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ABSTRACT

Optical tweezers (OT) have revolutionized the study of molecular biology as
recognized in 2018 by the Nobel prize in Physics to Arthur Ashkin, the inventor of the
technique. OT allow selective single particle manipulation and control in solution at the
focus of an optical microscope and in combination with other optical spectroscopies. These
techniques have been used to apply forces to single molecules in order to measure
dynamics and energetics of protein folding, motor protein translocation and RNA structural
transitions, to name just a few. Yet, the capacity of OT for molecular mechanistic studies
for chemistry and materials applications is vastly underexplored. The subject of this thesis
is to develop approaches for expanding the capability of OT outside of the biological
domain.

In Chapter 2 we discuss address one of the main obstacles to applying OT to study
synthetic molecular mechanisms. Standard OT probes made from silica or polystyrene are
incompatible with trapping in organic solvents for solution phase chemistry or with force-
detected absorption spectroscopies. Here, we demonstrate optical trapping of gold

nanoparticles in both aqueous and organic conditions using a custom OT and darkfield
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instrument which can uniquely measure force and scattering spectra of single gold
nanoparticles (Au NPs) simultaneously. Our work reveals that standard models of trapping
developed for aqueous conditions cannot account for the trends observed in different media
here. We determine that higher pushing forces mitigate the increase in trapping force in
higher index organic solvents and lead to axial displacement of the particle which can be
controlled through trap intensity. This work develops a new model framework
incorporating axial forces for understanding nanoparticle dynamics in an optical trap.
These results establish the combined darkfield OT with Au NPs as an effective OT probe
for single molecule and single particle spectroscopy experiments, with three-dimensional
nanoscale control over NP location.

Chapter 3 demonstrates an all-optical method using an optical tweezer to perform
chemistry on a single particle in solution. Specifically, we controllably and selectively
grow high quality zeolitic imidazolate framework (ZIF) nanoshells on the surface of a
single gold nanoparticle (AuNPs) and monitor the growth via darkfield spectroscopy. Our
single particle approach allows us to localize an individual NP within a microscope slide
chamber containing ZIF precursors at the focus of an optical microscope and initiate
growth through localized heating without affecting the bulk system. Darkfield
spectroscopy is used to characterize changes to the localized surface plasmon resonance
(LSPR) of the AuNP resulting from refractive index changes as the ZIF crystal grows on
the surface. We show that the procedure can be generalized to grow various types of ZIF
crystals, such as ZIF-8, ZIF-11, and a previously undocumented ZIF variety. Utilizing both

computational models and experimental methods, we identify the thickness of ZIF layers
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to be self-limiting to ~50 nm or less, depending on the trapping laser power. Critically, the
refractive index of the shells here was fou nd to be above 1.6, indicating the formation of
high-density crystals, previously accessible only through slow atomic layer deposition and
not through a bulk heating process. The single particle method developed here opens the
door for bottom-up controllable growth of custom nanostructures with tunable optical
properties.

Chapter 4 of the thesis introduces an approach to studying and controlling gold nanoparticle
(AuNP) dimers suspended in solution using optical trapping. The primary objective is to
control inter-particle separation in AuNP dimers using OT and to leverage the plasmon
scattering resonance signature to measure it in situ. This functionality is crucial for
applications in nanophotonics, nanoelectronics, and biosensing, where accurate distance
control between nanoparticles can lead to the development of highly sensitive sensors and
devices. We use the custom optical trapping instrument described in Chapter 1 that
combines an inverted optical microscope with darkfield (DF) illumination, allowing for the
manipulation and imaging of metallic nanoparticles. We show that the dimer long axis
aligns with the trapping laser polarization, allowing for control of dimers in solution. When
the long axis of the dimer is parallel to the excitation polarization, the dimer scattering
resonance is maximized, enabling more precise spectroscopic analysis. The shifts in dimer
wavelengths with changing inter-particle separation are modeled computationally, leading
to the development of a plasmon ruler equation for our system, which allows for conversion
between optical wavelength shifts and distance. We form dimers using van der Waals

sticking between polymer coated AuNPs. We find that dimers formed with distinct
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molecular tethers differening distributions of inter-particle distances which depend on
molecule length and structure. Furthermore, by tuning the power of the OT laser, we can
modulate the temperature at the dimer surface, causing the release of inter-molecular
interactions and a gradual separation of the dimer particles. This experiment is the first
demonstration of control over dimer geometry in solution. By tracking the evolution of the
plasmon spectra during heating and separation, we are able to distinguish between the
classical capacitive coupling regime captured by the plasmon ruler relationship and the
charge transfer plasmon (CTP) which arises from quantum tunneling in the dimer gap. The
methodology established here provides unprecedented control over dimer geometry which
can be leveraged for applications in plasmon-driven catalysis, surface-enhanced

spectroscopy and charge transfer studies.
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Chapter 1: INTRODUCTION
1.1 MOTIVATION

Optical tweezers were first built by Arthur Ashkin in 1970 at Bell Labs when he
demonstrated levitation of latex beads by a vertically propagating laser beam.!? He would
later go on to demonstrate 3-dimensional trapping, with a sharply focused laser beam, of
dielectric particles,® manipulation of organelles in a cell,* and trapping of viruses and
bacteria.’> Jumping forward to 2018, Ashkin was rewarded with the Nobel Prize in physics
for his work in developing the optical tweezer technique.

Since Ashkin’s early development optical tweezers have been greatly improved,
such that they have now been used to trap metallic nanoparticles,®’ perform studies on
DNA and RNA with base-pair resolution,®!° determine protein structure and function,!!-
13 and combine single atoms in a trap to make a molecule.'*!> Excluding atomic trapping,
these experiments are performed in water or air, and have been generally applied to study
biochemical systems. In order to perform novel single molecule spectroscopy
measurements on chemical systems, such as determining polymer structure or kinetically
characterizing chemical intermediates in reactions, we need to make optical trapping
possible in organic solvent environments.!® This has proven nontrivial, as the physical
properties of conventional optical trapping materials do not allow for trapping in organic
environments.

To expand the functionality of optical tweezers beyond the biological, different
trapping probe materials have been suggested.!®!” We have chosen to move away from

these custom dielectric material and instead attempt to use gold nanoparticles as efficient



optical trapping probes in high index solvents. This thesis presents a technique for optically
trapping gold nanoparticles in an optical trap (Chapter 2) and then demonstrates the ability
to drive and characterize a chemical reaction using the optically trapped gold probe

(Chapter 3).
1.2 OPTICAL TWEEZER TECHNIQUE

The optical tweezer technique is based on the use of a conventional optical
microscope with a highly focused laser beam coupled into the system. Highly focused light
is used to apply forces upon dielectric microparticles and metallic nanoparticles and trap
them stably in three dimensions. The potential in an optical trap can be approximated as a

harmonic well and so the total trapping force being applied to a particle can be written as

Figure 1-1 Basic diagram of a particle displaced from the optical trapping focus.
Spring used to illustrate the restoring force back towards center



F = —kAx

Equation 1.1

where F is the force, « is the trap stiffness, and Ax is the displacement of particle from the

trap center.!'®

1.2.1 RAY OPTICS TRAPPING MECHANISM

When the object being trapped larger than, or similar to, the wavelength on the
trapping laser in the trapping medium (e.g. 2 um diameter particle in 1064 nm laser trap).,
the dominant trapping mechanism can be described through ray optics.>! When a ray of
light passes through the boundary of a material of one refractive index into a material with
a different refractive index, the k-vector of the light shifts. In order to conserve momentum,
the particle experiences an opposing force opposite to that of the ray of light. An
appropriate refractive index mismatch between the trapped particle and the surrounding
medium is critical for successful trapping. In order to successfully trap these particles, the

refractive index of the particle must be larger than the refractive index of the medium.-2%-2!

1.2.2 POINT DIPOLE TRAPPING MECHANISM

As opposed to the ray optics regime, point dipole trapping is used to describe
particles that are smaller than the wavelength of light (e.g. 100 nm diameter particle in
1064 nm laser trap). Trapping strength in this case primarily relies on the polarizability of
the particle in the trapping medium. This polarizability relies heavily on the relative
wavelength dependent dielectric constants of the trapped particle and the surrounding

medium, and can described by the Clausius-Mossotti relation



Equation 1.2

where oy is the particle polarizability, V, is the particle volume, €, is the dielectric constant

of the particle, and &, is the dielectric constant of the material. The dependence of trapping
forces on the polarizability are explored in depth in chapter 2.

The point dipole approximation is most frequently applied to metallic
nanoparticles, which have very high polarizabilities arising from a very high magnitude
dielectric constant relative to most solvents. The dielectric value of gold for 1064 nm light

is &, = —48.450 + 3.6( in comparison to the dielectric constants for water at &yg¢er =

1.77, which translates to expecting incredibly high polarizabilities and therefore a strong

trapping potential.
1.3 PLASMONS

Plasmons are a collective oscillation of electrons in a material in response to
incident electromagnetic (EM) radiation. Surface plasmon resonance is the wavelength of
light for which electrons in a thin metal layer are excited to propagate parallel to the
surface.??2* In nanoparticles, this is referred to as the localized surface plasmon resonance
(LSPR).?>-2% Plasmon resonance in nanoparticles is controlled by the material, size, and
shape of the nanoparticle, where larger particle have redder resonance, and asymmetric

shapes can result in multiple resonances. These particles can be applied as reaction

29,30 31,32

catalysts, used to enhance spectroscopic signals, or even act as

nanothermometers.33-33



Electric Field

Figure 1-2 Illustration of the plasmon resonance of a spherical gold nanoparticle.
Green cloud represents the electron cloud oscillating along with the frequency of
the incident light wave.

1.3.1 SCATTERING AND DIELECTRIC CONSTANTS

The plasmon resonance of a system depends on the wavelength-dependent
dielectric constant of the material and the surrounding medium. Even in the same medium,
such as water, the peak wavelength will greatly vary for different metals. For example,
silver nanospheres tend to have resonance in the region of 400 nm light, while gold

nanospheres tend to resonate near 550 nm light.

1.3.2 HEATING NANOPARTICLES

When interacting with light, nanoparticles will absorb some energy and remit it as
heat. This heating can be extreme to the point of boiling solutions when optically trapping
nanoparticles.’*® While heating can be detrimental to biological molecules and some

polymers, it offers a benefit of being able to drive thermally catalyzed reactions, making a



potential flaw beneficial. Heating will be discussed in Chapter 2, and then an application

utilizing the heating of gold nanoparticles will be presented in Chapter 3.
1.4 SPECTROSCOPY

Spectroscopy is an optical technique that allows a researcher to study the electronic
and vibrational properties of a material. When coupled into an optical tweezer to make a
spectroscopic optical tweezer (SOT) we are able to optically study a wide range of
microscopic and nanoscopic materials found in suspensions such as living cells, organelles,

and metallic nanoparticles.*

1.4.1 FORCE SPECTROSCOPY

Force spectroscopy is technique that uses small applied forces from an instrument
to study to characterize physical properties of molecules, such as studying the binding
strength between two individual molecules, probing folded protein structures, or observing

the melting of double stranded DNA. 174041

1.4.2 DARKFIELD MICROSCOPY AND SPECTROSCOPY

Darkfield is an optical imaging technique that is used to observe subdiffraction
sized features and particles.*>* This technique uses a highly focused annular beam to
illuminate a material, and then back scattered light is collected to observe, in our case, an
optically trapped nanoparticle. A major benefit of darkfield arises from the annular
characteristic on the excitation beam. An annular beam is a hollow beam which results in

a cross section resembling a donut. When focused on a material, light is scattered



backwards to be collected by the camera or spectrometer while the excitation light does

not return backwards, hence a “darkfield” background for the particle.

1.4.3 RAMAN SPECTROSCOPY

Raman spectroscopy is a spectroscopic technique designed to measure the
vibrational modes of molecules and crystals.**# This technique can couple well with

optical tweezer technique and has been used to differentiate and sort biological cells,*’*

49-51 52,53

characterize dielectric microparticles, and identify single molecules.

1.5 THESIS OUTLINE

This thesis present experiments to develop an optical trapping technique for work
in organic solvents as well as demonstrates an application for nanoparticles trapped in
organic solvents.

Chapter 2 focuses on optical trapping in high refractive index solvents as we begin
moving away from purely aqueous systems into organic systems. We studied how the
behavior of trapped gold nanoparticles changed as the index of the surrounding medium
was gradually increased. We use computational models to predict relevant trapping forces
in an attempt to explain the behavior that we observed. We then apply a separate model to
show how heating of a trapped gold nanoparticle becomes drastically far more significant
in low thermal conductivity solvent like dimethylformamide (DMF). While many groups
had previously suggested the shape of a force curve was affected by local heating of the

nanoparticle, we presented a new theory that the trend of the trap stiffness with trapping



laser power is actually affected by changes to the particle equilibrium trapping position
with increasing laser power. This work was published in J. Phys. Chem. Lett. in 2023.5

Chapter 3 presents a novel technique for synthesizing zeolitic imidazolate
framework (ZIF) crystals on the surface of optically trapped gold nanoparticles. The
technique takes advantage of the fact that gold nanoparticles will reach high temperatures
when optically trapped to catalyze the growth of the crystals on the nanoparticle surface.
We present computational models of plasmon scattering cross sections to illustrate how we
expect the particles will look as the crystal grows. This work was published in RSC
Nanoscale in 2024.%

Chapter 4 summarizes the final projects being worked on prior to the publication
of this thesis. This work is focused on creating dimerized nanoparticles and studying their
behavior in an optical trap. We will present a plasmon ruler formula generated from
scattering cross section computation models, and apply it to experimental measurements
to predict the separation of two coupled nanoparticles. Currently we are researching the
effect of increasing laser powers, and thereby increasing temperatures, on the separation

and destruction of coupled nanoparticles.



Chapter 2: SIMULTANEOUS FORCE AND DARKFIELD MEASUREMENTS
REVEAL SOLVENT-DEPENDENT AXIAL CONTROL OF OPTICALLY

TRAPPED GOLD NANOPARTICLES

2.1 INTRODUCTION

Optical tweezers (OT) have become an essential tool for mechanistic investigations

of molecular processes in aqueous conditions,>*>’

providing insight into atomistic structure
and energetics of biological machines and polymers. OT have higher force resolution of
other force probes, such as the atomic force microscope (AFM), and function optimally in
solution. The breakthroughs afforded by OT technology in biophysics and molecular
biology were recognized by the 2018 Nobel Prize in Physics. Despite this demonstrated
potential for studying single molecules and interactions, the OT technique has not been
utilized in non-aqueous conditions to probe the structure, mechanics and energetics of non-
biological polymers, molecular machines and solution-based chemistry. This gap is a result
of incompatibility of most existing OT probes with organic solvent environments.!6-%3 A
lack of appropriate probes has also prevented OT from being applied to the growing field
of chemical imaging using force-detected absorption spectroscopy, which has so far been

almost exclusively performed with AFM at lower force resolution.®0-62

Here, we
demonstrate optical trapping in common organic solvents using gold nanoparticles (Au
NPs). We leverage our instrument’s unique ability to trap, image and detect force of noble
metal NP simultaneously to characterize, for the first time, and explain solvent-dependent

trapping effects and dynamics of Au NP. We discover that modulating laser power can

enable axial control of particle positions in organic solvents. Our work opens the possibility
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of in situ tracking of chemical transformations on the single molecule level using OT and
of leveraging the unparalleled force resolution of the OT for force-detected absorption
spectroscopy using plasmonics Au NPs.

The core of the OT instrument is an optical microscope combined with a laser beam
focused at the sample plane. The beam focus applies a restoring force on dielectric
microscopic particles and can confine them in 3-dimensions in solution. Commonly used
dielectric probe materials, such as silica and polystyrene, are not suitable for tweezing in
organic solvent environments or for force-detected absorption spectroscopies. A
requirement for achieving stable trapping is a sufficient refractive index (RI) mismatch
between the higher index dielectric particle and the lower index trapping medium.>*! Silica
(nitica = 1.45) lacks the high RI mismatch with many organic solvents
(typical Norganic > 1.4). In contrast, a commonly used higher index material, polystyrene
(PS) (nps = 1.57), has a sufficient RI mismatch but breaks down in common organic
solvents. Recent studies have used synthetic approaches to increase the effective RI of

1658 However,

silica microspheres through the inclusion of a polystyrene or zinc oxide core.
these non-metallic probes are still not appropriate for force-detected spectroscopy where
high polarizability is necessary.

An alternative trapping probe material for OT proposed here is a noble metal, such
as gold or silver.%®> Gold nanoparticles (Au NP) have been shown to trap efficiently in water
due to the high polarizability of metals.®!*64%5 The large magnitude of the dielectric

constant of gold indicates that it will stably trap in the majority of available solvents. Gold

is inert, but also functionalizable, in most solvent environments, and has the potential to
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serve as a universal OT probe material in both aqueous and organic solvent conditions.
Furthermore, trapping of highly polarizable metal NP has applications in force-detected
absorption spectroscopies.!”-60-61:66:67 However, only nanoscale Au particles less than ~200
nm in diameter can be stably trapped using a 1064 nm trapping beam due to excessive
scattering forces which grow with increasing particle size.®* Using sub-diffraction sized
Au NP for trapping in conventional OT systems is challenging because they are not visible
under standard bright field illumination.*® In most prior work, integrated darkfield
spectroscopy allowed imaging of the NP, but blocked the trapping laser detection channel,
preventing particle displacement and force measurements.

Here, we demonstrate an instrument which overcomes these difficulties by
combining an OT with a custom darkfield (DF) microscope and spectrometer module. With
the addition of DF, we detect the trapped Au NPs through their plasmonic scattering.
Unlike virtually all other reported setups, ours can record NP displacements and DF spectra
in parallel, allowing correlative force and DF spectroscopy measurements.%® This unique
capability allows us to not only confine NP, but also characterize their diffusion and
trapping efficiency to compare across solvent environments. This study is the first to
demonstrate stable optical trapping of single Au NPs in organic solvent conditions,
including in dimethylformamide (DMF), a common organic solvent compatible with
solution phase chemistry, and to characterize the heating and dynamics of single particles.
Using these measurements, we expand existing understanding of solvent-dependent optical
trapping which can be leveraged for new application of single molecule and single particle

spectroscopies. We find that trapping in DMF, while stable, is not as efficient as expected
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from standard models of trapping force which predict most efficient trapping of Au NP in
high RI solvents. In contrast, our measurements show that trapping stiffness, which
characterizes trapping efficiency, is lowest for DMF compared to other solvents in the
transverse direction, (x direction in Figure 2-1A), and highest in the axial direction (z
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Figure 2-1 A) Instrument schematic of the custom built optical tweezer and DF
microscope used here. B) LSPR scattering spectra of optically trapped 80 nm Au NP
in a subset of solvents used here. Black dashed line is a Lorentzian fit for the DMF
spectra. Inset: LSPR spectra of a single 80 nm Au NP (dark blue) and two 80 nm Au
NP (pale blue) trapped in the OT. The peak in the spectrum shifts towards red and the
intensity increases when two particles are trapped. C) DF images of 80 nm gold
nanospheres trapped and suspended away from surfaces in different solvent
environments. Spectra in (B) were recorded on the same particles as shown in images.



13

direction). By combining measurements of trap stiffness with standard models of heating,
trapping, and scattering, we demonstrate that forces pushing particles out of the trap, which
also depend on the RI, determine trapping efficiency trends across solvents. Specifically,
the balance between the trapping and the pushing forces establishes the equilibrium z bead
position downstream of the trap focus. We show that in DMF, this trapping equilibrium is
furthest from the focus when compared to other solvents, resulting in the weakest
transverse trap potential. By adjusting power, we can control not only the transverse
direction stiffness, but also the axial position of the trapped particle. Overall, this work
establishes Au NPs as promising OT probes across multiple solvent conditions with
applications in single molecule and single particle optical and force spectroscopy

measurements of non-biological polymers and small molecules.

2.2 RESULTS AND DISCUSSION

2.2.1 Experimental Design and Instrumentation

Figure 2-1A depicts our combined optical tweezer and DF microscope setup.
Briefly, we achieve stable OT using a collimated 1064 nm continuous wave Gaussian laser
beam (IPG Photonics #YLR-5-1064-LP) which fills the back focal plane of the objective
(Nikon #MRD01991) and is focused at the sample. We detect particle displacement in the
trap using a standard back focal plane interferometry technique where the quadrant
photodiode (QPD) (Mouser Electronics #718-QP154-QHVSD) images the back focal
plane of the condenser.®” To enable DF, we use a white light emitting diode (LED)

(Thorlabs #SOLIS-3C) and a custom annular mirror to generate a hollow, collimated,
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Table 1: List of solvents used in this work and their relevant properties. Absorption cross sections
are calculated for 1064 nm light and 80 nm Au NP, and then normalized compared to water. Cross
section calculated using Equation S8.

Viscosity at  Refractive Thermal Conductivity Relative Absorption

Solvent 25°C (cP) Index (Wm-K?) Cross-Sections
Water 0.91 1.33 0.606 1
10% Ethylene Glycol 1.03 1.34 0.565 1.024
30% Ethylene Glycol 1.72 1.36 0.488 1.075
50% Ethylene Glycol 3.00 1.38 0.420 1.128
Dimethylformamide 0.79 1.43 0.184 1.266

excitation beam expanded to fill the back of the trapping objective; this system replaces a
standard DF condenser which blocks the trapping beam from the QPD. The scattered light
from the Au NP is collected in an epi configuration by the same objective. An iris in the
back focal plane acts ensures that only the scattered localized surface plasmon resonance
(LSPR) signal is detected for analysis of trap contents.

The strength of our combined OT and DF setup is that it allows simultaneous
trapping, spectroscopic imaging and force sensing of the nanoparticles in various solvent
and chemical environments. We use DF to see the Au NP in the far field in our microscope,
which makes the trapping experiment possible. Additionally, we direct the collected DF
signal into a spectrophotometer to detect the LSPR spectrum, which is highly sensitive to
the particle size, shape, and material.”®"! In parallel, we measure the particle diffusion and
force using the QPD signal.

The solvents used in this work are listed in Table 1 along with their relevant
physical properties. Water has the lowest RI of 1.33. We combine water and varying

fractions of ethylene glycol (EG) to produce mixtures containing 10%, 30%, and 50% EG,
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denoted as EG10, EG30, and EG50 respectively. These mixtures are characterized by
increasing RI values and decreasing thermal conductivity when compared to water. We
also use DMF, which has the highest RI of 1.43 and by far the lowest thermal conductivity
of solvents in our experiments.

Representative spectra and DF images of single Au NPs stably trapped in water,
EG10, EG30 and dimethylformamide (DMF) are shown in Figure 1B and C respectively.
In all solvents, we are able to catch an Au NP in the OT by tracking it in the DF, and collect
a DF color image and LSPR spectra to differentiate single trapped particles from doubles
or clumps (Figure 1B inset). The spectra of single Au NPs in Figure 1B fit well to a single
Lorentzian line shape, as shown with a dashed line for DMF. The fits reveal maximum

scattering at 555-560 nm, which is consistent with predicted scattering of single spherical
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Figure 2-2 A) Centered raw data output from QPD showing the difference in signal as
one 80 nm Au NP enters the trap. B) Histogram of particle displacements (in QPD
voltage units) showing the increasing MSD as multiple particles enter the trap. C)
Images associated with the shown histogram. From left, empty trap, one particle, two
particles, and three particles. Light intensity was reduced for these images to prevent
three particle image from saturating the camera.
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80 nm Au particles (see SI for more details). Importantly, the presence of two or more
particles within the trap results in higher LSPR intensity, red-shifted spectra, and distinct

particle displacements as shown in the inset of Figure 2-1B and Figure 2-2.

2.2.2 IDENTIFYING A SINGLE PARTICLE USING OT AND DF

Identifying a single particle using OT and DF. Raw displacement data of an 80 nm
Au NP entering the trap is presented in Figure 2-2A. The black line is the raw data
collected at 400 MHz directly from the QPD in mV. The first ~1.25 sec of data is of an
empty trap. At ~1.25 seconds, there is a sharp spike in the signal and a subsequent increase
in the displacement signal indicating that a particle has entered the trap. The raw data is
smoothed using a boxcar method and the smooth average was subtracted from raw data to
center it and to remove low frequency drift for calculations of, the mean square
displacement (MSD).

Once a single Au NP is trapped and detected in the DF, we can track the position
of the particles undergoing Brownian motion relative to the trap focus, which is defined as
zero displacement.”” We use an established calibration procedure to determine a conversion
between QPD voltage signal and distance units.®® The resulting NP displacements along
the x direction indicated in Figure 2-1A, recorded at 400kHz over 3 seconds with a
trapping laser power of 32 mW, are plotted as a time course and binned in a histogram in
Figure 2-3A, left and right panels respectively. We observe that for all solvents, the particle
displacements are normally distributed as expected for a quadratic confining potential,

which indicates stable trapping in all solvents.”> We note that Au NPs can remain dispersed



17

in all solvents for days and even weeks without deteriorating, demonstrating true stability
in both aqueous and organic conditions.*

We can now compare trapping efficiency of Au NPs across varying solvent
conditions. According to standard models, it is expected that trapping of noble metal
nanoparticles should be more efficient in organic solvents, which have a higher RI than
water. The restoring trapping force, Fg.qq4, is due to the gradient of the electric field
intensity, I, and scales with the particle polarizability, a, which depends on the dielectric

constant mismatch:

Ep—Em
Fyraa = V1, a =3V, (’”—)

Ept2em

Equation 2.1

In Equation 2.1, g, is the medium dielectric constant, €, is the particle dielectric constant,
and V, is the particle volume (see the SI for more details).*® Dielectric constant relates to

RI by n =+/e. Based on Equation 2.1, we expect trapping efficiencies at small
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Figure 2-3 A) Displacements of 80 nm Au NP trapped in the OT (left) and displacement
histograms (right) in various solvents. Slow drift has been subtracted from the data. B) PSD
of optically trapped 80 nm Au NPs in different solvents determined from displacements in
Figure 1D. PSD curves have been smoothed to 10 Hz. Dashed line shows a Lorentzian fit to
the DMF data. C) Top plot shows the measured stiffness at 32 mW based against refractive
index of the medium. Bottom plot is modelled stiffness at 32 mW of 80 nm Au NP using
Equation 2.1.
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displacements to scale linearly with trapping beam power for Gaussian beams as derived
in Equation 2.30. Furthermore, we see that for particles with a large imaginary component
of n,,, such as Au NPs, a and thereby Fy,qq, increase with n,,,. Following this reasoning,
we expect an increase in trapping stiffness with increasing solvent RI.

To characterize trapping efficiency experimentally, we use the measured
displacements to construct PSDs of particle motion, as shown in Figure 2-3B. In all
solvents, the PSD shows a characteristic Lorentzian shape, indicating stable trapping. We
observe that both Lorentzian fit parameters—the cut-off frequency, f., and the amplitude
A—depend on the solvent environment. Specifically, f. is greatest for DMF and least for
EGS50, while 4 shows the reverse trend. Both of these parameters reflect the varying
solvent conditions, such as viscosity and heating in the trap, as well as potentially real
changes to trapping efficiency, characterized by stiffness, in the various media.® Stiffness
K is related to f. through

Kk = 12nf.nR

Equation 2.2

Here 7 is the viscosity of the solvent and R is the particle radius. The Lorentzian amplitude
A can be related to the diffusion constant, D, of the particle in each solvent.® According to

Einstein’s diffusion equation, D is related to solvent viscosity 1 through

kgT
D =
6mnR

Equation 2.3

We note that the viscosities, 77, of the solvents in this study, listed in Table 1, vary by a

factor of three. Thus, we cannot related measured differences in f. between solvents
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Figure 2-4 Illustration of calculation for total power reaching the particle.

directly to stiffness values using Equation 2.2 as is often done for aqueous conditions.
Furthermore, gold absorbs the 1064 nm trapping laser illumination, leading to significant
heating around the trapped particle.” The expected surface temperatures of Au NP under
1064 nm illumination in different solvents are calculated below. The temperature increase
in organic solvents like DMF is expected to be higher than in aqueous conditions due to
higher particle polarizability in high RI media and lower thermal conductivity, leading to
a further divergence of their viscosity values.

We account for these differences in solvent environments and for heating effects
by determining D directly from our measurements and extrapolating 1 using Equation 2.3
before solving for stiffness.” First, we use a heating model, detailed in the SI, to calculate
the temperature in the immediate vicinity of the trapped particles. The model accounts for
the absorption cross section of Au NPs in various solvents, the power density of the laser
at the trapping point as shown in Figure 2-4, Equation 2.5 and Equation 2.8, and the

thermal conductivity of the solvent. This model has been previously shown to accurately
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predict temperature around Au NP in water.%’ The calculated temperature values are shown

in Figure 2-5.

2.2.3 HEATING MODEL

To gauge whether extreme heating can account for the deviations from the expected
stiffness trends, we use a heating model developed previously.®’ The model accounts for
the absorption cross section of Au NPs in various solvents, the power density of the laser
at the trapping point, and the thermal conductivity of the solvent.®” The rate of temperature
increase at the particle surface per unit of additional trapping power is proportional to the
polarizability of the Au NPs and inversely proportional to the thermal conductivity of the
solvent. For example, in DMF the model predicts a temperature over 100°C at 32 mW of
power, which is almost four times the temperature in water. This trend is in qualitative
agreement with our expectations that the lower thermal conductivity and higher
polarizability of organic solvents leads to more extreme temperatures. We note that the
level of heating in organic solvent is significant and may be a useful experimental tool for
future applications to drive temperature dependent reactions. We concluded however that
the increase in temperature at higher power, while notable, does not explain the deviations
from expected linear dependence of stiffness on power or on RI.

In order to predict the magnitude of heating of our particles in an optical trap, we
model the amount of infrared light absorbed and the conduction of the resulting heat into
the surrounding environment. To begin, we determine the amount of 1064 nm light incident

to the particle based on the focal angle of the microscope objective lens.
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Equation 2.4

0 is the divergence angle of light in radians, NA is the numerical aperture of the objective
lens, and n,;; is the refractive index of objective immersion oil. At material boundaries,
there is reflection for high angle light resulting in a reduction in beam radius and power
reaching the sample. The reduction in radius is based on the critical angle at the material
boundaries. The angle is reduced until it falls below the critical angle. All future
calculations are performed using this angle. Due to a reduction in the total beam reaching

the sample, the true power is calculated using’*

-2r2
P(r) =P, 1—90’5]
Equation 2.5
The beam radius at the focal point will be determined by:
A
@o = 140
Equation 2.6

w, is the beam radius at the focal point and 4 is the effective wavelength of the trapping
beam (1064 nm) in the trapping media (e.g. water). The Rayleigh length zz is the distance
away from the beam waist, along the propagation direction of a beam, where the area of

the cross section has doubled. 7

Equation 2.7
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w(z)=w, [1+ (Zi)z

R

Equation 2.8

w(z) is the beam radius at a position z away from the trapping laser focal point. By

definition, when z = zz, w(z) = V2w, and the Gaussian beam cross sectional area is

double that of the area at the beam focal position. The average intensity of the light sampled

by the particle as it diffuses in the trap is described by:

_2p2

I1(z,p) = Le 2

a)Z

[10 = 27TIZ'ji—
[ = 2P
7 nw?

Equation 2.9

Equation 2.10

Equation 2.11

Equation 2.12

Equation 2.13

Where P is the trapping laser power and I(z) is the intensity of the light at the z position.
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Pabs = O_abslz
Equation 2.14

P, 1s the total power being absorbed by the trapped particle. g, is the absorption cross
section of the trapped particle calculated for the effective wavelength on the trapping laser.
The cross section relies heavily on the refractive indices of the particle and the trapping

medium, as shown below.

e (555

Equation 2.15
&n 1s the dielectric constant of the trapping media and ¢, is the dielectric constant of the
trapped particle. The dielectric constant is related to the refractive index of the material by
the equation, € = n2. All constants used are specifically for 1064 nm light. V is the volume
of the trapped particle, and r is the radius of the particle. Just as in gradient force

calculations, the volume is adjusted for the interaction skin depth of the particle material.

a r—a
Veff:4nf0 rzexpl( ; )ldr

Equation 2.16

An effective volume, V., is used to account for the interaction skin depth, &, of the
particle. For gold, § = 23 nm. The final temperature is predicted by:

P abs

4tRC

T=T,+

Equation 2.17
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T, is the bulk temperature of the trapping medium and is set to 25°C for this model, C is
the thermal conductivity of the solvent, and T is the calculated temperature of the solvent

at a distance, R, from the surface of the trapped particle.
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Figure 2-5 Predicted surface temperatures of an 80 nm gold nanoparticle held in
an optical trap 200 nm above the focal plane of the laser.

Next, we measure the diffusion constant value D from the A4 fit parameter and input
the calculated temperature from Figure 2-5 into Equation 2.3 to calculate a viscosity which
is input into Equation 2.2 to determine the stiffness.%” For each power setting and solvent,
we average viscosity and stiffness values determined from at least 10 different Au NPs
with a recorded displacement trajectory lasting at least 20 seconds. We note that the
resulting viscosities plotted in Figure 2-6 match the expected viscosity at the calculated
temperatures, confirming that our results are self-consistent and properly account for
heating effects.

The average stiffness values determined at 32 mW trapping laser power are plotted

against the RI of the solvent in Figure 2-3C (top) and compared to the model stiffness
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Figure 2-6 Measured and calculated viscosities for all solvents used in this
experiment. Solid lines represent the viscosities determined based on the measured
diffusion values. Dashed lines are the viscosities associated with our calculated
temperatures. DMF exceeds its boiling point after 45 mW and so viscosity values are
based on an extrapolation from lower temperature viscosities.

predictions (bottom). We observe the expected increase in trapping efficiency with RI for
water and EG mixtures. Surprisingly, we find that DMF has the lowest stiffness of the
solvents in our sample, contradicting the model prediction in Equation 2.1.

Figure 2-7A shows the effect of increasing laser intensity on stiffness in all
solvents. We observe that in water and EG10, the increase in trapping efficiency is linear,
in agreement with Equation 2.1. In all other solvents we observe a significant deviation
from expected linear behavior, particularly in EG50 and DMF.”7® We note that the
deviation from linearity increases concomitantly with the increase in RI of the solvent and
becomes more apparent at high trapping laser powers. In EG50 and DMF, there is a
dramatic acceleration of stiffness increase just above and below 50 mW of power,
respectively. Previously, such superlinear increases of stiffness with laser power have been

attributed to unaccounted heating in the trap.” However, heating effects are fully corrected
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for in our measurements here as described above. Furthermore, in DMF where the
temperature is highest (Figure 2-5), the stiffness becomes supralinear as power increases

further. Notably, the stiffness observed in DMF remains below that of lower RI solvents at

all powers.
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Figure 2-7 (A) Measured stiffness values in the x direction of an optically trapped, 80 nm
gold nanoparticle in various solvents as a function of power. Dashed lines represent predicted
stiffness based off models for trapping and pushing forces experienced by a particle in an
optical trap. B) z direction stiffness values associated with x stiffness values from (A). Inset
shows the trend of stiffness against refractive index at 32 mW trapping power C) Calculated
trapping force in the transverse plane (top) and the scattering force in the axial direction
(bottom). D) Cartoon illustration of particle equilibrium position in the axial direction in
various solvents. In water (blue) the particle trapping position remains fixed regardless of
power, while in EG50 (black) and DMF (brown) it is displaced towards and away from the
focal point respectively.
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Trapping along the laser propagation direction, z in Figure 2-1A, is expected to be
less efficient due to the pushing forces the particle experiences from backscattering and
absorption of laser light.”” Yet the trapping stiffness along the z direction, «,, should also
scale with RI according to Equation 2.1, with high RI solvents showing the most efficient
trapping.’® We measure «, values and compare to the trends in kx. We construct PSD spectra
of particle z-displacements, fit a Lorentzian to extract the corner frequency and use
Equation 2.2 to determine the z-direction stiffness, with the diffusion constant, D, and
temperature, 7, determined as described above.

The resulting «, values are plotted in Figure 2-7B. We note that trapping efficiency
in the z-direction is ~10-fold lower than in the x-direction. In both cases, the stiffness
increases with increasing power. For Kz, the trends in EG50 and DMF are superlinear and
supralinear, respectively. Importantly, «, scales with RI according to Equation 2.1 as is
emphasized in the inset of Figure 2-7B which plots k., measured at 32 mW in all solvents.
We observe that k, in DMF has the highest value, in contrast to the trend in k.

These results affirm that trapping in high RI solvents like DMF can be more
efficient, as predicted. However, many variables vary across solvent conditions and are not
accounted for in Equation 2.1. We already showed that varying temperature across solvents
cannot explain the trends observed here. Another solvent dependent variable is the pushing
force, which is the sum of the scattering and absorption forces on the particle in the trap. It
increases with the RI of the medium as shown in Equation 2.31. In water, it was previously
reported that the equilibrium between the trapping and pushing forces results in the particle

being trapped ~200 nm downstream along the positive z axis from the laser focus.””> We
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hypothesize that the balance of the trapping and pushing forces may be different depending
on the solvent environment and the trapping power.

We calculate both the z-dependent axial pushing and the transverse trapping forces
for 32 mW of power as plot them in Figure 2-7C, top and bottom respectively. We note
that both forces decrease as the distance from the focus along the propagation direction, z,
grows. At all z locations, both forces are greatest for DMF as expected. However, the
difference between solvents is most pronounced in the pushing force, where DMF shows
the highest value by a factor of at least 2. These results suggest that Au NP in DMF may
be trapped further away from the laser focus than in lower RI solvents due to increased
pushing. Consulting Figure 2-7C (bottom), we observe that a particle trapped in DMF at
~300 nm along the z direction would indeed trap more weekly than a particle in water at
~200 nm, in agreement with the trends measured in Figure 2-7A. As the power grows, the
trapping and pushing forces increase at different rates, resulting in changes in the
equilibrium trapping position.

To test these assumptions, we fit Equation 2.30, which describes the z-dependence
of the transverse trapping stiffness, to our measured kx data. Specifically, we use the z-
distance as the fit parameter and allow it to change linearly with laser power. We adjust
the proportionality constant between laser power and z-distance until good agreement
between the model and our stiffness data is achieved at every power setting. The resulting
calculated stiffness values are plotted in dashed lines alongside measurements in Figure
2-7A. We find excellent agreement of the model with our data for all solvents when z-value

changes are incorporated. For water and EG10, no change in z-position is required to
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achieve a good fit to the data and z=200 nm at all powers as found previously.”” As a
result, the stiffness grows linearly with intensity. In contrast, in EG30 and EG50, we find
that allowing the particles to move closer towards the focal plane with increasing power
produces a superlinear trend matching our observations. Specifically, in EG30 and EG50,
the best fit is obtained if the particles start at z=200nm and 210nm, shifting to lower z
values at a rate of 0.2 nm/mW and 1 nm/mW, respectively. Finally, in DMF, the particle
starts at z=275 nm and shifts away from the focus by 1 nm/mW, resulting in a supralinear
dependence of stiffness on power, matching the trend in our measurements. We note that
predictions fall inside the standard error (shaded regions) with minor exceptions at

intermediate power for DMF.

2.2.4 TRAPPING FORCE DERIVATION

The trapping force in an OT scales with refractive index mismatch between the

solvent and the material according to:®

Equation 2.18
& — €
a =3V, (u)
& + 26,
Equation 2.19
a is the particle polarizability, €p,is the medium dielectric constant, &,is the particle

dielectric constant, and V. is the volume of the particle. The formula, &,, = nZ,, relates

the dielectric constant to the refractive index.
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a r—a
Veff:4nf0 rzexpl( ; )ldr

Equation 2.20

An effective volume, V, ¢, is used in Equation 2.19 to account for the field interaction skin

depth, &, of the particle material. For gold, § & 23 nm. Converting VE? to a field intensity:

2VI
VE? = —
C&m
Equation 2.21
|| 2VI
grad — 2 ¢ &
Equation 2.22
The intensity for a Gaussian beam is given by
_2p2
I=le «
Equation 2.23

where p is the transverse displacement and wgis the beam waist. Taylor expanding the

Gaussian around small displacements p we get

2 2
1:12(1_ Pz)
wz

Equation 2.24

To get the VI, differentiate:

Equation 2.25
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Equation 2.26

Plugging back into the equation for the gradient force at the focus were z=0:

4la|l,p

Fyraa = —
grad 2
CEHWy

Equation 2.27
We also have that the intensity in the z direction scales with beam waste as:
2P
7 nw?
Equation 2.28

Where P is the power through the objective. We identify z = 0 as the beam focal plane.
We calculate a z-dependent beam radius, w,, as given in Equation 2.8. Plugging into

Equation 2.18:

F B 8lalp ( P )
grad =\ ce, w2 | \mw?

Equation 2.29

8P|alp
Fgrad = - <—>

CTTE, WY

Equation 2.30

The light intensity expressions in the gradient force equation are now in terms of the z-

height relative to the focal plane, and the distance from z-axis in the transverse plane.

The scattering force is given by:
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n,, (S)C,
Fscat — Tl’l< C) scat

Equation 2.31
(S) is the time-averaged Poynting vector and c is the speed of light.
We can define the Poynting vector as
)=
cn,,
Equation 2.32
B AL
scat 4_7_[
Equation 2.33

Cscar 18 the scattering cross section of the particle and k,,is the wavenumber whose

magnitude is given by:

2nn,,
m = /’{
Equation 2.34
A is the effective wavelength of the trapping laser in the trapping medium.
Resulting in
F _ Cscat 2P
seat = "¢z ) \nw?
Equation 2.35
_ nm<S )Cabs
abs — c
Equation 2.36

The absorption force is given by:



33

21Cqps
abs = C—Z
Equation 2.37
Caps ( 2P
F abs = #( 2)
c? \mw?
Equation 2.38
To finally obtain a stiffness of the trap at a given z-height
Kp — F grad
p
Equation 2.39

With p representing the distance from the central axis in the transverse direction. To
evaluate the stiffness plotted in Figure 2-7A as a dashed line, we evaluate Equation 2.39

with Equation 2.30 at a value of p = w,/10.

The summary of these solvent-dependent effects is shown in the cartoon in Figure
2-7D. We find here that the equilibrium trapping position along the z-direction is a solvent-
dependent parameter affecting measured stiffness in the transverse plane. In low RI
solvents like water, Au NPs remain fixed at a near constant distance from the focus as the
power increases (blue dot), resulting in a linear increase of stiffness with power. In medium
RI solvents, the increase in the trapping dominates the increase in the pushing force,
leading to a reduction in z and a superlinear increase of stiffness with power as the particle
becomes more strongly trapped as a result of two simultaneous effects (black dot). Finally,
in high RI solvents like DMF, the pushing overtakes the trapping force and expels the

particles further away from the focus where the beam is more diffuse and trapping is
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weaker (brown dot). This shift counteracts the effects of higher power on trapping and

results in a plateauing of stiffness.

2.3 CONCLUSION

In conclusion, using a custom instrument with uniquely combined DF and OT
capabilities, we characterize, for the first time, trapping trends of spherical Au NPs in a
variety of dispersion media, including the organic solvent DMF, which is commonly used
for solution phase chemistry. Our work lays the foundation for single molecule solution
phase chemistry experiments and force-detected absorption spectroscopy using OT. We
use DF spectroscopy to measure the LSPR fingerprint of individual NPs to determine,
unambiguously, that we have trapped only a single NP in various solvents. We find that
trap stiffness generally increases with increasing RI of the medium, as predicted by
standard models of gradient forces on a dipole in an electric field, but deviates from this
trend for DMF. We model the temperature of the solvent near the trapped NP to establish
that the temperature increases rapidly with power in organic solvents, where the particle
polarizability is high and thermal conductivity low. Nevertheless, these effects alone
cannot account for the deviations from expected behavior in our stiffness data. Instead we
find that pushing forces resulting from scattering and absorption of the laser light by the
trapped NP scale with RI and power and may shift the equilibrium trapping location
relative to the focus of the beam. Good agreement with the data is achieved in the model
when we allow the particle axial trapping location to vary with solvent and with power in
higher RI solvents. These results suggest that differences between solvents may have

effects on particle behavior in OT that are not well explained by simple theories of trapping.
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We provide a more comprehensive model of trapping than previously used which
incorporates both trapping and pushing forces to explain the observed trends. Future work
is needed to test these proposals in a wider range of solvent conditions. Overall, our work
suggests that Au NPs are effective optical trapping probes in a variety of conditions and
opens the possibility of controlled heating and nanoscopic 3D manipulation of metallic
NPs in organic solvents. The advances in instrument design and modeling we outline here
establish foundations for single molecule force spectroscopy and force-detected absorption

spectroscopy for solution phase chemistry experiments using optical trapping and Au NP.

2.4 EXPERIMENTAL

We performed all experiments using a 1064 nm Nd:YAG continuous wave (CW)
laser for trapping. A white light annular beam illuminates the sample for darkfield (DF)
imaging. All parameters are set, and data recorded, using a National Instruments Field
Programmable Gate Array (FPGA) device programmed using custom written LabVIEW
code. Trapping powers are controllable between 10 — 2500 mW, and the max range for
experiments here is between 10 — 110 mW. A high numerical aperture (NA = 1.49)
apochromatic oil immersion objective from Nikon (MRD71970) is used to focus the laser
for trapping, and the transmitted light is collected by a NA=1.1 condenser and directed
towards a quadrant photodiode (QPD) detector. Fluctuations in the QPD signal are
recorded at 400 kHz to determine the motion of the trapped nanoparticle (NP) in real time.
NPs are imaged using back scattered DF and a 50/50 splitter separates the excitation from
the scattered signal, the latter of which is collected by a color camera and spectrometer. To

reliably identify and trap single Au NP, we visualize and optically fingerprint them using
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DF microscopy and spectroscopy. Au NPs readily scatter light in the visible range based
on their localized surface plasmon resonance (LSPR). The LSPR of Au NP is a result of
optically excited collective electron oscillation, and is highly sensitive to the particle size,
shape and material.” By measuring the LSPR of the trapped object, we can confirm the
presence of specific particles and discriminate between single and multiple Au NP in the
trap (Figure 2-1B inset). Under DF illumination, the white excitation light impinges on the
sample at wide angles and is scattered by the nanoparticles in all directions.

We use the darkfield spectra to identify and differentiate single particles from
doubles or clumps. This capability allows us to unambiguously determine the trapping
efficiency of single Au NP with changing media environment. To determine trapping
efficiency of the single Au NPs in various solvent environments we measure particle
displacements in the z direction according to standard techniques and construct PSD
spectra to extract the f, parameter and determine a diffusion coefficient.

Spherical 80 + 3 nm gold nanoparticles (AuNP), with citrate and polymer
functionalization for aqueous and organic environments respectively, are purchased from
Nanopartz (#AC11-80-CIT-DIH-100-1 and #E11-80-NPO-META-2.5-0.25).3° Dispersed
citrate-coated NP in water and ethylene glycol (EG) mixtures, and polymer-coated NP in
DMF for experiments. Sample chambers are made by adhering a glass cover slip (0.13-
0.16 um) to a glass slide using two strips of parafilm. The chamber is heated to melt the
parafilm. After injecting the solution containing NP into the sample chamber, the open
edges are sealed with vacuum grease. We observed dissolution of parafilm by DMF, but

it is slower than the timeframe of a single experiment. Measurements are performed
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away from chamber edges and slide surface to prevent edge effects from affecting

experiments.

During a given experiment, we performed measurements in each solvent on ten
unique particles at a variety of powers. As trapping laser power was increased, irregularities
begin to appear, and some outliers were removed. The reported average values include a
minimum of five data points. Measurements are frequently performed in water and these

averages have as many as twenty points included.

Beginning with the lowest, trapping power is incrementally increased until the
particle is naturally ejected from the trap. At each power the trap stiffness is calibrated, and
new plasmon scattering spectra are collected. Spectra are used to ensure that only a single
particle is in the trap. Stiffness calibrations are performed by oscillating the
nanopositioning stage at a set driving frequency (25 Hz), similarly to previous confirmed
procedures.®® Custom analysis code transforms position data to produce power spectral
density plots with a characteristic 25 Hz peak. Fitting a Lorentzian curve lets us determine

the stiffness of the trap.
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Chapter 3: TUNABLE GROWTH OF A SINGLE HIGH-DENSITY ZIF
NANOSHELL ON A GOLD NANOPARTICLE ISOLATED IN AN OPTICAL

TRAP
3.1 INTRODUCTION

Gold nanoparticle — metal organic framework (AuNP@MOF) hybrid structures
have gained popularity in recent years as surface-enhanced Raman spectroscopy (SERS)
substrates,!? drug delivery particles,** gas sequestration systems,>”’ reaction catalysts,3!!
and low limit of detection (LOD) sensors.!>!> In order to push these technologies forward
new high precision techniques for controlled growth and characterization of particle
structures, optical properties, and physical properties are required. Many synthetic
procedures for zeolitic imidazolate frameworks (ZIFs), a widely studied and highly stable
class of MOFs, generally achieve crystal growth by heating a reaction mixture in ovens or

1416-18 procedures for encapsulation of gold nanoparticles in ZIF shells, with

water baths.
ZIF-8 as one of the most common, follow similar heating methods and typically result in

low density crystals with a high porosity and a greater quantity of interparticle pores, due

to small crystals conglomerating to form larger particles. !->819-20

Optical trapping has been demonstrated to be an effective method to isolate and

21,22 In

optically characterize nano- and micro-particles in a range of solvent environments.
our previous work, we have shown that optical imaging and force signatures of trapped

gold nanoparticles can serve as probes of the local chemical environment.?!-*
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Furthermore, gold nanoparticles experience significant heating when in an optical trap

(OT) due to absorption of the trapping laser by the nanoparticle.?!-2*

In this report we demonstrate targeted growth of high-density ZIF crystals on the
surface of a single, 80 nm diameter, AuNP driven by the high temperatures generated in an
OT. We find that by heating AuNPs directly in our OT, we can controllably, selectively,
and reproducibly grow ZIFs on the surface of a single AuNP on the scale of seconds.
Growth of the crystal is monitored through spectral measurements of the plasmonic
darkfield scattering signal and Raman spectroscopy of a single, optically trapped AuNP
during the course of growth. We find that the growth of the ZIF crystals is self-limiting to
~50 nm beyond the gold nanoparticle surface due to the temperature gradient surrounding
the trapped nanoparticle, and thinner shells can be grown by adjusting the laser power. Our
measurements, and modeling, indicate that the refractive index of the grown ZIF-8 crystals
is ~1.7. This corresponds to high-density, low-porosity ZIF shells which are not accessible
using bulk synthesis methods.!®?> Finally, we show that our procedure for selective single
ZIF shell growth is general and can be applied to a variety of ZIF structures, including ZIF-
8,16 ZIF-11,'¢ a ZIF-95 isomorph,? and a novel ZIF compound, which are grown with 2-
methylimidazole (2-Mim), benzimidazole (Bim), 6-bromobenzimidazole (6-BBim), and 4-
tertbutylimidazole (4-TBim) respectively. We also achieved growth with a variety of
metallic ions, including Zn** and Co?*, and in several solvents: ethanol, water, and
dimethylformamide (DMF). This technique represents a bottom-up growth method for
encapsulation of AuNPs with ZIF crystals for which shell thickness can be controlled and

monitored during growth. By demonstrating ZIF growth through direct heating of the
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substrate on the single particle level rather than of the bulk solution, we open the door for

controllable engineering and bottom-up assembly of nanoscale objects from molecular

building blocks.
3.2 RESULTS
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Figure 3-1 A) Schematic of OT built in an inverted microscope configuration, including DF
spectroscopy imaging. Red represents our trapping laser. Gray represents the DF illumination
(white light). Green is the input Raman excitation laser (532 nm). Orange is the light scattered
back by the nanoparticles. At the objective focus is an optically trapped AuNP coated in a
ZIF shell. Insets show a representative plasmon scattering spectra and the associated DF
images of the particle. Diagram not to scale. B) Mechanism describing encapsulation of
optically trapped AuNPs by ZIF-8 to form single-particle, core@shell structures. PVP =
polyvinylpyrollidone, 2-Mim = 2-methylimidazole. Diagram not to scale.

We perform experiments using a homebuilt optical tweezer microscope retrofitted
with both darkfield (DF) and Raman spectroscopy imaging capabilities.?! Figure 3-1A
shows a schematic of the optical trapping instrument used in these experiments. Trapping
in the sample chamber is achieved with a 1064 nm continuous wave (CW) laser, coupled

with a white light annular beam as the DF illumination source. Raman measurements are
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performed using a 532 nm excitation beam coupled into the DF illumination path.
Backscattered light from the particle is collected simultaneously in both a camera and
spectrometer, allowing real time tracking of changes to particle optical properties.?!2® The
trapping laser is used to isolate and manipulate individual AuNPs in the solution. DF
illumination enables us to visualize and measure the scattering spectra of the trapped
particles. Raman excitation allowed us to chemically fingerprint the material on the surface

of the NP. This instrument was discussed in more detail in our previous work. 2!

Figure 3-1B is a schematic of the growth process used to generate ZIF nanoshells
on AuNPs (Au@ZIF), adapted from known encapsulation procedures.>® Prior to
measurements, AuNPs are coated in a polyvinylpyrollidone (PVP) polymer for passivation
in organic solvents (e.g. ethanol, DMF) and chelation of metal ions to preferentially
nucleate the growth of ZIFs on the surface.!>#2” PVP enhances affinity of the AuNP for
coordination-polymer spheres through interactions between the pyrrolidone rings and the
zinc atoms in the ZIF crystal.?®? The particle solution is then combined with the chosen
ZIF components, such as 2-Mim and zinc nitrate salt (Zn(NO3)2), after which it is injected
into a sealed microscope chamber and positioned at the focus of the optical trapping
microscope objective. We rely on DF spectroscopy and optical trapping force signatures to
reliably trap only single AuNPs, approximately 10 pm above the glass coverslip surface
inside the chamber.?! Once the particle is trapped, the laser power is increased to 50 mW
or higher, causing the trapped AuNP to heat up as we and others have shown

previously.2!22:24



42

3.3 GROWTH OF ZIF

Darkfield illumination is used to locate particles, which are then directed towards
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Figure 3-2 A) DF spectra collected following heating
of an optically trapped, 80 nm AuNP in ethanol in the
presence of ZIF-8 precursors. The gray curve is
measured immediately after laser power increase
which precipitates heating and the red curve is
measured 15 seconds later, with a few intermediate
spectra also shown. Gaussian fits to the spectra are
plotted in dashed black B) Camera images
corresponding to the spectra in 2A. C) Intensity (green,
right axis) and peak wavelength (black, left axis) as
extracted from Gaussian fits to the raw spectra plotted
against time elapsed since heating onset. Data
corresponding to 18 individual AuNP is plotted here
and is representative of the full data set collected in
ethanol. Data corresponding to curves in 2A is
highlighted in orange.

the trapping laser position by
adjusting the nanopositioning
stage position. Upon trapping,
we begin collecting spectra at
100 ms acquisition per scan over
the spectral range of 496.184 nm
— 702.815 nm. Spectra are
collected continuously until the
particle becomes unstable in the
trap and is ejected or 500 seconds
has passed. We attribute the
gjection to an  increased
scattering cross section due to
growth of the crystal on the
AuNP, resulting in an increased
repulsive force from the trapping
beam. This procedure can be
repeated within the same sample

cell for at least two hours. At

longer times, we observe free
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floating ZIF crystals interfering with measurements. In the case of higher precursor
concentrations (Figure 3-5), small ZIF crystals form in the background and interfered with

experiments.

ZIF-8, which is grown from 2-Mim and Zn(NO3)> as shown in Figure 3-1B, has
been extensively characterized and serves as a proof-of-concept for the growth technique
presented here. Figure 3-2A shows six representative DF spectra of the same optically
trapped, 80 nm diameter, AuNP. The spectra are each a 100 ms scan collected at various
times within 25 seconds after the onset of heating in the trap. In this case, growth occurs in
the presence of ZIF-8 precursors at a concentration of 1 mM 2-Mim and 0.33 mM Zn?*,
The curves in Figure 3-2A are drawn from a larger dataset of spectra collected for each
particle during growth at a rate of 10 Hz, with 100 ms acquisition times, shown in the
Figure 3-4. The initial spectrum (black) in Figure 3-2A, taken immediately after the
particle becomes trapped and heated, peaks at 560 nm as measured by a Gaussian fit
(dashed lines), which is consistent with expectations for the scattering spectra of a bare 80
nm AuNP, indicating no growth prior to measurements. Subsequent spectra peak positions
shift towards longer wavelengths and higher amplitudes. Figure 3-2B shows camera
images captured simultaneously with the six spectra in Figure 3-2A, demonstrating the
color change. No color change is observed on other particles flowing freely in solution in
the same chamber. We also observe a broadening of the spectra in Figure 3-1A after the
onset of heating, suggesting a deposition of material on the surface which leads to energy

transfer from the nanoparticle to the surface layer and a damping of the plasmon response.
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Figure 3-3 A) Control measurement DF spectra collected following heating of an
optically trapped, 80 nm AuNP in the presence of 2-methylimidazole dispersed in
ethanol. B) Plot of the peak wavelengths (left, back) and associated intensities (right,
green) against time.

We attribute variations in spectra to differences in the number, and location, of crystal
nucleation sites on the surface of an AuNP, as well as small variations in growth rates

resulting in imperfect spheres.
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Figure 3-4 Plots of a full time sequence for the data presented in Figure 2A
and 2C where dark curves represent the initial spectra and red represents the
final spectra. Left is the raw data collected by the spectrometer, and the right
is the Gaussian fits to those same lines.
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Figure 3-6 A) Control measurement DF spectra collected following heating of an
optically trapped, 80 nm AuNP in the presence of in Zn(NOs), ethanol. B) Plot of the
peak wavelengths (left, back) and associated intensities (right, green) against time.
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Figure 3-5 Plot of the Zn*" and 2-MIM concentrations used in experiments. Found
the best use concentration ratio of the two precursors to be 3:1, Mim:Zn. Green
points represent concentrations that yielded steady and reproducible growth of ZIF-
8 crystals on the surface of the gold. Yellow points represent concentrations that
either resulted in growth that was restrictively slow or had small ZIF-8 crystals form
in the solution background. Red represents concentrations where either no growth
was observed, or an excessive number of ZIF-8 crystals grew in the background.

To capture the evolution of DF spectra, we fit the curves in Figure 3-2A and Figure
3-4 with a Gaussian function. In Figure 3-2C we plot the peak wavelength (black) and
intensity (green) against time elapsed for 18 individual AuNPs trapped and heated at time
0 in the presence of ZIF-8 precursors. The end of the traces marks the point when the

particle falls out of the trap. We observe that both wavelength and intensity increase sharply
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within ~5 seconds of heating onset and approach an asymptote within 25 seconds,
indicating no further changes after this time. No similar change of the DF spectra was
detected when one or more of the ZIF-8 precursors was missing from the solution, as show
in Figure 3-6 and Figure 3-3. Growth on trapped particles was achieved in a narrow range
of concentrations of the precursor materials as shown in Figure 3-5. Once growth on one
particle was complete, it was released from the trap and another particle captured to repeat

the growth protocol.

3.3.1 CHOOSING PRECURSOR CONCENTRATIONS

Figure 3-5 shows various concentration pairs of ZIF-8 precursors in the final
mixture used to initiate growth. We determined that the optimal ratio of 2-Mim:Zn?" in
these experiments is approximately 3:1. The concentrations in the final mixture used
throughout the main manuscript is 1 mM:0.33 mM (2-Mim:Zn?"). Our 3:1 ratio agrees with
a previously reported encapsulation procedure,* but differs from the 1:1 ratio found in
procedures for bulk ZIF-8 crystal growth.8! All other ZIF crystals were grown using the
same 1 mM:0.33 mM concentration and ratio of imidazole derivative to metal ions. In
water, there is also a concentration of ~10 mM TEA in the final reaction mixture as

suggested by Khan et al.?

3.4 RAMAN SPECTRA COLLECTION

Raman spectra are collected while the ZIF crystal is growing on the AuNP surface.
A particle is guided into the trap, followed by introducing the Raman excitation beam,

which has been aligned to match the trap focal position. Raman measurement are
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performed using a 532 nm
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AuNP during crystal growth. Figure 3-7 Raman measurement using a 532 nm

excitation beam, with a 1 min acquisition time, performed
on a single, optically-trapped, 80 nm AuNP in the
presence of PVP polymer (green), 2-Mim (blue),
necessary because the Raman  7Zn(NO;), salt (red), and a ZIF-8 crystal grown on the

surface (black). A fully labeled ZIF Raman scattering
excitation power must be kept  spectra is presented in Figure 3-8.

A long exposure time is

low (<50 mW before objective) so as not to destabilize trapped nanoparticle, and because
only a quarter of the signal is reaching the spectrometer due to the presence of two 50/50
splitters. Long-pass Raman line filter is used to filter out the excitation beam (Semrock part
#BLP01-532R-25). This filter prevents detection of signal below 540 nm (~400 cm™! shift
from excitation). Zn-N stretches are expected to be between 150 — 300 cm™!, so we are

unable to detect them in the current system.3384

Figure 3-7 shows a Raman spectrum (black) of a trapped particle, with both the 2-
Mim and the Zn precursor present, acquired over one minute after crystal growth was
initiated. Peak positions agree well with literature reports for ZIF-8 crystal Raman shifts.”-!3
Control experiments performed on optically trapped bare AuNPs (not shown), AuNPs with
polymer functionalization (green), AuNPs in the presence of only Zn** precursor (red), and
AuNPs in the presence of only the imidazole precursor (blue), showed no detectable signal

as evident in Figure 3-7. These results indicate that the observed Raman signal is due to a
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crystal shell grown at the surface of the AuNP, rather than from free floating precursor

molecules.

3.5 PLASMON RESONANCE SPECTRA

Spectra are analyzed in IgorPro using custom written code. A Gaussian curve is fit
to the spectra in order to determine a peak wavelength and intensity. In part A of Figure
3-10 to Figure 3-13, the left plot in the raw spectra measurement, and the right is the
Gaussian fits for that data. These figures demonstrate that growth is achieved in a variety
of solvents. Spectra are collected sequentially at 10 Hz at 100 ms acquisition times over

the spectral range of 496.184 nm — 702.815 nm.
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Figure 3-8 Raman spectra of ZIF-8 grown in the optical trap. Peaks identified by
comparison to reported values.’ © Inset cartoon shows the organic linker, 2-Mim, bound to
Zn*" metal ions as would be found in the ZIF-8 crystal.
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Figure 3-9 A) DF spectra collected following heating of an optically trapped, 80 nm AuNP
in the presence of ZIF-8 precursors, 2-methylimidazole and Zn(NOs), in DMF B) Plot of
the peak wavelengths (left, back) and associated intensities (right, green) against time.
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Raman signal is due to a crystal shell grown at the surface of the AuNP, rather than from

free floating precursor molecules.
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Figure 3-10 A) DF spectra collected following heating of an optically trapped, 80 nm
AuNP in the presence of ZIF-8 precursors, 2-methylimidazole and Zn(NO3), in DMF
exhibiting decreasing intensity. B) Plot of the peak wavelengths (left, back) and associated
intensities (right, green) against time.
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Figure 3-11 A) DF spectra collected following heating of an optically trapped, 80 nm
AuNP in the presence of ZIF-67 precursors (Co(NOs), and 2-methylimidazole) in ethanol.
B) Plot of the peak wavelengths (left, back) and associated intensities (right, green) against
time.
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Figure 3-12 A) DF spectra collected following heating of an optically trapped, 80 nm AuNP
in the presence of Co(NOs3), and 4-tertbutylimidazole in water B) Plot of the peak wavelengths
(left, back) and associated intensities (right, green) against time.
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Figure 3-13 A) DF spectra collected following heating of an optically trapped, 80 nm
AuNP in the presence of ZIF-8 precursors, 2-methylimidazole and Zn(NO3); in water. B)
Plot of the peak wavelengths (left, back) and associated intensities (right, green) against
time.

The red shifting of the DF spectra observed in Figure 3-2 for the particle is
consisten