector,
such as a charged coupled device (CCD), while light that passes through the sample without
interacting with any NPs is rejected by internal optics of the objective. The resulting dark-
field optical image shows diffraction limited bright spots which represent NPs against a
dark background. Figure 1.2B shows an example of a dark-field scattering image of gold
nanospheres (Au NSs) collected on a colored CCD camera.®” Here, different diffraction-
limited spots with varying colors are observed due to heterogeneity in size/shape of the Au
NSs. By placing a spectrometer in the imaging path, the wavelength of light scattered from
each NS can be quantified as a spectral image thus providing relative feedback on size and
shape (Figure 1.2C).%” Previous work from our lab has demonstrated that dark-field optical
imaging can be used in unison with electrochemical techniques to monitor reactions on

individual particles in real time.**6 In this dissertation, dark-field optical imaging is used



to demonstrate a methodology of restoring the surface of silver nanoparticles to a more
homogeneous and reactive state by electrochemically removing a chemically-grown silver-
sulfide shell (Chapter 4).
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Figure 1.2. (A) Generalized scheme of a dark-field optical microscope in an inverted
configuration. (B) Dark-field scattering image of ~ 50 nm gold nanospheres captured by a
colored CCD camera where different sized/shaped nanospheres appear as diffraction
limited spots of different colors ranging from green to red against a dark background. (C)
Dark-field single particle spectra of the 4 gold nanospheres circled in (B). Adapted from
Reference 37. Copyright 2011, John Wiley and Sons.
Super-localization imaging

The ability of an optical imaging system to resolve light scattered by an object is
restricted by the diffraction limit of light, which limits the spatial resolution to roughly half
of the wavelength of light used.***® For example, the Au NSs shown in Figure 1.2B have
a physical size of ~ 50 nm in diameter; however, their diffraction limited spot size in the

dark-field image is ~ 300 nm in diameter.®” The advent of super-localization based super-

resolution imaging made it possible to overcome the diffraction limit of an optical imaging



system by fitting the point of highest scattering intensity from the point spread function of
the diffraction limited spot to a model equation, such as a two-dimensional (2-D) Gaussian,
such that the spatial location of an individual scatterer can be determined with precision
better than 10 nm.3*#2 Figure 1.3 shows a visual representation of how super-localization
imaging is used to approximate the center position of an individual NP from a diffraction-
limited dark-field scattering image by using a 2-D Gaussian equation (Equation 1.1) to

determine the position of highest scattering intensity.*

2
1(x,y) =z + Ioe_%[( 2+ 05) ] (Eq. 1.1)
Here 1(x,y) is the intensity of the diffraction-limited spot projected onto the x and y pixels
in the optical image , zo is the background intensity, ox and oy are the standard deviation
(or width) of the diffraction-limited spot, and Xo and yo are the approximated center position
of the scattering object. The ability to monitor the center position of an individual NP
becomes useful for single particle electrochemical studies when a redox reaction involving
the NP is accompanied by a physical change in its center-of-mass, such as the asymmetric
electrodissolution of Ag or Au NPs,1416
While super-localization imaging is powerful in terms of providing spatial and
intensity information for an individual NP, determining the NP’s orientation and inferring
structural information often requires additional characterization techniques such as
scanning electron microscopy (SEM) or atomic force microscopy (AFM). In this
dissertation, we discuss a new localization-based super-resolution imaging technique,
calcite-assisted localization and kinetics (CLocK) microscopy, in which spatial, intensity,
structural, and orientation information for an individual NP can be extracted from a single

optical image (Chapter 3).
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Figure 1.3. Visual representation of super-localization imaging. (A) A diffraction-limited
dark-field scattering image of an individual Ag NP (bottom) with a corresponding 3-D
representation (top). Inthe 3-D image, x- and y-dimensions represent the pixel coordinates
of the diffraction limited dark-field scattering image while the z-dimension represents the
intensity profile of the image. (B) Analyzing the dark-field image from (A) with a 2-D
Gaussian equation allows us to determine the center position (marked with red-X) of the
Ag NP by determining the point in the dark-field image of highest scattering intensity.
Adapted from Reference 14. Copyright 2018, American Chemical Society.
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1.3 Exploring the Role of Surface Chemistry on Silver Nanoparticle Heterogeneity
As metal particles are shrunk to the nanoscale, the chemical nature of the particle
surface becomes a source of heterogeneity in their reactivity, creating a challenge in
deriving structure-function relationships.***’ Surface oxides, capping agents, and surface
ligands are all well documented sources of heterogeneity when examining surface effects
on NP performance. For example, Long and co-workers compared the electrodissolution
behavior of Ag NPs adsorbed to the surface of a Au UME in a pH neutral electrolyte
solution versus in an alkaline (pH 11) electrolyte solution where surface oxide formation
is favored.*® The authors found that the time to reach complete oxidation (which they refer
to as NP dwell time on the UME surface) for Ag NPs in the alkaline solution was up to 20
times longer than Ag NPs in the neutral solution. They attributed the slow

electrodissolution Kinetics to the insoluble oxide layer that formed on the surface of the Ag



NPs and additionally found that larger NPs drastically increased the time for oxidation in
alkaline solution.

Previous work from our lab explored the role of surface oxides on the
electrodissoluion of Ag NPs using a correlated optical-electrochemical approach (Figure
1.4A).%* Ag NPs scatter light at their plasmon resonance which lies in the visible region
of the spectrum making them easy to optically observe in a dark-field microscope setup.
By monitoring the dark-field scattering intensity of single Ag NPs while an oxidation
potential was applied, we observed the heterogeneous loss of scattering intensity as Ag
electrodissolves to Ag* (Figure 1.4B). We found that the timescales of this dissolution
process showed significant particle-to-particle variation that could be manipulated by the

applied oxidation potential (Figure 1.4C).
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Figure 1.4. (A) Dark-field microscope setup. (B) Scattering intensity vs time for three Ag
NPs with different electrodissoluion behaviors: fast (<0.5 s, green), slow (>0.5 s, blue), and
no oxidation (orange). The applied potentials are indicated at the top of the graph. (C)
Histogram of the time required for the particle intensity to drop to 90% of its original value
at 1.2 V (blue) and 1.4 V (pink). The red dashed lines indicate particles that do not oxidize.
Adapted from Reference 14. Copyright 2018, American Chemical Society.



To probe the heterogenous electrodissolution behavior, we applied super-
localization imaging to examine if the Ag NPs had any changes in their spatial position.
Fitting diffraction-limited dark-field images to a 2-D Gaussian equation (Equation 1.1)
allowed us to localize the center of mass of the Ag NPs as they electrodissolve, thus
providing feedback on how the shape of the nanoparticle progresses. This super-
localization study revealed that Ag NPs electrodissolve in either a spatially symmetric
(Figure 1.5A) or asymmetric manner (Figure 1.5B) which we attributed to heterogeneity
in the surface oxide coverage on single Ag NPs. We proposed that a thin or uniform oxide
layer led Ag oxidizing to Ag* evenly across the nanoparticle resulting in symmetric
dissolution. If the oxide layer was non-uniform across the nanoparticle surface, then Ag

oxidized to Ag* preferentially which led to asymmetric dissolution.
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Figure 1.5. (A) Left- scatter plot showing the (x,y) center positions of a single Ag NP
undergoing symmetric dissolution where the color bar indicates time evolution. Right-
Schematic showing how the oxide layer on the surface of the Ag NP influences
electrodissolution of a single Ag NP to undergo symmetric dissolution. (B) Left- scatter
plot showing the (x,y) center positions of a single Ag NP undergoing asymmetric
dissolution. Right- Schematic showing how the oxide layer on the surface of the Ag NP
influences electrodissolution of a single Ag NP to undergo asymmetric dissolution.
Adapted from Reference 14. Copyright 2018, American Chemical Society.



To confirm that changes in spatial origin were due to anisotropic dissolution of the
nanoparticles, polarization-resolved studies were carried out in which a birefringent calcite
crystal was placed in the infinity space of the microscope. As scattered light from the Ag
NPs is passed through the calcite, it’s split into two orthogonal polarizations producing two
diffraction-limited spots in our dark-field image (Figure 1.6A). For an isotropic Ag NP,
the two diffraction-limited spots will have the same intensities (Figure 1.6B), whereas
anisotropic Ag NPs show different intensities (Figure 1.6C) depending on the orientation
of the particle. We quantified the anisotropy by defining a ratio of the two diffraction-

limited spots of the optical image as the M value:

M = lere” Iright (Eq. 1.2)

lefe+ Irighe
where liet and lright correspond to the scattering intensities of the two diffraction-limited
spots. M will have a value of zero if the nanoparticle is symmetric (Figure 1.6B) and a
value between zero and one if asymmetric (Figure 1.6C). By tracking the change in M
over time, we were able to demonstrate the anisotropic shape change Ag NPs undergo

during electrodissoluion associated with heterogeneous surface oxide coverage.
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Figure 1.6. (A) Schematic of the two polarization-resolved diffraction-limited spots
produced as scattered light from the Ag NPs passes through a birefringent calcite crystal.
(B) Left- Example of isotropic Ag NP where intensity of two spots are the same. Right-
Monitoring change in M during electrodissoluion where a value of zero implies the
symmetric dissolution. (C) Left- Example of anisotropic Ag NP where the intensity of the
two spots are different. Right- The decrease in M during electrodissoluion suggests that
the Ag NP is undergoing asymmetric dissolution where the intensity of the spots change
relative to each other over time. Adapted from Reference 14. Copyright 2018, American
Chemical Society.

1.4 Scope of this Dissertation

The motivation of the research discussed in this dissertation was to address the
unsolved problems of our investigation into the influence of surface oxides on the
electrodissoluion of single Ag NPs. There were two challenges that we encountered in
these studies, first, our ability to obtain both super-localization and single nanoparticle
anisotropy information in a single optical image, and second, the heterogeneous oxide
layers on Ag NPs leading to significant variation in electrodissoluion kinetics from
particle-to-particle. To address the first challenge, Chapter 3 of this dissertation discusses
a multiparameter super-localization imaging technique, calcite-assisted localization and
kinetics (CLocK) microscopy, that builds upon the polarization-resolved imaging
previously discussed. By rotating the birefringent calcite crystal, CLocK microscopy
generates a polarization-averaged diffraction-limited image surrounded by a polarization-

resolved ring, allowing intensity and localization information to be maintained but adding
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in the ability to extract anisotropy/orientation information from a single optical image. To
address the second challenge, Chapter 4 of this dissertation explores a methodology of
improving the homogeneity of Ag NP electrodissolution. Here, a sacrificial silver-sulfide
shell is chemically grown on the surface of single Ag NPs to compete with unwanted
surface contaminants, such as surface oxides. We propose that upon electrochemical
removal of this shell, a more pristine and reproducible silver surface can be achieved as
revealed by fast electrodissoluion kinetics across a population of Ag NPs. This study not
only demonstrates an approach for creating a more homogeneous NP surface, but also
highlights the ability of optical microscopy at identifying multiple chemistries present on
the surface of single NPs. Finally, in Chapter 5, we look to provide a perspective on the
future of CLocK microscopy and how it could be applied to improve our understanding of
Ag NP electrodissolution as well as dynamic changes to surface chemistries such as growth

of silver-sulfide on single Ag NPs.
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CHAPTER 2: METHODS

2.1 Experimental Section for Chapter 3

Nanoparticles and Fiducials

Citrate stabilized gold nanospheres (100 nm diameter, 0.05 mg/mL in 2 mM sodium
citrate) were purchased from nanoComposix. CTAB-stabilized gold nanorods (70 nm
diameter, 120 nm length, aspect ratio = 1.7, 50 pg/mL in DI water) were purchased from
Nanopartz. Fluorescent nanodiamonds (100 nm, vitrogen vacancy > 900 NV/particle, 1
mg/mL in DI water) were purchased from Sigma Aldrich. Fluorescent sky-blue particles
(260 nm, 0.25% w/v in DI water) were purchased from Spherotech.

Silver colloids were prepared following the Lee and Meisel method. First, a 500
mL and 50 mL flask were acid cleaned with aqua regia (1:3 volume mixture of nitric acid:
hydrochloric acid). After glassware was cleaned, approximately 45 mg of AgNOs (ACS
Reagent > 99.0%, Sigma Aldrich) was added to the 500 mL flask and dissolved in 250 mL
of nanopure water (18 MQ-cm, arium pro, Sartorius). This solution was then heated to a
boil. In the 50 mL flask, 5 mL of a 10% w/w solution of sodium citrate (ACS Reagent >
99.0%, Sigma Aldrich) was prepared and added to the solution in the 500 mL flask. This
combined mixture was boiled for 1 hour being sure to continuously add in extra nanopure
water that is lost during the boiling process. The Ag colloid solution appears cloudy gray
in color when finished. This solution can be stored in the flask or a secondary container,
however, covering and limiting light exposure will help maintain the quality of the

particles.
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Preparation of Substrates

Glass coverslips (premium coverglass No. 1, 25 x 25 mm) were purchased from
Fischer Scientific. Indium-tin oxide coated glass coverslips (ITO, #1 thickness, 22 x 22
mm, 15-30 Q/sq. resistivity) were purchased from SPI Supplies. Both glass and ITO
coverslips were sequentially cleaned by sonicating 15 minutes each in acetone, iso-
propanol, and then nanopure water. All coverslips were dried with N2 and O, plasma

cleaned (Harrick Plasma, Plasma Cleaner PDC-32G) for 10 minutes prior to use.

Rotating Calcite Crystal Setup

For all CLocK studies, a birefringent calcite crystal (Thor Labs, Mounted Calcite
Beam Displacer, BD27 — 2.7 mm beam separation) housed in a motorized rotary mount
(QIOPTIQ, Rotary Mount with Servo Motor) was placed in the infinity space of an inverted
optical microscope (Olympus, IX-73, two-deck system) between the objective and tube
lens. The rotation rate of the motorized rotary mount was controlled by a precision DC
voltage source (Stanford Research Systems, Model DC205) and monitored using an
intelligent digital tachometer (Buyee, DT-2234C"). Importantly, the rotation rate of the
motorized rotary mount was set to equal the acquisition rate of the EM-CCD camera
(Andor, iXon Life 897) (i.e. the rotations-per-minute (RPM) reading from the tachometer

was equal to the acquisition rate of the camera).

CLocK Microscope Setups
Dark-field CLocK images (Figure 2.1A) were collected by passing white light from a
tungsten-halogen source through a dark-field condenser (Olympus) to illuminate a sample

of metal NPs on either a glass or ITO coverslip. Low angle light scattered from the NPs
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was collected by a 100X objective (Olympus, oil immersion, 0.6 NA), passed along the
optical path through the rotating calcite crystal, tube lens, and a relay lens before imaging
onto the EM-CCD camera.

In fluorescence (Figure 2.1B) and single molecule SERS (SM-SERS) CLocK studies,
samples were illuminated with a circularly polarized 532 nm continuous wave laser in a
through-the-objective epi-illumination configuration. The resulting emission was collected
by the same objective (Olympus, oil immersion, 1.3 NA), passed along the optical path
through a dichroic mirror, the rotating calcite crystal, a 532 long-pass filter, and a relay

lens before being imaged onto the EM-CCD camera.

White light source
FEEN .20
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Figure 2.1. Scheme of CLocK microscopy in (A) dark-field and (B) fluorescence
configurations. In both configurations, as the light scattered or emitted from the sample
and passes through the rotating calcite crystal, the incident light is split into two orthogonal
rays, an ordinary (oy) and extraordinary (e.). The ojappears as a diffraction limited spot
while the e sweeps out a ring creating the distinct CLocK point spread function. Scale
bars =1 um.
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Super-localization of o
The center position of the o was determined by fitting the diffraction limited spot
of the CLocK point spread function (PSF) to a two-dimensional (2-D) Gaussian equation

(Equation 2.1):

_1f(x=x0)?, (¥=20
I =2zy+Ipe 2[( w2 oy ) ] (Eq. 2.1)
where 1 is the intensity of the diffraction-limited spot (0y), zo is the background intensity,
ox and oy are the standard deviation (or width) of the diffraction-limited spot, and Xo and yo

are the approximated center position of the oj.

Simulated CLocK Images*

*For completeness of discussion in Chapter 3 of this dissertation, the procedure for
simulating CLocK images is described below; however, the simulations were performed
by Zachary J. O’Dell and Sanjay Sridhar.

In CLocK microscopy, the angle-dependent intensity of the ordinary ray, I, (), and
extraordinary ray, I, (), are defined using Equation 2.2 and Equation 2.3, respectively:

Io,(8) = Wy cos?*(6 — @ +90) + (1 — W)l cos*(6 — @) (EQ.2.2)

I, (6) = WIycos*(8 — @) + (1 — W)l cos*(6 — ¢ +90) (Eq. 2.3)
where W is a constant between 0.5 — 1 used to describe the degree of anisotropy of the
emitter/scatterer, I, is a constant value representing the intensity, 6 is the (varying)
orientation of the calcite crystal, and ¢ is the fixed orientation of the emitter/scatterer. For
an isotropic emitter/scatterer (W = 0.5), I, and [, are equal at all values of 0, leading to
the uniform intensity observed in the ey pattern (Figure 2.2A). For an anisotropic

emitter/scatter (0.5 <W <1), I, and I, will have different values depending on the value
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of 0, leading to the intensity modulation or lobing observed in the e pattern (Figure 2.2B).

)as

(Eq. 2.4)

The entire CLocK PSF can be modelled using Equation 2.4:

X=X0 o)\ 2 -¥0 op\2 g o \2 ol N2
N (0 e | NS by

where x and y are Cartesian coordinates within the CLocK image, x,,, and y, ., are the
(fixed) center coordinates of the oy, and ox and oy are the width of the Gaussian in the x and
y direction, respectively. x, ., (6) and y, ., (@) are the angle-dependent center coordinates
of the ey, defined by Equation 2.5 and Equation 2.6, respectively:
Xge, (0) = xg,, + dsin(6) (Eq. 2.5)
Yoe,(6) =¥, + dcos(6) (Eq. 2.6)

where d is the distance between the o center and e. center.

A B

Figure 2.2. Simulated CLocK images for an (A) isotropic and (B) anisotropic
emitter/scatter. Scale bars = 1 pm.
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CLocK Polarization and Orientation Experimental Procedure

A solution of Au NSs and Au NRs was prepared by mixing 5 pL of Au NSs and 50
ML of AuNRs in 470 pL of nanopure water. A solvent- and plasma-cleaned glass coverslip
was then spin-coated with 15 pL of the dilute sample of Au NPs.

Optical images were captured utilizing the dark-field setup described above. The
calcite crystal was set to rotate at a speed of 200 RPM (3.33 Hz), and the acquisition rate

of the camera was set to capture an image every 300 ms (3.33 Hz).

Colored CLocK Images Experimental Procedure

A mixture of Au NSs and Au NRs was prepared by mixing 5 pL of Au NSs and 50
ML of Au NRs in 470 uL of nanopure water which was then spin-coated (3,000 rpm for 60
s) onto an ITO coverslip with an asymmetric ‘A’ etched onto it to allow for correlated
optical, single-particle spectroscopy, and electron microscopy studies.

For optical studies, the calcite crystal was set to rotate at a speed of 200 RPM (3.33
Hz), and the acquisition rate of the camera was set to capture an image every 300 ms (3.33
Hz). To obtain spectral information in these optical images, a rotational filter wheel
equipped with several bandpass filters (Edmund Optics) was inserted into the optical path
before the relay lens. A total of 10 images were obtained with each bandpass filter: 466 +
20 nm, 520 £ 18 nm, 562 + 20 nm, 585 £ 20 nm, 607 + 18 nm, 655 £+ 20 nm, and 692 + 20
nm. For each image, the ojwas fit to Equation 2.1 to approximate the center position. To
isolate the intensity contributions of the ojand ey, circles of increasing radii (1 — 20 pixels)
were overlaid on top of the CLocK PSF, centered on the o). The oy intensity was attributed
to intensity values within a 3¢ pixel radius of the center of the o), while the e1 intensity

was attributed to intensity values 10.7 + 3¢ pixels from the o center. While the intensity
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within the rings of the o) are integrated to a single intensity value, the intensity of the e. is
broken into 18 (20°) segments and integrated leading to 18 e. intensity values for a CLocK
PSF (Figure 2.3A). These 18 segments can be plotted as a function of orientation and fit
to Equation 2.7:

Iy <1+ Mcos{2(0 — ¢)} (Eq. 2.7)
where lg is the background-subtracted intensity of the e as a function of 0, the orientation
of the polarizer, M is the modulation depth, and ¢ is the orientation of the particle (Figure
2.3B, C). The 0 value of maximum intensity calculated from Equation 2.7 can be used to
identify the 20° intensity segment corresponding to the orientation of longitudinal axis of
the NR (0 = @, eL10ng), as Well as the 20° intensity segment corresponding to the orientation

of the transverse axis of the NR (0 = ¢ + 90, €. trans).
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Figure 2.3. (A) The e. is segmented into 18 (20°) segments in which the intensity within
each segment is integrated and normalized to give 18 unique data points. (B) Cartesian plot
of Equation 2.7 fit (red) and normalized intensity (black) plotted as a function of 6. (C)
Polar plot of Equation 2.7 fit (red) and normalized intensity (black) plotted as a function
of 0.

For single-particle polarized-resolved dark-field scattering spectra were collected
using an Olympus 1X-71 inverted microscope. Light from the built-in halogen lamp passed

through a dark-field condenser (Olympus, IX-ADUCD) and illuminated the Au NP on an
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ITO. Scattered light from the Au NPs was collected using a 100X objective (Olympus,
oil-immersion, 0.6 NA), and imaged onto a spectrometer (Princeton Instruments 2500i)
and liquid nitrogen cooled camera (Princeton Instruments, Spec-10). Spectra were
collected using a 20 s integration time. For each particle, an unpolarized emission spectra
was captured, as well as seven linearly polarized emission spectra at angles of 40°, 70°,
100°, 130°, 160°, 190°, and 220° (Melles Griot 07 HPR 223 Polarizer Rotation Mount,

BMI Surplus).

CLocK Imaging of SM-SERS Experimental Procedure

SM-SERS samples were prepared following a previously developed procedure in
our lab.? First, 200 pL of 50 nM rhodamine 6G (R6G) in methanol was added to 2 mL of
silver colloids that were prepared as describe above. We vortexed this mixture for 30 s and
then added 2 mL of a 33 mM NaCl (BioXtra, > 99.5% (AT), Sigma-Aldrich) solution to
induce aggregation of the colloids. Prior to imaging, 200 puL of 286 x diluted sky-blue
fluorescent beads was added (serving as alignment markers for analysis) to the mixture
which was then vortexed again for 30 s. Finally, we spin-coated 10 pL of the SM-SERS
solution at 3000 rpm for 1 min onto a clean glass coverslip for imaging.

In the dark-field setup, the calcite crystal was set to rotate at a speed of 200 RPM
(3.33 Hz), and the EM-CCD acquisition rate was set to capture an image every 300 ms
(3.33 Hz). In the SM-SERS setup, the calcite crystal was set to rotate at a speed of 60 RPM
(1 Hz), and EM-CCD acquisition rate was set to capture an image every 1 s (1 Hz). A total
of 180 frames (180 s) of SM-SERS events were captured.

In MATLAB, the o, intensity of all 180 frames of the SM-SERS movie were

compared to identify ‘off’ frames, where the oy intensity is solely attributed to the
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photoluminescence of the Ag colloid, and ‘on’ frames, where intensity is attributed to a
combination of the photoluminescence of the Ag colloid and a R6G SM-SERS event.
Every frame, whether ‘off” or ‘on’, was fit to a 2-D Gaussian using Equation 2.1. All ‘on’
and ‘off” events fits are benchmarked to a R? value of 0.90, and frames that do not meet
this threshold are disregarded. CLocK images of R6G SM-SERS events are obtained by
subtracting the nearest ‘off’ frame from each ‘on’ frame, eliminating the intensity
contribution of the Ag colloid photoluminescence and isolating the intensity contribution
of the R6G SM-SERS event.

For non-background subtracted CLocK images, the e. intensity was calculated by
finding the pixel of maximum intensity along 120 straight lines separated by 3° increments
between 3¢ - 10.7 pixels and 3¢ + 10.7 pixels from the o) center. This leads to 120
individual ey intensity values for each CLocK PSF, where each value represents the sum
of the identified pixel of maximum intensity and its eight nearest neighbors. The orientation
of the line can be related to a time in the image, where to is arbitrarily defined as 3 o’clock

and time rotates clockwise.

CLocK Temporal Model Experimental Procedure

A sample of fluorescent nanodiamonds was created by adding 5 pL of fluorescent
nanodiamonds to 245 pL of nanopure water. A solvent- and plasma-cleaned glass
coverslip was then spin-coated with 15 pL of the fluorescent nanodiamonds solution.

To capture optical images, the calcite crystal was set to rotate at a speed of 375
RPM (6.25 Hz), and the acquisition rate of the camera was set to capture an image every
160 ms (6.25 Hz). To control the arc length of the e. (simulating kinetic events of various

times), a VS25 25 mm optical shutter (Uniblitz) powered by a VCM-DL1 shutter driver
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(Uniblitz) was inserted into the optical path before the relay lens. The shutter driver was
controlled using a 20 MHz function / arbitrary waveform generator (Agilent, Model
33220A) and synced to the EM-CCD camera such that the waveform generator would
initiate at the start of each data collection. The waveform generator was set to the pulse
wave setting, where the period of the pulses was set to equal the accumulation cycle time
(160.897 ms), rather than 160 ms to account for the readout delay of the EM-CCD camera
in between subsequent frames. The amplitude of the pulse wave was set to 5 V, the offset
set to 0 V, and the edge time set to 5.0 ns. The width of the pulse dictated the arc length
of the ey, for example a width of 80 ms would lead to a 180° arc length for an acquisition
time of 160 ms. For each ey arc length sampled (5°, 10°, 15°, 22.5°, 45°, 67.5°,90°, 112.5°,
135°,157.5°,180°, 202.5°, 225°, 247.5°, 270°, 292.5°, 315°, 337.5°, 345°, 350°, and 360°),

24 CLocK images were captured.

2.2 Experimental Section for Chapter 4
Chemicals and Materials

Commercial Ag NPs used in this study are 70 nm citrate-capped silver nanospheres
(73 = 7 nm diameter, Amax = 442 nm) purchased from nanoComposix. Conductive silver
epoxy (Electrically/Thermally Conductive Bond 556) was purchased from Electron
Microscopy Science. Glass coverslips (25 x 25 mm, thickness no.1), a two-part silicone
elastomer (SYLGARD 184) and two-part epoxy adhesive (DEVCON 5-minute epoxy)
were purchased from Fisher Scientific. Platinum wire (2 mm diameter) used for reference
and counter electrodes was purchased from Alfa Aesar. Sodium citrate tribasic dehydrate

(ACS Reagent, >99.0%), citric acid (BioUltra, anhydrous, >99.5%), sodium sulfide, and
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sodium hydroxide (BioXtra, >98%) were purchased from Sigma-Aldrich. All solutions

were prepared with nanopure water (18 MQ-cm, arium pro, Sartorius).

Preparation of Transparent Gold-film Substrates

Transparent gold-film substrates used as the working electrode in these experiments
were prepared in-house using a Kurt J. Lesker Nano 36 thermal evaporation system. First,
glass coverslips were sequentially cleaned by sonicating 20 minutes each in acetone, iso-
propanol, and then nanopure water. Coverslips were then dried with N2 and Oz plasma
cleaned (Harrick Plasma, Plasma Cleaner PDC-32G) for 15 minutes and taped (Cole-
Parmer, Kapton Tape w/ Silicone Adhesive) down on a rotating mount for deposition of
the gold film. We deposit the gold in a two-step process: first, 3 nm of chromium (Lesker,
chrome plated tungsten rod, 4” length x 0.050” diameter) was thermally evaporated at a
rate of 1.0 A s to serve as sticking layer between the glass coverslip and gold; second, a
30 nm layer of gold (Ted Pella, 0.008” diameter) was thermally evaporated at a rate of 5.0
A s1. The conditions as outlined produce a uniform coverage of gold that is reproducibly

transparent for correlated optical studies as seen by the transmission spectra in Figure 2.4.
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Figure 2.4. Transmission spectra for thermally deposited gold-smooth films on glass
coverslips for films taken from different deposition batches.
Synthesis of Silver-Sulfide Shells on Silver Nanoparticles

The sacrificial silver-sulfide shells used in this study were grown chemically in
solution by mixing 553 uL of a 9 pM stock Ag NP solution, 250 uLL of 100 mM NaOH, a
varying amount of 500 uM NazS (to create desired concentration of HS?) and the
appropriate amount of nanopure water to make a 1 mL reaction solution. NPs were allowed
to react in ambient conditions for 30 minutes prior to drop casting 15 pL on our gold-film
working electrodes which were then dried on a hotplate at low heat. A noticeable color
change in the NP solution of yellow to red was observed as increasing amounts of NaS
was added (Figure 2.5). Our synthesis protocol was inspired by previously reported work

by the White group.®
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Figure 2.5. Solutions of Ag NPs reacted with varying amounts of Na,S. The noticeable
color change in solution of yellow to red occurs with the addition of increasing amounts of
NaS is consistent with the formation of Ag.S.

TEM and HR-TEM Imaging of Nanoparticles
TEM images of unreacted Ag NPs and Ag NPs reacted with 50 uM HS™ were

collected on a JOEL JEM 1400 operating at 120 kV. Both TEM samples were prepared
by drop casting 10 pL of the nanoparticle solutions on a copper mesh TEM grid which
were then dried on a hot plate with low heat until the solution evaporated. These images
were collected by Qilin Wei in the Sun Group at Temple University.

High resolution TEM (HR-TEM) imaging and scanning TEM energy-dispersive X-
ray spectroscopy (STEM-EDS) analysis were performed on a 300-kV JEOL JEM 3200FS
TEM equipped with a Gatan 4k x 4k Ultrascan 4000 camera and a DE-64 direct electron
camera from Direct Electron. Samples of unreacted Ag NPs and Ag NPs reacted with 50
MM HS™ were prepared by drop casting 10 pL of the nanoparticle solutions on a copper
mesh TEM grid which were then dried on a hot plate with low heat until the solution

evaporated. TEM grids were then packaged in an air-tight bag and shipped to Indiana
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University for analysis. These images were acquired by Jun Chen in the Ye group at

Indiana University.

Electrochemical Cell

The cell used for correlated electrochemical and optical experiments was prepared
by attaching a copper wire lead to the transparent gold-film substrate using an electrically
conductive silver epoxy and would serve as the working electrode for all experiments. A
two-part, 5-minute epoxy adhesive was used to attach a silicon elastomer well (outer
dimensions of well: 20 x 15 x 4 mm, inner dimensions: 11 x 7 mm) to the working electrode
to house the imaging buffer solution (10 mM citrate buffer, pH 9). Two separate Pt wires
were inserted through the side walls of the well to act as the quasi-reference and counter
electrodes. The three electrodes were externally connected to a potentiostat (CH
Instruments, CHI750E) for precise potential control. The Pt reference electrodes were
calibrated to a standard reference electrode, Ag|AgCl, by performing bulk cyclic

voltammetry of ferrocyanide in potassium chloride (Sigma Aldrich) (Figure 2.6).
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Figure 2.6. Bulk cyclic-voltammogram (CV) to calibrate the quasi-reference Pt electrode
used in experiments against a standard reference electrode, Ag/AgCIl. From these bulk
CV’s we observed a 0.107 V shift when comparing Pt to standard Ag/AgCl.
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Dark-Field Microscope Setup

Dark-field scattering images were collected using a similarly described setup in
previous work from out lab.*> Here, an inverted microscope (Olympus, IX-73) equipped
with a 100X objective (Olympus, oil immersion, 0.6 NA), a tungsten-halogen white light
source and a dark-field condenser (Olympus, U-DCD) (Figure 2.7). White light passes
through the dark-field condenser illuminating the electrochemical cell that is decorated
with Ag or Ag@AgNPs. Low angle light that is scattered from the NPs is collected by the
objective and imaged onto an EM-CCD camera (Andor, iXon Life). The resulting dark-
field image has a dark background with bright spots that each represent diffraction-limited
NPs. The camera acquisition for all experiments was set to 0.1 s and externally
synchronized with the potentiostat such that correlated optical and electrochemical

measurements could be obtained.
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Figure 2.7. General schematic of the experimental and dark-field microscope setup.
Electrochemical setup: The electrochemical cell consists of Ag@Ag2S NPs drop-cast onto
a Au film (working electrode) and two Pt wires (reference and counter electrodes) inserted
through the sides of an elastomer well that contains our imaging buffer (10 mM Citrate
buffer, pH 9). The cell is placed on top of an inverted optical microscope. A home-made
N2 flow chamber is used to create a nitrogen blanket over the cell and prevent O, from
interacting with the Ag NPs. Optical setup: White light passes through the dark-field
condenser to illuminate the working electrode with dispersed NPs. The low angle light
scattered from the NPs is collected through a 100X objective and imaged onto an EM-CCD
camera. The resulting dark-field image produces a dark background with bright spots that
represent the electrode surface and the location of diffraction limited Ag NPs, respectively.
By synchronizing the collection of images from the camera with a potentiostat, we can
monitor changes in scattering intensities with an applied potential.
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CHAPTER 3: CALCITE-ASSISTED LOCALIZATION AND KINETICS (CLocK)

MICROSCOPY!

3.1 Introduction

Localization-based super-resolution imaging is now well-established as a powerful
tool to overcome the diffraction limit of light by analyzing single emitter point-spread
functions (PSFs) to determine the spatial position associated with the point of highest
intensity, leading to new insights in fields ranging from biology to material science.'*3
The position of highest intensity is approximated as the location of the single emitter and,
given sufficient signal to noise, can have spatial precision better than 10 nm.*1" Repeating
the process for many single emitters allows for super-resolved images to be constructed,
allowing us to break the resolution barrier of traditional optical microscopes and discover
unseen structure and processes with nanoscale resolution.

One challenge with this approach is that a diffraction-limited spot encodes limited
information about the emitter—typically only its spatial position and intensity (as in Figure
3.1A). However, additional information about the emitter, such as its orientation and extent
of anisotropy, is desired for systems where rotational motion or dynamic changes in
anisotropy can occur.®®2 While it is possible to extract additional anisotropy and
orientation information from a diffraction-limited image of a dipole emitter by fitting it to
a 3-D dipole emission pattern, this requires extremely high signal-to-noise or image

defocusing, which introduces complexities with localization analysis.?*?" Alternative

1 Reprinted with permission from J.W. Monaghan, Z.J. O’Dell, S. Sridhar, B. Paranzino, V. Sundaresan, K.A.
Willets. “Calcite-Assisted Localization and Kinetics (CLocK) Microscopy”, J. Phys. Chem. Lett. 2022. 13
(45), 10527-10533. Copyright 2022 American Chemical Society.

36



strategies for extracting orientation and polarization information involve using phase
masks in the emission path of the microscope, but these are challenging to design, yield
complex PSFs that can be non-intuitive to analyze, and are often sensitive to the emission
wavelength of the species of interest as well as the optical properties of the microscope.?*28
Inserting a rotating wedge polarizer into the emission path of a microscope simplifies this
problem, but loses the simplicity of localizing a single emitter by fitting its diffraction-
limited emission.?® A fourth approach involves splitting the diffraction-limited emission
between two polarization channels, but this makes image registration difficult, especially
in situations where the localized position of the emitter is polarization dependent (as our
group has observed with fluorescent beads).>*2 Moreover, splitting the emission is best
suited for homogenous populations of dipole emitters (like single fluorophores) and is less
successful in heterogeneous systems with variations in anisotropy (such as nanoparticles)

where ambiguity in the polarization-resolved images can occur (Figure 3.1B).

® ¥ & m
HEaS
HEE

Figure 3.1. Comparison of the simulated PSFs for an isotropic nanospheres (NS) and
anisotropic nanorods (NRs) at different orientations (¢ = 0°, 45°, and 90°) imaged using
(A) dark-field microscopy, where the diffraction limited spots are identical for an isotropic
NS or anisotropic NR (B) polarization resolved microscopy using a stationary calcite
crystal as the polarization analyzer (6 = 0°) where the PSFs for an isotropic NS and
anisotropic NR at ¢ = 45° are similar. Scale bars = 1 pm.

A Dark-Field Microscopy

EM-CCD

B Polarization Resolved Microscopy
calcite

EM-CCD
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Herein, we discuss calcite-assisted localization and kinetics (CLocK) microscopy,
a multi-parameter super-resolution imaging technique that generates a polarization-
averaged diffraction-limited image surrounded by a polarization-resolved ring, allowing
both localization/intensity and anisotropy/orientation information to be extracted from a
single image. CLocK microscopy relies on the birefringent nature of a rotating calcite
crystal, which is inserted into the infinity space of the optical microscope (Figures 3.2).
Light collected by the microscope objective passes through the calcite crystal and is split
into two orthogonally-polarized rays: an ordinary ray (oy) that continues along the original
emission path and a spatially-displaced extraordinary ray (e1), where || and L represent the
polarization states of the two rays relative to each other. As the calcite crystal rotates at a
rate equal to the acquisition rate of the imaging camera, the e1 sweeps out a complete 360°
ring around the stationary oy, creating a unique PSF that resembles a ‘clock’ (Figure 3.2),
inspiring the name of the technique (for the sake of completeness, we note that this

approach will work for other birefringent materials in addition to calcite).

rotating calcite

unpolarized

light o 2L,

Figure 3.2. Schematic representation of CLocK microscopy in which emission passes
through a rotating calcite crystal, splitting it into mutually perpendicular polarizations: a
stationary oy ray and a spatially offset e1 ray. As the calcite crystal rotates, the e. ray
sweeps out a ring around the stationary oy ray, producing a CLocK image that can be read
out by a camera (EM-CCD). Scale bars 1 um.
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3.2 Working Principal of CLocK Microscopy

During the calcite crystal rotation, the linear polarizations probed by the o and the
e1 change as a function of calcite crystal orientation (0), while remaining mutually
perpendicular. For an isotropic object, such as a nanosphere (NS), the intensity of the oy
and e. will be equal at all values of 6, leading to uniform intensity in the ey ring that
surrounds the polarization-averaged oy image (Figure 3.3-i). However, for anisotropic
objects such as nanorods (NRs), which preferentially scatter light along their longitudinal
axis, the intensity of oy and e. will modulate as a function of 6, leading to an angle-
dependent broken ring pattern in the ey that corresponds to the orientation (o) of the

longitudinal axis of the NR (Figure 3.3-ii-iv).

i | .
Figure 3.3. Simulated CLocK images for an (i) isotropic nanosphere (NS) and (ii-iv)
anisotropic nanorods (NRs) with varying orientations (¢ = 0°, 45°, and 90°). The calcite

crystal acts as polarization analyzer, leading to distinct patterns in the CLocK images. Scale
bars 1 um.

v

Moreover, CLocK is compatible with multiple forms of optical microscopy,
including dark-field scattering, fluorescence, and Raman scattering (Figure 3.4 and vide
infra). For dark-field scattering (Figure 3.4A), white light is passed through a dark-field
condenser to illuminate a sample of metal NPs, like gold nanospheres or nanorods (Au
NS/NRs). Low-angle light that is scattered from individual NPs is collected by the
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objective, passed through the rotating calcite, and imaged onto a camera, in our case an
electron multiplication charged-coupled device (EM-CCD). For fluorescence (Figure
3.4B), samples like fluorescent nanodiamonds (NDs) are illuminated by a polarized light
source (here we use a 532 nm laser shown in an epi-illumination geometry), where the
resulting emission is collected by an objective, passed through a dichroic mirror, the

rotating calcite, a bandpass filter, and then imaged onto an EM-CCD camera.

A ’ White light source l B

e
— \\‘ Coverslip

Fluorescent
NDs

532 nm laser

Dichroic excitation

mirror

Rotating .
calcite “==

Bandpass

Rotating ¢ o filter

calcite =

Figure 3.4. Scheme of CLocK microscopy in (A) dark-field and (B) fluorescence
configurations. Scale bars = 1 um.

As this technique is a super-resolution based approach, it is essential to note that
optical images captured using CLocK microscopy reveal polarization and orientation
information from the e. without sacrificing the ability to localize the polarization-averaged
centroid of the oy using traditional methods, such as fitting with a two-dimensional

Gaussian (Equation 3.1):
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2
[=2z,+ Ioe_%[(%)ZJr(%) ] (Eq. 3.1)
where | is the intensity of the diffraction-limited spot (0y), zo is the background intensity,
ox and oy are the standard deviation (or width) of the diffraction-limited spot, and xo and yo
are the approximated center position of the 0. We demonstrate the localization precision
of CLocK microscopy in both dark-field scattering and fluorescence by comparing the fits
of the diffraction limited spots with and without a rotating calcite present in the imaging
path (Figure 3.5). In fluorescence, we used an optical shutter to test different degrees of
e collection angles, which correlates to time of an event captured (see section 3.5 for
further discussion), to test how less signal from short-lived events impacts the ability to
localize. For most cases, the localization of the CLocK oy is not statistically different from
the localization of a traditional diffraction-limited spot of the same emitter/scatterer. One
of two exceptions is shown for the dark-field scattering example in Figure 3.5A, where the
localization of the CLocK oy in the y-direction has a narrower distribution than the
localization of the equivalent traditional diffraction-limited spot. The second exception is
in fluorescence when only 12° of the ey is collected in Figure 3.5D, where the localization
of the CLocK oy in the y-direction is broadened due to the inability of the imaging
processing algorithm to discriminate the diffraction-limited oy and e. resulting in poor

quality fits to the data. The localization precision in both x- and y- directions for each

imaging condition is summarized in Table 3.1.
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Figure 3.5. Localization precision with and without the calcite crystal. (A) Localization
statistics for a mixture of six Au NPs in a dark-field scattering configuration obtained by
fitting the diffraction-limited scattering to Equation 3.1. 0 nm is defined as the average
center position for each particle sampled over 600 frames. Scale bars = 1 um. (B-D)
Representative fluorescence images of a fluorescent ND with ey arc lengths of (B) 360°,
(C) 180°, and (D) 12°, controlled using an optical shutter. Images in B-D are shown at the
same contrast. Localization statistics for four fluorescent nanodiamonds obtained by fitting
the diffraction-limited emission to Equation 3.1. Scale bars = 1 um.
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Table 3.1. Comparing localization precision of CLocK microscopy in dark-field and
fluorescent configurations.

. Integrated X — precision | y — precision
LT Photon Counts (nm) (nm)
No Calcite 986,552 1.1 +£0.1 2.1+03
Dark-field
Calcite 435,957 1.4+£02 1.3+0.1
No Calcite 445,909 1.3+£0.4 1.4+0.8
Fluorescence —
360° )
Calcite 257,450 1.6+ 0.6 2.0+£0.6
No Calcite 304,362 1.6 +0.8 1.2+03
Fluorescence —
180° )
Calcite 155,939 21+04 2.0+£0.6
No Calcite 45,797 10.9+9.3 10.9+10.7
Fluorescence —
o
12 Calcite 26,496 10.6 £4.5 13.7+4.1

3.3 Polarization and Orientation Information Revealed by CLocK Microscopy

To illustrate the power of the technique, Figure 3.6 compares traditional dark-field
microscopy, dark-field CLocK microscopy, and scanning electron microscopy (SEM) for
a mixture of Au NSs and NRs. While impossible to distinguish Au NSs from Au NRs in
the dark-field microscopy image (Figure 3.6A), the unique PSFs produced in the CLocK
image (Figure 3.6B) allow for the immediate differentiation of isotropic particles (Au NSs),
which have a uniform e. pattern, and anisotropic particles (Au NRs), which have an angle-
dependent e1 pattern. Correlated SEM images confirm that the polarization and orientation
information captured in the CLocK PSF reflects both the structure and orientation of the
Au NPs accurately (Figure 3.6C). Thus, from a single CLocK image, we can rapidly and

non-destructively assess information about metal nanoparticle structure and orientation.
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Figure 3.6. Comparison of (A) traditional dark-field, (B) dark-field CLocK, and (C) SEM
images for a mixture of Au NSs and Au NRs. Optical images were acquired with an
integration time of 300 ms. Scale bars: (A-B) 5 um, (C) 50 nm.

To quantify the degree of anisotropy and orientation of a particle, we use Equation

3.2
lg x 14 Mcos{2(6 — @)} (Eq. 3.2)
where lg is the background-subtracted intensity of the e as a function of 6, M is the
modulation depth, and ¢ is the orientation of the particle (Figure 3.7).3** An isotropic
scatterer is expected to have a M value of 0, whereas a perfect dipole will have a M value
of 1. Fitting particles 2 and 5 from Figure 3.6B to Equation 3.2 yields M values of 0.07

and 0.5, respectively, consistent with their SEM identification as a NS and a NR.
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Figure 3.7. Example of a CLocK image of an Au NP being fit to Equation 3.2. (A) The ex

of the CLocK image is segmented into 18 (20°) segments in which the intensity within
each segment is integrated and normalized to give 18 unique data points. (B) Cartesian
plot of Equation 3.2 fit (red) and normalized intensity (black) plotted as a function of 6.
(C) Polar plot of Equation 3.2 fit (red) and normalized intensity (black) plotted as a function
of 6.

Next, we demonstrate how CLocK allows us to track dynamic structural changes
of nanoparticles in real time, by monitoring the chemidissolution of Au NRs in the presence
of Kl/l,. Previous work has shown that Au NRs preferentially dissolve from their ends,
resulting in the formation of spherical particles.®®**" Figure 3.8A shows representative
CLocK images of an Au NR (~120 nm long) before and after chemidissolution via K/l
with a visual difference observed between the original anisotropic and the final isotropic
CLocK images. Fitting the data to Equation 3.2, we observe a smooth decrease in M from
0.68 to 0.12 (Figure 3.8B), supporting the previous literature observations that the Au NR
becomes more spherical as the dissolution proceeds. The change in M is also accompanied
by a drop in the integrated scattering intensity of the oy (Figure 3.8C), allowing us to
monitor the kinetics of the chemidissolution process and indicating that the particle
decreases in size during the dissolution process, consistent with previous reports.?338:3°
Interestingly, by fitting the o) to a 2-D Gaussian and extracting the peak position, we

observe a directional change in the center-of-mass over time (Figure 3.8D). If the NR was

dissolving from each end at equal rates, we would expect the center-of-mass to remain
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unchanged during chemidissolution, even as the particle changed from rod-like to sphere-
like (Figure 3.9A). However, not only do we observe the center-of-mass shift over time,
but it also follows the orientation of the long axis of the Au NR, indicating that one end is
etching faster than the other (Figure 3.9B). This mechanistic insight is hidden in traditional
diffraction-limited images, yet is easily revealed through the multi-parameter analysis

afforded by CLocK.
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Figure 3.8. (A) Representative CLocK images of an Au NR before (t = 0 s) and after (t =
840 s) chemidissolution with Kl/I2, showing that the Au NR transitions from an anisotropic
rod-like structure to a more isotropic sphere-like structure after dissolution (i.e. M = 0.68
- 0.12). (B-D) Changes in the (B) modulation depth, (C) scattering intensity, and (D)
localized center-of-mass of the Au NR during chemidissolution. Scale bars = 1 pum.

46



Figure 3.9. Schematic of asymmetric Au NR chemidissolution to a more symmetric Au
NS. The dotted cross-hairs represent the same position in space. The ‘+’ symbol represents
the center of the Au NP at various time points, color coordinated to match Figure 3.8B-D.
In (A), the rods dissolve at equal rates from the ends, leading to a stationary centroid,
whereas in (B) the upper end of the rod dissolves faster than the lower end, resulting in a
vertical displacement of the centroid with time.
3.4 Spectral Information Revealed by CLocK Microscopy

Further information can be obtained from CLocK by collecting color images. To
illustrate this, CLocK images of Au NPs were captured using a color camera (Figures 3.10
A& 3.11A). In Figure 3.10A, the e. pattern for a representative NS appears green at all 6
due to the symmetry of the dipolar plasmon. Conversely, the e. pattern for two

representative Au NRs show two different color contributions: red/orange light

corresponding to the longitudinal plasmon mode and green light corresponding to the
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transverse plasmon mode.?®4%*3 For comparison, we note that the polarization-averaged
diffraction-limited oj images of both NR-1 and NR-2 contain less visual spectral
information, given that the scattered light is dominated by the red longitudinal plasmon
mode of the nanoparticle. Thus, the color CLocK image captures structure-dependent

spectral properties that are masked in a traditional-diffraction limited spot.

NS NR-1NR-2 B NS C NR-1 D NR-2

Color EE : 0 ?.._Ltrans
e -~ AR
i EII

(o)
692 nm..

Figure 3.10. Comparison of spectral features found in CLocK images of a Au NS, large-
width Au NR (NR-1, 126 x 61 nm), and small-width Au NR (NR-2, 113 x 51 nm). (A)
From top to bottom: dark-field color CLocK images, SEM images, wavelength-averaged
dark field (DF) CLocK images and spectrally-dependent dark field CLocK using bandpass
filters centered at the wavelengths indicated. Images are shown at an optimal contrast to
highlight the ey pattern. Scale bars: Color = 2 um; SEM = 50 nm; DF = 1 um. Optical
images were acquired with an integration time of 300 ms. Bandpass filters: 562 + 20 nm,
655 + 20 nm, and 692 + 20 nm. (B-D) Polar plots showing how the angle-dependent ey
intensity changes as a function of bandpass filter wavelength. The data are normalized to
the maximum scattering intensity and fit to Equation 3.2. Each trace in the polar plot is
color coordinated to the bandpass filter labels in A. Each circle-tick of the polar plots is
0.25 normalized intensity units. (E-G) Normalized scattering intensity spectra of the
intensity of o) (black), e1 iong (red), and e. wans (blue) as a function of bandpass filter center
wavelength. Data points are shown at the center wavelength of each filter and lines are
drawn to guide the eye. Results from (B-D) and (E-G) agree well with polarization-
resolved single-NP dark-field spectroscopy data (Figure 3.13).

0 e_l trans

e‘l long F el i G € .Iong
180 180 rans 180
1
oy
075t €1 long
€] trans

o
o

o

)
]
x

Norm. Intensity (a.u.)

0
450 S00 550 600 650 7 450 500 5§50 600 650 700

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Norm. Intensity (a.u.)
Norm. Intensity (a.u.)

500 550 600 650 700

a3
3

In addition to capturing color images, spectral information can be obtained by
introducing wavelength-resolved imaging to CLocK microscopy. Bandpass filters were

used to monitor the spectral evolution of the CLocK images from 466 to 692 nm. For
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discussion purposes, Figure 3.10A shows CLocK images of the Au NPs with three
representative bandpass filters 562 nm, 655 nm, and 692 nm, while the complete range of
wavelengths are shown in Figure 3.11A. Next polar plots were constructed by fitting the
normalized ey intensity vs. 6 to Equation 3.2 for images acquired at each wavelength,
allowing us to visualize the spectrally-dependent evolution in anisotropy (Figures 3.10B-
D, 3.11B, 3.12). For example, analyzing the wavelength-dependent polar plots for a
representative Au NS shows the scattered light is quasi-isotropic (M values below 0.2) over
the entire wavelength range probed (Figures 3.10B and 3.12). In contrast, the polar plots
for NR-1 and NR-2 show the scattered light becomes increasingly anisotropic with

increasing wavelength, going from M < 0.25 to M > 0.75 (Figures 3.10C-D, and 3.12).
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Figure 3.11. (A) Dark-field CLocK images from Figure 3.10 with complete range of
bandpass filters. Scale bars: SEM = 50 nm; Color = 2 um; DF = 1 um. (B) Normalized
intensity polar plots showing how the intensity and modulation depth of the e. changes as
a function of bandpass filter wavelength. Polar plots are color coordinated to bandpass filter
labels and CLocK images in A.
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Figure 3.12. Modulation depth and orientation obtained from CLocK images plotted as a
function of bandpass filter wavelength for the Au NS, Au NR-1, and Au NR-2 discussed
in Figures 3.10 & 3.11.
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Polarization-dependent spectra can also be extracted by means of spectrally-
resolved imaging. Figure 3.10E-G, shows the wavelength-dependent scattering intensity
of the polarization-averaged o) (black data) as well as the intensity of the polarization-
resolved light scattered along either the longitudinal axis (e iong, red) or the transverse axis
(eLtans, blue), as determined from the polar plots in Figures 3.10B-D. As expected, the Au
NS spectra all have a single peak around 562 nm, indicating a single dipolar plasmon
resonance (Figure 3.10E). On the other hand, the Au NRs show variations among the
three spectra (Figure 3.10F-G). The spectra along e 1ong (red data) are dominated by a
single red peak, which corresponds to the longitudinal dipole mode, as expected. The
spectra along e. wans (blue data) show two peaks: a peak in the blue-green region of the
spectrum, which corresponds to the transverse plasmon mode, as well as a second red peak
that aligns with the spectrum of the longitudinal mode. This agrees well with what has
been previously shown in the literature, where the intensity of the transverse peak increases
as a function of the NR diameter and the longitudinal peak intensity is suppressed along
the transverse axis, but never completely disappears.** For comparison, Figure 3.13 shows
polarization-resolved spectra taken using a grating spectrometer with a linear polarizer

placed in front of it, and the same trends are observed, indicating that using the calcite-
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crystal as a polarization analyzer does not introduce any artifacts in our spectra. We note
that the polarization-averaged o) spectra (black data) are dominated by the red scattering
from the longitudinal mode, hiding these polarization-dependent trends, further

emphasizing the advantages of CLocK images over traditional diffraction-limited PSFs.
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Figure 3.13. Comparison of spectral data obtained using CLocK images (data points) and
single-particle polarization-resolved dark-field scattering spectroscopy for the Au NS, Au
NR-1, and Au NR-2 discussed in Figures 3.10, 3.11, 3.12. (A) CLocK oy intensity as a
function of bandpass filter wavelength compared with the single-particle unpolarized dark-
field scattering spectra of each Au NP. (B) CLocK e. wans intensity as a function of
bandpass filter wavelength compared to single-particle polarized-resolved dark-field
scattering spectra corresponding to 6 = ¢ + 90° for each Au NP. (C) Comparison of CLocK
€1 long INtensity as a function of bandpass filter wavelength to the single-particle polarized
dark-field scattering spectra corresponding to 6 = ¢ of each Au NP. (D) Intensity polar
plots obtained from single-particle polarization-resolved dark-field scattering
spectroscopy. Plots are color coordinated to the bandpass filter labels, CLocK images, and
polar plot in Figure 3.11.
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3.5 Temporal Information Revealed by CLocK Microscopy

So far, we have only described the ability of CLocK to add polarization/anisotropy
information to images (whether black and white or spectrally-filtered). However, CLocK
images also encode temporal information below the integration time of the camera (1)
based on the e, arc length, addressing a growing interest in the field to capture short-lived
events.**4®  Figure 3.14 compares simulated CLocK images for isotropic emitters with
varying on times (ton) relative to the integration time of the camera (t). For an event lasting
the full integration time of the camera (ton = 1), the e1 sweeps out a complete ring (Figure
3.14-i). However, for events that are shorter than the integration time (ton < 1), the €1

appears as an arc, where the length of the arc becomes shorter as the time of event decreases

tn =%2T tn=%T to <<t

Figure 3.14. Kinetic information encoded in the e, arc length of CLocK images. Simulated
CLocK images showing kinetic events (ton) lasting (i) <, arc length = 360°, (ii) %2 1, arc
length = 180°, (iii) ¥ t, arc length = 90° and (iv) << t, where 7 is the time required to
acquire an image and the arc length is expressed in polar coordinates. Scale bars =1 um.

To probe the temporal resolution in more detail, we trained a convolutional neural
network (CNN) to extract the ey arc length from simulated CLocK images on
(pseudo)isotropic emitters with M values between 0 — 0.2, where parameters such as

absolute intensity, intensity-to-background ratio, o, and e. Gaussian width, o; center
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position, and o — ey distance, and orientation angle were allowed to randomly vary, while
the parameter of interest (e.g. er arc length) was systematically varied (Figure 3.15, see
Chapter 2 for more details). The model uses polar coordinates to report temporal
resolution, where an event with ton = T would be 360°, an event with ton = 0.25t would be

90°, etc. From these simulated data, we obtain a theoretical temporal resolution of 5.5°,

- - T
corresponding to a minimum resolvable ton = prt

To test this model on experimental data, we used a mechanical shutter to control
the effective on-time of fluorescent events from single nanodiamonds (NDs). For
fluorescent NDs with anisotropy values between M = 0.0 — 0.2 and signal-to-noise ratios

between 6.3 to 8.6, the trained CNN was able to extract e arc lengths ranging from 5° -

360° with a root mean square error (RMSE) of 15° (Figure 3.15), or ton = i (corresponding

to 6.7 ms temporal resolution with an integration time of 160 ms).
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Figure 3.15. Combining CLocK microscopy and CNNSs to extract kinetic information from
CLocK images of isotropic emitters. (A) CLocK images are simulated, where all
parameters such as e. arc length, e. modulation depth, etc. are known. To extract temporal
information from CLocK images, images with 1 - 360° e1 arc lengths are simulated in 1°
increments. (B) After background subtraction and normalization, the simulated images are
broken up into three data sets, a training data set, a validation data set, and a test data set.
(C) Training and validation data sets are used to train the CNN. (D) The test data set is
used to test the accuracy of the CNN on simulated data. For kinetic data, the CNN was
able to predict ey arc length with an RMSE of 5.5° on simulated CLocK images. (E) Once
satisfied with the model’s ability to predict simulated data, the model can be applied to
experimental CLocK data to be evaluated. The CNN’s model was able to predict the eL arc
length of experimental CLocK images with an RMSE of 15°.

While the studies on fluorescent nanodiamonds allowed us to benchmark the
temporal resolution of CLocK for isotropic emitters, we next explored single-molecule
surface enhanced Raman scattering (SM-SERS) as a system where both fast temporal
processes and polarized emission are present.?>2646-48 Moreover, unlike the previous data,
where individual emitters/scatterers were well-spaced on the surface to avoid overlapping
signals, the temporal fluctuations in SERS signals allows us to uniquely resolve the spatial
origin of both the SERS signal and the underlying silver nanoparticle luminescence, which
are both convolved in a single diffraction-limited spot.’4*>4% Figure 3.16A shows several

representative CLocK images of Rhodamine 6G (R6G) SM-SERS events on aggregated
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Ag colloid, where t = 1s (additional events shown in Figure 3.17). In Figure 3.16B,
normalized intensity time-traces using the o) (black) and the e. (red) are compared,
revealing the added temporal resolution offered by analyzing the e.. This temporal
enhancement becomes even more apparent in the magnified sub-section of the time trace
in Figure 3.16C: what appears as a single SM-SERS event lasting a few seconds in the oy
data can be resolved as several separate and temporally distinct SM-SERS events using the
e, data. However, due to the convolution of polarization and temporal information present
in these short-lived SM-SERS events, we are currently unable to accurately quantify the

temporal resolution observed. That said, based on our simulations above, we predict that
our temporal resolution is no better than é or 15 ms for the one second integration times
used in collecting these data. Although this temporal resolution can be experimentally
improved by using shorter camera integration times, current limitations on the rotation

speed of the motor do not allow us to access faster intensity fluctuations, as have been

reported by others.*®
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Figure 3.16. (A) Representative CLocK images for Rhodamine 6G SM-SERS events.
Scale bars = 1 um, optical images acquired with an integration time of 1 s. (B) Normalized
intensity time-traces of the oy (black) and e (red) for SM-SERS events on aggregated Ag
colloid. (C) A subsection of the intensity time-traces from (C) is magnified to demonstrate
the difference in temporal resolution provided by the ojand e.. The portion of the time
trace shown in (C) corresponds to the images shown in (A).
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Figure 3.17. CLocK images of R6G SM-SERS events on Ag colloids shown in the
intensity time-trace in Figure 3.16B. The images in the top row are contrasted the same to
show the difference in intensity of several SM-SERS events. The images in the bottom
row are contrasted to best show the CLocK PSF and kinetic information encoded in the e..
Frame 71 corresponds to t = 70 — 71 s in the intensity time trace of Figure 3.16. Scale bars
=1 pm.
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Figure 3.18. CLocK images of R6G SM-SERS on an Ag dimer. The images are
individually contrasted to best show the CLocK PSF. Scale bars =1 um. Note that even
for the short events in frames 24, 26, and 45, the pattern is consistent with the dipole
emission observed in the other frames.
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Figure 3.19. SM-SERS polarization information available using CLocK microscopy on an
Ag dimer. (A) Dark-field CLocK image of an Ag dimer. Scale bar =1 pum. (B) e dark-
field intensity polar plot fit of the Ag dimer in A. (C) ey intensity polar plot fit of the R6G
SM-SERS event in Frame 52 (Figure 3.18). (D) e. intensity polar plot fit of the R6G SM-
SERS event in Frame 56 (Figure 3.18).
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Figure 3.20. Polarization and localization SM-SERS information available using CLocK
microscopy. (A) Dark-field CLocK image of an aggregated Ag colloid. Scale bar =1 um.
(B) e1 dark field intensity polar plot fit of the Ag colloid in A. (C) e. intensity polar plot
fit of the R6G SM-SERS event in Frame 72 (Figure 3.16). (D) e. intensity polar plot fit of
the R6G SM-SERS event in Frame 73 (Figure 3.16). (E) Super-localization data of the Ag
colloid center (black) and R6G SM-SERS events (red, Frame 72 — blue, Frame 73 —green).
Only events in which the oy had a R? > 0.80 when fit to a 2-D Gaussian are plotted.

One challenge that requires more exploration is how to extract
polarization/orientation information from the short-lived events (ton < t) revealed by
CLocK (as in Figure 3.16A). To highlight this, Figures 3.17-3.20 shows SM-SERS CLocK
data on both a silver nanoparticle dimer and a larger multi-particle aggregate, as determined
by CLocK. For the structure assigned as a dimer, we observe anisotropic dark field
scattering (M = 0.58, ¢ = 87°), similar to the gold nanorods discussed above. Based on
previous literature, we expect SM-SERS from a dimer to be polarized along the long axis,>
and this behavior is observed for all SM-SERS events, even those shorter than t (Figures
3.18-3.19). Not only does the polarization of the SM-SERS further support our dimer
assignment, but also highlights that for relatively simple structures, it is straightforward to

interpret the polarization response.
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On the other hand, our CLocK analysis suggests that the SM-SERS data shown in
Figure 3.16A originates from a higher order nanoparticle aggregate (e.g. trimer or above).
We make this assignment because (1) its dark field CLocK appears quasi-isotropic (unlike
a dimer) and (2) the spatial origin of the aggregate luminescence is offset by >100 nm from
the SERS hot spot (as we have previously observed in large aggregates, Figure 3.20).155152
From previous work, it is known that higher order aggregates can modify the output
polarization of SM-SERS based on how the molecule couples to different plasmon modes
within the aggregate.*3°%5% Angle-dependent intensity analysis of images at t = 72 and 73
s from Figure 3.16A indicate that the two events appear to have different polarization
responses, although neither have high quality fits to Equation 1 (R? < 0.7, Figure 3.20C-
D). Interestingly, when we localized the SERS emission of these two frames by fitting the
associated oy to a two-dimensional Gaussian, we found that the emission was spatially
separated by 32 nm, which is larger than the expected precision of our SERS measurement
(< 3 nm based on comparable signal; see Figure 3.5C Table 3.1), suggesting that the
molecule is exploring spatially distinct regions of the nanoparticle aggregate (Figure
3.20E).14495152 \We speculate that the R6G moved to a new location on the aggregate
surface (as evidenced by the shift in its localized position), leading to a change in the
polarization output of the SERS due to changes in how the molecular dipole couples to the
plasmon modes of the aggregate. However, we note that in this regime, we cannot be
completely quantitative about the polarization/orientation of the emission without having
either events with ton > t and/or correlated nanoparticle structure information; this will be
the subject of future work. Despite this challenge, these results highlight the wealth of

information encoded in CLocK images that is unavailable in traditional diffraction-limited
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imaging and yet crucial for understanding these time-varying molecule-plasmon

interactions.

3.6 Conclusions

In conclusion, we have introduced CLocK microscopy, a multi-parameter super-
resolution imaging technique that allows the position, intensity, extent of anisotropy, and
orientation of a single emitter/scatterer to be measured from a single image, while also
offering fast temporal resolution for monitoring dynamic processes. We have
demonstrated that CLocK allows for rapid structural discrimination in nanoparticle
samples, and when combined with color or spectrally-resolved imaging, paints an even
clearer picture of differences in nanoparticle properties. Future work will focus on using
color RGB images to extract spectral information and provide an even more complete
particle-level analysis within a single dark field image.'845+60 To demonstrate the utility
of CLocK, we showed two representative applications, nanorod chemidissolution and SM-
SERS, where new mechanistic insight is revealed by the contemporaneous analyses of
polarization and localization. Future work will focus on these two applications in more
detail, as well as expanding our use of machine learning methods to train and analyze
CLocK images. We believe CLocK will prove useful across a wide range of applications,
given that the technique is conceptually simple, relatively inexpensive to implement, works
with existing super-localization codes, and is compatible with multiple forms of optical
spectroscopy (including dark field, fluorescence, and Raman, as shown here), making it a

universally useful imaging strategy for multi-parameter super-resolution imaging.
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CHAPTER 4: IMPROVING HOMOGENEITY OF SILVER NANOPARTICLE

SURFACE CHEMISTRY BY MIXED CHARACTER SILVER-SULFIDE SHELLS

4.1 Introduction

The inherent heterogeneity in nanoparticle surface chemistry strongly influences
the performance of silver nanoparticles (Ag NPs), making it difficult to derive quantitative
structure-function relationships when using them in applications such as (photo)
catalysis/sensing,'? surface-enhanced Raman scattering (SERS),** and environmental
ecotoxicity studies.>® The impact of heterogeneous surface chemistries is especially
apparent when examining Ag NP performance in electrochemical environments, where
differences in particle-to-particle electrochemical activity is commonly observed.”!!
Mechanistic insight into the role of NP surface chemistries can be revealed by combining
electrochemical and optical techniques (e.g., dark-field scattering) where NPs undergoing
physical changes (such as size and shape) during electrochemical perturbation can be
observed as changes in optical signatures. As discussed in Chapter 1 of this dissertation,
we previously explored the influence of surface oxides on the electrodissolution of single
Ag NPs.'>1® In these studies, dark-field scattering, super-localization imaging, and
polarization-resolved measurements revealed variations in dissolution kinetics as well as
NP shape were caused by asymmetric surface oxides on single NPs. The variability in
surface chemistry associated with native surface oxides impacts our ability to untangle the
roles played by other potentially perturbative effects in electrochemical studies, such as
contact between the NP and supporting substrate or the role of the supporting electrolyte.*-
17 Thus, there is a critical need for developing new strategies to improve the homogeneity

of the surface chemistry of Ag NPs, such that more reproducible and predictable
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electrochemical performance can be achieved, while also allowing for more robust
structure-function relationships to be derived.

In this work, we demonstrate a post-synthesis approach for improving the
consistency of Ag NP surface chemistry by chemically growing a sacrificial silver-sulfide
(Ag2S) shell that competes with unwanted contaminants on the silver surface (Figure 4.1).
After growth, the silver-sulfide shell is cathodically stripped away, revealing a more
pristine, and ideally, reproducible silver surface when compared to the starting material.
To benchmark the ability of the sacrificial silver-sulfide shell to “reset” the surface
chemistry of the Ag NPs to a more homogeneous starting point, we monitor their
electrodissoluion kinetics, where we expect a more silver-like surface to undergo rapid
dissolution to Ag*. Our sacrificial shell approach not only provides insight into how
surface chemistry impacts performance at the single nanoparticle level, but also offers a
path towards achieving more uniform nanoparticle surfaces. Additionally, these studies
revealed that multiple silver-sulfide species form at the surface of Ag NPs during
sulfidation depending on the concentration of sulfide used, a discovery that demonstrates
the ability of correlated optical electrochemical approaches to probe diverse chemistries on

NP surfaces.
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Figure 4.1. A schematic of the post-synthesis sacrificial silver-sulfide shell approach in
which a sacrificial Ag2S shell is chemically grown on the surface of surface-contaminated
(dirty) Ag NPs, then electrochemically stripped, revealing a more silver-like surface.

Electrodissolution kinetics (as revealed by changes in the optical signatures) of the
recovered Ag NPs are used to benchmark changes in surface chemistry.

4.2 Characterizing Growth of Silver-Sulfide Shell on Ag NPs
Silver-sulfide was chosen as the starting system to test our sacrificial shell strategy
due to the high affinity of sulfide to bind to the silver surface, making growth on Ag NPs
straightforward, in addition to the extensive literature on this system.®*?2  The
electrochemical formation of Ag>S on Ag NPs has been shown by White and coworkers to
occur according to Equation 4.1 and our proposed cathodic half-reaction in Equation 4.2:%
2 Ag (s) + HS + OH 2 Ag2S (s) + H20 + 2¢ (Eq. 4.1)
Oz + 2 H20 + 4e” 2 40H (Eq. 4.2)
In our studies, we use a chemical, rather than electrochemical, approach to grow Ag.S on
commercial Ag NPs by introducing varying concentrations of sodium sulfide, NazS, to our
nanoparticle solution and using similar reaction conditions as the White group (see Chapter
2 for additional details). For the shell growth, we work at pH = 12 such that bisulfide (HS
) is the dominant sulfide form based on its acid dissociation constants;?*thus, we will report
the total concentration of sulfide-containing species for our varying reaction conditions as
[HS]. We first confirmed the chemical growth of Ag.S on the surface of the Ag NPs by
measuring the bulk extinction spectra for Ag NPs after undergoing sulfidation with varying
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[HS] (Figure 4.2). The extinction spectra show a red shift and increased damping as the

Ag NPs are exposed to increasing [HS], consistent with other reports on the sulfidation of

silver.?®
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Figure 4.2. Extinction spectra of bulk Ag NPs reacted with varying [HS]. As [HST]
increase from 0 uM to 25 uM thicker shells are expected to grow on the surface of the Ag
NPs, leading to a red shift and plasmon damping, as previously reported.?> Each spectrum
was taken 30 minutes after the addition of NaS to the Ag NPs (in a pH = 12 solution).

To characterize the formation of shell growth on single Ag NPs, transmission
electron microscopy (TEM) images of unreacted Ag NPs and Ag NPs after sulfidation were
taken with correlated energy dispersive X-ray (EDX) spectroscopy. Figures 4.3 and 4.4
show representative TEM images of an unreacted Ag NPs and Ag NPs reacted with 50 uM
HS™ (where a AgzS shell is expected to form — i.e. AQ@AQ.S), respectively. Comparing
the single particle TEM images in Figures 4.3A and 4.4A we can see the presence of a
chemically distinct species surrounding the Ag NP that was reacted with 50 uM HS from

the lighter gradient halo surrounding the dark core NP. Additionally, the corresponding

EDX spectra for both particles show that sulfur is only present for the reacted NP. While
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these images suggest we are growing a chemically distinct species during our sulfidation
reaction, and that sulfur is present, the TEM detector was not able to identify the shell as a
silver-sulfide species. To gain further insight into the chemical identity of the exterior shell
that we observed in Figure 4.4, we imaged the same batch of unreacted Ag NPs and Ag
NPs reacted with 50 uM HS" in a high-resolution TEM (HR-TEM) that could provide
elemental mapping of the NPs. Figure 4.5 shows representative TEM and elemental
mapping images with the corresponding EDX spectra for Ag NP and Ag@Ag2S NPs. The
corresponding elemental mapping and EDX spectra confirms the presence of surface
sulfide as the areas of lighter contrast on exterior of the darker-contrasted core Ag NP in
the TEM images, thus confirming our chemical synthesis procedure is successful at
growing the desired shell. Interestingly, in both cases where the Ag NP was reacted with a
high [HS], we see the shape of the NP become more distorted (less spherical) when
compared to the unreacted Ag NPs. This may indicate that during sulfidation the reactive
sulfide integrates into the core NP structure with a silver-sulfide species displacing the
solid silver core. Optical and electrochemical data discussed in the following sections

suggest that this could be a source of heterogeneity in the measurements.
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Figure 4.3. (A) TEM image and corresponding EDX spectra of a single unreacted Ag NP
showing no sulfide species is present on the Ag NP. (B) TEM image and corresponding
EDX spectra for an aggregated sample of unreacted Ag NPs.
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Figure 4.4. (A) TEM image and corresponding EDX spectra of a single Ag NP that was
reacted with 50 uM HS™ (where a Ag2S shell is expected to form —i.e. Ag@AQg.S) showing
a chemically distinct shell has formed on the exterior of the NP with a sulfur signal visible
in the spectra. (B) TEM image and corresponding EDX spectra for a dimer Ag NP that
was reacted with 50 uM HS”
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Figure 4.5. TEM image, elemental mapping, and energy-dispersive x-ray (EDX) spectra
for two representative unreacted Ag NPs (0 uM) and two Ag NPs after reacting with 50
MM HS" solution. Here, the elemental mapping and EDX spectra suggest the contrast
difference seen in the TEM image is an exterior surface sulfide species. Scale bars = 50
nm.

4.3 Characterizing the Scattering Intensities of Ag NPs with Varying [HS]
Next, we used single NP dark-field scattering to probe how the presence of the
AQ>S shell impacts both the scattering intensity and heterogeneity in a population of Ag

NPs (Figure 4.6). Dark-field scattering is particularly useful for these studies as Ag NPs
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exhibit strong light scattering characteristics due to a localized surface plasmon resonance
lying in the visible region; therefore, changes to the surface of Ag NPs because of shell
growth and removal is easily identifiable as a change in their optical signatures.*?!?
Histograms of the scattering intensities of more than 120 nanoparticles exposed to varying
[HS?] are shown in Figure 4.7. For the unreacted nanoparticles (0 uM HS"), we observe a
broad distribution of scattering intensities, illustrating the inherent heterogeneity in our
starting population of commercial nanoparticles. As the [HS] increases from 2.5 uM to
7.5 uM, we observe both a decrease in the scattering intensity as well as a narrowing of the
intensity distribution, suggesting both plasmon damping due to the formation of the shell
as well as increased uniformity of the surface across the population. However, this trend
surprisingly reverses at 10 uM HS, with a shift towards higher scattering intensities,
accompanied by broadening in the distributions over several [HS]. The trend then reverses
again at [HS] > 15 uM, with a return to damped scattering and narrowing of the intensity
histograms. To better illustrate this trend, Figure 4.8 shows the average scattering intensity
as a function of [HS], where the scattering intensity at intermediate [HS] approaches the
intensity of the unreacted nanoparticles (dashed line), a surprising result given the presence

of a sulfide-containing shell.
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Figure 4.6. General schematic of dark-field microscope setup. White light passes through
the dark-field condenser to illuminate the NPs. The low angle light scattered from the NPs
is collected through an objective and imaged onto an EM-CCD camera. The resulting dark-
field image produces a dark background with bright spots that represent the electrode
surface and the location of diffraction limited Ag NPs, respectively. By synchronizing the
collection of images from the camera with a potentiostat, we can monitor changes in
scattering intensities with an applied potential.
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Figure 4.7. Histograms showing the distribution of scattering intensities for individual Ag
NPs after reacting with varying [HS]. More than 120 nanoparticles were examined for

each [HST].
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Figure 4.8. Average scattering intensities (from histograms in Figure 4.7) as function of
[HS]. The dashed line represents the initial average scattering intensity of Ag NPs from a

commercial source.

79



4.4 Examining Electrodissolution Kinetics of Ag NPs after Electrochemical Removal
of Ag2S Shell

To gain insight into the origin of the sulfide concentration-dependent change in
scattering intensity upon shell growth, we explored both reductive shell removal as well as
the electrodissolution kinetics of the Ag NPs. For these studies, we performed a potential
step experiment in which we first applied a reductive potential to strip the sacrificial Ag2S
shell, followed by an oxidizing potential to electrodissolve the newly exposed Ag NP to
Ag® (as shown schematically in Figure 4.1). For all experiments discussed below, the
potentials are reported relative to an Ag|AgCI reference electrode. The two reactions

involved in the stripping and dissolution, respectively, are shown below:

Vstri
AQ:S (5) + HoO + 26" =5 2 Ag (s) + HS + OH- (Eq. 4.3)
Ag () 25 Agt + e (Eq. 4.4)

Figure 4.7 shows intensity-time traces of two representative behaviors observed during
each electrochemical step for particles after sulfidation in a 15 uM HS" solution. In Figure
4.9A, the application of a -1.1 V stripping potential at t = 10 s led to a stepwise increase in
the scattering intensity to nearly twice its starting value, indicating rapid removal of the
Ag>S from the nanoparticle and ideally generating a more silver-like surface. Next, we
stepped the potential to an oxidizing value of 0.7 V at t =70 s, and we observed a stepwise
drop in the scattering intensity to background, showing that the particle dissolved almost
immediately, consistent with our picture of a more silver-like surface. Figure 4.19B shows
a different behavior in which introducing the stripping potential generated a sluggish rise

in the scattering intensity with an intensity increase of ~30% of the starting value,

80



suggesting slow reduction of the silver-sulfide shell and the possibility of contaminants
remaining on the surface. When we stepped to the oxidizing potential, we observed
complete electrodissolution of the nanoparticle, as evidenced by the scattering decrease to
background, although the kinetics appear to show multiple time scales and are slower than
the particle shown in Figure 4.9A. This observation further supports our hypothesis that

some surface contaminants remain on this particle.
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Figure 4.9. Representative potential-step intensity-time traces for two different Ag NPs
with sacrificial shells formed in 15 pM HS". (A) NP undergoing immediate shell removal
and fast oxidation, indicating a more silver-like surface achieved. (B) NP with sluggish
shell removal and slower oxidation kinetics suggesting contaminants remain. The potential
waveform is as follows: t = 0 — 10s, open circuit potential; t = 10 — 70 S, Vstrip = -1.1 V
(removal of silver-sulfide shell); t=70—-130s, Vox = 0.7 V (electrodissolution of Ag NPs);
and t = 130 — 140 s, open circuit potential. A 10 mM citrate buffer (pH 9) was used as
supporting electrolyte for stripping and oxidation steps.
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To characterize how the concentration of added HS™ affects the removal of the
silver-sulfide shells, we first compare the average scattering intensities of the nanoparticles
passivated by the sacrificial shell to the average scattering intensities after shell removal at
-1.1V (Figure 4.10A, red and blue data, respectively). Inthe low [HS] regime (highlighted
in orange), we observe almost no change in the scattering intensity upon the application of
a stripping potential, suggesting that the shell species that was formed on these
nanoparticles is not removed. On the other hand, in the intermediate concentration regime
(highlighted in green), we find that the intensity of the Ag NPs not only increases relative
to the shell-passivated values but is as high or even higher than the scattering intensity of
the as-purchased nanoparticles (dashed line), suggesting that we have successfully
recovered a more silver-like surface. The change in behavior between the low
concentration and intermediate concentration regimes indicates that different species are
formed at the surface of the particles as the [HS™] is tuned. At the highest [HS] (highlighted
in purple), we observe an increase in scattering intensity upon shell removal, although the
intensity never reaches that of the as-purchased nanoparticles, suggesting that the shell has
not been completely removed. Based on the elemental mapping shown for the Ag NPs
reacted with 50 uM HS" (Figure 4.5), we believe at high concentrations Ag.S begins to
integrate into the Ag NP core, changing the structure, and influencing the ability to
electrochemically remove an exterior Ag.S shell. Thus, our data indicates that there is an

optimal [HS] range for the growth and successful removal of the sacrificial shells.
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Figure 4.10. (A) Average scattering intensities before (red) and after (blue)

electrochemical stripping of the sacrificial silver-sulfide shell from Ag NPs as a function
of [HS]. The dashed line serves as guide for the starting intensity of the purchased Ag
NPs. The solid line connecting the data points helps to guide the eye. (B) Percentage of
NPs that show fast oxidation kinetics (scattering intensity decays in < 0.5 s, black data)
versus percentage that show no oxidation (no change in scattering intensity, cyan data).
Orange, green, and purple shaded regions designate the three concentration regimes
discussed in the text.

Next, we benchmarked the electrochemical reactivity of the Ag NPs after shell
removal by examining their electrodissolution kinetics under an oxidizing potential. As
with our previous work,2!3 we classify an Ag NP as having fast oxidation kinetics when
the scattering intensity from that nanoparticle decays to background levels in less than 0.5
s and slow oxidation kinetics when the scattering intensity decays over periods longer than
0.5s. Fast oxidation kinetics are indicative of more pristine silver-like surface, while slow

oxidation Kinetics indicate the presence of passivating surface contaminants.'??

Alternatively, if a Ag NP shows no change in scattering intensity during the 60 s in which
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the oxidation potential is applied, that NP is classified as having no oxidation, indicating
that there is either complete passivation of the surface or that the nanoparticle is not in
electrochemical contact with the supporting electrode.

Figure 4.10B shows the percentage of nanoparticles for a given [HS] regime that
undergo fast oxidation versus no oxidation after sacrificial shell removal. The figure
reveals a clear relationship between the three concentration regimes identified in Figure
4.10A and the observed electrodissolution kinetics. In the low [HS] regime (highlighted
in orange), we observe a gradual rise in both the number of fast oxidizing particles as well
as non-oxidizing particles as the concentration of [HS'] increases. Based on work done by
White and coworkers,'®2° we propose that this behavior is a result of AgSH adlayers, rather
than Ag.S, being formed on the surface of the Ag NPs during sulfidation at low [HS].
Cyclic voltammetry studies on silver surfaces show that surface-adsorbed AgSH adlayers
can precede monolayer Ag.S coverage according to the equations below:81°

Ag (s) + HS" 2 AgSHags + € (Eg. 4.5)

AgSHags + Ag (S) + OH™ 2 AQ2Sads (S) + H20 + e (Eq. 4.6)
Previous work has shown that the cathodic wave associated with the removal of the AgSH
adlayers shows two peaks, one of which is centered around -1.3 V (which we will call type
A, following the convention of White and coworkers®1%) and the other around -1.1 V (type
B). Thus, we propose that differences in the surface adlayer characteristics leads to the
increasing populations of both fast and non-oxidizing nanoparticles as [HS] increases in
the low concentration regime. For Ag NPs in which the surface adlayer is dominated by
type A characteristics, the sacrificial shell remains on the surface when we apply a stripping

potential of -1.1 V, preventing subsequent oxidation. For Ag NPs in which the surface
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adlayer is dominated by type B characteristics, the sacrificial shell can be successfully
removed at our applied stripping potential, leading to fast oxidation kinetics. This
hypothesis is further supported by examining our single NP intensity data in which the Ag
NPs that show fast oxidation kinetics are also associated with an increase in scattering
intensity upon shell stripping (Figure 4.12). Moreover, when we increased our stripping
potential to -1.4 V, which should remove both type A and B adlayers, we found that we
could further increase the population of fast oxidizing particles (Figure 4.13), consistent

with this mechanistic picture.
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Figure 4.11. Histograms of the change in scattering intensity (Al) of the Ag NPs after
reductive stripping and before reductive stripping (e.g., “without” shell vs. “with”
shell). For the as-purchased NPs (0 uM), most of the NPs undergoing fast oxidation
(green) show either no change in their scattering intensity or even a decrease in scattering
intensity upon application of a stripping potential. In the low [HS] regime, we attribute
the diverse behavior to mixed character surfaces formed at low [HS] where AgSH adlayer
coverage is expected to be less than 50% of the NP surface and thus why a positive shift in
Al is not always seen, particularly in the 2.5 and 5 pM histograms. NPs that undergo fast
oxidation after reacting with 7.5 pM show a more dramatic positive shift in Al,
demonstrating the correlation between complete shell removal and efficient dissolution of
the NP. Interestingly, NPs that did not undergo oxidation in this concentration also showed
a positive AI. We propose these NPs have a type of AgSH adlayer where -1.1 V is not
effective at stripping and why no dissolution is observed.'819
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Figure 4.12. Confirming presence of multiple adlayers types, where -1.1 V is sufficient to
strip type B but requires a more negative potential of -1.4 V to strip type A. (A)
Representative intensity-time trace for Ag NP reacted with 5 uM HS™ with insufficient
stripping potential of -1.1 V. Blue shaded region demonstrating slow oxidation kinetics.
(B) Representative intensity-time trace for Ag NP reacted with 5 uM HS™ with more
reducing stripping potential of -1.4 V. Green shaded region indicating fast oxidation
kinetics. (C) Scattering intensity after stripping vs. initial scattering intensity (before
stripping) over a population of nanoparticles at different stripping potentials (D)
Comparison of oxidation kinetics over the same population of NPs after different stripping
potentials applied.

Looking now at the intermediate [HS] regime (highlighted in green in Figure 4.10),
we see that > 70% of the Ag NPs undergo fast oxidation after removal of the shells. This
behavior stands in stark contrast to the behavior of the Ag NPs that had no sacrificial shell
(0 uM HS") where less than 20% of the nanoparticles had fast oxidation kinetics, supporting

our hypothesis that Ag NP surfaces can be “reset” to a more silver-like state through the

introduction of sacrificial shells. Moreover, unlike the low concentration regime, the
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emergence of a sizable population of fast oxidizing particles suggests that we are
successfully removing most of the sacrificial shells formed in the intermediate
concentration regime. We believe that this change in behavior from the low [HS] regime
is due to a transition from AgSH adlayer formation to Ag2S monolayer formation.82° The
monolayer formation is associated with both the rise in scattering intensity of the
nanoparticles upon shell formation and removal (Figure 4.10A) as well as faster oxidation
kinetics after shell removal (Figure 4.10B). We do note, however, that there appears to be
a slight concentration offset between the emergence of increased scattering due to shell
removal (transition from orange to green in Figure 4.10A) and the increased population of
fast oxidizing particles. We will discuss this in more detail below. We also note that the
population of nanoparticles that show no oxidation never drops below ~10% in this regime,
similar to the value observed for the untreated Ag NPs, suggesting that there is a
nonreactive sub-population within the sample that is unaffected by the chemistry we are
performing.

In the high [HS] regime (highlighted in purple in Figure 4.10), we observe
concentration-dependent variations in the relative populations of fast and no oxidation
behavior. At [HS] of 17.5 and 20.0 uM, a sizable population (> 40%) emerges in which
no oxidation is observed, accompanied by a significant drop in the number of Ag NPs
showing fast oxidation. However, at a [HS] of 25 uM, this behavior inverts, with fast
oxidation occurring for ~30% of the particles, while those showing no oxidation returned
to levels ~10%. Interestingly, this concentration is twice that of the concentration at which
we observe the highest fraction of fast oxidizing Ag NPs in the intermediate regime (12.5

vs. 25 uM), suggesting that this behavior is indicative of AgzS bilayer formation.® It is
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possible that the formation of bilayer Ag»S is a transition point where sulfide integrates
into the core Ag NP structure, further confirming our earlier hypothesis of poor shell
removal at higher [HS]. Additionally, we find that at the highest [HS] concentrations
tested, the population of fast oxidizing particles drops again, indicating that as the Ag2S
shells formed in this regime becoming increasingly thick, the applied stripping potential
only generates partial removal, leading to surface passivation against rapid oxidation.

As noted above, there is a concentration-offset between the rise in scattering
intensity associated with the transition between the low and intermediate concentration
regimes (Figure 4.10A) and the emergence of a significant population of fast oxidizing
particles (Figure 4.10B). Given that our data indicate a transition between AgSH adlayer
formation and Ag»S shells in this regime, we speculate that particles may have shells with
mixed character,??> which can lead to more complex kinetics. For example, Figure 4.13
shows a representative intensity-time trace, in which two consecutive stripping/oxidation
cycles were performed. Initially, we performed stripping at -1.1 V and observed only a
modest increase in the scattering intensity. Upon stepping to an oxidizing potential
(highlighted in blue), we observed an initial slow drop in intensity to ~35% of its starting
value, followed by even more sluggish oxidation with minimal change in intensity,
suggesting that the surface was not contaminant free. Next, we applied a second stripping
potential at a more negative value of -1.4 V and found a rapid, two-fold increase in the
scattering intensity, indicating that additional surface material was removed. Upon
returning to an oxidizing potential (highlighted in green), we observed fast oxidation
Kinetics, consistent with a more silver-like surface. This result suggests that reacting Ag

NPs with [HS] in this intermediate concentration window not only leads to varying silver-
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sulfide coverage across a population of particles (leading to broadening in the intensity
histograms in Figure 4.7), but the transition between adlayer AgSH and monolayer Ag.S
is observable on the individual particles themselves. While not expected in our original
experimental plan, this identification of multiple sulfide species on single Ag NPs
demonstrates how single particle optical studies can provide insight to mechanisms lost in

electrochemical measurements alone.
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Figure 4.13. Representative intensity-time trace for an Ag NP reacted with 12.5 uM HS"

with the potential waveform of: t = 0 — 10 s, open circuit potential; t = 10 — 70' S, Vstrip = -

1.1V;t=70-130s, Vox=0.7 V; 1t =130 - 190 S, Vstrip = -1.4 V; t =190 — 250 S, Vox =

0.7 V; t = 250 — 260 s, open circuit potential.

4.5 Testing effectiveness of intermediate [HS'] at creating more silver-like surfaces
One additional strategy to test whether our sacrificial shell approach is effective at

creating more uniform, silver-like surfaces is to lower the oxidation potential from 0.7 V

to 0.3 V and determine how the kinetics of silver oxidation are affected. The histograms in

Figure 4.14 show the fraction of NPs undergoing fast, slow, and no oxidation under
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different shell formation/stripping conditions. To benchmark performance, we start with
the as-purchased and unreacted Ag NPs (0 uM HS") and find that ~75% show no evidence
of oxidation at this low oxidizing potential. Next, we compare Ag NPs in which a
sacrificial shell was grown in 12.5 uM HS conditions. Using a -1.1 V stripping potential,
a small population of fast oxidation events emerges and the number of particles showing
no oxidation drops to ~50%. Increasing the stripping potential to -1.4 V leads to ~40% of
the particles showing fast oxidation, with fewer than 20% showing no oxidation, despite
the much lower oxidizing potential. The ability to transition a population of Ag NPs from
having poor activity to high activity, even under relatively low oxidation potentials,
highlights the power of the sacrificial shell strategy for generating populations of Ag NPs
with more uniform, reproducible behavior. Moreover, these studies confirm the presence
of multiple sulfide species as some of the shell remains after stripping at -1.1 V, even
though evidence of their existence is hidden in our previous studies using a more positive
oxidation potential (as in Figure 4.10). Thus, to ensure that the surface is indeed more
silver-like, it is critical to use a more negative stripping potential for shell removal and test
the oxidation kinetics under low oxidation potentials to gain a more complete

understanding of the surface.
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Figure 4.14. Comparison of oxidation kinetics at a low oxidizing potential of 0.3 V
comparing populations of unperturbed NPs (0 uM HS") and NPs with shells formed with
12.5 uM HS". A more negative stripping potential of -1.4 \VV was applied to the unreactive
NPs from 12.5 uM HS" after -1.1 V was unsuccessful at removing the shell.

As we noted in these data, many particles seem to show mixed shell character, in
which different AgSH adlayer types, as well as monolayer, bilayer, and quasi-bulk Ag:S,
can be present among a population of particles.'®2?° For studies in which more pristine
silver-like surfaces are desired, this issue is easily addressed by using a more negative
stripping potential to remove the sacrificial shells. However, Ag/Ag2S nanocomposites are
found in a range of applications including photocatalysis,?® biosensing,?’ and
electrochemical energy storage.?® Moreover, Ag@Ag.S core-shell NPs have been shown
to be less toxic to the environment than Ag NPs and therefore of possible interest for
applications in the cosmetic and antibiotic industries where controlled leaching of silver
ions from Ag NPs is of concern.?®-32 Having said this, the diversity of surface species that

can (co)exist on the surface of the Ag@Ag2S nanoparticles suggests that careful studies
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are needed both to understand which surface species dominate the nanoparticle properties

in certain environments, as well as to control the composition of these types of particles.

4.6 Conclusions

Here we reported on a post-synthesis approach for improving the consistency of Ag
NP surface chemistry by introducing a sacrificial silver-sulfide shell that outcompetes
surface contaminants. Reductive stripping of the sacrificial shells revealed a more silver-
like nanoparticle surface as validated through faster oxidation kinetics. Moreover, we
found sulfide-dependent behavior that was attributed to different sulfide species being
formed at the Ag NP surface during shell growth, including different types of AgSH
adlayers, and evidence of Ag.S monolayers and bilayers. These different surface species
were found to co-exist, suggesting that Ag.S shells are not uniform, even on the surface of
a single nanoparticle. Our sacrificial shell approach not only provides a mechanism to
improve the homogeneity of surface chemistry of commercial Ag NPs, leading to more
reliable electrochemical performance and facilitating improved structure-function studies,
but also generates unexpected insight into the dynamics of silver-sulfide shell growth on

individual particles.
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CHAPTER 5: LOOKING TOWARD THE FUTURE OF CLocK MICROSCOPY

FOR MONITORING NANOPARTICLE SURFACE CHEMSITRY

5.1 Introduction

The development of calcite-assisted localization and kinetics (CLocK) microscopy was
driven by the need for an optical technique capable of increasing the information encoded
in single particle images. Information on nanoparticle size can be deduced from the
scattering intensity of a dark-field image while changes in spatial position by localizing the
intensity profile of the diffraction-limited spot can provide insight into how the
nanoparticle shape may change during an electrochemical process.*® However, obtaining
orientation and structural information are typically not as straightforward. While the
development of multi-parameter super-resolution techniques is an active area of research,
many of the methods require this tradeoff, such as sacrificing temporal resolution of the
imaging system or the ability to localize in a linear way.®*3 Chapter 3 of this dissertation
demonstrated CLocK microscopy as a multiparameter super-resolution technique that does
not require a tradeoff and showed how it can easily be integrated into a dark-field setup
(we note that other work has demonstrated its utility in fluorescence and surface-enhanced
Raman scattering as well).>"* In this chapter, we will look toward the future of CLocK
and the information it could provide to better understand the dynamics of our silver

nanoparticle with sacrificial silver-sulfide shells discussed in Chapter 4.
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5.2 CLocK Microscopy for Monitoring Multiple Silver-Sulfide Species on Surface of
Silver Nanoparticles

In Chapter 4 of this dissertation, we discussed a strategy for resetting the surface
chemistry of single silver nanoparticles (Ag NPs) to a more homogeneous state by
chemically growing an exterior silver-sulfide (Ag2S) shell to compete with unwanted
surface contaminants. By cathodically stripping this shell, we observed a more
reproducible and reactive silver surface is attainable as evident by improved oxidation
behavior of the freshly cleaned Ag NPs. While the focus of this study was to highlight the
ability of a sacrificial growth model to improve reproducibility across a population of
nanoparticles, we additionally discovered that sulfide-dependent and particle-dependent
sulfide species would grow on the surface of single nanoparticles during sulfidation.

We expect the CLocK point spread function (PSF) will now provide a strategy for
understanding both how the formation of sulfide-containing shells impacts particle
anisotropy, as well as how changes in the localized position of the nanoparticle reflect shell
non-uniformity. For example, the TEM images in Figure 5.1 (previously shown in Chapter
4) highlight the spherical shape of unreacted Ag NPs prior to surface modification,
suggesting that their CLocK image will have uniform e ring around the diffraction-limited
0j spot, with modulation depths close to zero. On the other hand, for high [HS"] conditions,
we hypothesized that the sulfide integrates and forms pockets of AgzS in the core of the
Ag NP, based on the TEM images for these particles (Figure 5.2) where heterogeneous
shapes (non-spherical/globular) were observed. Thus, CLocK images of Ag NPs reacted
with high [HS?] would show a higher degree of anisotropy (observed as angle-dependent

intensity in the ey ring pattern). By quantifying the degree of anisotropy through the
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modulation depth (M value as discussed in Chapter 3) we can gain insight into how the
concentration of sulfide used during sulfidation influences heterogeneous NP structures
across the population and draw relationships as to how that impacts the stripping and

subsequent oxidation behavior on a single particle level.

Figure 5.1. A series of TEM images highlighting spherical shape of unreacted Ag NPs.
(A) TEM image of a single unreacted Ag NP. (B) TEM image of aggregated sample of
unreacted Ag NPs. (C-D) HR-TEM images of single unreacted Ag NPs. Scale bars (C-D)
=50 nm.
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Figure 5.2. A series of TEM images highlighting how the shape of reacted Ag NPs change
upon sulfidation. (A) TEM image of a single Ag NP reacted with high [HS] (50 uM HS
). (B) TEM image of Ag NP dimer reacted with high [HS] (50 uM HS"). (C-D) HR-TEM
images of single Ag NPs reacted with high [HS"] (50 uM HS"). Scale bars (C-D) =50 nm.

For low and intermediate [HS], where types A and B AgSH and monolayer Ag2S
were hypothesized to be in mixed quantities on the surface of Ag NPs, CLocK images can
report on the relative presence of each species by tracking the center of mass as different
potentials are applied as well as monitoring the change in anisotropy. Based on the dark-
field scattering and electrochemical data alone, it is difficult to speculate if type A and type
B AgSH are symmetrically or asymmetrically present on the surface of the NPs as well as
if monolayer Ag.S coverage forms uniformly or preferentially from one side. To examine

the surface coverage on Ag NPs after sulfidation, we can localize the center position (o

ray of CLocK image) of the NPs during an applied stripping potential of -1.1 VV where it is
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expected only type B will be removed. If the coverage of type A and B AgSH is
symmetrically dispersed across the surface of an Ag NP, then there should be no change in
center of mass during stripping at -1.1 V. If type B formed in a spatially distinct location
on the NP surface, it is expected that there will be a directional change in the center of mass
of the NP during stripping where type B is removed and type A remains.

Additionally, as the CLocK PSF produces a polarization resolved ring, we will be
able to determine if the NP structure changes by monitoring the modulation depth (M
value) during stripping. There will be no change in the M value if the shell is not
successfully removed during stripping (as would be the case for a Ag NP predominantly
covered in type A AgSH), or if the shell is successfully removed in a symmetric manner.
If there is a preferential shell stripping leading to change in center of mass, we would expect
that the M value will increase relative to the extent of anisotropic transformation of the NP.
While it’s possible there may be subtle differences in the M values for NPs reacted at low
and intermediate [HS] due to scarce sulfide coverage, high [HS] form multiple-layers-
thick sulfide shells as shown by the TEM images (Figure 5.2) for Ag NPs reacted with 50
UM HS", which should lead to structural changes that are easier to identify. In Figure 5.2A,
we see an Ag NP that formed a thick, but uniform Ag.S shell while in Figure 5.2C we see
a Ag NP that formed an Ag.S shell preferentially on the right side of the particle. For NPs
such as these, CLocK microcopy will provide insight into how a NP behaves when
completely passivated by an Ag.S shell in comparison to partial coverage which is essential

for understanding ideal conditions for a sacrificial shell cleaning procedure.
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5.3 CLocK Microscopy for Monitoring Dynamic Sulfidation Reactions on Single
Silver Nanoparticles

The growth mechanism of Ag>S on metallic Ag has been investigated by bulk
electrochemical techniques.®>" The electrochemical measurements suggested that
adsorbed AgSH forms on the Ag surface with a monolayer Ag.S intermediate species prior
to bulk formation of Ag.S. Our studies in Chapter 4 of this dissertation relied on a chemical
growth process for the Ag>S shell where we monitored changes to the Ag NPs before and
after the sulfidation reaction, but not during. As our findings suggested that mixed
character sulfide species form on the surface of Ag NPs, a study that focuses on monitoring
single particle sulfidation in real time will lead to a greater understanding of the process
and ultimately better control of the surface coverage.

We have conducted preliminary studies on the single particle sulfidation process
by tracking the dark-field scattering of Ag NPs while reacting with a 50 uM HS" solution.
Figure 5.3 shows three different trials where the scattering intensity for multiple individual
Ag NPs was monitored as they reacted over a 25-minute period. The average initial
scattering intensity of the Ag NPs (t = 0 min, prior to sulfidation) was used to create a
baseline to which the scattering intensity at each subsequent time point was normalized
(dashed line in Figure 5.3 serves as guide for reader). For each trial, there is a time-
dependent shell growth as evident by the decrease in scattering intensity from the initial
value corresponding to the dampening of silver surface by the sulfide. We do note that the
kinetics for this time-dependent growth are very different for each trial, suggesting other
factors besides the Ag NPs and sulfide solution are impacting the growth, such as

nanoparticle density. Despite the differences in reaction Kkinetics, trial 1 (black data) and
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trial 2 (red data) both show an initial increase in scattering intensity prior to a decrease. It
is possible that trial 3 (blue data) may also have an increase that happens faster than our
acquisition rate. Based on these data, CLocK microscopy could be employed to better

understand the process and its variability between trials.
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Figure 5.3. Normalized average scattering intensities of single Ag NPs undergoing real-
time sulfidation reaction with 50 uM HS". In each trial more than 120 NPs were monitored.
Dashed line added at the initial scattering intensity to serve as guide for the reader. The
rise in scattering intensity fromt =0 - t = 1 min for trial 1 (black data) made us interested
in the dynamics during the initial stages of sulfidation, as such, the scattering intensities
for trial 2 (red data) and trial 3 (blue data) was recorded continuously fromt=0 > t=5
mins. Sulfide solution and Ag NP concentration were prepared to match conditions of
chemical growth as discussed in Chapter 4 of this dissertation.

CLocK images will provide insight into different stages of sulfide formation on
single Ag NPs by analyzing the intensity of the e1 ring and any changes in the M value over

time. Moreover, the kinetic capabilities of CLocK will allow us to correlate any changes
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in anisotropy during each stage of sulfide growth to time scales that are faster than the
acquisition of the optical image. The added kinetic information encoded in the ey ring is
useful for data such as trial 3 in Figure 5.3 where the sulfidation process occurs rapidly and
is complete by the first optical image recorded. CLocK microscopy can also provide
insight into the surface modification process that leads to the initial increase in scattering
intensity that was observed in trails 1 and 2. It is possible that this initial scattering increase
is the sulfide removing contaminants or the citrate capping agent from the Ag NP surface
prior to Ag>S formation.

At the high [HS"] we used in these single particle growth experiments, we proposed
that sulfide may integrate into the Ag NP core causing displacement of metal silver with
Ag2S. While in the previous section of this chapter we discussed how dark-field CLocK
images could be used to explore this mechanism post-sulfidation, it could be further
explored in real time by taking advantage of the spectral capabilities afforded by CLocK.
Song and coworkers looked at the single particle sulfidation kinetics of silver nanocubes
reacting with cysteine.!” They observed particle-dependent color changes of single
nanocubes by monitoring the dark-field scattering through a true color digital camera
during sulfidation. The authors attributed the particle-dependent color changes with
different stages of sulfide growth. Similarly, we can isolate single particle scattering
spectra by extracting changes in color of a dark-field color CLocK image (Figure 5.4). It
is expected that at high [HS?] different stages of sulfide growth will lead to particle-
dependent damping and red shift in the spectra as Ag»S forms and effectively passivates

the Ag NP surface. By correlating structure, temporal, and spectral information from
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CLocK images, we can gain valuable mechanistic information into the sulfidation of single

Ag NPs.
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Figure 5.4. Example of how spectral features can be found in CLocK images. (A) Top-
down: dark-field color CLocK images, SEM images, dark-field CLocK image for a gold
nanosphere (Au NS), a large-width gold nanorod (Au NR-1, 126 x 61nm) and small-width
gold nanorod (Au NR-2, 113 x 51nm). (B-D) Normalized scattering intensity spectra of
the o) (black), €1 1ong (red), and ei wans (blue) of the CLocK image as a function of
wavelength (series of bandpass filters used).

5.4 Conclusions

CLocK microscopy allows for intensity, localization, orientation and structural
information to be extracted from a single optical image thus opening the pathway for
many applications. Here we looked to the future of CLocK microscopy being used to
monitor multiple silver-sulfide species growing on the surface of silver nanoparticles by
easily integrating into existing optical-electrochemical experimental setups. We
additionally discuss how CLocK microscopy can be used to observe the dynamics of this
multiple sulfide growth mechanism by taking advantage of enhanced kinetic and spectral
information that is encoded in a CLocK image. While CLocK is easily integrated into the
single nanoparticle electrochemical experiments discussed in this dissertation, other areas
of research such as biological and materials science could also benefit from this
multiparameter super-localization approach where the need to infer mechanisms to

limited optical information is a mutual concern.
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